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FOREWORD 

This report is the summary of a comprehensive overview study^^' of potential 

alternative methods for long-term management of high-level radioactive waste 

The study includes a compilation of information relevant to technical feasi­

bility, safety, cost, environmental considerations, policy conflicts, public 

response and research and development needs for 

1. Disposal in terrestrial locations 

a In geologic settings on land 

b In the seabed 

c In ice sheets 

2. Disposal into space 

3 Elimination by transmutation fnuclear transformation of ce'^taip 

waste constituents into nuclides having less long-term toxicity) 

The study is limited to the management of high-level radioactive waste from 

nuclear power by variations of these alternatives Consideration of alterna­

tive types of electrical power generation are not within the scope of the 

study. In addition, evaluation of interim storage of radioactive waste in 

retrievable surface storage facilities is not part of this study Disposal of 

waste in bedded salt deposits was studied extensively in other AEC programs, 

and the concept is included here as part of the overall matrix of geologic 

disposal techniques. 

To complement these studies, investigations were also conducted on waste 

p a r t i t i o n n g (separation of radionuclides in radioactive waste into different 

elements or groups of elements according to their long-term toxicity or suita­

bility for different disposal m e t h o d s ) , and systems methodology was developed 

to assess the effects of radionuclides from waste introduced into man's eco­

logical cycle, assuming some failure of the primary waste containment 

Information pertinent to evaluating the various potential waste disposal 

techniques was developed without promoting any single disposal concept. The 

study IS concerned with management of the waste and does not consider the 

potential for recovery of resources within the waste, including the heat 

Concepts are developed only to the detail necessary to describe them for the 

overall investigation and in general are studied on a systematic, generic 

basis. This information can be used in comparing and assessing the various 

disposal concepts as a basis for decisions regarding their further study. 

a. K. J. Schneider and A. M. Piatt, Editors, Advanced Waste Management 
Studies, High-Level Radioactive Waste Disposal Alternatives, U.S AEC 
Report BNWL-1900, Battelle, Pacific Northwest Laboratory, Richland, 
Washington, Sections 1 through 9 in 4 Volumes, May 1974. 
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The evaluations of feasibility are not restricted to currently available 

technology. Rather, the study attempts to take into account technology which 

can be developed or is expected to be available at least within the next four 

decades. Indeed, most of the concepts studied are estimated to require 15 to 

30 years for full implementation. 

The study includes most currently known waste management alternatives, but 

is not considered to be all-inclusive. As new data become available, and as 

new or varied concepts become evident (e.g., disposal in rocks in permafrost 

areas, isotopic dilution of selected materials, etc.,) comparable follow-on 

studies will be carried out. 

This investigation has been performed largely by a multiple-discipline 

technical staff at the Pacific Northwest Laboratory of Battelle Memorial 

Institute with significant input from a large number of consultants and out­

side contributors. This wide involvement of persons was an attempt to assure 

up-to-date and accurate coverage of the broad scope of subject matter, includ­

ing areas where there are diversities of opinions. 
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_ ^ - . - ^ . - 1.0 INTRODUCTION 

T h i s r e p o r t i s a summary o f a com- t i o n . ^ ' ' The r e p o r t d e s c r i b e s t h e 

p r e h e n s i v e o v e r v i e w s t u d y o f p o t e n - v a r i o u s w a s t e management a l t e r n a t i v e s 

t i a l a l t e r n a t i v e s f o r l o n g - t e r m man- t h a t have been s t u d i e d by t h e P a c i f i c 

agement o f h i g h - l e v e l r a d i o a c t i v e N o r t h w e s t L a b o r a t o r y and o u t l i n e s t h e 

w a s t e s p o n s o r e d by t h e U n i t e d S t a t e s me thods b e i n g used f o r e v a l u a t i o n . 

A t o m i c Ene rgy Commiss i on D i v i s i o n o f The f o l l o w i n g i t e m s i n T a b l e 1 we re 

Waste Management and T r a n s p o r t a - s u b j e c t s o f t h e s t u d y . 

TABLE 1 . C o n c e p t s Under S t u d y f o r H i g h - L e v e l 
R a d i o a c t i v e Waste Management 

A. PROCESSING 

P a r t i t i o n i n g * 

B. DISPOSAL ON THE EARTH 

Geologi c Seabed Ice Sheet 

Mined Cav i ty Stable Deep Sea F loor Ice Bur ia l - Free Flow 
Nuclear Cavi ty Subduction Zones and Ice Bu r i a l - Anchored 
Deep Hole Jeep Trenches Ice Surface F a c i l i t y 
D r i l l e d Hole Matr ix Rapid Sedimentat ion Areas 
Manmade St ruc tures in 

Geologic Formations 
Hydrau l ic F rac tu r ing 

C. DISPOSAL OFF THE EARTH 

E x t r a t e r r e s t r i al 

Solar Impact 
Earth and Solar O rb i t 
Solar Escape to Deep Space 

D. ELIMINATION 

Transmutat ion 

Acce le ra to r 
F iss ion Reactor 
Nuclear Explos ive 
Con t ro l l ed Thermonuclear Reactor 

(Fusion Reactor) 

* P a r t i t i o n i n g i s a chemical separat ion o f waste cons t i t uen ts i n t o two f r a c t i o n s : 
one which contains the l o n g - l i v e d a c t i n i d e elements and one which conta ins the 
f i s s i o n products . Va r ia t i ons from t h i s basic d e f i n i t i o n are a lso inc luded i n 
the s tudy. 

a . See K. J . S c h n e i d e r and A. M. P i a t t , E d i t o r s , Advanced Waste Management 
S t u d i e s : H i g h - L e v e l R a d i o a c t i v e Waste D i s p o s a l A l t e r n a t i v e s , USAEC R e p o r t , 
BNWL-1900 , B a t t e l l e , P a c i f i c N o r t h w e s t L a b o r a t o r y , R i c h l a n d , W a s h i n g t o n , 
May 1 9 7 4 . 

b . See S e c t i o n 3 o f t h i s r e p o r t f o r a d e s c r i p t i o n o f h i g h - l e v e l r a d i o a c t i v e 
w a s t e . 
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For each waste management a l t e r n a t i v e under i n v e s t i g a t i o n the informat ion 

in Table 2 is p r e s e n t e d : 

TABLE 2. I n v e s t i g a t i o n O b j e c t i v e s f o r Each 
Waste Management A l t e r n a t i v e 

Compile and Investigate: 

• Technical Feasib i l i ty Information 

• Safety Information and Methodology for Analysis 

• Pol icy, Environmental, and Public Response Considerations 

• Advantages and Disadvantages 

• Needed Research and Development 

Estimate: 

Research and Development Costs 

Schedules and Capital and Operating Costs for Implementation 

In t h i s genera l o rder the r e p o r t 

desc r ibes : 

• H i g h - l e v e l nuc lea r waste manage­

ment 

• H i g h - l e v e l nuc lear w a s t e - - i t s 

o r i g i n , c h a r a c t e r i s t i c s and 

c o n d i t i o n i n g processes 

• Study methodology 

• Sa fe t y c o n s i d e r a t i o n s 

• D isposa l c o n c e p t s - - d e s c r i p t i o n s 

and system requ i rements 

• Techn ica l f e a s i b i l i t y , advantages 

and d isadvantages of concepts 

• Research and development needs and 

c o m m e r c i a l i z a t i o n schedules 

• C a p i t a l and o p e r a t i n g costs 

• Spec ia l n o n r a d i o l o g i c a l e n v i r o n ­

mental c o n s i d e r a t i o n s 

• Policy considerations 

• Public response considerations 

Following the description of waste 

management consiaerations and method­

ology for this investigation, all the 

elements listed from "Technical Fea­

sibility" (Section 7) through "Public 

Response Considerations" (Section 12) 

are discussed for each disposal con­

cept. The disposal concepts were 

studied on a systematic, generic 

basis and developed only to the ex­

tent necessary to perform the overall 

evaluations. Continued studies will 

develop a plan for development of ad­

vanced concepts which might be 

selected. 
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2.0 HIGH-LEVEL RADIOACTIVE WASTE MANAGEMENT 

Radioisotopes of concern in high-

level waste originate in a nuclear 

reactor. The fission products (other 

chemical elements formed by nuclear 

fragmentation of actinide elements 

such as uranium or plutonium, etc.) 

accumulate in the nuclear fuel, along 

with p l u t o m u m and other trans-
(a) T . uranic nuclides. 

Fuel discharged from the nuclear 

reactor is reprocessed to recover 

uranium and plutonium by chemical 

dissolution and treatment. During 

this step currently favored treatment 

processes form high-level waste as an 

acidic aqueous stream. Other pro­

cesses are being considered which 

would produce high-level waste in 

different forms. This high-leve'' 

waste contains most of the reactor-

produced fission products and acti-

nides, with slight residues of the 

uranium and plutonium. These waste 

products generate sufficient heat to 

require substantial cooling and emit 

large amounts of potentially hazard­

ous ionizing radiation. Because the 

reprocessing step normally does not 

dissolve much of the nuclear fuel 

fuel cladding, high-level waste nor­

mally contains only a small amount of 

the radionuclides formed as activa­

tion products within the cladding. 

This cladding hull waste is currently 

managed as a separate solid waste 

stream and has not been considered in 

this s tu dy. 

The first high-level waste was 

produced in the mid-1940's as a re­

sult of Manhattan Project activities. 

Since then such waste, arising from 

defense production and nuclear power 

development, has been stored as 

either aqueous solutions or solids at 

AEC installations, and as aqueous 

solutions at the one only operational 

commercial fuel reprocessing plant 

(Nuclear Fuel Services at West Valley, 

New York ). 

The exponen11 a 1 g rowth of nuclear 

powe r in the United States will re­

sult in increased quantities of high-

level waste. Installed U.S. nuclear 

electrical generating capacity is 

projected to increase from about 

25,000 megawatts in 1974 to about 

1,200,000 megawatts by the year 2000. 

The anticipated volume of solidified 

high-level waste accumulated from now 

until the year 2000 is about 13,000 

cubic meters. If this amount of 

solid waste were stacked as a solid 

cube, the cube would be about 25 

meters on a side. Approximately 

150,000 megacuries of radioactivity 

and 700 megawatts of heat will be 

associated with this projected waste 

inventory in the year 2000. This 

heat content is equivalent to about 

one-third of the waste heat rejected 

from one Light Water Reactor (LWR) 

which generates 1000 megawatts of 

electricity. This study use<: the LWR 

as the reference type of nuclear 

a. Transuranic elements are those higher than uranium on the periodic 
table of chemical elements. Transuranic elements are also actinide 
elements. 
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reactor and generally considers 

the projected amount of waste accumu­

lated in the U.S. through the year 

2000. More information on projected 

waste quantities from Light Water 

Reactors (LWR), High Temperature Gas 

Cooled Reactors (HTGR) and Liquid 

Metal Fast Breeder Reactors (LMFBR) 

are given in Appendix A. 

Major options for waste management 

are shown in Figure 1. This logic 

diagram indicates most of the poten­

tial routings of nuclear waste, 

starting with its presence in the 

discharged reactor fuel and continu­

ing to its final disposal or elimina­

tion step. Partitioning (removal of 

actinides), fractionation (removal of 

certain fission products), fixation 

or conversion to encapsulated solids, 

and retrievable storage are identi­

fied as processing steps of the waste 

management scheme used. 

Constituents in high-level nuclear 

waste may be broadly categorized as a 

mixture of long-lived and short-lived 

radioi sotopes from the standpoint of 

waste management. The short-lived 

FIGURE 1. High-Level Radioactive Waste 
Management Options 
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waste materials are defined as those 

with radioactive decay half-lives of 

no more than tens of years, whereas 

the long-lived are those with half-

lives of hundreds or more years. 

Partitioning treatment of the 

v;aste is a key element in certain of 

the waste management systems. Di -

viding the high-level waste into long-

and short-lived fractions allows the 

two waste fractions to be managed 

separately. The short-lived fraction 

will diminish to very low levels in 

about a thousand years, and the long-

lived fraction, much smaller in quan­

tity and neat generation rate, can be 

handled by other waste management op­

tions. In the broadest sense only 

three management options exist for 

the longer-lived and highly toxic 

actinide fraction of the waste. 

1) el 11ll 1 n a 11 0 n of the waste constitu­

ents by beneficial transmutation 

(nuclear Lonversion to other less un-

desiraole isotopes), or_ 2) safe extra-

tjrrestrial transport off the earth, 

ox 3) isolation from man's environ­

ment somewhere on earth for long time 

periods to aliovj natural radioactive 

decay. 

In this reoort "disposal" refers 

to a plan to permanently place the 

waste in isolation , sometimes sup­

plemented by manmade barriers to pro­

vide adequate protection for the time 

required to decay to unimportant 

radioactivity levels. The short­

lived waste fractions will decay to 

become non-radioactive in relatively 

short times--times short enough to 

perhaps consider long-term storage 

such as in manmade structures. Man-

made artifacts have existed for per­

iods of time well in excess of 1000 

years. Art objects from Chinese and 

Egyptian cultures are in good condi­

tion after time periods more than 

6000 years. Modern man should be 

able to equal or better this perfor­

mance and beneficially use contain­

ment to supplement isolation for the 

short-lived fraction of waste. 

To produce a short-lived waste 

fraction which would decay to unim­

portant radioactivity in about 1000 

years would require seoaration of the 

actinide elements and perhaps samar­

ium, technetium, tin, iodine, and 

nickel (radioactive nickel is pre­

sent due to irradiation and dissolu­

tion of some fuel cladding). Very 

large decontamination factors (ratio 

of initial concentration in waste to 

final concentration in waste) in the 
5 8 

10 to 10 range would be required 

tor some of the elements, particu­

larly the actinides, to render the re­

mainder of the waste materials non­

radioactive after 1000 years' decay 

time. Realistically, it is reason­

able to take into account the actual 

circumstances of a waste release, in­

cluding dilution of waste within a 

geologic fnrmation, the low leach 

rate of many solidified waste forms 

and the sc^ption of radionuclides in 

the soil. With these natural attenua­

tion factors, the long-lived radio­

nuclides may not need to be removed 

so completely from the mixed wastes. 

Preliminary use of failure mode and 

radiological pathway analyses on sam­

ple cases indicates that perhaps only 

the actinide elements need be removed 

and these only by decontamination 

factors of 100 to 1000 (10^ to 10'^). 
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3.0 HIGH-LEVEL RADIOACTIVE WASTE 

Typical constituents of the liquid 

high-1evel waste expected from the 

solvent extraction reprocessing of 

irradiated fuels from Light Water 

Reactors (LWR), Liquid Metal Fast 

Breeder Reactors (LMFBR), and High 

Temperature Gas-Cooled Reactors (HTGR) 

are shown in Table 3. The waste is a 

nitric acid solution of chemical 

salts which typically contains a few 

volume percent of solids. The waste 

constituents include nonradioactive 

chemicals added during reprocessing, 

almost all the fission products 

(radioactive and nonradioactive), the 

transuranium actinides formed in the 

reactor, and about 0.5 percent of the 

fuel materials (uranium, plutonium, 

thorium) which are not recovered dur­

ing reprocessing. Most of the chem­

ical materials are those added during 

fuel repi^ocess 1 ng 

Present Atomic Energy Commission 

(AEC) regulations require that the 

liquid high-level waste from fuel re­

processing 1) be converted to a solid 

material within 5 years after separa­

tion in the fuel reprocessing step, 

and 2) be encapsulated and shipped to 

a federal repository within 10 years 

of Its production for long-term man­

agement by the AEC. For this study 

the solidified high-level waste is 

assumed to be encased in steel canis­

ters averaging 30 centimeters (12 

inches) in diameter and 300 centi­

meters (10 feet) long. Thus solidifi­

cation and encapsulation must occur 

prior to initiation of most disposal 

schemes. 

Four solidification processes have 

been developed in the United States 

to the point of radioactive demon­

stration on an engineering scale 

fluidizea bed calcination, spray 

solidification, pot calcination, 

and phosphate glass solidification 

In all four processes, heat is ap­

plied to drive off volatile constiu-

ents, primarily water and nitrates, 

resulting in either a calcined 

solid or a melt that will cool to 

a monolithic solid The latter 

generally requires dilution of the 

waste with nonradioactive mate­

rials (20 to 40 percent of the total 

solid) to incorporate the waste into 

materials (glass or ceramics) that 

have low solubility in water and are 

fusible at reasonabl/ low tempera­

tures (less than about 1200 C) 

Characteristics of typical final 

solid waste forms from the four pro­

cesses a r e s hown in Table 4. The pro­

cesses are described briefly below 

Fluidized Bed Calcination Liquid 

waste s atomized into a heated fluid­

ized bed where it is deposited and 

calcined on granular bed particles. 

The resulting granular spheres of 

waste calcine may be the final waste 

form or they may be incorporated into 

crystalline or glassy solids in a 

melting stage 

Spray Solidification Atomized 

droplets of waste fall through a 

heated chamber where flash evapora­

tion results in solid oxide particles. 

Glassmaking solid frit or phosphoric 

acid can then be added to provide for 



TABLE 3. Typical Materials in High-Level 
Liquid Waste 
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Grams/MT from Reactor Tyne :a) 

Reprocessinq 
chemicals 

Fuel Product 
Losses(f.g) 

Transuranic 
El ements (g) 

Other Actinid 

Total Fission 

Material ̂'̂^ 

Hydrogen 
Iron 
Nickel 
Chromium 
Silicon 
Lithium 
Boron 
Molybdenum 
Aluminum 
Copper 
Borate 
Nitrate 
Phosphate 
Sulfate 
Fluoride 

Sub-total 

Uranium 
Thorium 
PI utonium 

Sub-total 

Neptunium 
Americium 
Curium 

Sub-total 

;s(g) 

Products^^^ 

TOTAL 

LWR(^' 

400 
1,100 
100 
200 

--
--
--
--
--
--
--

65,800 
900 

--
--

62,500 

4,800 
--

40 

4,840 

480 
140 
40 

660 

<0.001 

28,800 

103,000 

HTGR^'^' 

3,800 
1,500 
400 
300 
200 
200 

1,000 
40 

6,400 
40 

--
435,000 
--
1,100 
1,900 

452,000 

250 
4,200 
1,000 

5,450 

1,400 
30 
10 

1,440 

20 

79,400 

538,000 

LMFBR'^^ 

1,300 
26,200 
3,300 
6,900 
--
--
--
--
--
--

98,000 
244,000 
--
--
--

380,000 

4,300 
--
500 

4,800 

260 
1,250 

50 

1,560 

'̂0.001 

33,000 

419,000 

a. 
b. 
c. 

d. 

f. 
g-
h. 

Water content is not shown; all quantities are rounded. 
Most constituents are present in soluble, ionic form. 
U-235 enriched PWR, using 378 liters of aqueous waste per metric ton, 33000 
MWd/MT exposure. (Integrated reactor power is expressed in megawatt-days 
[Mwd] per unit of fuel in metric tons [MT].) 
Combined waste from separate reprocessinq of "fresh" fuel and fertile particles, 
using 3,785 liters of aqueous waste per metric ton, 94,200 MWd/M7 exposure. 
Mixed core and blanket, with boron as soluble poison, 10°' of cladding dissolved, 
1,249 liters per metric ton, 37,100 MWd/MT average exposure. 
0.5" product loss to waste. 
At time of reprocessing. 
Volatile fission products (tritium, noble gases, iodine and bromine) excluded. 
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TABLE 4. Characteristics of Solidified high-Level Waste 

Form 

Descri ption 

Bulk Density 
g/cc 

Wt; Fission Product 
0x1des (Max . ) 

Thermal Conductivity, 
W/{m2) (°C/m 

Leachabi1i ty in Cold 
Water, g/cm^-Day 

Spray Phosphate 
Pot Ca 1ci ne Cerami c 

Scale 

Calcine 
Cake, Fri able 

1.2 to 1.4 

90 

0.3 to 0.4 

1 to 10'' 

Monoli thic 

Ceramic 
Hard, Tough 

2.7 to 3.3 

Phosphate 
Glass 

Monol1thi c 

Borosi1i cate 
Glass(a) 

Monoli thi c 

Glass Glass 
Hard, Brittle Hard, Brittle 

2.7 to 3.0 

30 25 

1.0 to 1.4 O.B to 1.2 

lO'-' to 10'^ 10"^ to 10"* 

3.0 to 3.5 

50 

1.0 to 1 .4 

(6) .5 -7 
10 ' to 10 ' 

a. Produced by either spray or fluidized bed calcining followed by 
melting, or by in-canister vitrification processing. 

b. Devitrified phosphate glass exhibits increased leachability 
(leach rates = 10"^ to 10"3 g/cm-day). 

Fluidized 
Bed Calcine 

Granular 

Calcine, Mean 
Particle Diameter 
100 to 500 u 

1.0 to 1 .7 

50 

0.2 to 0.4 

1.0 to 10'' 

melting and glass formation in a con­

tinuous melter or directly in the ves­

sel that will serve as the waste can­

ister. The molten glass or ceramic 

is cooled and solidified. 

Pot Calcination. Liquid is con­

tinuously added to and boiled away in 

a processing vessel which also serves 

as the storage canister. When the 

canister is full of solids, the addi­

tion of aqueous waste is stopped and 

the solid then heated and held at 

about 900°C to complete denitration 

and dehydration. Feed additives can 

be used to result in a glass rather 

than a calcine cake. 

Phosphate Glass Solidification. 

Liquid waste and phosphoric acid are 

mixed and concentrated to a thick 

sludge in an evaporator. The sludge 

goes to a melter where dehydration 

and denitration are completed and the 

material is melted. The molten phos­

phate glass then drops into a storage 

canister where it cool's and 

solidifies. 

The AEC has in progress at the 

Pacific Northwest Laboratory a Waste 

Fixation Program (WFP). Its chief 

goal is to provide technology and 

assistance for reprocessors by devel­

oping appropriate calcining and melt­

ing technology for high-level waste. 

Developed systems will be taken all 

the way through a radioactive pilot 

plant demonstration. Solid waste 

forms produced from these demonstra­

tions will be studied to determine 

the suitability of the waste forms 

and their resistance to adverse ef­

fects of time and environment. 

The major emphasis of the WFP is 

to provide early solidification tech­

nology by working with silicate glass-

or ceramic systems. Because these 
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solids have had prior extensive devel­

opment effort on a worldwide basis, 

development of acceptable systems to 

produce the solids should be near-

term. The silicate solids will offer 

a significant improvement "•n waste 

management safety over liquids or Lal-

cined solids because of their resis­

tance to leaching and physical trans­

port in the environment. 

In an effort parallel to the sili­

cate solid development, studies are 

aimed at determining and developing a 

final waste form capable of longer 

term containment. An example of this 

would be a multiple-barrier material. 

This could involve coating small 

pieces of chemically stable solid 

waste with a protectiv'e inert mate­

rial. The coated solids could then 

be dispersed and further encased in a 

protective matrix to consolidate the 

particles in a massive solid. Addi­

tional protection could be provided 

by outer wrappers 
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4.0 STUDY METHODOLOGY 

The overall method of analysis by 

which each disposal concept and its 

waste management system elements were 

studied IS presented briefly in this 

section The relationships among the 

major study elements are shown in 

Figure 2 

The waste management concepts were 

first developed to the detail needed 

to describe them for overall investi­

gations and in general were studied 

on a systematic, generic basis Con­

cepts were generally developed on the 

reference basis of having the capa­

bility to handle the waste from a 

plant which reprocesses 5 metric 

tons/day (i825 MT/yr) of spent nu­

clear fuel ^ ' This reference capac­

ity was then scaled up as a function 

of time to accommodate the total need 

for the U.S nuclear economy through 

the year 2000 

After the various disposal con­

cepts were defined, the technical fea-

s1bi11ty of each potential concept 

was determined in this study by an­

swering the questions 

PROBLEM 
DEFINITION 

POSSIBLE 
SOLUTION 
CONCEPTS 

TECHNICAL 
FEASIBILITY 

SAFETY. 

i 
CONCEPT 

REJECTION 

ENVIRONMENTAL 
CONSIDERATIONS 

R8cD NEEDS • 

CAPITAL AND 
OPERATING COSTS 

POLICY 
CONFLICTS 

PUBLIC ATTITUDES 

AND 
PERCEIVED SAFETY 

FIGURE 2. Relationships Among Evaluation Factors 

High-level waste produced is about 1900 liters/day as aqueous waste. 
This quantity amounts to 45,625 metric tons of fuel reprocessed dur­
ing the assumed 25-year life of the plant. Total accumulated solid 
waste IS in 14,700 "typical" canisters 30 centimeters in diameter and 
30 meters long. 
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1) Can the disposal concept be im-

plemented using today's technology''' 

2) Or can the disposal concept be 

implemented with future technology 

based upon current theory'' 

-3) Can the disposal concept pro­

vide the potential for confininq or 

eliminating the waste over the re-

required time period'' 

4) Does the concept have a favor-

able energy balance'' 

Those few concepts that did not 

pass this technical feasibility test 

(i.e., some transmutation and space 

disposal variations) were rejected 

from further studies. 

Once the technical feasibility of 

a concept was established, the other 

elements were studied in parallel 

The potential for system safety was 

scanned for each concept. A sample 

safety analysis was performed for one 

generic type of geologic disposal con­

cept to develop and test the safety 

analysis methodology. The safety 

analysis (discussed later) estimated 

the radiation dose^^' from a hypothet­

ical release of waste from a disposal 

area. 

Environmental considerations, 

aside from the potential release of 

radioactive materials, were reviewed 

such as overall effects on land, air, 

sea or water use. 

The technology needs were assessed, 

and Research and Development needs 

(scope, time, and dollars) were esti­

mated. From the Research and Develop­

ment time needs, the total time for 

implementation of each concept was 

estimated. 

Capital and operating costs were 

estimated, using the basic assumption 

that the necessary Research and Devel­

opment had been successfully com­

pleted. Costs were estimated and 

summed for total waste management sys­

tem activities such as partitioning, 

interim liquid and solid storage, 

shipping and disposal 

Major policy conf1icts that a con­

cept would have with international 

and national policies were reviewed 

such as agreements that prohibit the 

use of the oceans or the Antarctic 

continent for waste disposal The 

problems involved with changes can 

then be weighed against the safety 

and economic potentials of a particu­

lar waste management concept. 

The potential public response to a 

chosen waste management scheme was 

examined in a preliminary pilot test. 

Obviously this is a complex subject 

and yery difficult to evaluate. An 

initial study of methodology was de­

signed to identify those aspects of 

the waste management systems that 

might be deemed most important by the 

general public. With future analysis 

in depth, information on public atti­

tudes could be factored into concept 

design. The public's acceptance of a 

technically sound waste management 

system is a most important goal. 

a. Radiation dose is an expression for the energy absorbed by matter as 
a result of exposure to radiation and has the unit "rad." For these 
safety studies we have actually used the radiation dose-equivalent, 
expressed in "rem," which is a measure of the physiological effects 
of radiation on people. 
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The final product of the study is 

a compilation of information regard­

ing the evaluation factors for the 

various disposal concepts. The out­

come of each of these elements is des­

cribed in different units. Therefore, 

the concepts cannot be evaluated by 

simply adding up the performance 

level by elements. Instead, the tech-' 

nique being developed for future stud­

ies is one of determining if a dis­

posal concept passes a performance 

test for each evaluation factor 

listed. For instance, a passing of 

the technical feasibility hurdle or 

test would be reguired before de­

tailed analysis of other requirements 

be undertaken. The order in which 

the pass-reject tests are applied 

and the criteria for the various per­

formance hurdles (or concept evalua­

tion factor tests) have not been de­

veloped in this study. 
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5.0 SAFETY CONSIDERATIONS 

Safety is a ma.ior consideration i n 

decisions on the use of any potential 

disposal scheme. An acceptable op­

tion must provide adequate protection 

during operational phases and provide 

the necessary isolation during the 

long time periods of the disposal 

phase. 

Long-term immobilization or isolA-

tion and containment of disposed 

waste are the two major protective de­

vices requisite to the implementation 

of a nuclear waste management system 

Substantial interaction can and does 

exist between these two factors In 

this context, isolation is used to 

mean the factors which influence the 

time required for migration of waste 

to man's environment, containment is 

used to mean immobilization and con­

finement of the waste constituents 

within known barriers Typical iso­

lation facto'^s could include distance, 

the ion-exchange capacity of inter­

posed earth materials, the lack of a 

transfer medium such as water, etc 

If waste IS adequately isolated so 

that the migration times are greater 

than the time for radioactive decay, 

isolation alone can provide adequate 

protection. Conversely, if adequate 

containment is provided by manmade 

barriers which immobilize the waste--

again for the length of time for 

decay--the waste could be placed in 

many selected locations even within 

man's environment. Here the word 

"barrier" is used to include the ma­

trix for the waste, e.g., silicate 

glasses, wrappings such as metallic 

sheets, and facilities such as a con­

crete building, which serve to provide 

effective barriers to the escape of 

radioactive materials 

The disposal options explored in 

this report seek to utilize the maxi­

mum benefits from both isolation and 

containment although principal empha-

sis IS on isolation. 

For this study "safety" was 

equated directly to the potential 

risk to man (in terms of radiation 

dose) that could result if a disposal 

option were implemented. The key ele­

ments in a method of assessing poten­

tial risk are illustrated in Figure 3. 

Assessment of the risk of a pro­

posed concept starts with the gen­

eral description of the disposal con­

cept. This implies a generic site 

description (e.g , ice sheet disposal 

defines a general location, surround­

ing geology, and population density), 

and it implies the characteristics of 

the waste (e g , the waste form, cen­

tal neri zati on , radionuclide content, 

and a g e ) . The most likely sequences 

of failure events leading to possible 

release of radioactive materials to 

man's environment are then defined 

and the probability of these se­

quences taking place is determined. 

The next step follows the most likely 

sequences through the physical and 

chemical mechanisms required to re­

lease the waste constituents into 

man's immediate environment. The ge­

neric site defines the media (granite, 

salt, shale, air, water, etc.) 

through which radionuclides must move 
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GENERIC SITE 
CHARACTERISTICS 

CONCEPT 

T 

FAILURE 
MODE 

ANALYSIS 

WASTE 
CHARACTERISTICS 

TRANSPORT 
MECHANISM 

TO 
ENVIRONMENT 

PROBABILITY 
OF RELEASE 

PATHWAY 
TO 
MAN 

CONCEPT MODIFICATION 

I ACCEPTABLE 
RISK 

FIGURE 3 Interrelationships Among Pathway, 
Probability and Risk 

into man's environment. Next, based 

on the population estimated to come 

in contact with the waste materials, 

the potential exposure pathways, and 

the calculated waste release rate, 

the radiation dose to the population 

can be estimated. 

Finally, the probabi1istic risk 

(dose) to man can be determined by 

multiplying the probability of the 

event taking place times the dose if 

It takes place. By comparing the 

total integrated risks of proposed 

concepts with appropriate criteria. 

It can be determined whether or not 

the risk to man exceeds acceptable 

criteria. If the risk level is unac-

ceptably high, the concept could be 

rejected or changes could be made in 

the concept to reduce the risk If 

the risk for a concept mfeets all cri­

teria, the concept would be consid­

ered to have met the safety require­

ments, although further improvements 

may still be made in the concept 

Of course, concepts in which the risk 

IS substantially lower than the mea­

surement criteria would be rated as 

most favorable. 

Development of suitable safety e n 

teria is most important in a final 

evaluation of waste management prac­

tices Development of such criteria 

was beyond the scope of this study, 

but the following are proposed as rep 

resenta 11ve of major safety criteria' 

1) On a probabilistic basis, the 

risk to the world population from 

waste management should represent 

only a minor increase in the total 

risk presently assumed by the opera­

tion of nuclear power plants. The 

risk contribution from probabilistic 

releases from the waste production 

of a power plant should be no more 

than a fraction of the risk from 

c h r o m e effluent releases from the 

plant. 

2) Because the risk to man from 

waste may exist substantially longer 
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than the use of fission reactors as 

a power source, its risk to future 

man should compare favorably with 

other involuntary risks that give 

little o>" no benefit Being struck 

by lightning, being killed in an 

earthquake or flood and being hit by 

a fallen aircraft are examples of in­

voluntary risks with little benefit 

to those exposed to the risk Such 

risks result in about one death per 

million population per year ^^ ' Com­

parison of the risk from waste manage­

ment practices would require conver­

sion of radiation dose to deaths to 

establish a criterion Several such 

conversions have been postulated but 

remain controversial 

3) The dose to the population in 

the immediate disposal area should 

not be great enough to put the popula­

tion at serious immediate risk. This 

may require that some protective reac­

tion from a release of waste materi­

als be available, for example, the 

population in the affected area may 

be evacuated or restricted or the 

water supplies may be relocated It 

IS assumed that evacuation may be re­

quired if the estimated exposure to 

a population group were to exceed 

some maximum standard which could not 

be decreased through curtailed 

operation. 

The basic problem with this analyt­

ical technigue is that the values 

used to describe probabilities of sys­

tem failures, the actual rates of 

movement through environmental media 

to man, and even the population dis­

tribution around the release from a 

plant 1,000 years or more in the fu­

ture are obviously in question. In 

addition, information on the interre­

lationships between dose to man, risk 

to man in units of potential deaths 

or dollar costs and acceptable risk 

were found to be controversial. In­

formation on these subjects must be 

developed in future studies. 

5 1 FAILURE MODE ANALYSIS AND 

RELEASE PROBABILITIES 

Evaluation of the safety of any 

disposal concept requires identifica­

tion of mechanisms and probabilities 

of possible releases of radioactive 

waste constituents to man's environ­

ment The fault tree analysis tech­

nique was determined to be the 

preferred method to provide for 

achieving these requirements. The 

method provides for calculating the 

risk to man (in terms of radiation ex­

posure in this study) on a probabilis­

tic basis. 

As an illustration of the method, 

a generic fault tree was developed 

for geologic disposal in a mined cavi­

ty. In all, 77 basic failure events 

were identified as possible contribu­

tors to a waste release from a geolog­

ic disposal site. 

There is a great deal of concern about natural disasters but essentially 
no concern about accidents caused by lightning. In natural disasters, 
the concern is high because many people could be exposed to a single 
event. These simple comparisons show that perception of risk is very 
complex and that numerous factors must be considered. 
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For the fault tree to be fully uti­

lized each failure event must be ame­

nable to analysis Each must have a 

predictable failure threshold, and it 

must be possible either to obtain a 

reasonable data base for predicting 

the frequency of the event or else to 

show that the failure event is not an 

important safety consideration 

Of the 77 failure events in the ex­

ample studied, over 60 are believed 

to have predictable failure thresh­

olds, thus it should be possible to 

develop data base for predicting 

probabilities They are fully amena­

ble to analysis 

Of the remaining 17 failure events, 

the majority were associated with 

man's future activities Although 

man's future activities can never be 

exactly quantified, the importance of 

man's presence can be bracketed by 

first assuming the site is not ac­

tively administered and alternatively 

by assuming that man is actively con­

trolling activities in the area 

Thus the degree of reliance placed on 

man's presence in the region can be 

roughly quantified It is believed 

that disposal concepts which place 

minimum reliance on man's presence 

can be found Thus, for those con­

cepts the final criterion is met, 

1 e , the failure events associated 

with man's activity are not an impor­

tant safety consideration 

The remaining failure events were 

associated with future tectonic activ­

ity Areas of high tectonic activity 

may not be readily amenable to analy­

sis because the forces involved are 

potentially large, they may not be 

well known, and they are particularly 

difficult to quantify However, 

areas of high tectonic stability are 

available, and disposal in these loca­

tions should be amenable to fault 

tree analysis 

The reference noted on pane 1 in 

this report shows an approach to 

evaluating each of the 77 basic fail 

ure elements identified by the gener­

ic fault tree for this example 

5.1 1 Sample Waste Release 

Probabi1ity Es tima te 

The next step of analysis is to 

follow each release sequence through 

its pathway to man's environment and 

ultimately to man One release se­

quence, obtained from the geologic 

fault tree developed in the above-

referenced <:tudy, IS followed here 

The numbers presented in this analy­

sis are based on very limited data 

Thus they serve primarily to demon­

strate the safety evaluation method 

The example waste release sequence 

considers the release of waste to 

man's environment by water This is 

considered to be one of the more 

likely release sequences 

The release sequence starts with 

the premise of An Aquifer in the 

Waste Disposal Region and requires 

the fallowing three conditions 

'Water Finds Path into Disposal Site, 

'Water Is Flowing and Water Flow 

Cannot be Controlled by Man All 

three conditions must occur together 

before a release of waste constitu­

ents can take place Based on pres­

ent tunneling experience, the proba­

bility that an undetected flaw in a 

barrier exists which will allow water 
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entry in a region where there is no 

detectable aquifer is estimated to 

occur at a rate of once in 100,000 ki­

lometers of tunnel length Thus the 

failure element 'Water Finds Path 

into Disposal Site is estimated to 

occur at a rate of 10 /km of tunnel 

constructed for geologic disposal 

This and the following numbers are 

order of magnitude estimates Based 

on the description for the mined cav­

ity concept, 90 kilometers of tunnels 

will be in existence in the year 2000; 

thus the probability of a defect al­

lowing water entry is expected to be 

once in every one thousand mines (or 

10 ) with 90 kilometers of tunnel 

Conditions which could cause an aq­

uifer in the region in the next year 

were estimated to be once in one bil-
_ g 

lion (10 ) After one million years, 

the probability of an active aquifer 

in the region is taken to be much 

greater, 10" At the 1000-year pe­

riod, an intermediate number was used 

It was assumed that man would not be 

able to control the aquifer and the 

aquifer would be flowing, thus the 

failure elements Water Is Flowing 

and Water Flow Cannot be Controlled 

by Man have probabilities of one 

Table 5 summarizes the sample fail 

ure event probabilities and the re­

sultant cumulative probabilities ob­

tained by multiplying the individual 

probabilities in each vertical col­

umn The ranges of probabilities 

given reflect uncertainty in the 

above da ta 

The table summarizes a release 

probability estimate from one sample 

failure sequence To estimate the 

overall safety, all significant paths 

must be analyzed and the probabili­

ties times the respective conse­

quences must be summed 

TABLE 5 Sample Components of Release Sequence Prob­
abilities for Geologic Disposal 

Failui^e Event 

Aquifer Develops in the Region Where 
One Did Not Exist Previously 

Water Finds Path into Disposal Site 

Water Flow Cannot Be Controlled 
by Man 

Water Is Flowing _^__ 

During 
Operational 

Period 

Probability of Waste Release 

10 to 10 

-4 -2 
10 to 10 

During 1000 
Years 

10"^ to 10"^ 

-4 -2 
10 to 10 

1 

1 

During 
1,000,000 

Years 

10'^ to 10"^ 

-4 -2 
10 ^ to 10 ̂  

1 

1 

Cumulative Release Probabi l i ty in 
the Time Given 10-1^ to 10-1° 10-1° to 10-^ IQ-^ to 10'-^ 
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5.1.2 Application of Fault Trees to 

Other Disposal Concepts 

Preliminary failure modes were 

identified for seabed, ice sheet and 

extraterrestrial disposal concepts in 

the first reference. Fault tree 

analysis can be applied to these dis­

posal concepts in the same manner as 

to the gelogic concepts 

The preliminary analysis pointed 

out how relatively little data are 

available to assess the seabed and 

ice sheet environments. For example, 

in the seabed environment, very lit­

tle information is known about the 

long-term behavior of ocean sediments. 

In like manner, there is little expe­

rience with drilling, placement and 

sealing of waste canisters in the 

seabed. Thus its apparent safety is 

uncertain, chieflv because of lack 

of detailed ^nowledge about it. The 

same is true of the ice sheet environ­

ment except that more known mecha­

nisms for release of waste can be 

identified. 

For the extraterrestrial disposal 

concepts, NASA has accumulated experi­

ence with manned space flignts as a 

basis for estimating the safety which 

can be achieved. Failures on the 

launch pad, by burnup in the atmo­

sphere, or meltdown after loss on the 

earth's surface are the failure ele­

ments of greatest concern and can be 

estimated with improved confidence as 

the number of launches accumulates. 

provide substantial containment or 

isolation barriers to initially sepa­

rate the constituents of nuclear 

waste from man's environment. A fail­

ure or degeneration of these barriers 

is required before transport to man's 

environment can be initiated. How­

ever, a barrier failure does not nec­

essarily result in release of waste 

ma t e n a 1 s into man's immediate envi­

ronment where exposure takes place, 

transport mechanisms are required. 

The primary transport mechanisms 

are naturally occurring water and air. 

In most cases, transport by water 

will be through soils and/or rock 

with extensive chemical interaction 

(ion exchange) taking place. The 

quantities, rate, and timing of radio­

isotopes entering man's environment 

will depend on a host of parameters 

such as the rate of release of radio­

isotopes at the source (i.e., solu­

bility of waste in groundwater), the 

flow rate of the water, the distance 

travelled to reach man's environment, 

the efficiency of ion exchange, chemi­

cal species, etc. 

Transport by air could be achieved 

as a result of either a single or a 

two-step process. In the first, an 

accident could both directly expose 

the waste to air and fracture it to 

such an extent that air currents 

would resuspend and transport mate­

rial. In the two-stage process, it 

is postulated that naturally occur­

ring water would transport the radio­

isotopes to a water (or earth)-air 5.2 TRANSPORT MECHANISMS 

All disposal concepts under study 
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interface. Resuspension and trans­

port could then occur from the 

residues of evaporation. 

Quantification of the decontamina­

tion factors (i.e., radioisotope ad­

sorption and holdup time) in the 

transport process requires an accu­

rate model of the geologic system. 

Sample transport decontamination 

factors were calculated for an aqui­

fer 16 kilometers in length flowing 

at 30 cm/day in typical western soil. 

This calculation assumed that an aqui­

fer penetrated a failed barrier in a 

geologic disposal site. Dose reduc-
5 

tion factors were in the range of 10 

to 10 ; that is, the calculated doses 

to man with soil retention were 5 to 

6 orders of magnitude lower than 

those without soil retention. The 

significance of this calculation is 

that for properly sited disposal con­

cepts, the earth itself can provide 

major safety factors. 

5.3 DOSE TO MAN 

A comprehensive dose computational 

model , developed and used for other 

Atomic Energy Commission Studies, was 

adapted to permit ready calculation 

of radiation doses to individuals and 

population groups for alternative 

waste disposal concepts. Typical 

inputs include source terms (radio­

nuclide release rates to man's im­

mediate environment), population 

densities, dilution quantities, and 

consumption rates of food and water. 

Outputs include individual pathway 

doses, total doses to individuals and 

to specified population groups, and 

fractional dose contributions of 

speci fie nucli des. 

To demonstrate the capability, cal­

culated doses are shown in Table 6 

for a hypothetical release of radio­

active waste from geologic disposal 

(assuming sorption and retention on 

soil). Also shown in the table is 

the limiting individual dose from non­

occupational and non-medical radia­

tion exposure according to the latest 

recommendations of the National Coun­

cil on Radiation Protection and 

Measurements. For comparison, the 

average annual radiation dose in the 

United States from natural sources is 

on the order of 120 to 140 mrem. The 

dose indicated in the table for the 

Maximum Individual is less than that 

received during a cross-country jet 

airplane flight. 

The potential doses (following re­

leases from a geologic disposal site) 

are highly dependent on the sorption 

capacity of the soil or other receiv­

ing media, the characteristics (espe­

cially the leach rate) of the waste, 

and the measures taken to prevent 

release. 

Calculations can be based on postu­

lated release of the waste materials 

to man's immediate environment at any 

period after disposal, but calculated 

doses at periods of 1,000 years or 

more would be much less due to decay 

of shorter-lived nuclides. The most 

significant nuclides in terms of dose 

would generally be Strontium-90 and 

Cesium-137 at 100 years, various radi­

onuclides of americium and plutonium 

at 1,000 to 10,000 years, and uranium 

daughter nuclides at longer periods. 

Doses calculated with the model 

for various generic cases are primar­

ily valuable for comparative purposes. 
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TABLE C a l c u l a t e d Whole Body R a d i a t i o n Doses f r o m 
H y o o t h e t i c R e l e a s e o f Waste I n v e n t o r y o f 
Year 2000 i n G e o l o g i c D i s p o s a l 

Maximum Annual Dose (mrem) NCRP Non-Occupational 
Guide 

Maximum Individual 

Population 

Assumptions 

0.4 

Annual Dose to Populat ion 
(man-rem) 

30 

500 

Total waste inventory exposed in the assumed releases is a l l of the waste r e s u l t i n g 
from the p ro jec ted cunu la t i ve 167,000 equ iva len t met r ic tons of f ue l processed in the 
U S. through yea- 2000 (The l a t e s t p r o j e c t i o n is 185,000 equ iva len t me t r i c t o n s . ) 

I n i t i a l re lease to s o i l occurs 100 years a f t e r d i s p o s a l . 

Geologic d isposal i s in a n d western r e g i o n , w i t h re lease to a q u i f e r . 

Source re lease ra te (or the ra te of d i s s o l u t i o n of the waste m a t e r i a l ! i s 0.3% per 
year of t o t a l i nven to ry . 

Aqu i fe r i s 16 k i lometers l ong , average groundwater v e l o c i t y is 30 cm/day 

Soi l IS t y p i c a l westei^n deser t s o i l , w i t h i t s normal ly good ion-exchange c a p a c i t y . 

Populat ion IS 180,000 people w i t h i n an 80-km rad ius of the po in t of re lease to man's 
immediate environment 

Aqu i fer f lows i n t o a r i v e r which f lows through the center of the region and which 
provides both d r i n k i n g water and i r r i g a t i o n . 

3 
Average r i v e r f low ra te i s 280 m /sec . 

a. Guides are not a v a i l a b l e , but d i v i d i n g the i nd i ca ted dose of 30,000 man-rem by 
the assumed popu la t ion s ize of 180,000 gives an average annual dose of 0.16 mrem 
f o r comparison w i t h the dose to uhe hypo the t i ca l Maximum I n d i v i d u a l . 

and such doses w o u l d b e , a t w o r s t , 

t h e r e s u l t o f a s e r i e s o f u n p r e d i c t ­

a b l e o r 1 o w - p r o b a b i 1 1 t y e v e n t s l e a d ­

i n g t o t h e r e l e a s e o f r a d i o a c t i v i t y 

t o m a n ' s i m m e d i a t e e n v i r o n m e n t . De­

t a i l e d a n a l y s e s w i l l be r e q u i r e d t o 

a s s e s s t h e r i s k s t o man f r o m s p e c i f i c 

c o n c e p t s , s i t e s , and o p e r a t i o n s . 

5 . 4 RISK TO MAN 

The sample calculations of proba­

bility given in Table 5 can be mul­

tiplied by doses such as those shown 

in Table 6 to obtain a hypothetical 

risk of radiation dose to man from 

the disposal concept. The maximum 

measure of risk to an individual from 

the given failure mechanisms and path­

ways would then be in the range of 

10" to 10" mrem/year to the whole 

body during the operational period, 

1Q- to 10" mrem/year at i,000 

years after disposal, and 10- to 

10'"^ mrem/year at 1,000,000 years 

after disposal. Similarly, the risk 

to the affected large population 
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group would be less than ''O' , 10- , 

and 10 man-rem/year for the same 

respective three time intervals 

These previous sections demon­

strate the methodology for calculat­

ing the probabilistic risk to man 

from radioactive waste disposal. For 

actual application of risk calcula­

tions, analyses will be required for 

specific concepts, sites, and opera­

tions In addition, the risks from 

all major mechanisms and pathways 

must be summed to obtain the totdl 

calculated risk. 

An alternative measure of risk 

would be derived from estimation of 

harmful effects (deaths or illness) 

on people from the calculated radia­

tion dose increments associated with 

each disposal concept Recent stud­

ies sponsored by the United Nations 

Scientific Committee on the Effects 

of Atomic Radiation and by the U S. 

Environmental Protection Agency 

address what is known and what is 

assumed for low-level radiation con­

cerning the radiation dose/radiation 

effects problem Considering the 

large uncertainties in the derived 

conversions and the problem of 

making equivalent conversions for 

radiation doses to different organs 

of the body, we have chosen not to 

attempt estimates of harmful effects 

for these concept comparison studies. 

Attempts have been made by others 

to place a dollar value on estimates 

of increased harmful effects on peo­

ple to provide a more direct method 

of comparisons than the above. Such 

a procedure involves not only still 

larger uncertainties, but the basic 

philosphical question of equating dol-

Itirs to human lives, and is not beinq 

considered for these studies. 
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6.0 DISPOSAL CONCEPTS - DESCRIPTION AND SYSTEMS 

Listed in Table 7 are the various 

waste management concepts. The table 

highlights key differences of the 

various alternative system character­

istics compared to a reference dis-

posa'' concept. The reference concept 

was arbitrarily selected to be a con­

cept comparable to Sdlt mine disposal 

total waste encapsulated as a solid 

and emplaced in a mined cavity with 

no auxiliary fluid cooling. The sim­

plified table does not show all the 

variations studied for each of the 

generic concepts listed Brief con­

cept and systems descriptions are 

presented in the following sections. 

6.1 GEOLOGIC DISPOSAL CONCEPTS 

The basic requirement for any geo­

logic environment to be suitable for 

disposal of radioactive waste is the 

capability to safely contain and iso­

late the emplaced radioactive mate­

rial until decay has reduced the 

radioactivity to nonhazardous levels. 

Geologic environments exist which 

have been physically and chemically 

stable for millions of years, would 

provide isolation from man's envi­

ronment, and have acted as effective 

barriers for isolation of naturally 

occurring radioactive uranium and 

thorium deposits from man's 

en V1ronmen t. 

Relative to other terrestrial 

locations, a large amount of informa­

tion IS available on the geology of 

the conterminous United States, the 

primary area of interest for this 

waste disposal study. 

A geologic formation can be pene­

trated and altered in several ways 

to provide a repository for waste 

emplacement. This study considers 

the use of drilling, mining (mechani­

cal and dissolution), exploded cavity 

formation and hydraulic fracturing. 

Many combinations of potential geo­

logic environments and methods of 

their penetration, along with methods 

for placement of waste within these 

systems, were studied in an attempt 

to cover the broad range of potential 

possibilities. 

Ten methods for disposing of waste 

in geologic formations were consider­

ed in this study. Two primary dispos­

al g e o m e t n es , i.e., cavities and a 

drilled hole, several means for form­

ing cavities, and several operational 

modes were examined, as shown in 

Table 8. 

In all concepts the final waste 

form IS a solid. In some concepts, 

waste IS emplaced in the geologic 

formation as a liquid and converted 

in-place to a solid form for long-

term disposal For concepts 5, 6, 

and 9, the self-generated heat within 

the liquid waste is used to dry and 

melt the waste and some of the sur­

rounding rock which, when cooled, 

forms a solid waste-rock matrix. In 

concept 10, the liquid waste is 

incorporated within a self-curing 

cemen t 

Because of the potential hazards 

of shipping aqueous high-level waste, 

the liquid emplacement concepts re­

quire locating the fuel reprocessing 
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Table 7. Summary of System Characteristics for 
Alternative Waste Management Systems 

Requirements for the System 

"Reference Concept (solid waste 
emplaced in mined cavity, no 
f lu id cooling or melting) 

Interim 
Liquid Waste 
Storage at 

Reprocessing 
Plant' 

Not needed 

Partit ioning 
of Waste into 
Two or More 

Fractions' 

No 

Sol idi f icat ion 
Into Canned 

Sil icate Glass 
or Special Forms' 

Glass 

Interim 
Solid Waste 

Storage' 

Optional 

Overland 
Transportation 
to Disposal or 

Recycle F a c i l i t y 

Yes 

Involves Final 
Disposal 
of Haste 

Constituents' 

Yes 

Disposal 
of Total 

High-Level 
Waste 

Constituents' 

Yes 

Other 

None 

Differences from Above I nrements are Listed [ 
Geologic Concepts 

1 Solid waste emplaced in 
mined cavity, no f lu id 
cooling or melting 

2 Solid waste emplaced in 
mined cavity, i n i t i a l 
water cooling, melting 

3 Solid waste emplaced in 
manmade structure in mined 
cavity, i n i t i a l a i r cooling, 
no melting 

4 Solid waste emplaced in 
manmade structure in mined 
cavity, i n i t i a l water cool­
ing, no melting 

5 Liquid waste onplaced m 
mined cavity, i n i t i a l re­
flux cooling, melting 

6 Liquid waste emplaced in 
exploded cavity, i n i t i a l 
reflux cooling, melting 

7 Solid waste emplaced in 
matrix of d r i l l holes, 
no f lu id cooling or 
melting 

8 Solid waste emplaced in 
deep holes, no f lu id cool 
ing, melting or nonmelting (^' 

9 Liquid wa^te emplaced in 
deep holes, i n i t i a l reflux 
cooling, melting 

10 Liquid waste emplaced by 
hydrofracture, in-place 
curing 

Ice Sheet Concepts 

1 Self melt through ice 

2 Anchored storage/disposal 

3 Ice surface storage/disposal 

Seabed Concepts 

1 Subduction zones and other 
deep-sea trenches 

2 Stable deep-sea floors 

3 Rapid sedimentation 

Extraterrestrial Concepts 

1 Solar and Earth Orbits 

2 Solar impact 

3 Solar escape 

Transmutation Concepts 

1 Fission reactors 

2 Fusion reactors 

3 Accelerators 

4 Nuclear explosives 

Also in place melt 
conversion to rock 
waste matrix 

Liquid, m-place melt 
conversion n rock 
waste matrix. 

Liquid, in place melt 
conversion to rock-
waste matrix 

Liquid in place mel • 
conversion to rock-
waste matric 

In-place curing to 
waste-cement matrix 

Special 
capsule forms 

Special 
capsule forms 

Also over sea, 
over-iee transport 

Also over-sea 
transport 

Disposal/processing 
operations are com­
bined, extra trans­
port of fuel to re­
processing plant 

Disposal'processing 
operations are com­
bined, extra trans­
port of fuel to re­
processing plant 

Disposal/processing 
operations are com­
bined, extra trans­
port of fuel to re­
processing plant 

Disposal/processing 
operations are com­
bined, extra trans­
port of fuel to re­
processing plant 

Recycle/ 
eTtml nation 

Ho, transuranlcs 
only 

No, actinides 
onl> and 
selected 

f ission products 

a For deep d r i l l hole, both prior sol id i f icat ion and in-place s o l i d i f i « t i o n were studied. 
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TABLE 8. Characteristics of Geologic Disposal Concepts 

Waste Form 

Concept 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

a. Incl 
b. All 

Type of Cavity 

Ml ned 

Ml ned 

Mined'^' 

Mined'^^ 

Mined 

Exploded 

Matrix of 
Drilled Holes 

Deep Hole 

Deep Hole 

Hydrofracture 

udes underground ma 
11 quid emplacement 

at Time of 
Emplacement 

Solid 

Solid 

Solid 

Solid 

Liquid'''^ 

Liquid^*^^ 

Solid 

Solid 

Liquid^^' 

Liquid''') 

nmade structures 
concepts involve 

Fluid 
Cool 

No 

ing 

Water 

Air c) 

Water''^^ 

No 

No 

No 

No 

No 

No 

in-p ace 

Waste-Rock 
Reactions 

No 

Melt 

No 

No 

Melt 

Melt 

No 

No/Melt'^' 

Melt 

No 

conversion 

c. 

d. 

to a sol id form. 
Cooling IS provided for an interim period of tens of years 
until the heat generation rate has decreased to a point 
that melting will not occur. 
This deep hole concept is studied for both melting and 
non-melting cases. 

plant at the disposal site.^ The 

solid emplacement concepts involve 

transportation of the waste, already 

converted to a solid at the fuel re­

processing plant, cross-country to a 

central Federal disposal site, as­

sumed to be separate from the repro­

cessing plant.' These basic sys­

tems requirements for high-level 

waste management in terrestrial loca­

tions (geologic formations, ice sheet, 

and seabed) are shown in Figure 4. 

It was assumed in this study that 

geologic disposal options are aimed 

at managing the total high-level 

waste, including the long-lived radio­

nuclides, without preconditioning or 

partitioning of the aqueous waste. 

The ten geologic disposal concepts 

are shown schematically in Figures 5 

through 14 and discussed below. 

6.1 1 Solid Waste Emplaced in Mined 

Cavity - No Fluid Cooling or 

Mel ting 

The concept depicted in Figure 5 

shows previously solidified waste 

buried in the floor of rooms or tun­

nels that have been excavated in the 

It may be possible to ship calcined waste to the repository and dispose of it 
as an aqueous slurry by any of the liquid waste disposal concepts. This con­
cept may be looked at as a variation of the liquid waste disposal concept. 

A Federal repository, the Retrievable Surface Storage Facility, is planned 
for interim retrievable storage of solidified waste until a disposal concept 
IS ready for use. 
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5 DESIGNATES IHEMOSl LIKELY ANTICIPATED PATH FOR MOST TERRESTRIAL 
CONCEPTS INVOLVING EMPUCEMENT OF SOLID WASTE 

L DESIGNATES THE MOST LIKELY ANTICIPATED PATH FOR MOST GEOLOGIC 

CONCEPTS INVOLVING EMPUCEMENT OF LIQUID WASTE 

a THE USE OF INTERIM LIQUID STORAGE FOR SOLID WASTE EMPL^iCEMEM 
CONCEPTS IS OPTIONAL 

, 
• 

' 

S 

J SOLIDIFY 

] WA >TE 

L 

S 

— • 
RETRIEVABLE 

STORAGE 

S 

" i 

PRIOR SITE 

PREPARATION 

TRANSPORTATION 

TO SITE 

S L 

S 

S L , 
• 

EMPLACEMENT 

OPERATION 

S L 

ISOLATION, 

MONITORING 

I 
• 

OPTION FOR ONE OR 
MORE WASTE 

FRACTIONS TO BE 
MANAGED BY OTHER 

CONCEPTS 

FIGURE 4 . Sys tem R e q u i r e m e n t s f o r H i g h - L e v e l R a d i o a c t i v e 
Waste Management i n T e r r e s t r i a l L o c a t i o n s 

WASTE RECEIVING AND 
HANDLING FACILITY 

UP TO 
3000 METERS 

SUB-SURFACE 
WASTE HANDLING 

FACILITY 

SEALANT 

WASTE 
CANISTERS HOLES IN FLOOR 

OF TUNNEL 

FIGURE 5 . S o l i d Waste Emp lacemen t i n a M i n e d C a v i t y -
No F l u i d C o o l i n g o r M e l t i n g 
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geologic formation. This generic con­

cept includes the bedded salt dis­

posal concept that has received empha­

sis in major Research and Development 

studies sponsored by the Atomic 

Energy Commission over the past 

15 years. Studies on the bedded salt 

concept were initiated based on recom­

mendations of the National Academy of 

Sciences - National Research Council. 

Upon arrival at the repository, 

the shipping cask and transport vehi­

cle are moved into a cask unloading 

area which is inside a building The 

cask IS renioveo from its carrier and 

lowered into a shielded handling cell. 

Individual canisters are removed from 

the cask and transported to a shaft 

where they are lowered by cable into 

the subsurface complex. The lower 

end of the shaft terminates in a 

transfer vault or shielded handling 

cell located in the geologic forma­

tion at the mine level 

At the mine level, individual 

waste canisters are moved from the 

sub-surface shie'ided cell into a 

shielded transfer vehicle Afte-

receiving the canister, the subsur­

face transfer vehicle transports the 

waste package to a previously mined 

and prepared burial tunnel or room 

with predrilled holes in the f l o e . 

The transfer vehicle is located over 

a hole, and the waste package is low­

ered into the hole The hole may be 

backfilled with niaterial to provide 

some shielding to the tunnel area 

and to act as a partial barrier 

against escape of radionuclides into 

the tunnel area in the event a can 

fails. After the last can is lowered 

into a hole, the top 1.8 to 2 4 me­

ters (6 to 8 feet) of the hole are 

filled with a sealant to provide 

isolation and shielding The system 

IS designed so that the heat from the 

waste will be conducted through the 

geologic formations without causing 

melting or deterioriation of the geo­

logic media. 

After all the holes have been 

filled and sealed, individual butial 

tunnels or rooms are sealed from the 

rest of the repository by a bulkhead. 

The tunnel or room will eventually be 

backfilled. 

It IS estimated that about 90 kilo­

meters of burial tunnel, 4 5 meters 

on a side, would be required to dis­

pose of the 14,700 canisters of high-

level waste produced by the reference 

reprocessing plant In addition, 

nearly 11 kilometers of access tunnel 

will be required 

6.1 2 Solid Waste Emplaced in Mined 

Cavities - Interim Liquid Cool­

ing and Waste-Rock Reaction 

A pictorial description of this 

concept IS shown in Figure 6. Waste 

canisters are removed from shipping 

casks in a waste receiving facility, 

lowered through a drill hole into a 

lined cavity, and deposited on the 

cavity floor in a random a'^>"aj. 

Waste within the cavity is immersed 

in a boiling water bath. Steam gen­

erated IS condensed in a surface fa­

cility and returned to the hole for 

cooling the waste. Operation of the 

surface cooling system will be con­

tinued until the cavity contents are 

permitted to melt by allowing the 

cooling water to boil away. 

The reference case for this con­

cept assumes eventual waste-rock melt­

ing after shutdown of the water 
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WASTE RECEIVING 
FACILITY ^ 

VAPOR CONDENSING AND 
' TREATMENT FACILITY 

UP TO 3000 METERS 

„, LIMIT OF MELT-
vif-AND FINAL WASTE-7 

- ROCK SOLID 

vN WASTE 
CANISTERS 

SEALED AND CASED HOLE CONTAINING 
-^_JAASTE, VAPOR, MONITORING 

AND INSTRUMENT LINES^ 

DOUBLE 
LINED CAVITY 

CONTAINS LIQUID N\ 
COOLING BATH 

FIGURE 6. Solid Waste Emplacement in a Mined Cavity -
Interim Liquid Cooling and Waste-Rock Melting 

cooling phase of cavity operation. 

Cavity shutdown is started by stop­

ping return of the condensed steam. 

The cavity begins to dry and the 

temperature of the contained mate­

rials starts to rise. The cased 

hole IS sealed by plugging at an 

appropriate time, and the waste is 

allowed to melt. The waste will 

melt from its own heat within a 

few days because it is concentrated 

in a small volume with little cooling 

by the surrounding rock. Over a few 

tens to one hundred years the heat 

from the waste will melt some of the 

surrounding rock and form a larger 

molten mass which dilutes the waste 

concentration. After a few hundred 

years, the molten rock-waste mixture 

will cool and solidify into a rock-

waste matrix as the heat provided by 

radioactivity diminishes. 

A cavity volume of about 13,000 

cubic meters would be required to 

receive and serve as a repository 

for the high-level waste generated 

by the reference reprocessing plant. 

6.1.3 Solid Waste Emplaced in Man-

made Structures in Geologic 

Formations - Interim Air 

Cooling 

Figure 7 is a graphic description 

of a concept using natural convection 

air cooling of waste canisters inside 

individual pods designed to conduct 

the heat to the air coolant. A canis­

ter of waste IS sealed inside the bot­

tom of a thick-walled metal pod buried 

in the floor of the tunnel to shield 

operating personnel from radiation. 

Radioactive decay heat is conducted 

through the metal pod wall and is dis­

sipated from the finned surface to 
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OUTLET FILTERS NLET FILTERS 

COOLING AIR 
FLOW 

UP TO 

3000 METERS 

-\~ 

VENT I LA 1̂1 ON 
SHAFT 

-V- -V V-

ROCK BOLTS 

• ^ • • • - ' • - ' 

- V 
VENTILATION 

SHAFT 

/ 

CRUSHED 
ROCK 

TUNNEL 
AIR FLOW 

"SHOTCRFTE 
^ 

WASTE CANISTER. 

CONTAINMENT P O D -

1 1 .1 I >. 

FIGURE 7. Solid Waste Emplacement in a Mined Tunnel - Interim 
Natural Convection Air Cooling, No Melting 

the flowing cooling air The single 

pass cooling air flows by natural con­

vection once the draft has been initi­

ated After a predetermined time, 

the access areas S.TQ sealed and the 

waste heat is transferred to the sur­

rounding rock as in concept 1 

Upon arrival at the repository, a 

waste canister is unloaded inside a 

building and transferred to the below-

ground facilities much as in concept 1 

(see Figure 5) At the mine level, 

the waste canister is placed in the 

containment pod The pod is placed 

in a hole or trench within a tunnel, 

the hole is backfilled with crushed 

rock, and the top of the pod is 

sealed. Other emplacement operations 

are similar to those for concept 1. 

About 5 5 kilometers of burial 

tunnel, 9 meters in diameter, would 

be required to dispose of the high-

level waste produced by the reference 

reprocessing plant 

6 1 4 Solid Waste Emplaced in Man-

made Structures in Geologic 

Formations - Interim Water 

Cooling 

A schematic diagram of a water-

cooled system is shown m Figure 8. 

This IS a typical cross-sectiona1 

view of a tunnel containing the under 

ground facility, a manmade structure 

designed to withstand earthquakes and 

shifting of the rock formation. Upon 

arrival at the repository, the waste 
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DRY COOLING 
TOWER VAPOR 

TREATMENT 

NON-
CONDENSABLES 
TO ATMOSPHERE 

UP TO 
3000 METERS 

\ 
SiEAM 

WATER CONTAINMENT 
DECONTAMINATION STRUCTURE CONDENSATE 

RETURN 

(OCK BOLTED AND 
'LINED TUNNEL 

FIGURE 8, 

WASTE 
CANISTER 

Solid Waste Emplacement in Manmade Structure 
with Interim Boiling Water Cooling, No Melting 

canister is unloaded inside a build­

ing, transferred to the below-ground 

facilities, transported to the dis­

posal location through the waste can­

ister handling area of the tunnel and 

lowered into the hole, similarly to 

other concepts. The waste is placed 

in the shielded lower part of a cylin­

drical 1 y-shaped water-filled storage 

vessel in the mined cavity. Typi­

cally the concrete shell would be 

30 feet in diameter and the tunnel 

would be 50 feet in diameter. Steam 

generated by the waste is piped to 

a heat-exchange system at the earth's 

surface where it is condensed and 

returned to the waste storage area. 

A side stream of the coolant is 
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treated to remove radioactivity 

which may be present from leaking or 

externally contaminated canisters. 

After a predetermined time the cool­

ing water is removed from the system. 

The access areas are sealed, and the 

waste heat is transferred to the sur­

rounding rock without melting as in 

concept 1. Tunnel requirements would 

be about the same as in the previous 

concept. Auxiliary facilities such as 

personnel access shafts, air locks 

and waste transfer shafts are not 

shown in Figure 8 but would be similar 

to those in concept 1. 

6.1.5 Liquid Waste Emplaced in a 

Mined Cavity - In-Place Drying 

and Conversion to Rock-Waste 

MatriX 

Figure 9 shows this concept. Liq­

uid waste IS stored in a mined cavity 

below the fuel reprocessing plant. 

The cavity contains a high-integrity 

liner or tank connected through high-

integrity piping to a specially 

designed condensing and treatment fa­

cility for the radioactivity-contain­

ing vapor, located adjacent to the 

fuel reprocessing plant at the sur­

face. Liquid waste is continuously 

added to the cavity and cooled by 

recycling condensed vapors from the 

surface facility. When the reprocess 

ing plant is to be shut down or the 

cavity is to be converted to its per­

manent disposal mode, recycle of the 

condensed coolant is stopped and the 

cavity contents are allowed to boil 

to dryness and to melt. When it is 

certain that no excessive pressure 

will build up in the cavity, the 

access shafts and piping are sealed. 

During a few tens to one hundred 

REPROCESSING PLANT 

UP TO 3000 METERS 

VAPOR CONDENSING AND 
TREATMENT FACILITY 

SEALED AND CASED HOLE 
CONTAINING MONITORING 
AND INSTRUMENT LINES 

LINED CAVITY FOR 
LIQUID WASTE STORAGE 

n" 

LIMIT OF MELT AND 
FINAL WASTE SOLID 

FIGURE 9 . L i q u i d Waste Emp lacement i n a M i n e d C a v i t y -
I n - P l a c e D r y i n g and C o n v e r s i o n t o R o c k - W a s t e 
M a t r i x 
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years the waste will melt the liner 

and some of the surrounding rock. 

After a few hundred years the molten 

rock-waste mixture will cool and pro­

gressively solidify into a rock-waste 

matrix. 

About 4,000 cubic meters are re­

quired for the cavity volume to dis­

pose of the high-level liquid waste 

generated by the reference reprocess­

ing plant. 

This concept has some similarities 

to that studied at AEC's Savannah 

River site for storage of aqueous al­

kaline waste in bedrock without in-

place solidification. The National 

Academy of Sciences concluded that 

such long-term storage disposal of 

aqueous waste in bedrock would re­

quire substantial research and devel­

opment before it could be implemented. 

b.1.6 Liquid Waste Emplaced in Ex­

ploded Cavities - In-Place 

Drying and Conversion to Rock-

Waste Matr i x 

This concept, shown in Fiqure 10, 

is similar to concept 5 (see Figure 9) 

except that an unlined, rubble-filled 

cavity is formed by nuclear explosion 

(or possibly by conventional explo­

sive). The rock rubble filling tne 

cavity provides the material for ini­

tial formation of the rock-waste iiid-

trix. The rubble-filled hole must 

provide about 4,000 cubic meters of 

free volume to contain the hiqn-level 

liquid waste discharged by the re Ter­

ence reprocessing plant. 

REPROCESSING PLANT VAPOR CONDENSING AND 
TREATMENT FACILITY 

TWO SEALED AND 
CASED HOLES CONTAINING 
WASTE.VAPOR, MONITORING 

AND INSTRUMENT LINES 

EXPLODED CAVITY FOR 
LIQUID V'ASTE STORAGE 

FIGURE 10. Liquid Waste Emplacement in an Exploded 
Cavity - In-Place Drying and Conversion 
to Rock-Waste Matrix 



32 WASH-1297 

6.1.7 Solid Waste Emplaced in a 

Matrix of Drilled Holes 

In this concept all operations 

are performed from the earth's sur­

face, as show in Figure 11. Canis­

ters full of solidified high-level 

waste are brought to the handling 

facility where they are transferred 

to a specially designed transfer and 

emplacement (charging) vehicle. The 

vehicle moves to a previously drilled 

hole where each waste canister is 

carefully lowered into the hole and 

placed on the preceding canister. 

When the hole is filled with waste 

canisters to a predetermined level, 

it is sealed, and waste is emplaced 

in the next hole of the array. For 

the reference case in this study, 

300 canisters were assumed to be con­

tained in the lower portion of each 

4500-meter-deep hole. 

6.1.8 Solid Waste Emplaced in a Deep 

Hole 

This concept, shown in Figure 12, 

is similar to the previous drilled 

matrix hole concept except that each 

drill hole penetrates to an extreme 

depth, nominally 16 kilometers 

(10 miles) deep. The concept can be 

designed for a nonmelting or a melt­

ing case (the latter is shown in 

Figure 1 2 ) . For the melting case, 

the capability for handling vapors 

from volatilization of small amounts 

of water in geologic formations may 

be necessary within the surface fa­

cility. The waste in the lower por­

tion of the hole will be molten while 

waste is added from above. After 

each hole is filled to the predeter­

mined level with waste canisters, 

the hole is sealed. A few hundred 

years after emplacement of the waste. 

WASTE 
HANDLING 
FACILITY 

PORTABLE 
CHARGING 
VEHICLE 

SEAL7\NT IN 
COMPLETED HOLES 

FIGURE 11. Solid Waste Emplacement in a Matrix 
of Drilled Holes - No Melting 
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FIGURE 12. Solid Waste Emplacement in a Deep Hole 
with In-Place Conversion to a Rock-Waste 
M a t r i x 

the molten waste-rock mixture will 

cool and solidify into a tall column 

of rock-waste matrix. For the refer­

ence case in this study, 2,500 can­

isters were assumed to be in the 

lower /,500-meter portion of each 

hole. 

6.1.9 Liquid Waste Emplaced in a 

Deep Hole - In-Place Drying 

and Conversion to a Rock-Waste 

Matrix 

This concept, shown in Figure 13, is 

somewhat similar to concept 5, but 

uses very deep (16-ki1ometer) holes. 

The deep hole is drilled at the repro­

cessing plant site. Liquid waste is 

continually added to the hole, and 

the vapor from the hot waste is re­

moved in a vapor condensing facility 

at the surface. Below the small pool 

of boiling aqueous waste is a layer 

of dried and calcined waste. Below 

this layer is one of molten waste and 

nielting rock. When the hole is 

filled to the predetermined level (as­

sumed in this study to be the lower 

7,500-meter portion of the h o l e ) , a 

second hole is then used, the waste 

in the first hole is allowed to dry 

and the hole is sealed. After a few 

hundred years the molten waste-rock 

mixture will cool and form a waste-

rock matrix. 

It is estimated that three deep 

holes with high-level waste filling 

the bottom 7,500 meters would be re­

quired to contain the waste produced 

by the reference reprocessing plant. 
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REPROCESSING 
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•AND TREATMENT 
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DISPOSAL REGION 
BELOW 8000 METERS 

FIGURE 13. Liquid Waste Emplacement in a Deep Hole 
In-Place Drying and Conversion to Rock-
Waste Matrix 

6,1.10 Liquid Waste Emplaced by 

Hydraulic Fracturing - In-

Place Conversion to a Solid 

In this concept, shown in 

Figure 14, liquid waste is mixed with 

cement grout to form a slurry which 

is pumped under pressure into a well. 

The pressurized slurry spreads out to 

form and fill thin horizontal frac­

tures in the geologic formation which 

were initiated previously by forcing 

water at high pressure to fracture 

the rocks along the bedding planes. 

The slurry cures in-place within a 

few days to form a sheet of solid 

waste-cement mixture typically 3 mil­

limeters in thickness and 350 meters 

in diameter around the well. Several 

layers of the sheets of waste-cement 

can be emplaced one above the other, 

before sealing the access hole and 

moving to another well location. Op­

erations are all conducted at the sur 

face from a shielded cell facility. 

The dilution and heat transfer condi­

tions avQ designed to keep the waste 

and rock at low temperatures (100°C 

or less). 

About thirty disposal wells would 

be required to accept the waste dis­

charged by the reference reprocessing 

plant. 

6.2 ICE SHEET DISPOSAL CONCEPTS 

Ice sheets are large permanent 

masses of ice overlying continen­

tal land masses. They have several 

potential advantages as a disposal 

medium. The Antarctic ice sheet, 

which is international territory, has 
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FIGURE 14. Liquid Waste Emplacement by Hydraulic 
Fracturing - In-Place Conversion to a 
Solid 

the potential to provide an inter­

national repository. Large quanti­

ties of ice with great thickness are 

available at locations remote from 

man's activities and with low likeli­

hood for future developments. Ice, 

if its average temperature remains 

well below the freezing point, self-

heals fractures. It has low perme­

ability to water and has a thermal 

conductivity comparable to common 

rock types. Biological activity is 

low. The natural capability of the 

ice sheets to dissipate heat from 

radioactive waste canisters at low 

temperatures is conducive to maintain­

ing integrity of the waste materials. 

Three potential disposal concepts 

were developed for the ice sheet 

areas such as Antarctica or Green­

land. These concepts, aimed at man­

aging the solidified high-level waste 

without partitioning, are: 

1) Meltdown or free flow--the 

waste canister is placed in an indi­

vidual shallow drilled hole in the 

hole in the ice and allowed to melt 

down through the ice sheet to bedrock. 

2) Anchored emplacement--the 

waste canister is placed in an indi­

vidual shallow drilled hole in the 

ice but connected to surface anchors 

by cables or chains, which stop its 

descent and maintain its position for 

some extended period, perhaps on the 

order of 100 years. 

3) Surface storage/disposal--the 

waste canisters are placed in a 

shielded cell storage facility with 

jack-up piers on the ice sheet sur­

face to provide heat removal to the 

ambient air and to prevent covering 

over by further ice accumulation. 

After about 50 years, the facility 

is allowed to become covered by ac­

cumulating snow and is eventually 
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buried in the ice sheet for final 

disposal. 

The waste management system for 

all ice sheet concepts (shown diagram-

matically in Figure 4 and pictorially 

in Figure 15) consists of transport­

ing previously solidified and canned 

bulk waste in protective casks from 

the reprocessing plant to special em­

barkation ports; transporting the 

waste in protective casks by ships 

(equipped to monitor and examine the 

waste canisters) to harbor facilities 

adjacent to the ice sheet; offloading 

the waste canisters and casks at a 

debarkation facility on land in an 

ice-free area or near the edge of the 

ice; over-ice transporting by surface 

vehicles (envisioned as tractor-sled 

trains or surface-effect vehicles); 

and emplacing at the disposal site. 

The area around the disposal site 

would be monitored for a yet undeter­

mined time. 

The embarkation port would contain 

a receiving facility for inspecting 

the canisters and placing them indi­

vidually in special casks for loading 

onto the transport ship. 

Sea transport would be by special­

ly designed ship(s) with facilities 

for cooling, inspecting, and handling 

the waste canisters. The hull would 

be designed for protection against 

damage due to pack ice. Ice-breaker 

escorts would be used for routine 

operation. The transport ship would 

operate outside normal sea lanes to 

REPROCESSING 
PLANT HOT CELL 

PORT FACILITY 
SHIPPING J TRANSPORT SHIP 

DRILLING 
RIG 

FIGURE 15. Operations in Ice Sheet Disposal 
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reduce the risk of collision at sea 

and would dock and unload the casks 

onto the over-ice transport vehicles. 

Crawler-type tractors pulling 

sleds are at present probably the 

most dependable means of over-ice 

transport under the severe operating 

conditions of the ice sheet areas. 

However, other types of transporta­

tion may be used such as aircraft or 

surface effect vehicles (hovercraft), 

with fuel supplied by aircraft fuel 

drops. Hovercraft would require 

further development and testing to 

prove their capability for routine 

operation. 

For the meltdown and anchored em-

placement concepts, shown in Figure 

16, the canister is placed in a 

drilled hole 50 to 100 meters deep 

and released to begin its descent by 

self-melting. Cables or chains, 200 

to 500 meters long and attached to 

surface anchors, are fastened to the 

canister for the anchored emplacement 

concept. The canisters are emplaced 

one per hole on l-kilometer centers. 

This spacing should maintain separa­

tion between canisters during descent. 

Disposal would be accomplished by 

self-melting and refreezing of the 

ice above the canisters as they de­

scend. The waste canister must be 

encapsulated to accommodate high pres­

sures and contain the waste. 

In the surface storage facility 

disposal concept, storage would be 

accomplished by placing the canisters 

in a surface facility on the ice 

sheet. Disposal would occur when the 

facility is eventually covered by ac­

cumulating snow and ice. 

BEDROCK \ 

FIGURE 16. Ice Sheet Disposal Concepts 
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6.3 SEABED DISPOSAL CONCEPTS 

Disposal of high-level waste 

within the floor of the world's 

oceans has a number of potentially 

attractive features Since disposal 

0-'' nuclear waste is a multinational 

problem, consideration of a "common 

territory" as an international solu­

tion appears to have merit. The 

oceans comprise a large fraction of 

the earth's suface. There are areas 

of extreme remoteness that have not 

been identified with resources of sig­

nificant use ^0 m a n , that are biolog­

ically nonprol1ferating , and that are 

geologically stable Large areas are 

available at depths that would pro­

vide isolation and safety from natu­

ral disasters such as storms, as well 

as from sabotage or accidental dis­

turbance The high ion-exchange ca­

pacity of sea floor sediments could 

provide additional isolation barriers. 

Large volumes of seawater may help 

cool the waste and would provide very 

high dilution of any material which 

accidentally escapes. 

Geologic settings and certain 

areas of the sea floor were studied. 

I.e. 

1) Stable Deep Sea Floor--areas 

such as deep ocean basins and abyssal 

plains, which are considered geolog­

ically stable. The waste would be 

placed in the bedrock below the uncon­

solidated sedimentary cover. 

2) Subduction Zones/Deep Sea 

Trenches--areas where, according to 

crustal plate tectonics theory, one 

edge of certain crustal plates is 

moving under the other crustal plates 

and down into the earth's mantle. 

The waste would be placed in these 

trench areas to be carried down, or 

subducted, into the earth's mantle 

with the crustal plate ^^' 

3) High Sedimentation Rate Areas--

areas where major rivers are building 

deltas into the ocean. The waste 

would be placed in the bedrock below 

the accumulating deltaic sediments. 

It is assumed that the seabed dis* 

posal concepts are aimed at disposal 

of all solidified high-level waste 

without partitioning The waste must 

be encapsulated to accommodate the 

high pressures and potential corro­

sion during emplacement. 

Waste management systems for all 

seabed disposal concepts, identical 

except for the site, are shown dia­

grammatical 1 y in Figure 4 and are pre­

sented pictorially in Figure 17 The 

concepts would consist of transport­

ing the previously solidified and can­

ned bulk waste from the reprocessing 

plant in protective casks to special 

ports of embarkation for short-term 

storage of the waste and for integ­

rity of the waste canister to be 

checked, transport in protective 

casks by ship (equipped to monitor 

and examine the waste canisters) to 

the disposal site, disposal of a num­

ber of waste canisters into each pre­

drilled hole in the basement rock 

from a special drilling platform, and 

filling the upper part of each hole 

mechanism for this geologic activity 
in this report are based upon inferred 
but the actual circumstances of geo-
been confirmed in any area. 

a. It should be noted that the detailed 
IS not well known. The descriptions 
and generally acceptable hypotheses, 
logic activity of this type have not 
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FIGURE 17. Operations in Seabed Disposal 

with a sealant. The area around the 

waste disposal holes would be moni­

tored for a yet undetermined time. 

Emplacement in all cases is con­

sidered to be in the dense basement 

rock of the seabed, underlying the 

unconsolidated softer sediments of 

the sea floor, as shown in Figure 18. 

The waste is thus removed from direct 

contact with the seawater, is less 

likely to be exposed by submarine 

geologic processes and may be further 

isolated from seawater by the high 

ion-exchange capacity of the 

sediments. 

The embarkation port would consist 

of a receiving facility for handling 

and final inspecting of the waste can­

isters before they are placed individu­

ally in special casks and loaded 

aboard a transport ship. 

Sea transport would be by conven­

tional surface ships equipped to pro­

vide cooling of the waste and facili­

ties for monitoring and inspection 

during transport. The transport ship 

would be docked within a chamber of 

the emplacement platform, where the 

waste canisters would be unloaded, 

removed from the cask and emplaced 
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FIGURE 18. Seabed Disposal Concepts 

from a semi-submersible drilling-

emplacement platform. The waste can­

isters are assumed to be emplaced 100 

per drilled hole. The holes would be 

about 800 meters in depth and drilled 

on about 1.6-kilometer centers to com­

pensate for limitations on hole locat­

ing accuracy and for heat dissipation, 

Disposal is completed by filling and 

sealing the top 200 meters of the 

holes with cement or grout and by re­

placement of the sediment. 

6.4 EXTRATERRESTRIAL DISPOSAL 

CONCEPTS 

If a stable non-earth intercept 

trajectory or orbit can be assured, 

extraterrestrial disposal offers the 

complete removal of long-lived nu­

clear waste constituents from the 

earth and the potential for an inter­

national solution to waste management 

The primary unfavorable features are 

that the concept deals with only part 

of the waste, there are possible 

launch safety problems, retrievabil-

ity and monitoring, if necessary, are 

difficult and the concept will re­

quire international agreements. 

Extraterrestrial disposal of the 

total waste constituents and of only 

the transuranic elements were both 

considered. However, space disposal 

of the transuranics only is believed 

to be the most practical scheme, pri­

marily because of the very high space 

transport cost per unit of weight (at 
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least $2000/kg of waste material). 

Because of the high shielding weight 

and cooling systems required for 

space disposal of the total high 

level waste, disposal of transuranic 

element waste separated from the 

other waste constituents received 

primary emphasis and is used as the 

base case in this study. The remain­

ing waste must be disposed of by some 

other means. 

The overall waste management sys­

tem, shown in Figure 19, consists of 

likely interim aqueous waste storage 

to allow for decay and simplification 

of partitioning; partitioning of the 

aqueous waste into a transuranic ele­

ment fraction contaminated by no more 

than 1% of the fission products and 

the remaining waste which must be dis­

posed of by an alternative method; 

converting the actinide waste at the 

reprocessing plant to a refractory 

oxide and encapsulating this into 

high-integrity, multiple-barrier 

capsules; transporting the capsules 

overland to a space launch site; 

launching the waste into space to an 

initial low-earth orbit with a reus­

able space shuttle, followed by space 

tug transport to the final destina­

tion; and monitoring for control to 

destinations and for off-standard 

events and radioactivity in the upper 

atmosphere. 

The launch deployment sequence 

using a shuttle and a tug is shown in 

FUEL 
REPROCESSING 

N O T t ' a DESIONAfES MOST . IKUV PArh 

TRANSPORTATION 
TO lyUiNCH SITE 

EMPLACBUNT 
INTO SPACE 

FINAL 

MONITQCING 

^ MANAGEMENT 
- • BV OTHER CONCEPTS 

FIGURE 19. System Requirements for Managing High-
level Radioactive Waste by Extrater-
restri-al Disposal 
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Figure 20. Typically, the shuttle 

is first launched into a low circular 

earth orbit (150 to 500 kilometers 

above the earth). From this orbit, 

the tugs or upper stage(s) are 

launched to carry the waste package 

to its final destination. In some 

cases, the launch system can inject 

the waste to its final destination 

without subsequent course correction. 

In other cases, the waste tug will 

require subsequent mid-course correc­

tions or propulsion. 

6.5 TRANSMUTATION ELIMINATION 

Transmutation is the changing of 

one isotope into another by any means 

whatsoever. For waste management. 

transmutation results in a product 

isotope having a lower toxicity and/ 

or a shorter half-life than its pre­

decessor. Ideally, radioactive con­

stituents in high-level waste could 

be eliminated by using nuclear pro­

cesses themselves to achieve the 

transmutation. More practically, 

the transmutation process can ac­

celerate the decay rate of radioac­

tive waste by converting long-lived 

radioisotopes to other isotopes which 

have shorter decay times. If this 

can be achieved, the quantity of 

waste containing long-lived radio­

nuclides could be reduced signifi­

cantly and the time required for 

safely storing treated radioactive 

waste may be significantly shortened. 
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I FUEL ROCKET MOTORS 
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FIGURE 20. Shuttle Launch Deployment Sequence for 
Extraterrestrial Disposal 
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System requirements for managing 

high-level radioactive waste by trans­

mutation are shown in Figure 21. The 

overall waste management system using 

fission reactors for waste actinides 

includes a period of interim aqueous 

waste storage to allow for decay and 

to permit improved partitioning; par­

titioning of the aqueous waste into 

an actinide waste stream and a short­

lived residue; converting the acti­

nides at the reprocessing plant to 

oxides; transporting the oxide to a 

facility for fabricating it into spe­

cial recycle fuel forms; and trans­

porting the actinide fuel form to a 

fission reactor for irradiation. The 

short-lived fraction must be disposed 

of by other means. 

For the transmutation strategy 

using fusion reactors, the concept 

would be similar except that the aque­

ous waste stream would be partitioned 

into two or more streams containing 

waste actinides, possibly selected 

fission products, and a residual 

waste stream to be disposed of by 

other methods. The two waste streams 

for transmutation would be converted 

into solid fuel materials (probably 

oxide) at the reprocessing plant; the 

fuel materials would be transported 

to a facility for fabrication into 

special target elements; and the spe­

cial targets would be transported to 

and inserted into the blanket of a 

fusion reactor for irradiation as 
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part of the reactor fuel cycle. Con­

tinued recycle of material which 

undergoes transmutation would also be 

a part of this section. 

The waste streams not sent to 

transmutation must be disposed of by 

other means. In addition, the 'heel" 

of untransmuted actinide waste at the 

termination of a nuclear plant era 

must be disposed of by other means. 

The strategy envisioned for using 

transmutation in the management of 

high-level waste is shown in Fig­

ure 22, assuming a three-phase devel­

opment scheme 

* Phase 1 converts long-lived acti­

nides to stiort-lived fission products 

This phase uses the normal nuclear 

fuel cycle of the fission reactor in­

dustry to retain all actinides in 

this fuel cycle and thereby convert 

a significant part of them into fis­

sion products by transmutation. The 

most significant modification to the 

fuel cycle is to partition the waste. 

• Phase 2 involves temporary retriev 

able storage of fission products for 

ultimate use in Phase 3 

• Phase 3 transmutes in a fusion re­

actor the equilibrium inventory of 

long-lived fission products and acti­

nides accumulated from the fission 

reactor cycle. This final phase re­

sults in the ultimate elimination of 

nearly all long-lived radioactive 

waste constituents. 
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FIGURE 22. Transmutation Waste Management Strategy 
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The transmutation of certain fis­

sion products as well as actinides 

would require further separation of 

the waste to obtain additional trans­

mutation process feed streams. In 

addition, fabrication of the target 

elements for transmutation in fusion 

reactors and the special fuel ele­

ments for transmutation in fission 

reactors will require special remote 

facilities because of the high dose 

rate of the materials handled. 
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7.0 TECHNICAL FEASIBILITY 

The technical feasibility of the 

potential disposal concepts was deter­

mined in this study by responding to 

the following primary questions 

1 ) Can the disposal concept be im­

plemented using today's technology'^ 

(This does not imply that additional 

development is unnecessary to adapt 

existing scientific and engineering 

technology to the implementation of 

these disposal concepts. It assumes 

that we have enough information to 

assess the overall development 

requ1rements. ) 

2) Can the disposal concept be im­

plemented with future technology 

based upon current theory' (Is it 

theoretically possible') 

3) Can the disposal concept pro­

vide the potential for confining or 

eliminating the waste over the time 

period of concern' (Truly quantified 

answers to this point require very ex­

tensive study, and cn^y qualitative 

indications were developed for this 

study. ) 

H ) Does the concept have a favor­

able energy balance' (Is the energy 

consumed in the implementation of the 

disposal concept less than the elec­

trical energy obtained from the nu­

clear fuel represented by the waste') 

The responses to these questions 

from this study are summarized in 

Table 9. To highlight the di^'fer-

ences among the concepts, only the 

variations from the same previously 

described "reference" concept (geo­

logic mined cavity) are shown. Also 

summarized in Table 9 are the inher­

ent favorable and unfavorable charac­

teristics of the concepts. In gen­

eral. It car be seen that all 

concepts studied appear technically 

feasible (with some limitations) with 

in the extent of this study, with the 

probable exception of transmutation 

using accelerators. 

The information in Table 9 is dis­

cussed in the subsections which 

f011ow. 

7.1 GEOLOGIC DISPOSAL CONCEPTS 

All geologic concepts appear to be 

technically feasible . Cavities and 

holes could be made today with the 

possible exception of the very deep 

hole. A deep hole could probably be 

drilled today in areas with very low 

geothermal gradients, but a question 

remains as to whether the lower por­

tion of the hole can be kept open at 

these depths during the time period 

required for emplacement of the waste 

New technology is required for the 

moderately large holes needed at the 

great depth (16 kilometers or 10 

miles) and for the high down-hole tern 

peratures encountered at great depth. 

Nuclear explosive technology is 

available, whereas chemical explo­

sives appear impractical for exploded 

cavities. In either case, evaluation 

of the significance of fractures that 

will be produced by the detonation 

would be most difficult It is not 

certain whether sufficient technology 

exists today for implementing the 

waste-rock melting concepts. Melting 

can certainly be accomplished, but 

the conduct of the molten mass and 

Its effect on the surrounding media 

are not yet certain. 
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TABLE g . Summary of Technf t lT F e a s l b t l f t y f o r 
A l t e rna t i ve Waste Mainagement Systems 

Can It ae 
Implemented^ 

Concept 

"Reference Concept {solid waste 
emplaced in mined cavi ty, no f l u i d 
cooling or melting } 

Mith 
Today's 
Tech­
nology 

Yes 

Theoreti­
cally in 
Futyre 

Does i t Have 
Potential foi-
Providing Adc-
quate Safety? 

Yes 

Disposal 
Energy 
Consumed/ 
Electrical 
Energy 1n 
Original 
Fuel 

General Characteristics Relative to Feasibi l i ty 

Favorable Unfavorable 

10 
- 5 Fair distance from man's 

environment 

Safety from storms, most 
of man's act iv i t ies 

Some potential for pene­
trat ion by man In future 

Poor re i r ievabi l i ty and 
monitoring 

Possible gn^undwatf-r 
transport 

Differences frfln Above Information are Listed Below 

Geologic Concepts 

1 Solid waste emplaced m mined 
cavity, no f l u id cooling or 
melting 

2 Solid waste emplaced in mined 
cavity, i n i t i a l water cooling, 
melting 

3 Solid waste emplaced i» manmade 
structure in mined cavity, i n i ­
t ia l a i r cooling, no melting 

4 Solid waste emplaced in man-
made structure in mined cavity, 
i n i t i a l water cooling, no melting 

5 Liguid waste emplaced m mined 
cavity, i n i t i a l reflux cooling, 
melting 

Liquid waste anplaced in exploded 
cavity, i n i t i a l reflux cooling, 
melting 

Solid waste emplaced in matrix 
of d r i l l holes, no f lu id cooling 
or melting 

Solid waste emplaced in deep 
holes no f lu id cooling, meltmq 
or nonme!ling 

Linuid waste emplaced m deep 
holes, i n i t i a l reflux cooling, 
melting 

10 Liquid waste emplaced by hydro-
fracture, m-place curing 

Ice Sheet Concepts 

1 Self melt through ice 
2 Anchored storage'd'sposal 
3 Ice Surface s'orage/disposal 

Seabed Concepts 

1 Subduction zones and other 
deep sea trenches 

2 Stable deep sea areas 
3 Rapid sedimentation 

Extraterrestrial Concepts 

1 Solar and earth orbits 
2 Solar impact 
3 Solar escape 

Uncertan 
Uncertair 
UncGrtair 

Ion-exchange of rocks < 
back-upf^] 

Irreversible high tempera­
ture in rock 

(a ) 
Provides ready 
interim retrievabil 

(a) 
Provides ready 
interim retnevabi l 

(a) 
No waste 
transportation 

(a) 
No waste 
transportation 

t y 

t> 

Requires interim operation 
by man 

Requires interim operation 
by man 

Irreversible nigh tenittera-
ture in rock 
Liquid waste temporarily 
in repository 

Very poor retnevabl l i ty 
and monltorability 
Irreversible hii^n 
temperatures i r rocit 
Cracks m sjirounomg 
geology for waste 
transport 
l iqu id waste tempt.ran!y 
in repository 
Explosive effects on 
surface act iv i t ies 

(a) 
Large distance from 
man's environment 

(a) 
Large distance from 
man's environment 
No waste transportation 

(a) 
No waste transportation 

Great distance from man 
Low temperature for 
cooling 
Pos-ible international 
solution 

Great distance from man 
Water for di lut ion 
Ion exchange of sediments 
as back-up 
Possible international 
solution 

Removal from earth 
Possible international 
solution 
Ho continuous potential 
for groundwater transport 

Very poor retnevab^li ty 
and mom torabi t i ty 
Many penetrations to 
Surface 

Very poor retnevabi l ty 
and monltorability 
Deep geology unknowns 

"iery poor retnevabi h 
and monltorability 
Deep geology unknowns 

Limited favorable 
geoIogy 
Significant heat transfer 
limits 

Extended transport 
Severe operating 
conditions 
Very poor retnevabi l i ty <tnd 
monitorabil i iy 
Many technual unknowns 

Extended sea transport 
Mobil I ty 'o f seawatt-r 
Concenlratiori by etulogy 
Very poor retnevabi l i t y and 
monitoraOil Uy 
Many technical unknowns 
International 
considerations 

Only part ial waste removal 
Launch safety problems 
Very poor retnevabi l u y and 
monitorabil i ty 
International considerations 

Transmutation Concepts 

1 Fission reactors 

2 Fusion reactors 

3 Accelerators 
4 Nuclear and explosives 

£1 inination 
Improved resource use 
Monitorable, retrievable 
Possible international 
solution 
No continuous potential 
for groundwater transport 

Onlj part ial waste 
elimination 
Increased handling 
problems 
Subject to stonns, 
man's act iv i t ies 

a Ion exchange of soil-rocks «s back-up applies to a l l the geologic concepts. 
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The technology for other related 

needs in geologic disposal systems is 

generally in-hand. These technol­

ogies include interim aqueous waste 

storage if desired, conversion to sta­

ble solid waste forms, interim solid 

waste storage if desired, transporta­

tion to the disposal site if needed, 

emplacement of the waste, and interim 

operation of the disposal facility as 

needed. Successful emplacement of 

an 1ntermed 1 ate-1 eve 1 liquid waste-

cement mixture using hydraulic frac­

turing techniques has been practiced 

by Oak Ridge National Laboratory 

since 1965. 

Final sealing of the access holes 

IS required for geologic concepts for 

the long time period of concern. 

Such high-integrity sealing, neces­

sary to maintain long-term isolation 

of the waste from man's environment, 

has not been considered heretofore by 

industry. Fxisting sealing tech­

niques must be tested (and improved 

if necessary) for radioactive waste 

disposa1. 

General heat transfer modeling 

technology is available for use in 

geologic systems, but the methodology 

must be modified for application to 

geologic waste disposal concepts. 

The various geologic disposal 

schemes involve short-term opera­

tional, safety and retrievabi1ity dif­

ferences. However, in the context of 

providing adequate long-term isola­

tion, the major factors are in differ­

ences in the geologic settings rela­

tive to the different emplacement 

modes. 

a. 

Key factors to avoid in siting are 

areas with 1) potential for hydro-

logic transport, 2) usable ground­

water, 3) seismic potential, includ­

ing fault densities, 4) resource 

potential, and 5) significant popula­

tion density. 

Of the various geohydrologic fac­

tors considered in evaluating poten­

tial sites for disposal the most im­

portant IS hydroloqic isolation, this 

15 to assure that the waste will be 

effectively contained within an ac­

ceptable radius of the emplacement 

zone. To achieve this degree of hy-

drologic isolation, the host rock for 

the waste should exhibit a very low 

permeability and the site should be 

virtually free of geologic faults. 

A potential disposal site should 

be in an area of gentle relief to 

minimize any accelerated erosion or 

denudation that nnght occur because 

of natural climatic changes or 

changes brought about by the prepara­

tion for disposal operations. "'"he 

most suitable geographic location for 

a disposal site is also one that is 

a s far removed from major drainages, 

lakes, and oceans as possible and 

where the intrusion of man in a man­

ner that will change the condition is 

minimal. 

Areas considered generally unsuit-

able for waste disposal are those 

where seismic risk is high, ̂  ' where 

possible sea-level rise or changes in 
7 \ -^ 

drainage pa tterns ̂ ^ ̂  could inundate 

potential sites, where high topo­

graph i c relief coincides with high 

fault densities and/or unfavorable 

United States showing these areas are Generalized maps of the conterminous 
included in Appendix B. 
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h y d r o l o g i c c o n d i t i o n s , where no s u i t ­

a b l e r o c k med ia a re known t o be p r e s ­

e n t t o r e a s o n a b l e d e p t h s , where a p o s -

s i b l e r e t u r n o f g l a c i a l o r h i g h 

r a i n f a l l c l i m a t e w i l l cause u n d e s i r ­

a b l e changes i n t h e g e o l o g y , whe re 

t h e r e i s d a n g e r o f e x h u m a t i o n by e r o -

£ i o n , and where t h e a rea c o n t a i n s u s ­

a b l e vo l umes o f g r o u n d w a t e r ^ o r has 

h i q h o i l , g a s , or o t h e r m i n e r a l 

p o t e n t i a 1 . 

I n l i e u o f more c o m p r e h e n s i v e s e i s ­

m ic r i s k s t u d i e s and c r i t e r i a f o r a c ­

c e p t a b l e g r o u n d m o t i o n s , t h i s i n v e s t i ­

g a t i o n c o n s i d e r e d t h a t a r e a s o f 

s e i s m i c r i s k zone 3 a r e u n s u i t a b l e 

f o r u n d e r g r o u n d as w e l l as s u r f a c e 

f a c i l i t i e s . A reas i n s e i s m i c r i s k 

zone 2 and l e s s a r e c o n s i d e r e d p o t e n ­

t i a l l y s u i t a b l e i f zones o f a c t i v e 

f a u l t i n g a r e a v o i d e d . 

S e a - l e v e l r i s e as a r e s u l t o f f u ­

t u r e c l i m a t i c changes c o u l d d r a s t i ­

c a l l y a l t e r t h e p r e s e n t - d a y h y d r o -

l o g i c r e g i m e . A l a c k o f f i r m f a c t u a l 

d a t a f o r p r e d i c t i n g c l i m a t i c change 

makes i t n e c e s s a r y a t t h i s t i m e t o 

c o n s i d e r t h e p o s s i b i l i t y t h a t l a r g e 

p a r t s o f t h e c o a s t a l a r e a s and some 

i n l a n d a r e a s o f t h e U n i t e d S t a t e s 

c o u l d be i n u n d a t e d d u r i n g t h e n e x t 

m i l l i o n y e a r s . T h i s c o n s i d e r a t i o n i s 

a v e r y c o n s e r v a t i v e o n e , because f u ­

t u r e i n u n d a t i o n o f a d i s p o s a l s i t e by 

sea w a t e r may w e l l have no e f f e c t on 

t h e i n t e g r i t y o f t h e s i t e and i t s 

w a s t e c o n t e n t s . W i t h t h i s i n m i n d , 

a l l p o t e n t i a l s i t e s f o r w a s t e d i s ­

p o s a l t h a t c o u l d be i n u n d a t e d by 5 0 -

t o 1 5 0 - m e t e r sea l e v e l r i s e s , e s p e ­

c i a l l y t h o s e b e l o w t h e 6 0 - m e t e r l e v e l , 

s h o u l d be r e v i e w e d c r i t i c a l l y . 

F a u l t s and f r a c t u r e s , a l o n g w h i c h 

t h e r e has been a r e l a t i v e d i s p l a c e ­

ment o f t h e r o c k s , can e i t h e r be c o n - , 

d u i t s f o r f l o w o f w a t e r be tween i m p e r ­

meab le zones or be o b s t r u c t i o n s t o 

f l o w o f w a t e r i n an a q u i f e r . These 

f a u l t s a r e u n d e s i r a b l e because t h e y 

c o u l d s e r v e as c o n n e c t i o n s be tween 

b u r i a l s i t e s and m a n ' s e n v i r o n m e n t . 

T h e r e f o r e , any s i t e s e l e c t e d f o r d i s ­

p o s a l o f w a s t e s h o u l d be v i r t u a l l y 

f r e e o f f a u l t s , e s p e c i a l l y i n t h e d i s ­

p o s a l z o n e . 

I n any t e r r e s t r i a l c o n c e p t f o r d i s ­

p o s a l o f h i g h - l e v e l w a s t e , a c o n f l i c t 

w i l l a r i s e be tween t h e use o f t h e 

e a r t h f o r d i s p o s a l and f o r d e v e l o p ­

ment o f t h e r e s o u r c e p o t e n t i a l t h a t 

c o u l d be a v a i l a b l e i n " o t h e r f o r m s 

such as g e o t h e r m a l e n e r g y , m i n e r a l s , 

s u r f a c e space and s u b s u r f a c e s p a c e . 

The mos t s u i t a b l e r o c k med ia f o r 

t h e v a r i o u s c o n c e p t s c o n s i d e r e d a p ­

p e a r t o be^ ' 1) i n t r u s i v e i g n e o u s 

r o c k s ( e . g . , g r a n i t e ) o r c r y s t a 1 -

l i n e m e t a m O r p h i c r o c k s ( e . g . , 

q u a r t z i t e ) because o f t h e i r l ow p e r ­

m e a b i l i t i e s and h i g h m e c h a n i c a l 

s t r e n g t h s , 2) s a l t , e i t h e r i n s t a b l e 

domes o r t h i c k beds because o f i t s 

a. General ized maps of the conterminous Uni ted States showing these areas are inc luded in 
Appendix B. 

b. No order of preference was es tab l i shed i n t h i s study nor i s i t imp l ied here. Much more 
i n fo rma t ion i s a v a i l a b l e regard ing d isposal i n s a l t than in these o ther rock media. 

c. I n t r u s i v e iqneous rocks are those formed by coo l i ng and s o l i d i f i c a t i o n of a molten rock 
mass tha t invaded the e a r t h ' s c rus t but d id not reach the sur face . 

d. C r y s t a l l i n e metamorphic i s a gener-al term used here f o r the more g r a n u l a r , coarse­
gra ined rocks tha t have been changed in t e x t u r e or composi t ion by hea t , p ressure , or 
chemica l ly ac t i ve f l u i d s a f t e r t h e i r f o rma t i on . 
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low permeability and self-sealing 

property, and 3) tuff (welded volcanic 

ash) and shal e •̂  because of their 

\/ery low permeabilities and high lon-

exchanop r a p a c t i e s . Sedimentary 

rocks other than shale and salt, and 

volcanic rocks, exclusive of tuff, 

are considered generally unsuitable 

for waste emplacement because of 

their potential for high 

permea bi1111es. 

Areas appearing potentially suit­

able as waste repositories based on 

this study have not been defined. 

However, simple overlaying has been 

done of maps showing some geologic 

characteristics pertinent to waste 

disposal These maps, shown as Fig­

ures 23 and 24, can be used as gross 

indicators of where to start looking 

for possible disposal sites Ex­

cluded from the figures are areas of 

seis-nc risk zone 3 and areas which 

would be inundated by a rise in sea 

level of about 150 meters. Yet to be 

removed from considetation are areas 

such as those with high resource po­

tential (including productive aqui­

fers and areas of possible geothermal 

development), high population density, 

high fault density, and high topo­

graphic re 11ef. 

Potentially suitable media for the 

deep drill-hole method appear to be 

crystalline rocks, either intrusive 

igneous (e.g., granite) or metamor­

phic (e.g., quartzite). Possible 

areas, shown in Figure 23, include 

areas in the continental interior 

a. Shale is rock Composed of laminated 1 
sediments. 

where the sedimentary cover over the 

crystalline rocks is generally thin. 

Areas potentially suitable for con 

sideration as cavity and matrix hole 

disposal sites are presented in Fig­

ure 24. The designated areas include 

essentially the same igneous and meta 

mOrphic rocks considered for the deep 

drill-hole, salt beds and stable salt 

domes, and granitic stocks in the 

Basin and Range area. Additionally, 

in the case of the mined cavity con­

cepts, tuff and shale are potentially 

suitable formations for above-the-

water-table emplacement in a n d and 

semi-arid climates, and for the ex­

ploded cavity and matrix hole con­

cepts, pending proof of hydrologic 

isolation, shale in some sedimentary 

basins below 2000 meters is a possi­

bly suitable formation. 

The sample risk evaluation in Sec­

tion 5 indicated the high potential 

for geologic disposal to provide 

safety and isolation of waste from 

man With proper site selection for 

geologic disposal in general, even in 

the event of a release, the surround­

ing rocks will still permit a high de 

gree of protection to man's environ­

ment by sorption of radionuclides. 

The majot energy consumption in 

geologic disposal is in mining and 

drilling This energy consumption is 

about 5 to 6 orders of magnitude 

lower than the electrical energy from 

the original nuclear fuel from which 

the waste was derived. 

layers of clay-like, fine-grained 
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FIGURE 2 3 . P o t e n t i a l l y S u i t a b l e A r e a s f o r G e o l o g i c D i s p o s a l S i t e s U s i n g 
t h e Deep H o l e C o n c e p t 

IDAHO BATHOLITH 

NEW ENGLAND 
UPLAND 

BASIN AND RANGE 

DELAWARE BASIN 

FIGURE 24. 

SALT 

n IGNEOUS AND METAMORPHIC 

Potentially Suitable Areas for Geologic Disposal Sites Using 
the Cavity and Matrix Hole Concepts. 
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Overall, disposal of radioactive 

waste in geologic formations has the 

potential of isolating the waste from 

man's environment for extended time 

periods (millions of years). Geo­

logic environments exist which have 

been physically and chemically stable 

for such periods, are isolated from 

man's immediate environment, and can 

potentially provide effective barri­

ers between waste and man's environ­

ment for the time periods required. 

Generally favorable characteris­

tics of geologic waste disposal are: 

1) waste is reasonably distant 

from man's environment; 

2) safety is provided from cli­

matic phenomena such as surface 

storms and from man's destructive a c 

t i V i t i e s; and 

3) significant backup isolation 

can be provided by favorable ion-

exchange characteristics of many 

rocks and soils. 

The primary unfavorable character­

istics of geologic waste disposal are: 

1) there is always some finite po­

tential for man to inadvertently pene­

trate the disposal area at some time 

in the distant future; 

2) groundwater is an ever present 

means for transporting waste constitu­

ents to man's environment; 

3) for in-place melting concepts, 

localized melting and high rock tem­

peratures cannot be reversed by man; 

and 

4) retrievabi1ity and monitoring 

over long time periods is difficult. 

7.2 ICE SHEET CONCEPTS 

The implementation of all ice 

sheet disposal concepts could be done 

with today's technology. The dis­

posal system aspects of containeriza-

tion, transportation, and emplacement 

can all be accomplished by modifica­

tion of current technology. Final 

sealing of the waste would be per­

formed by natural refreezing of the 

water around the waste in all 

concepts. 

Major technical uncertainties 

exist as to the potential for ice 

sheets to provide long-term isolation. 

Relatively little is known about ice 

sheets with respect to history, move­

ment, and conditions at depth. Sub-

glacial lakes are known to exist but 

their number and extent are not well 

known. Projections regarding future 

conditions and even the continued ex­

istence of the ice sheet can be in­

ferred only from highly speculative, 

theoretical, or limited knowledge. 

A most important question is the 

prediction of the future existence of 

the ice sheets. Present knowledge of 

climatology is not sufficient to as­

sure that an ice sheet will be pre­

sent more than a thousand years or so 

in the future. 

Another key question is the ice 

flow rate. If the ice flow rate at 

depth is 0.1 centimeter per day (a 

value hypothesized as being a minimum 

for a few select locations), it would 

take about 2,000,000 years for the 

ice in the center of a large ice 
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sheet (and an entrapped waste canis­

ter) to reach the edge of the ice 

sheet. If the ice flow rate is simi­

lar to measured values of surface 

flow rates toward the ocean (5 to 15 

centimeters per day in Antarctica), a 

waste canister emplaced 1000 kilome­

ters inland could reach the edge of 

the ice sheet in 20,000 years or less. 

Other questions are unanswered 

such as whether the melt water sur­

rounding the waste will travel quick­

ly down through the ice to form a 

"pipe" for rapid communication of the 

waste to potential flowing water at 

the base of the ice sheet. In addi­

tion, the effects of the heat from 

the waste on the stability of the ice 

sheet is unknown. 

Disposal sites would be selected 

with maximum travel distance to the 

ocean and minimum ice flow rates. 

These sites would be in the interior 

of the continent over ice-basin areas 

or possibly over "ice divides," where 

the underlying topography divides the 

ice flow into different directions 

and the time for ice (and waste) to 

flow to the ocean is maximized. 

For emplacement of waste canisters 

within the ice, the hole depth for 

initial emplacement must be suffi­

ciently great to assure that the in­

terconnecting air spaces are sealed 

off to form bubbles. This placement 

is done to quickly remove the waste 

from surface exposure and to place it 

in the dense ice (0.8 gm/cm ) where 

the meltdown trajectory would be ex­

pected to be more stable. The canis­

ter would melt through the 3000 to 

4000 meters of ice in an estimated 

5 to 10 years. The time estimated 

for the canister to reach its an­

chored depth in the anchored emplace­

ment concept is 6 to 18 months. The 

anchors and also the surface storage 

facility would be covered slowly (2 

to 10 cm/year) as the snow 

accumulated. 

The major energy consumption in 

ice sheet disposal is for fuel needed 

for transportation. This energy con­

sumption is about four orders of mag­

nitude lower than the electrical en­

ergy from the original nuclear fuel 

from which the waste was derived. 

Overall, disposal of radioactive 

waste in ice sheets is considered to 

have an uncertain potential for iso­

lating waste from man's environment, 

depending largely on ice flow rates 

and lack of certainty that the ice 

sheet will remain in existence for 

1000 to 1,000,000 years. Assuming 

the key questions can be answered fa­

vorably, disposal of radioactive 

waste in ice sheets could have the po 

tential for isolating waste from 

man's environment for long time 

peri ods. 

Generally favorable features of­

fered by ice sheet waste disposal are 

1) waste can be deposited at 

great distance from man and his imme­

diate environment; 

2) a low temperature environment 

is provided for cooling the waste; 

3) safety is provided from sur­

face storms and man's destructive ac­

tivities; and 

4) a possible solution to the 

waste disposal problem is offered on 

an international basis. 

The primary unfavorable features of 

ice sheet waste disposal are: 
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1) extended transport over sea 

and ice is required; 

2) operation is performed under 

severe climatic conditions; 

3) monitoring and retrievabi1ity 

of waste is difficult; and 

4) international political fac­

tors must be accommodated. 

7.3 SEABED CONCEPTS 

Implementation of the seabed dis­

posal concepts in the stable deep sea 

areas or rapid sedimentation areas 

could be attained with today's tech-

nology. However, significant devel­

opment of drilling and emplacement 

technology is required to implement 

disposal in the very deep sea areas 

of the trenches and the subduction 

zones. Final sealing of the dis­

posal holes to maintain isolation 

for the long time periods of concern 

will need to be tested (and improved 

if necessary) for radioactive waste 

disposal . 

Knowledge is limited about the 

seabed and overlying sediments with 

respect to history, movement, geol­

ogy, and tectonic stability over ex­

tended time periods. Projections re­

garding future conditions can be 

inferred only from highly speculative, 

theoretical, or limited knowledge. 

The unconsolidated sediments on the 

sea floor are not currently consid­

ered adequate in total for long-time 

isolation of waste canisters, since 

the sediments are subject to slump­

ing, erosion, and possibly liquifac-

tion. These occurrences could expose 

waste canisters unless they are em­

placed in the underlying basement 

rock. Sedimentation rates (from less 

than one to possibly ten meters per 

million years) in all seabed areas 

except large river delta areas would 

provide insufficient cover to assure 

waste isolation. Sedimentary cover, 

however, could provide an effective 

secondary barrier between waste in 

the basement rock and the ocean water 

The high geologic instability of 

areas with high sedimentation rates 

precludes assurance of waste isola­

tion unless waste is emplaced in the 

underlying dense seabed. 

Because of their relative geologic 

stability, the stable deep areas are 

considered the preferred areas for 

seabed disposal , based upon present 

knowledge. Proper selection of sites 

in these areas could provide poten­

tial isolation of radioactive waste 

for very long time periods. These 

stable seabed areas are considered to 

be among the most stable geophysical 

features in the earth. Isolation of 

the waste would depend on the sta­

bility of the seabed and to some 

degree the integrity of the man-em-

placed overlying sealant. 

The major energy consumption in 

seabed disposal is for fuel needed 

for transportation and drilling. 

This energy consumed is about five 

orders of magnitude lower than the 

lectrical energy obtained from the 

corresponding nuclear fuel. 

Overall, disposal of radioactive 

waste in the seabed has the potential 

for isolating waste from man's envi­

ronment for periods in the order of 

millions of years, depending upon 

confirmation of inferred information 

by future seabed exploration. 
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Generally favorable character­

istics of seabed waste disposal are: 

1) waste can be deposited at great 

distance from man and his environment; 

2) unconsolidated sediments offer 

high retention capability for radio­

nuclides in event of their release 

from the basement rock; 

3) safety is provided from surface 

storms and man's destructive activi-

ti es ; 

4) large volumes of water are 

available for dilution in event of re­

lease of waste constituents; and 

5) a possible solution to the 

waste disposal problem is offered on 

an international basis. 

The generally unfavorable character­

istics of seabed waste disposal are: 

1) extended transport and precise 

placement operations are required 

over the seas ; 

2) mobile seawater provides a 

ready mechanism for transport of re­

leased waste constituents; 

3) plant and animal life in sea-

water offers potential means for re-

concentration of released waste 

constituents; 

4) knowledge of the seabed rela­

tive to waste disposal is inadequate; 

and 

5) international political factors 

must be accommodated. 

7.4 EXTRATERRESTRIAL CONCEPTS 

The implementation of space dis­

posal of transuranic waste could be 

achieved with current technology. 

This technology is considered to in­

clude the space shuttle and the space 

tug, which are advanced vehicles but 

which will use existing engineering 

technology. 

Some consideration was given to 

potential advanced space propulsion 

systems such as solar sails, nuclear 

propulsion, ion propulsion, and accel­

eration of waste particles electri­

cally from an orbiting platform. Ad­

vantages appear possible with most of 

these advanced schemes in regard to 

more flexibility in achieving destina­

tions, larger payload, or improved 

flight economics. However, they are 

undefined and insufficiently advanced 

to permit the analysis required by 

this study. 

Space trajectories considered 

include: 

1) Solar system escape 

2) Solar impact 

3) A high-earth orbit on the order 

of 100,000 miles (160,000 kilometers) 

4) A solar orbit other than that 

of the earth and planets. 

Information on these destinations is 

shown in Table 10. 

Solar system escape can be 

achieved directly by a single propul­

sion burn from the low-earth orbit 

with all propulsion and guidance pro­

vided by the launch vehicle. Solar 

system escape can be achieved with 

somewhat less energy expenditure by a 

properly designed swingby of Jupiter, 

using a single propulsion phase (tug) 

from low-earth orbit. However, 

either case requires multiple shut­

tles per waste package to supply the 

necessary sequential propulsion 

energy. 

Direct solar impact with a single 

propulsion phase would require vehi­

cles using advanced technology. 

Solar impact can be achieved by a 

swingby of Jupiter, using a single 
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TABLE 10. Summary of P o t e n t i a l Space D e s t i n a t i o n s 

Destination 

High-Earth o rb i t 

Solar orbi ts v ia: 
Single burn beyond 

Earth escape 

Circular solar 
orbit 

ViMis 6t Mars 

Delta-y, 
km/sec(^) 

4.11 

3.65 

4.11 

4.11 

Solar s y l t ^ escape: 
Direct 

Via Juptter avrtaf^ 

8.75 

7.01 

Solar impact: 
Direct 24.88 

Via Jupltier swingby 7.62 

Advantages 

Low Delta-V 
Launch any day 
Passive waste package 
Can be retr ieved 

Low Delta-V 
Launch any day 
Passive waste package 

Low Delta-V 
Launch any day 

Low Delta-V 

Launch any day 
Passive waste package 
Removed from solar system 

Removed from solar system 

Package destroyed 
Launch any day 
Passive waste package 

Package destroyed 

Disadvantages 

Long-term container integrity 
required. 
Orbit lifetime not proven. 

Long-term container integrity 
required. 
Earth re-encounter possible (may 
not be able to prove otherwise). 

Abort gap past Earth escape 
veloc i ty .^° ) 

Long-term container in tegr i ty 
required. 

Orbit s t a b i l i t y not proven. 
Abort gap past Earth escape 

veloci ty , (b) 

Long-term container in tegr i ty 
required. 

Limited launch opportunity (3 to 
4 months every 19 to 24 months). 

Requires midcourse systems. 
Need space propulsion or have 
poss ib i l i t y of unplanned 
encounter. 

High Delta-V 
Abort gap past Earth escape 

veloc i ty , (b) 

High Delta-V. 
Limited launch opportunity (2 
to 3 months every 13 months). 
Requires midcourse systems. 
Abort gap past Earth escape 
velocity.(b) 

Extremely high Delta-V. 
Abort gap past Earth escape 
velocity, (b) 

High Delta-V. 
Limited launch opportunity (1 
to 2 months every 13 months). 
Requires midcourse guidance 
systems. 

Abort gap past Earth escape 
veloc i ty , (b) 

a. Delta-V is the incremental veloci ty required to leave a low-earth o rb i t and is a d i rect 
indicat ion of the size and propulsion energy of the rockets required. 

b. An abort gap is a short time period wherein a control led abort of the mission cannot be 
accomplished i f the f l i g h t is off-course. 
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tug phase from low-earth orbit. How-

ever, the complexities of course con­

trol in a swingby mission may make 

this mission impractical. 

For high-earth orbit, the tug 

first places the payload into an 

elliptical orbit Another tug places 

the payload into the final circular 

orbit The stability of the high-

earth orbit cannot currently be as­

sured for times greater than a few 

thousand years. Furthermore, tlie or­

biting destinations are currently be-

leved to require that the capsule 

integrity be maintained for time peri­

ods approaching those of the need for 

isolation from man, because waste re­

leased in earth orbit could retutn to 

the earth. 

Solar orbit possibilities include 

(1) those closely associated with the 

earth's orbit by injecting the waste 

to earth escape velocity or slightly 

beyond, (2) circular orbits slightly 

inside or outside the earth's orbit, 

achieved by additional propulsion 

after escaping the earth, and (3) 

solar orbits achievable by swingby of 

Mars or Venus. However, solar orbits, 

like high-earth orbits, cannot yet be 

assured stable enough so that the 

waste could not impact the earth 

before radioactive decay is complete. 

Use of the moon as a repository 

was not analyzed in this study be­

cause of future scientific interest, 

future potential value, and space 

environmental considerations. 

The destination considered most 

likely IS direct solar system escape. 

About 190 kilograms of transuranic 

waste can be transported in each 

flight to direct solar system escape 

with the proposed space vehicles. 

This capacity provides for disposal 

of the transuranics from about 280 

metric tons of spent LWR fuel in each 

fl ight 

A conceptual design of a high-

integrity capsule has been developed 

for space disposal of waste trans­

uranics This spherical capsule, 

1.5 meters in diameter, contains 

transuranic oxide particles inside in­

dividual coated tungsten spheres con­

taining a void for buildup of helium 

from alpha particle decay, these 

spheres are within a solid aluminum 

matrix which also contains lithium 

hydride particles for slowing down 

the neutrons and boron particles to 

absorb neutrons These capsules can 

be fabricated using current 

technology 

The safety aspects for space dis­

posal include primarily safety during 

launch and control of the extraterres­

trial destination of the waste consti­

tuents The potential for an abort 

which could cause a release of radio­

nuclides during any one space launch­

ing is moderately high, but rela­

tively small amounts of waste con­

stituents are associated with each 

launch, and package integrity is high 

even in an abort. 

The major energy consumption in 

space disposal is for propelling the 

was te to Its final destination. This 

energy consumption for disposal of 

transuranic waste is about 4 to 5 

orders of magnitude less than the 

electrical energy from the original 

nuclear fuel, depending upon the 

final space destination. 
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Overall, extraterrestrial disposal 

has the potential for permanent re­

moval of radioactive waste consti­

tuents from the earth, depending 

largely on incentives and improved 

knowledge of deep space travel. 

Generally favorable features of 

space disposal are: 

,1) potential for complete removal 

of selected waste constituents from 

the earth; 

2) safety is provided from earth's 

climatic phenomena, both short and 

long-term, and from man's destructive 

activities; and 

3) a possible solution to the 

waste disposal problem is offered on 

an international basis. 

Generally unfavorable features of 

space disposal are: 

1) disposal of only part of the 

waste constituents appears to be eco­

nomically feasible with present 

technology; 

2) safety associated with multiple 

launches is questionable; 

3) monitoring and retrievabi1ity 

of the waste constituents is very 

difficult; and 

4) international political factors 

must be accommodated. 

7.5 TRANSMUTATION ELIMINATION 

CONCEPTS 

Elimination of a substantial frac-

tion of the waste actinides via trans­

mutation could be achieved by re­

cycling in fission reactors. Elimi-

nation of larger fractions of waste 

actinides and selected fission prod­

ucts appears feasible by recycling 

in fusion reactors. 

To establish the relative merits 

and specific technical feasibility of 

the transmutation approaches, special 

criteria were developed and applied 

which are unique to transmutation. 

These related to overall waste bal­

ance, specific transmutation rate, 

and total transmutation rate. 

The results of the feasibility in­

vestigations are summarized in Table 

11. The accelerator devices fail to 

meet the criteria for transmutation 

for almost all categories of radio­

active waste. The possible excep­

tions are the use of a spallation neu­

tron source for transmutation of 

TABLE n . Summary of Transmutation Device Feasibility 

Accelerators 
• Electron Accelerator 
' Proton Accelerator 

Spallation Accelerator 

Nuclear Explos i ves 

Fission Reactors 

Fusion Reactors 

Technically Feasible for Transmutation 

Fission Products 

Category 

No 
No 
No 

No 

No 

Possibly 
(a) 

'Category 1 
Category 2 
Category 3 

a. Separated i sotopes 

storage required for 100 years 
storage required for 100-1000 years 
Storage required for 1000 years 

Acti nides 

Category 

No 
No 

Possi bly 

No 

No 

"ossiblv 

2* 

a) 

Category 

No 
No 

Possibly 

Possibly 

Possibly 

Yes 

3* 

a> 

Ca tegory 

No 
No 
Yes 

Yes 

Yes 

Yes 

3 
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long-lived fission products or acti­

nides. The use of neutrons from a 

nuclear explosion does not appear 

technically feasible except for acti­

nides or separated fission product 

isotopes. The use of fission and 

fusion reactors (when they exist) 

meet the selection criteria for trans­

mutation of actinides. Fusion reac­

tors also may transmute selected fis­

sion products. 

The transmutation concept of con­

tinual recycle of actinides in fis­

sion reactors appears to have merit. 

Calculations by Claiborne at Oak 

Ridge National Laboratory, by Kubo 

and Rose at the Massachusetts Insti­

tute of Technology, an'd at PNL for 

this study indicate that significant 

reductions are possible in the cumu­

lative toxicity index^^' of actinides. 

The calculations indicate that using 

existing separations efficiencies 

with recycling of actinides in light 

water power reactors could achieve an 

order of magnitude decrease in the 

short-term actinide toxicity index 

and about a factor of fifty decrease 

in the long-term toxicity index. 

These reduction factors may be sig­

nificantly improved by achieving 

higher separations efficiencies, 

better optimization of the reactor 

irradiation, or by recycling in 

LMFBRs or HTGRs. 

The calculations of the neutron-

induced transmutation of actinides 

and fission products in the blankets 

of hypothetical Controlled Thermo­

nuclear Reactors (CTRs or fusion reac­

tors) have demonstrated that reduc­

tions of cumulative toxicity index of 

actinides by a factor of 10 or more 

below those achievable in fission 

reactors could be obtained in the 

high neutron flux levels proposed for 

CTRs. The limitations on efficiency 

of actinide transmutation in CTRs are 

primarily practical problems such as 

radiation damage to materials. These 

studies have also shown that large re­

ductions in the total radioactive 

toxicity are possible for some fission 
o 

product elements (e.g. 10 for 1-129). 

For others, notably strontium and 

cesium, the degree of toxicity reduc­

tion is minimal (2 to 5 for Cs-137). 

The calculated values are also uncer­

tain by a factor of about two because 

of uncertainty in nuclear reaction 

data for these elements. Thus, the 

projected transmutation of some fis­

sion product elements in CTRs may not 

be decided until improved estimates 

of rates are possible and the actual 

characteristics of a CTR have been 

established. All considerations of 

radionuclide transmutation in CTRs, 

of course, presuppose the successful 

accomplishment of controlled thermo­

nuclear fusion. 

The primary beneficial safety 

aspect of transmutation is the inven­

tory reduction of most of the long-

lived radionuclides. Safety consid­

erations during the operational phase 

Toxicity index is defined as the amount of air or water required to dilute 
the present amount of a given isotope to levels defined in the Code of 
Federal Regulations (10 CFR - Part 20) as the maximum permissible concen­
tration. The toxicity index provides only an approximate comparison of 
radiological risk, since it does not allow for accumulation or re-
concentration of a nuclide in environmental media, nor for the total impact 
of a number of nuclides. For limited comparisons, it is an acceptable 
alternative to dose calculations if used with caution. 
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are primarily concerned with the 

incremental burden of processing, 

handling, and transporting the trans­

mutation materials. While the possi­

bility for release of radionuclides 

during operation is relatively high, 

the amount of materials involved in a 

release should normally be small. 

For the long time periods the safety 

concerns are dictated by the means 

used for disposal of the untransmuted 

waste. 

The energy consumption in trans­

mutation is essentially that asso­

ciated with increased enrichment for 

transmutation in Light Water Reactors, 

chemical partitioning and handling, 

and transportation costs. The energy 

consumed and the additional energy 

developed due to transmutation pro­

cesses in the nuclear devices are 

considered to be essentially at the 

break-even point. The total incre­

mental energy consumed from the pro­

cessing and handling operations is 

three to four orders of magnitude 

less than the electrical energy from 

the original nuclear fuel. The added 

enrichment cost for Light Water Reac­

tors would not be present if recycle 

were done in fast fission reactors. 

Overall, elimination of a substan­

tial fraction of actinides and se­

lected fission products appears to be 

technically feasible by recycling in 

fission and fusion reactors. 

Generally favorable features 

offered by transmutation processing 

are: 

1) the inventory of actinides and 

certain fission products is reduced 

markedly; 

2) improved use of resources from 

fission reactors is effected; and 

3) the waste being transmuted is 

readily monitored and retrieved. 

Generally unfavorable features 

offered by transmutation processing 

are: 

1) elimination of only part of the 

radioactive waste constituents is 

feas i ble ; 

2) the waste constituents under­

going transmutation are subject to 

effects of all other nuclear mate­

rials in man's environment such as 

earth's storms and man's destructive 

activities; 

3) significant additional han­

dling and processing is required for 

the waste being transmuted; and 

4) additional waste is formed in 

the processing and transmutation 

steps . 

7.6 WASTE PARTITIONING 

The extraterrestrial and transmu­

tation schemes require partitioning 

(separation) of actinides from the 

remaining waste constituents. The 

main extraterrestrial study case also 

requires further separation of the 

uranium from the remaining actinides; 

and if transmutation of selected fis­

sion products is done in a fusion 

reactor, these selected fission prod­

ucts must also be separated from the 

other waste streams. 

Partitioning, if used, must result 

in a bulk fission product waste frac­

tion which has very little of the 

actinides remaining so that this 

waste stream need by managed for only 

about 1000 years, and result in an 

actinide or transuranic fraction 

which has low enough fission product 

content to minimize interference with 

the transmutation or space disposal. 



61 WASH-1297 

For the l a t t e r need, a l lowable f i s ­

s ion p roduc t con ten t i n the a c t i n i d e 

f r a c t i o n f o r t r a n s m u t a t i o n is e s t i ­

mated to be about 1/. of the t o t a l 

waste f i s s i o n p r o d u c t s , and t h a t f o r 

space d i sposa l is i n the range of 

0.1 to ]% o f the t o t a l waste f i s s i o n 

p r o d u c t s . This performance i s con­

s i d e r e d to be t e c h n i c a l l y f e a s i b l e by 

ex tens ion of e x i s t i n g chemical sepa­

r a t i o n s techno logy 

For removal or a c t i n i d e s from the 

f i s s i o n p r o d u c t s , the s e p a r a t i o n r e ­

qu i rements are not c l e a r because the 

u l t i m a t e answer to the q u e s t i o n o f 

" a t what r a d i o a c t i v i t y l e v e l can a 

m a t e r i a l be cons idered as not r a d i o ­

a c t i v e " depends h i g h l y on the spe­

c i f i c d i sposa l techn ique and s i t e . 

I t IS a lso comp l i ca ted by the need 

f o r h igher decon tamina t ion ( sepa ra ­

t i o n ) f a c t o r s f o r some a c t i n i d e s than 

f o r o t h e r s . The r e q u i r e d s e p a r a t i o n 

f a c t o r s can range from as low as 10 

to as much as 10 to 10 , depending 

upon assumpt ions and s p e c i f i c case 

c o n d i t i o n s The more l i k e l y case i s 

somewhere in the midd le of the range 

and IS b e l i e v e d to be between 100 and 

10,000 

An overv iew study wa^ made of a l l 

chemical s e p a r a t i o n s processes which 

might be a p p l i c a b l e to p a r t i t i o n i n g 

of a c t i n i d e s from bu lk l i q u i d was te . 

The c o n c l u s i o n s , summarized in Table 

12, ' •nd ica te t h a t s o l v e n t e x t r a c t i o n 

and 1 on exchange nave the best caoa-

b i 1 1 t y f o r a c h i e v i n g the r e q u i r e d 

s e p a r a t i o n f a c t o r s Other separa­

t i o n s processes have u n c e r t a i n capa­

b i l i t i e s , even f o r low decontamina­

t i o n f a c t o r s . Also shown on the 

t a b l e is the need f o r a n a l y t i c a l 

c a p a b i l i t y . The e x i s t i n g a n a l y t i c a l 

techno logy is p robab ly adequate f o r 

TABLE 12. P a r t i t i o n i n g F e a s i b i l i t y Study C o n c l u s i o n s . 
Adequacy of E x i s t i n g Techno logy(^ ) 

ct in ide Separation (DF) 

Solvent Extraction 

Ion Exchange 

Other Separation 
Techniques 

Analytical Capabili ty 

10-100 

Yes 

Yes 

Possibly 

Yes 

1,000-10,000 

Yes 

Possibly 

no 

Possibly 

10^-10^ 

Possibly 

No 

No 

'In 

a. Existing separations technology needs adaptation to the objectives of 
par t i t ion ing . 

b. This study was concerned pr imari ly with the adequacy of exist ina 
technology for obtaining adequate separation of act inide elements 
from the short- l ived waste f rac t ion . Adequate technology exists 
for obtaining needed pur i ty of the separated actinide f rac t i on . 
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low separation factors but is prob­

ably not adequate for higher sepa­

ration factors . 

The overview study also developed 

the following conclusions with 

respect to partitioning: 

• Solids present in all high-level 

radioactive waste will complicate 

separations process development. 

Solids composed of large particle 

sizes may contain long-lived nuclides 

and have to be treated to remove them. 

\lery small or colloidal solids may 

contain lorg-lived nuclides, particu­

larly Plutonium, and interfere with 

separations processes. 

* A large amount of technology 

exists pertinent to the separations 

needed, but it has never been applied 

to this particular problem. Addi­

tional research and development is 

needed to adapt it to achieve the 

needed separation factors. 

• To accomplish actinide element 

separation completely within a typ­

ical Purex reprocessing plant by pro 

cess and equipment modification is 

not practical. Major process and 

equipment changes would be required. 

• Because of potential radiation 

damage to solvents or ion-exchange 

media, there may be a processing in­

centive to include interim aqueous 

waste storage for improved 

partitioning. 

Overall, it is concluded that par 

tioninq of the waste is feasible •̂ or 

low to modest separation factors and 

IS uncertain for high separation 

factors. 

file:///lery
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8.0 RESEARCH, DEVELOPMENT, AND TIMING 

All of the potential alternative 

concepts require Research and Devel-

onment before they can be imple-

ir e n t e d . The time requirement to com­

plete the Research and ppyplopment in 

all concepts is the primary control -

ling fact^_r in the time that the con^-

cepts can be inplemented A summarv 

cf the estimated Research and Devel­

opment needs and the estimated near-

early time for implementation of the 

disposal concepts on a routine pro­

duction basis IS presented in 

Table 13. The Research and Develop­

ment studies for all concepts are as­

sumed to terminate upon successful 

completion of pilot-scale 

demons tra 11ons. 

A reference point for comparison 

of Research and Development costs is 

the Research and Development cost 

for nuclear reactors to date. The 

total cumulative Research and Devel­

opment cost for nuclear reactors is 

on the order of $5 billion. The 

capital value of nuclear power reac­

tors anticipated through the year 

2000 and the value of the associated 

el ectri I. I Ly may also be used for com­

parison. At $400/1nstal1ed kilowatt, 

the capital cost of nuclear power 

reactors through the year 2000 is 

5 X 10^^ dollars ($500 billion), at 

10 mills/kWhrp, the value of nuclear 

electricity through the year 2000 is 

about $1000 bl11 ion. 

primarily associated with tne analy­

sis and prediction of geological 

events and the definition of the 

effects resulting from the emplace­

ment of waste in a geologic forma­

tion In addition, significant 

drilling Research and Development is 

required for the deep-hole concepts, 

and significant thermal and chemical 

behavior studies are needed for the 

in-place melting concepts. 

Some of the specific areas for 

study are 

1) Migration of radionuclides in 

geologic formations 

2) Rock-waste chemical reactions 

3) Rock mechanics of candidate 

geologic formations in the presence 

of waste 

4) Sealing of access areas to dis­

posal sites 

5) All aspects of in-place fixa­

tion for certain concepts 

6) Deep-hole drilling technology 

for deep-hole concepts 

7) Deep geologic studies for deep-

hole concepts 

8) Improved survey and monitoring 

methods. 

Major Research and Development prob­

lems are posed when considering dis­

posal of an intermediate liquid phase 

and, in the melting concepts, assur­

ing the behavior of a molten region. 

Total Research and Development 

costs for the geologic concepts were 

estimated to range from $50 to $200 

million, depending on the specific 
8.1 GEOLOGIC CONCEPTS 

Research and Development require­

ments for the geologic concepts are 
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TABLE 13. Est imated Research and Development Needs 
and Timing to Rout ine Opera t ion 

Research and Development 

Concept 
Geologic Concepts 

1 Solid waste unplaced in mined 
cav i ty , no f l u i d cooling or 
melting 

2 Solid waste emplaced in mined 
cav i ty , i n i t i a l water coolmg, 
melting 

3 Solid waste emplaced m man-
made Structure in mined 
cav i ty , i n i t i a l a i r cool ing, 
no melting 

4 Solid waste emplaced in man-
made structure in mined 
cav i ty , i n i t i a l water cool ing, 
no melting 

5 Liquid waste emplaced in mined 
cav i ty , i n i t i a l ref lux 
cool ing, melting 

6 Liquid waste emplaced m 
exploded cav i ty , i n i t i a l ref lux 
cool ing, melting 

7 Solid waste emplaced in matrix 
of d r i l l holes, no f l u i d 
cooling or melting 

8 Solid waste emplaced in deep 
holes, no f l u i d cool ing, 
melting or nonmelting 

9 Liquid waste emplaced in deep 
holes, i n i t i a l re f lux cool ing, 
melting 

10 Liquid waste emplaced by 
hydrofracture. in-place curing 

Ice Sheet Concepts 

1 Self melt through ice 

2 Anchored storage/disposal I 

3 Ice surface storage/disposal 

Seabed Concepts 

1 Subduction zones and other deep] 
sea trenches 

2 

3 

Stable deep sea areas 

Rapid sedimentation 

Ext ra ter rest r ia l Concepts 

1 Solar and Earth Orbi ts l 

impact*"̂  ^ I Solar 

Solar escape 

Transmutation Concepts 

1 Fission reactors 

Fusion reactors 

Accelerators^ ' 

(e) 

Major Ac t i v i t i es 

Basic geological, geophysical studies, s i te 
evaluation, emplacement systems develop­
ment, thermal and radiat ion e f fec ts , con­
tainment/confinement i n t eg r i t y , instrumen­
tat ion aux i l i a r i es , rock seal ing, 
demonstration 

Same as 1 above, a lso, m-place conversion 

Same as 1 above 

Same as 1 above 

Same as 1 above, a l s o , i n - p l a c e convers ion 

Same as 1 above, a l s o , i n - p l a c e convers ion 

Same as 1 above 

Same as 1 above, a l s o , in-place conversion 
and deep hole d r i l l i n g techniques 

Same as 1 above, a lso, in-place conversion 
and deep hole d r i l l i n g techniques 

Same as 1 dbove. a lso, rock hydrofracture 
studies 

Basic qeological/geoonysical studies, s i te 
evaluations, sea and ice transport , emplace­
ment system development, instrumentation and 
aux i l i a r i es , demonstration 

Basic geological/geophysical studies, s i te 
evaluations, sea transport , d r i l l i n g and 
seal ing, emplacement system development, 
instrumentation and aux i l i a r i es , 
demonstration 

Part i t ioning development, disposal p r i o r i t y , 
capsule design, tes t ing , encapsulation 
development, f l i g h t vehic le , aux i l ia ry 
development, tes t ing , safety evaluation 

Part i t ioning development, neutromcs data 
analysis and measurements, fuel development, 
safety evaluat ion, demonstration 

Total 
Cost, 

Millions 
0' S 

Total 
Time, 
years 

Total 
Time for 

Operation, 
years(3) 

6OO-IOO0'' ' ' 25 

400-1000 ' ' ' ' 25 

200 (c) 20 

n o ' * " 10-15 

20-25 

20-25 

15-20 

30 

Includes Research and Development time. 

Ice sheet and seabed costs are very d i f f i c u l t to estimate The estimated ranges given are highly speculative 
About four times the estimated costs shown here w i l l be required for basic geological/geophysical and related 
earth science studies, the costs estimated in th is table would be aimed spec i f ica l ly toward waste disposal 

Space Research and Development costs do not include costs for basic f l i g h t vehicle and aux i l ia r ies development, these costs ( in 
many mi l l ions of do l l a rs ) , are assumed to be borne by NASA for other space f l i g h t ac t i v i t i e s Costs include an estimated 
$100 mi l l i on for space vehicle and t ra jectory development specif ic to waste disposal, and disposal of remaining waste 
f rac t ion by the te r res t r i a l concept with lowest Research and Development cost ($50 mi l l i on ) Costs and timing for solar 
impact were not estimated, these do not apply to solar impact 

Includes industr ia l par t ic ipat ion estimated at 50 m i l l i on dol lars and disposal of remaining waste f rac t ion by the te r res t r i a l 
concept with the lowest Research and Development cost ($50 mi l l i on ) 

Research and Development for fusion reactors was not evaluated Requirements are dictated by advent and engineering of fusion 
reactors 

Research and Development for accelerator transmutation was not evaluated Feasibility of concept is uncertain. 
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concepts ^ ' Estimated time through 

full demonstration to beneficial oc­

cupancy of committed facilities for 

routine operation varies between 15 

and 35 years 

8.2 ICE SHEET CONCEPTS 

Primary Research and Development 

needs for the ice sheet disposal of 

high-level waste are concerned with 

understanding and evaluating the 

factors affecting long-term contain­

ment and isolation of the wastes 

Rates of movement within the ice 

sheet. Its long-term stability, and 

physical conditions at the ice-bed­

rock interface are essentially un­

known Research in climatology 

would be necessary to permit esti­

mates of the expected life of the 

ice sheet To collect and evaluate 

data to assure long-term isolation 

would reguire tens of years of ex­

tensive effort in many fields of 

science 

Transportation of the waste from 

the edge of the continent to the dis­

posal sites would require considpr-

able development of both equipment 

and supply methods to establish a 

practical, highly safe system 

Surface-effect vehicles offer the 

possibility of more rapid transport 

than conventional tracked vehicles 

but would require more development 

and testing to prove their usefulness 

under severe ice sheet conditions 

A pilot-scale demonstration would 

be needed to prove the effectiveness 

of meltdown and anchored emplacement 

concepts Laboratory studies, trans­

port, and embarkation port design and 

construction, concept demonstration 

and pilot-scale demonstration //ould 

require an estimated ten years con­

current with ice sheet studies 

Total Research and Development 

Losts for ice sheet disposal concepts 

are most difficult to estimate but 

are expected to be in the range of 

S3 to S5 billion, and those specifi­

cally aimed toward waste disposal are 

expected to be in the S600 to $1000 

million range Research in the ice 

sheet areas 's very expensive because 

of the high cost of logistics and sup­

plies Time requirements are esti­

mated to be about 25 years for Re­

search and Development before routine 

operation would be in effect 

More than three-fourths of the es­

timated Research and Development 

costs are for basic geological/geo­

physical studies of the ice sheet 

aieas The level of research effort 

would be several times that currently 

applied to these basic studies 

8 3 SEABED CONCEPTS 

Extensive geological/geophysical/ 

oceanographic/bi01og1ca1 studies 

would need to be conducted on the sea 

and seabed to determine more the loca­

tion and specific features of suit­

able areas for waste disposal Know­

ledge of the composition and physical 

characteristics of the seafloor mate­

rial, deep currents and geologic sta­

bility IS necessary to determine how 

a The major Research and Development efforts expended to date on dis­
posal of radioactive waste in mined cavities in geologic salt forma­
tions would likely result in significantly lower future costs for 
development of this concept 
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successfully isolation of the waste 

could be maintained. 

Present transportation systems and 

equipment could be modified to trans­

port the waste. Establishing embarka­

tion ports would be essentially a de-

5 ^n proolem but would require some 

research for site selection. 

Waste canister materials resistant 

to corrosion during emplacement and 

able to accommodate the hydrostatic 

pressures would need to be developed. 

The thermal and radiation effects of 

the waste canisters on seabed mate­

rial would need investigation, which 

could be performed, in part, in labo­

ratories once seabed material had 

bpen obtained 

Dri 

a ti ng 

would 

111ng e 

through 

need to 

semi-submers i 

would 

nod 1 f 

qu 1 

10 

be 

ble 

need furth 

cation 

and for firm 

snips 

for 

doc 

pment capabl 

k 1 1ometers 

deve 1 

dri 11 

er dev 

stab! 

king 0 

oped 

1 ng pi 

e of oper 

of water 

Existing 

atforms 

elopment and 

e pos 1 tioning 

f transport 

A pilot-scale demonstration would 

be needed to establish the viability 

of the waste management system and of 

the equioment, once developed. 

Total Research and Development 

costs for seabed disposal concepts 

are quite difficult to estimate, but 

are expected to be in the range of 

S400 to $1000 mi 11 ion specifically 

for waste disposal, with a total of 

about S2 to $5 billion. Near-minimum 

time requirements are estimated to be 

2 0 10 25 years. More than 75 percent 

of the total effort would be applied 

to geological/geophys1cal studies 

aimed at a basic knowledge of the sea­

bed. The expenditure rate would be 

several times the current rate for 

seabed Research and Development 

studies. 

8.4 EXTRATERRESTRIAL CONCEPTS 

Research and Development items spe­

cific to extraterrestrial waste dis­

posal include waste partitioning, 

waste capsule materials and form de­

velopment, encapsulation process de­

velopment, handling techniques, dis­

posal trajectory studies, special 

instrumentation, and safety 

evaluations. 

The estimated Research and Devel­

opment costs of 550 million for space 

disposal of transuranic element waste 

includes all costs except those for 

the basic flight vehicles and their 

auxiliaries Overall flight develop­

ment costs, expected to be many mil­

lions of dollars, are assumed to be 

part of the space development prograiii 

conducted by government agencies 

other than the Atomic Energy Commis­

sion Costs for space vehicle and 

trajectory development specific to 

waste disposal are estimated by the 

Pacific Northwest Laboratory to be in 

the range of SlOU million. An addi­

tional $50 million of Research and De­

velopment IS assumed to be needed for 

terrestrial disposal of the waste 

fraction not sent to space This 

cost IS the minimum estimated for ter­

restrial disposal concepts. Thus the 

total direct Research and Development 

costs for space disposal are esti­

mated at about $200 million. 

The timing for routine operation 

of space disposal, estimated at about 

20 years, is controlled largely by 

the schedule for development and 
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achievement of reliable operational 

status of the basic space shuttles 

and tugs by other government agencies. 

this alternative to represent a tech­

nically feasible transmutation 

concept 

Specific Research and Development 

Items for the fission reactor trans­

mutation concept include development 

and evaluation of nuclear data, reac­

tor and fuel cycle calculations, ex­

perimentation and evaluation, and 

evaluations of special fuel handling 

systems, waste management schemes, 

and safety evaluations 

8 6 WASTE PARTITIONING 

A Research and Developnent program 

was outlined to develop waste parti­

tioning to the state of readiness for 

commercial application The program 

IS planned to obtain representative 

high-level waste and charactetize it 

with respect to solids content and 

composition, to develop separations 

flowsheets through laboratory scale 

testing, to provide cost estimates on 

various separations processes for eco­

nomic comparison, to select promising 

separations processes for pilot plant 

testing, to design, construct and 

operate pilot plant facilities for 

demonstration of processes and resolu­

tion of problems posed by large scale 

operation, and to develop and test 

analytical procedures as required for 

process control The program is esti-

mated to require about five years and 

cost $3 to $5_million, not including 

the cost of the pilot plant facility. 

(Pilot plant facilities exist which 

should be, with some modifications, 

usable for these studies ) 

The AEC is currently embarked on a 

program of study of the partitioning 

of high-level radioactive waste. 

8 5 TRANSMUTATION ELIMINATION 

CONCEPTS 

It was assumed for this study that 

transmutation would be accomplished 

in commercially owned facilities and 

the Research and Development needs, 

costs, and timing for implementation 

were estimated on this basis 

The Research and Development needs 

to develop the fission reactor trans­

mutation concept are estimated to rj." 

quire between 10 and 15 years (depend­

ing upon usinq either LWRs or LMFBRs) 

and cost 130 million dollars The 

cost includes S3 to S5 million for 

partitioning, S50 million for ter­

restrial disposal of the waste frac­

tion not transmuted and S75 million 

for actinide recycle engineering 

(assumina S20 million of government 

funding and S50 million of industrial 

funding) 

The potential near-term feasibil­

ity of fission reactor transmutation 

of the actinide' suggests major Re­

search and Development emphasis in 

that area Since the development of 

a viable fusion reactor remains to be 

proven, a modest analytical research 

and development effort is projected 

for studying transmutation in fusion 

reactors No specific Research and 

Development effort is recommended for 

accelerator transmutation at this 

time However, it nay be worthwhile 

to consider a modest effort to better 

ascertain the accelerator require­

ments for transmutation in order to 

determine the breakthrough necessary 

in acceleration technology for 
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9.0 WASTE MANAGEMENT COSTS 

An analysis of waste management 

costs for each disposal concept was 

developed by taking into considera­

tion, all of the necessary components 

cf a complete waste management system. 

The system cost includes, for example, 

any added spent fuel transport, in­

terim liquid waste storage, waste 

solidification, interim solid waste 

storage, and transport of solid waste 

canisters to the disposal site or 

port of embar''3tion in the case of 

seabed or ice sheet concepts. The 

cost estimates are highly preliminary, 

based on limited concept definition, 

Levelized unit charges were devel­

oped for each concept based on han­

dling all of the waste generated by 

the nuclear power industry for a 25-

year period starting in 1980. It was 

assumed that new facilities would be 

added at 10-year intervals with suffi­

cient capacity to handle the next ten 

years of waste generation. The lev­

elized charges are based on assumed 

payment at the time of fuel reprocess­

ing when the waste is generated. 

When disposal operations are deferred 

several years after reprocessing, the 

payment is credited with interest up 

to the time the actual operation is 

carried out. The payment at the time 

of reprocessing is the discounted pre­

sent worth at the time of reprocess­

ing of the cost at the time the opera­

tion is carried out. 

For partitioning, total costs of 

$10,000 to $20,000 per metric ton of 

irradiated fuel were estimated for 

relatively low separations require­

ments (actinide elements only, separa­

tion factors on the order of 100) 

depending on the purity of the long-

lived fraction. If higher separation 

factors are required, separation 

costs would probably equal or exceed 

current total fuel reprocessing costs 

(about $30,000 per metric ton). 

The resultant preliminary cost 

estimates for each of the disposal 

concepts are shown in Table 14. 

Estimates are shown for both the di­

rect concept costs and for the waste 

management system costs. The direct 

concept costs are shown in terms of 

estimated total capital and operating 

expenditures for waste generated over 

but are believed to be sufficiently 

detailed to establish the general mag­

nitude and a relative comparison of 

disposal costs for each concept. The 

concept costs considered here include 

only the costs directly related to im­

plementing each concept. They do not 

include research and development 

costs nor any estimated external or 

indirect societal costs. 

Disposal costs were developed in 

terms of levelized unit charqes--the 

single charge that could be assessed 

over the entire life of a project 

against each unit processed that 

would, regardless of fluctuations in 

processing rates and expenditure pat­

terns, recover all operating expenses 

as well as the initial investment 

plus a specified rate of return on 

the investment. A 10% interest rate 

was employed. The final waste dis­

posal facility was assumed to be a 

federal government operated facility, 

while all operations prior to this 

were assumed to be performed by a 

fuel reprocessor who must pay taxes 

on his profits. 
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TABLE 14. Summary of Concept Cost Evaluations 

Direct Concept Costs 

Cumulative for 
1980-2004 Period 

Levelized 
Unit Charges (a) 

Geological Concepts 

1 Solid waste emplaced In mined 
cavity, no fluid cooling or 
melting, granite 

600 meters deep 
1,500 meters deep 

2 Solid waste emplaced in mined 
cavity, initial water cooling, 
melting, granite 

3 Solid waste emplaced in manmade 
structure in mined cavity, ini­
tial air cooling, no melting, 
granite 

one tunnel 
two tunnels 

4 Solid waste emplaced m manmade 
structure in minpd cavity, ini­
tial water cooling, no melting, 
gram te 

one tunnel 
two tunnels 

5 Liquid waste emplaced in mined 
cavity, initial reflux cooling, 
melting, granite 

6 Liquid waste pmplaced m exploded 
cavity, initial reflux cooling, 
melting, granite 

7 Solid waste emplaced in matrix 
of drill holes, no fluid cooling 
or melting, granite 

8 Solid waste emplaced in deep holes 
no fluid cooling, melting or ncnmelting 
qramte 

Capital 
$ Millions 

Operating 
S Millions 

S/MT Re­
processed 

Total Waste Management 

System Costs(g) 

Levelized Unit Charges 
(a) 

MOO 

$/MT Re­
processed 

6,400 

10,000 

Mi l l s / 
kW-hr 

,100 
,200 

300 
300 

3,700 
3,900 

12,000 
12,000 

0 046 
0 046 

0.034 

2,600 
2,600 

500 
500 

8,500 
8,200 

17,000 
16,000 

0.064 
0.063 

1,200 
1,100 

400 
400 

4,000 
3,700 

12,000 
12,000 

0 047 
0 046 

10 

Liquid waste emplaced in deep holes, 
i n i t i a l reflux cooling, melting, 
granite 

Liquid waste emplaced by hydrofracture; 
in-place curing, shale 

Ice Sheet Concepts 

1 Self melt through ice 

2 Anchored storage/disposal 

3 [ce surface storage/disposal 

Seabed Concepts 

1 Subduetion zones deep sea trenches 

2 Stable deep-sea areas 

3 Rapid sedimentation 

Extraterrestr ial Concepts^ ' 

1. Solar and earth orbits 

2 Solar escape 

Transmutation Concepts^ 

1 Fission reactors 

.(b) 

1,000 

2.800 

2,800 

2,900 

1,300 

1,300 

730 

(c) 

(c) 

3,300 

5,200 

2.800 

1,700 

1,700 

1,650 

(c) 

(c) 

12,000 

15.000 

12,000 

8,000 

8,000 

5,000 

30,000 

80,000 

21,000 

24,000 

20,000 

17,000 

17,000 

14,000 

40,000 

90,000 

0 078 

0 090 

0 077 

0 063 

0 063 

0 052 

0 15 

0 34 

(c) (c) 28,000 38,000 0 15 

Cost present worthed to time of reprocessing 
In the case of Transmutation and Extraterrestrial disposal concepts, the concept cost given in this table includes 
the cost of disposing actinides "and transuraniums only Additional costs of disposing of the remaining waste must 
be added to obtain total waste management costs A representative cost for ter rest r ia l disposal of the remaining 
waste fraction of $10,000/MT or 0 04 miUs/kW-hr is added to the transmutation and extraterrestr ia l costs and l is ted 
in the last column to show a total waste management system cost 
Costs for Transmutation and Extraterrestr ial disposal concepts were obtained somewhat d i f ferent ly than for ter rest r ia l 
concepts Comparable data for the headings shown are not available Transmutation costs assume the use of comercial ly 
owned f ac i l i t i e s 
System cost includes extra transport costs, interim l iquid storage, par t i t ion ing, so l i d i f i ca t i on , etc. 
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the 25-year period from 1980 to 2004 

and in terms of levelized unit 

charges present worthed to the time 

of reprocessing. The present worth­

ing somewhat obscures the relation­

ship between capital and operating 

costs and the levelized unit charges 

because of differences in elapsed 

time from reprocessing to final dis­

posal for some of the concepts. The 

waste management system costs include 

the costs of other essential waste 

handling components. Relative costs 

for different concepts are more real­

istically stated in terms of total 

system costs. 

These estimates conclude that the 

levelized unit cost for the most ex­

pensive concept (extraterrestrial 

solar escape disposal) is less than 

five percent of current nuclear elec­

tric power costs; most concepts are 

in the range of 0.4 to 1.0 percent; 

and two concepts are in the range of 

0.2 percent. Consequently, none of 

the disposal concepts is estimated to 

increase the cost of nuclear electric 

power by major amounts. 
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10.0 ENVIRONMENTAL CONSIDERATIONS 

Exclusive of the possible dose con­

sequences of radionuclide release 

from the waste, there were only a few 

specific cases in which any signifi­

cant environmental effects were indi­

cated. Environmental effects are es­

timated for disposal in the year 2010 

for the waste accumulated in the U.S. 

through the year 2000. 

Geologic concepts would commit 

typically about 130 square kilometers 

of land^^^ but have little other im­

pact. Some care would be required in 

disposing of the mining spoils of 

some 2.3 million cubic meters. There 

would be some small transportation im­

pact resulting from an estimated 

12,500 shipments to the disposal site 

by the year 2010. 

The ecology of the i ce sheet re­

gions is fragile, and care would be 

required to ensure that the trans­

portation and emplacement operations 

did not seriously disrupt it. The 

heat rejected by the nuclear waste 

would have a small but finite proba­

bility of accelerating ice sheet move­

ment towards the sea. Such an event 

could have a profound effect on the 

entire world. In addition to over­

land trips to the embarkation point, 

the noise, possible oil spills, and 

disruption of the surface resulting 

from surface transport, air, and 

water support operations would cause 

most of the expected impact. Total 

ice sheet area used would be about 

80,000 square kilometers. Up to ten 

trips per year would be required for 

over-ocean ship transport. 

Seabed concepts would require the 

isolation of an area of some 2,000 

square kilometers from other seabed 

activities. Some disruption of the 

ocean bottom environment can be an­

ticipated during the drilling opera­

tions, but little disturbance of the 

marine ecology would be anticipated 

during other phases of the management 

operation. Truck or rail shipment 

would be required to the port of em­

barkation. An estimated 60 annual 

round trips to the drilling platform 

would be required for movement of per 

sonnel , small materials, and supplies 

Up to ten trips per year would be re­

quired for transporting waste to the 

piatform. 

Extraterrestri al launches of trans 

uranic elements entail some environ­

mental impact. Probably the most 

severe of these is the noise level 

during launch and re-entry of the 

shuttle. Sonic booms with overpres­

sures of about 0.014 atmospheres over 

the ocean and 0.001 atmospheres over 

land can be anticipated. The environ 

mental effects from the launch opera­

tions will be only part of the total, 

since the remaining waste will have 

to be disposed of by some other meth­

od. The ground transportation impact 

a. The land use is generally controlled by the size of the "buffer" or 
zone of isolation around the actual disposal site. In this study, 
this zone was assumed to be 3.2 kilometers wide, which is in the 
range of 1.6 to 8 kilometers studied at ORNL for a bedded salt pilot 
plant repository. 
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will be considerably greater from the 

large launch components than from the 

"payload" capsules for the launches 

required each year. Another launch 

site comparable to the existing 

Kennedy Space Center will be required. 

The incremental environmental im­

pact of actinide transmutation in 

LWRs would be minimal. Most effects 

can be attributed to the additional 

load on the nuclear fuel cycle. 

Since more fissile material is re­

quired to transmute the actintde ele­

ments, more uranium must be mined. 

more enrichment and processing facili 

ties are required, etc. As in the 

case of extraterrestrial disposal, 

additional environmental impacts 

would be involved in the disposal of 

the fission products. The transporta 

tion impact would be increased by a 

few percent in all phases of the fuel 

cycle. The fuel elements containing 

the actinides would require large 

shielded containers comparable to 

those used in the shipment of irradi­

ated fuel. 
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11.0 POLICY CONFLICTS 

Both national and international 

policies which might apply to the dis­

posal of nuclear waste were examined. 

Although the results of these studies 

were not factored into the final pro­

gram analysis, some interesting con­

clusions were reached. 

The rules and regulations as estab­

lished by the Atomic Energy Commis­

sion in 10 CFR 50 (Appendix F) have 

the most immediate national impact. 

These regulations state specifically 

that all high-level nuclear waste 

must be disposed of in solid form on 

federally owned and controlled land. 

This clearly affects all liquid 

waste/melting disposal concepts, all 

extraterrestrial and ice sheet con­

cepts and, most probably, the seabed 

concepts However, the AEC rules and 

regulations appear to be more easily 

modified than international treaties. 

The Antarctic Treaty of 1959 is an 

international agreement to which the 

United states is a party It specifi­

cally prohibits any disposal of radio­

active waste material in the Antarc­

tic This would clearly affect all 

the ice sheet disposal concepts which 

envision the use of the Antarctic. 

This treaty is in effect until 1989. 

At that time any of the participants 

may suggest amendments. If these are 

not accepted within 2 years, any of 

the parties may withdraw. 

If the Greenland ice sheet were 

considered as a waste repository, ne­

gotiations must be effected with 

Denmark. 

The Nuclear Test Ban Treaty might 

affect the concepts using nuclear ex­

plosives. Any release of radioactive 

materials across international bounda­

ries IS prohibited. Although the 

treaty is of unlimited duration, any 

of the parties have the right to with­

draw if their "supreme interests" 

have been jeopardized. 

The Nonprol1feration Treaty could 

conceivably impinge on any of the con­

cepts since it provides for the safe­

guarding of all source and special 

fissionable materials. The treaty 

specifies that International Atomic 

Energy Agency safeguard standards 

must be observed in all peaceful nu­

clear activities whether within a 

state or under its control anywhere. 

The Treaty on Outer Space of 1967 

and the Convention on International 

Liability for Damage Caused by Spac^e 

Objects of 1972 (not yet ratified by 

the U S ) would affect all the extra­

terrestrial concepts. These treaties 

define the responsibilities of par­

ties to the treaty in any space 

launch operations. They also define 

methods for fixing liabilities for 

damage caused by any space launch. 

The seabed and ice sheet disposal 

concepts would most probably be im­

pacted by the Convention on the High 

Seas and the Convention on the Con­

tinental Shelf of 1958. These trea­

ties protect the high seas and the 

continental shelf respectively f'^on 

pollution by radioactive waste. Ad­

ditionally, the United States' Marine 

Protection, Research, and Sanctuaries 

Act of 1972 prohibits transportation 

and disposal at sea of radiological 

warfare agents and high-level radio­

active waste. 
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12.0 PUBLIC RESPONSE 

A method for the measurement of 

the major elements of public percep­

tion of risk associated with nuclear 

waste was developed as part of this 

study. From the recommendations of a 

specifically assembled task force of 

advisors on risk and public accep­

tance, seven major elements of per­

ceived risk were identified: dis­

tance, population density, 

emplacement operations, stability, 

detectabi1ity of leaks, retrievabil-

ity, and protective reaction in event 

of a release of waste. 

A before-after research design was 

used in a preliminary pilot study 

based upon these seven elements of 

perceived risk. Two identical ques­

tionnaires were administered to 21 

respondents from Battelle's Human 

Affairs Research Center in Seattle. 

In the pre-test only the barest of 

descriptive material included in the 

questionnaire was used as an informa­

tion basis. In the post-test, respon­

dents were asked the same questions 

after a videotape presentation of a 

5-minute description of each disposal 

method. Five generic methods of nu­

clear waste disposal (geologic, ice 

sheet, seabed, high earth orbit, and 

surface retrievable storage) were 

used to illustrate a wide range of 

characteri sties. 

In both the pre-test and post-test 

sessions, respondents were asked to 

evaluate each of the five disposal 

methods with their perception of the 

seven elements of risk. They were 

asked to make a comprehensive judg­

ment of the overall risk involved in 

each of the concepts. They were also 

asked to rank the relative importance 

of the elements of risk for each 

concept. 

Although this experiment was ad­

ministered to a small group and the 

results have limited significance, 

some of the results are interesting. 

Some of the judgments changed between 

the pre-test and post-test. After ex­

posure to the information on the 

videotape, the respondents perceived 

geologic disposal as being safer with 

respect to the elements of distance 

and stability but as more dangerous 

with respect to retrievabi1ity and 

protective reaction. Similarly, the 

ice sheet disposal method was per­

ceived as being more dangerous for 

all elements of risk after informa­

tion was presented. The standard de­

viation of the responses, was almost 

universally less in the post-test 

than in the pre-test. All of these 

results suggest that the respondents 

have objective risk attitudes which 

are subject to change with more de­

tailed information. 

High correlation factors were 

found in the correlation of impor­

tance of each risk element and per­

ceived danger for each risk element. 

Multiple regression analysis of 

the pilot survey results was inconclu­

sive. However, it was concluded that 

this analytical technique can indi­

rectly measure the respondents' atti­

tudes. The technique could prove to 

be a useful approach towards measure­

ment of public response to waste dis­

posal concepts and perceived risk ele-

ments if the survey were administered 
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to larger and more representative 

groups. With such information based 

on in depth analysis, public atti­

tudes could be factored into concept 

design. Favorable attitudes by the 

public on technically sound waste 

management practices is a most desir­

able objective. 
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APPENDIX A 

HIGH-LEVEL WASTE PROJECTIONS 

This appendix summarizes projec­

tions of the quantity and radiation 

properties of the high-level solid 

waste resulting from the growth of 

the U.S. nuclear power industry. 

Information is also presented concern­

ing forecasts of installed electrical 

generating capacity, the types of re­

actor plants that will provide this 

capacity, and projected fuel repro­

cessing schemes since such informa­

tion forms the basis for the waste 

projections. It should be recognized 

that the projections are estimates 

for future activities and they will 

not be exact in fact. Furthermore, 

projections made by a number of 

sources will differ. However, the 

quantities presented here are useful 

for overall future considerations. 

In general, numerical values are 

given in the metric system. A list­

ing of the conversion factors used 

is gi ven in Table A-1 . 

• Power Projections 

Selected forecasts for installed 

electrical generating capacity for 

the United States are summarized in 

Figure A-1.^ ' It is projected that 

the installed nuclear generating ca­

pacity will be 130,000 MW by 1980, 

500,000 MW by 1990, and 1,200,000 MW 

by 2000. Additional details of the 

nuclear electric power generating 

forecast are presented in Table A-2. 

• Reactor Plants 

Pertinent nuclear reactor plant 

characteristics assumed for waste pro­

jections are shown in Table A-3. 

Characteristics for Light Water 

cooled Reactors (LWR), which can be 

either pressurized water (PWR) or 

boiling water (BWR) units, are based 

on the 1000 MWe Diablo Canyon PWR 

plant. The fuels for the LWR plants 

are fissionable isotopes of uranium 

and Plutonium (U-235 and Pu-239); plu-

tonium recycle was assumed to begin 

in fiscal year 1979 in LWR plants. 

The High Temperature Gas Cooled Re­

actor (HTGR) is a thermal converter 

plant based on the U-235 (highly en­

riched) /Th/U-233 fuel cycle that can 

produce more new fissile material 

(U-233 from fertile thorium) than con­

ventional PWR plants but not as much 

as true breeder plants. The refer­

ence reactor is graphite-moderated 

and gas-cooled and is based upon de­

sign studies of a 1160 MWe HTGR that 

uses annual re^^ueling of approxi­

mately one-fourth of the core. 

The Liquid Metal Cooled Fast 

Breeder Reactor (LMFBR) plants use 

fast (unmoderated) neutrons and liq­

uid metal coolant and are designed to 

produce more fissile material than 

they consume. Fissionable plutonium 

will be the key fuel material for the 

LMFBR plants. 

a. Sources of information are referenced in the Tables and Figures. Refer­
ences are given at the end of Appendix A. 
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* Fuel Reprocessing 

I r r a d i a t e d enr iched uranium LWR 

f u e l s t y p i c a l l y c o n t a i n the f i s s i l e 

P lu ton ium t h a t i s produced by r e a c t o r 

i r r a d i a t i o n and about 30 pe rcen t o f 

the o r i g i n a l f i s s i l e u ran ium. Chem­

i c a l r ep rocess ing i s used to separa te 

and recover these use fu l p roduc ts 

f rom the f i s s i o n p r o d u c t s . In gen­

e r a l , the f i s s i o n p roduc ts and a c t i ­

n ides o the r than u ran ium, p l u ton ium 

and tho r i um are viewed as waste con­

s t i t u e n t s . There i s a l s o a smal l 

amount of unrecovered u ran ium, p l u ­

tonium or tho r ium (p roduc t l o s s ) i n 

t h i s h i g h - l e v e l waste s t ream. E x i s t ­

ing or planned rep rocess ing f l o w ­

sheets are based on a s o l v e n t e x t r a c ­

t i o n p rocess . Aqueous a c i d i c " f e e d " 

s o l u t i o n s , a r i s i n g from the d i s s o l u ­

t i o n o f i r r a d i a t e d f u e l s i n n i t r i c 

a c i d , are fed to the i n i t i a l ( f i r s t -

c y c l e ) s o l v e n t e x t r a c t i o n c o n t a c t . 

Here, most of the nuc lea r f u e l p r o d -

ducts are r e t a i n e d i n an o rgan i c 

phase w h i l e the f i s s i o n p r o d u c t s , 

a long w i t h a smal l q u a n t i t y of u r a ­

n ium, p lu ton ium or t ho r ium and gener­

a l l y a l l o the r a c t i n i d e elements are 

d i sca rded as aqueous a c i d i c h i g h -

l e v e l was te . 

• H igh -Leve l Waste C h a r a c t e r i s t i c s 

Es t imates o f t o t a l q u a n t i t i e s . 

r a d i o a c t i v i t y , thermal power and t o x ­

i c i t y i n d i c e s of the waste t h a t w i l l 

be accumulated through the year 2000 

are shown i n Table A -4 . (Rad ia t i on 

p r o p e r t i e s are a lso shown f o r se­

l e c t e d decay t imes beyond the year 

2000.) The waste volume accumulated 

through the year 2000 is based on a 

rep rocess ing load of a lmost 200.000 

m e t r i c tons of i r r a d i a t e d f u e l about 

80 percen t of which is assoc ia ted 

w i t h LWR p l a n t s . This rep rocess ing 

load i nc l udes some f u e l w i t h r e l a t i v e 

l y low exposure as w e l l as scrap t h a t 

i s r e c y c l e d f rom f a b r i c a t i o n p l a n t s , 

and r a d i a t i o n p r o p e r t i e s are based on 

185.000 " e q u i v a l e n t " m e t r i c tons 

where i t i s assumed t h a t a l l of the 

f u e l has a t t a i n e d r a t e d s t e a d y - s t a t e 

exposure . Reprocessing ( p r o d u c t ) 

losses are assumed to be 0.5%. 

The t o x i c i t y i n d i c e s ^ ' are the 

base 10 l o g a r i t h m s f o r the q u a n t i t y 

i n cub ic meters of a i r . f o r the i n h a ­

l a t i o n hazard i n d e x , or of w a t e r , f o r 

the i n g e s t i o n hazard i ndex , r e q u i r e d 

to d i l u t e r a d i o a c t i v e m a t e r i a l to the 

l i m i t s s t i p u l a t e d i n 10 CFR 20, Appen 

d i x B. These s i m p l i f i e d i n d i c e s p r o ­

v ide an overv iew of the t o x i c i t y of 

wastes based s o l e l y on d i l u t i o n w i t h 

no a l lowance f o r r e c o n c e n t r a t i o n or 

r e t a r d a t i o n in the env i ronment . 

Using these bases, f i s s i o n products 

( p r i m a r i l y s t r o n t i u m ) and t r a n s p l u t o n 

ium elements ( p r i m a r i l y amer ic ium) 

are the c o n t r o l l i n g p o t e n t i a l hazards 

Toxici ty index is defined as the amount of a i r or water required to d i lu te the present 
amount of a given isotope to levels defined in the Code of Federal Regulations 
(10 CFR - Part 20) as the maximum permissible concentration. The tox i c i t y index pro­
vides only an approximate comparison of radiological r i s k , since i t does not allow for 
accumulation or reconcentration of a nuclide in environmental media, nor for the tota l 
impact of a number of nuclides. For l imi ted comparisons, i t is an acceptable a l te r ­
native to dose calculations i f used with caution. 
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in drinking water up to about 

350 years and 2 x 10 years, respec­

tively, when times beyond the year 

2000 are considered. Radioactivity 

from plutonium losses during repro­

cessing then becomes controlling 

until about 10 years. Finally, 

radioactivity remaining as the result 

of uranium losses during reprocessing 

becomes the overruling consideration. 

TABLE A-1. Conversion Factors 

To Convert 

calories, gram 
centigrade 
centimeters 
cubic meters 
cubic meters 
cubic meters 
grams 
grams/liter 
hectares 
hectares 
kilograms 
kilometers 
kilometers 
kilowatts 
kilowatts 
kilowatt-hrs 
liters 
liters 
liters/min 
meters 
meters/min 
millimeters 
mills/kilowatts-hrs* 
newtons 
square centimeters 
square kilometers 
square kilometers 
square meters 
tons (metric) 
tons (metric) 
watts 
watts hours 
watts hours 
watts hours 
watts hours 
watts/cm2-°C 
(watts/cm2)(°C/cm) 

Into 

Btu 
Farenheit 
inches 
cubic feet 
liter 
gallons (U.S.) 
pounds 
pounds/cubic feet 
acres 
square kilometers 
pounds 
miles 
feet 
Btu/min 
horsepower 
Btu 
cubic feet 
gallons (U.S.) 
cu.ft/sec 
feet 
feet/min 
inches 
dollars/kilogram U* 
pounds 
sq. inches 
acres 
square miles 
square feet 
kilograms 
pounds 
Btu/hr 
Btu 
ergs 
foot-pounds 
kilogram-calories 
Btu/(hr-sq ft-°F) 
(Btu/hr-sq ft)(°F/ft) 

Multiply By 

3.9685 X 10' 
(C° X 9/5) + 
0.3937 
35.31 
1000.0 
264.2 
2.205 X 10'-^ 
0.062427 
2.47 
0.01 
2.205 
0.6214 
3,281 
56.92 
1.341 
3413 
0.03531 
0.2642 -
5.886 X 10"^ 
3.281 
3.2.81 
0.03937 
277.2 
0.2248 
0.1550 
247.1 
0.3861 
10.76 
1000 
2205 
3.413 
3.413 10 
3.60 X lO'" 
2.656 
0.8598 
1760.6 
57.8 

32 

* at 33,000 megawatt days (thermal)/ton(metric) U and 
35% conversion efficiency, thermal to electrical 
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FIGURE A-1. Projected Growth of Electrical Generating 
Capacity in the United States 
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TABLE A - 2 . F o r e c a s t o f U .S . N u c l e a r E l e c t r i c Power 
G e n e r a t i n g C a p a c i t y . GW(e) ( n e t ) ( l ) 

End o f Average in Fiscal Year 
Year 

1970 
71 
72 
73 
74 
75 
75 
77 
78 
79 

1980 
81 
82 
83 
84 
85 
86 
87 
88 
89 

1990 • 
91 
92 
93 
94 
95 
96 
97 
98 
99 

2000 

Calendar Year 

5.0 
8.1 

17 
31 
45 
55 
63 
76 
94 

114 

134 
159 
185 
213 
245 
281 
318 
362 
408 
453 

504 
559 
617 
676 
740 
807 
879 
955 

1033 
1117 

1201 

LWR 

5.2 
8.2 

17.5 
31.2 
45.3 
55.1 
62.9 
76.0 
94.4 

111.7 
129.1 
149.9 
168.1 
187.7 
209.8 
235.0 
260.9 
289.6 
318.3 

344.9 
374.0 
404.1 
432.1 
456.3 
476.2 
490.7 
505.0 
519.7 
533.1 

546.3 

HTGR 

2.2 
5.3 
8.8 

16.6 
25.0 
34.9 
45.7 
56.8 
69.1 
81.4 

92.8 
105.2 
118.1 
130.1 
140.9 
151.1 
160.7 
170.6 
181.1 
191.0 

201.2 

LMFBR 

3 
8 

15 
25 
37 
55 
79 

113 
156 
203 
254 
309 

370 

5 
5 

5 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

Tota l 

5.2 
8.2 

17.5 
31.2 
45.3 
55.1 
62.9 
76.0 
94.4 

113.9 
134.4 
158.7 
184.7 
212.7 
244.7 
280.7 
317.7 
362.2 
408.2 

453.2 
504.2 
559.2 
617.2 
676.2 
740.3 
807.4 
878.6 
954.8 

1033.1 

1117.5 



TABLE A-3. Nuclear Reactor Plant Characteristics 

Electric Power, MWe(net) 

Thermal Power, MW 

Ave. Specific Power,'' 

MW/metric ton 

Avg. Burnup, MWd/metric ton 

Refueling Interval, days'-

Steady State Charge 

Th, kg 

U-233, kg 

U-235, kg 

Total U, kg 

Fissile Pu, kg"* 

Total Pu, kge 

(U + Pu + Th), kg 

Steady State Discharge 

Th, kg 

U-233, kg 

U-235, kg 

Total U, kg 

Fissile Pu, kgd 

Total Pu, kgS 

(U + Pu + Th), kg 

LWR-U 

1000 

3077 

37.5 

32,873 

365.25 

. 

-
875.2 

27,350 

-
-

27,350 

_ 

-
243.4 

26,137 

180.1 

254.9 

26,572 

LWR 

U 
Fraction 

676 

2081 

37 5 

32,873 

365.25 

. 

-
592.0 

18,500 

-
-

18,500 

_ 

-
164.6 

17,679 

121.8 

172.4 

17,851 

-U, Pu" 

Pu 
Fraction 

324 

996 

37.5 

32,873 

365.25 

. 

-
59.8 

8409 

270.3 

441.0 

8850 

_ 

-
25.4 

8190 

151.2 

273.1 

8463 

Total 

1000 

3077 

37.5 

32,873 

365.25 

. 

-
551 8 

26,909 

270.3 

441.0 

27,350 

_ 

-
191.0 

25,869 

273.1 

445.5 

26,315 

Th-

U-233 

-

-

_ 
365.25 

8434 

217 

29.6 

357.9 

-
-

8792 

7819 

219.3 

30.7 

366.1 

-
-

8185 

H 

U-235 
Fresh 
Makeup 

-

-

_ 

365.25 

. 

-
373.0 

403.0 

-
-

403.0 

_ 

-
30.8 

105.3 

-
-

105.3 

TGRb 

U-235 
Recycled 
Makeup 

-

-

_ 
365.25 

_ 

-
30.4 

104.5 

-
-

104.5 

_ 

-
2.6 

70.0 

-
-

70.0 

Total 

1160 

3000 

80.65 

94,264 

365.25 

8434 

217 

433 

365.4 

-
-

9299.4 

7819 

219.3 

64.1 

541.4 

2.1 

10.0 

8370 

Core 

2219 

116.1 

67,594 

364 

. 

-
16 

7890 

1196 

1663 

9553 

-
8 

7255 

1143 

1655 

8910 

A.I. Follow 

Axial 
Blanket 

107 

8.1 

4739 

364 

-
13 

6571 

-
-

6571 

-
11 

6415 

133 

137 

6552 

-on LMFBR 

Radial 
Blanket 

74 

4.7 

7970 

364 

-
5 

2702 

-
-

2702 

-
3 

2543 

119 

126 

2669 

Total 

1002 

2400 

50.18 

37,098 

364 

. 

-
34 

17,163 

1196 

1663 

18,826 

-
22 

16,213 

1395 

1918 

18,131 

G 

Core 

-
2081 

155.6 

104,542 

385 

-
-

5038 

786 

1093 

6131 

-
-

4439 

714 

1051 

5490 

E. Follow-

Axial 
Blanket 

195 

13.0 

8725 

385 

. 

-
20 

6884 

-

6884 

. 

-
14 

6580 

234 

245 

6825 

on LHFBR^ 

Radial 
Blanket 

141 

8.5 

9051 

385 

. 

-
14 

4798 

-
-

4798 

-
10 

4583 

163 

171 

4754 

Total 

1011 

2417 

53.76 

41,792 

385 

_ 

-
34 

16,720 

786 

1093 

17,813 

. 

-
24 

15,602 

1111 

1467 

17,069 

a. PWR with self-sustaining Pu recycle. 

b. Based upon full power and fuel charged. 

c. At 80% load factor. 

d. Pu-239 + ?u-241 

e. f'u-238 + Pu-239 + Pu-240 + Pu-241 + Pu-242 

f. A.I. plant representative of early units, F.Y.-87 through F.Y.-90. 

g. G.E. plant typical of advanced units, i.e., beyond F.Y.-90. 

> 

I 
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TABLE A - 4 . P r o j e c t e d Accumu la t ion o f S o l i d i f i e d 
H igh-Leve l Waste Through End of 
Year 1974-2000(1 ) 

F isca l 
Year 

1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 

Volume^"^ 
o f Waste 

(MM 

5 
30 
90 

190 
300 
410 
550 
720 
930 

1,170 
1,420 
1,720 
2,060 
2,440 
2,870 
3,350 
3,900 
4,510 
5,190 
5,930 
6,750 
7,650 
8,630 
9,700 

10,820 
12,040, ,> 
13 ,340^^ ' 

TIME ELAPSED AFTER 
YEAR 2000 

1C2 
103 
lOf 
105 
106 

(YEARS) 

A c t i n i d e ^ ' ' 
Mass 
(MT) 

. . 
3 
9 

18 
29 
40 
50 
70 

100 
120 
150 
190 
220 
260 
310 
360 
410 
470 
530 
600 
680 
760 
850 
950 

1,050 
1,160 
1,270 

' R a d i o - ^ " ' " 
Ac t i v i t y 

(MCi) 

200 
700 

2,300 
4,600 
7,000 
8,300 

10,200 
12,900 
16,100 
19,600 
22,600 
26,300 
30,200 
34,200 
39,000 
44,300 
50.300 
56,700 
64,400 
72,300 
81,000 
90,500 

101,100 
112,500 
123,400 
136,200 
149,000 

5,700 
3P 
10 
4 
1 

'"^Thermal 
Power 
(MW) 

1 
3 

10 
20 
30 
40 
50 
60 
80 

100 
120 
140 
160 
180 
200 
230 
250 
280 
310 
350 
380 
420 
470 
510 
560 
610 
660 

20 
1 
1 
1 
1 

Toxicity Indices^'' ' '^'^'^' ' 
Inhalation Ingestion 

18 
18 
19 
19 
19 
19 
20 
20 
20 
20 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 

08 
78 
30 
62 
85 
97 
26 
54 
79 
99 
15 
30 
40 
46 
52 
57 
59 
62 
63 
66 
68 
71 
74 
77 
80 
83 
86 

13 
14 
14 
14 

34 
04 
58 
91 

15 15 
15 26 
15 38 
15 50 
15 
15 
15 
15 
15 
15 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

59 
69 
76 
85 
91 
98 
04 
11 
18 
26 
30 
36 
43 
48 
53 
58 
61 
66 
70 

21 29 
20 19 
19 70 
18 79 
18 60 

15 55 9 
12 74 9 
12 14 9 
12 38 9 
11 86^9) 

Volume based on 0 057, 0 170, and 0 085 m^ of solidified waste per MT of heavy metal for 
LWR, HTGR, and LMFBR fuels, respectively 

Assumes 0 5% product (U and Pu in the LWR and LMFBR and Th and U in the HTGR) loss, all 
other actinides in waste 

Waste initially generated 150, 365, and 90 days after spent fuel discharged from LWR, HTGR, 
and LMFBR units, respectively 

All tritium and noble-gas fission products and 99 9 of iodine and bromine fission products 
excluded 

Base 10 logarithms for the quantity in cubic meters of air, for the inhalation index, or 
of water, for the ingestion hazard index, repuired to dilute radioactive material to 
limits stipjjlated in 10 CFR 20, Appendix B (5) 

Volume of waste generated through the year 2000 result of the reprocessing of almost 
200,000 metric tons of irradiated fuel, about 80 percent of which is associated with 
LWR plants 

Beyond the year 2000 fission products (primarily strontium) and transplutonium elements 
(primarily americium) are the controlling potential hazards in drinking water up to about 
350 and 2 x 10^ years, respectively Radioactivity from plutonium losses during reprocess­
ing then becomes controlling until about 10" years Finally radioactivity remaining as the 
result of uranium losses during reprocessing becomes the predominant contribution to the 
ingestion toxicity index 
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APPENDIX B 

GENERALIZED MAPS OF THE UNITED STATES 

B-1 Seismic Risk Mao of the United States 

B-2 Principal Faults Located in the United States 

B-3 Areas of the United States that Would Be Inundated by 60-
and 150-Meter Sea Level Rise 

B-4 Productive Aquifers and Withdrawal from Wells 
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FIGURE B-1. Seismic Risk Map of ttie United States 
(Modified from Algermissen, 1969) 
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FIGURE B-2. Principal Faults Located in the United 
States (Modified from P. B. King, 1967; 

3* 
CO 



1 

/ 
1 

J 
/ 

1 

V 

1 

— — 
— r r* 

1 - — ) - . _ ^ _ 

7—:f' 
/ ' - 7 i -

d 

CONTOURS 

I 0 — 60 Meters 
[3 60—150 Meters 

FIGURE B-3. Areas of the United States that Would 
Be Inundated by 60 and 150-Meter Sea 
Level Rise (Modified from U.S. Geolog­
ical Survey Maps) 
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FIGURE B-4. Productive Aquifers and Withdrawals 
from Wells (J. J. Geraghty et al , 
Water Atlas of the United States) 
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