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ABSTRACT

A comparative analysis of the most viable alternatives for
d i spo sal of solid low-level radioactive wastes is presented to
aid in evaluating national waste management options. Four
basic alternative methods are analyzed and compared to the
present practice of shallow l a r.d burial. These include deeper
burial, disposal in mined cavities, disposal in engineered
structures, and disposal in the oceans. Some variations in
the basic methods are also presented. Technical, socio-
political, and economic factors are assigned relative impor-
tances (we ig h ts) and evaluated for the various al terna t ives .
Based on disposal of a constant volume of waste with given
nuclear characteristics, the most desirable alternatives to
shallow land burial in descending order of desirability appear
to be: improving present practices, deeper burial, use of
acceptable abandoned mines, new mines, ocean dumping, and
structural disposal concepts. It must be emphasized tha t the
evaluations reported here are generic, and use of other weights
or different values fo r specific sites could change the con-
clusions and ordering of alternatives determined in this study.
Impacts and costs associated with t r an spo r ta t io n over long
distances predominate over differences among alter ?tives,
indicating the desireability of establishing regional waste
disposal locations. The impac ts presented are fo r c; e n e r i c
comparisons among alternatives, and are not intended to be
predictive of the performance of any actual waste disposal
facility.
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EVALUATION OF ALTERNATIVE METHODS FOR THE DISPOSAL
OF LOW-LEVEL RADIOACTIVE WASTES

1. INTRODUCTION

This report describes an evaluation performed for the U.S.
Nuclear Regulatory Commission (NRC) by Ford, Bacon & Davis
Utah Inc. (FBDU) of alternative methods for the d i spo sa l of
low-level radioactive wastes. This chapter provides the
backg ro und for the report, and summarizes earlier work.1

1.1 Ba c kg round

Radioactive wastes have been disposed or since the beginning
of the nuclear age in the 1940's. Wa s t e s from activities
involving nuclear materials are considered hazardous because
of their radioactivity, and appropriate means of disposal
are of international concern.2 Although radioactive wastes
have been handled and disposed of safely for the past 30 years,
concern exists for providing even greater levels of public
safety in waste management operations.

Initially, the Federal government assumed responsibility
for disposal of radioactive wastes. La te r , with increased
industrial participation in the nuclear industry, commercial
radioactive waste disposal services were provided by private
industry licensed and r eg ul a ted by the Atomic Energy Commis-
sion (AEC, now NRC) and Agreement States. The Federal govern-
ment continued to manage and dispose of wastes generated from
defense programs at government operated sites. Fede;al govern-
ment sites were and continue to be exempt from NRC o r Ag reement
Sta2e regulatory control .

Since 1962, low-level radioactive waste has been almost to tally
disposed of by shallow land burial where packaged wastes are
placed in trenches and covered with the previously excavated
sc il . Disposal sites were initially selected with geologic and
hydrologic characteristics which were expected to provide a high
d eg ree of assurance that radioactivity would not migrate from
the sites. The ion exchange properties of the soils were
expected to trap and retain radioactive materials which might be
leached from the wastes. No reliance was placed on waste
pac kag ing for containment. Packaging was provided only to meet
transportation requirements and provide ease in handling the
waste when it was received at the site. Al tho ug h in some cases
the containment of wastes has been less than initially expected,
no large health hazards to members of the public have resulted
from waste disposal opv ations.

L .i | ' G .[
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In the past, low-level wastes were also d i s po sed of by ocean
dumping at designated sites.3 Disposal in the ocean was
accomplished by dumping the containt rized wastes over the side
of a ship at specific locations in the ocean and letting the
waste packages settle to the ocean floor. In 1960, the AEC
began to phase out sea disposal in this country by issuing no
new sea disposal licenses and by allowing existing sea dis-
po sal licenses to expire. The last U.S. d is po sal at sea too k

place in 1970.

3 of commercial low-level waste areCurrently, over 60,000 m
disposed of each year at commercial sites and about 35,000

3m /yr of waste generated in Federal defense programs are
disposed of at Department of Energy (DOE) operated sites. The
commercial wastes are generated by v a r io us sources, including
hospitals, industry, educational and research institutions,
and nuclear power prod : tion facilities. Because of uncer-
tainty in the rate of cevelopment of additional nuclear powe r
facilities, projections of future waste volumes are not firm.
However, the need for handling low-level radioactive wastes
will definitely continue into the future.

Under the Marine Postection, Research and Sanctuaries Act of
1972, the Environmental Protection Agency ( E PA ) has respon-
sibility for developing criteria and issuing permits for sea
d i spo sal of low-level wa s t.e s . NRC's authority for licensing
land and sea disposal operations is provided in the Atomic
Energy Act of 1954, as amended, and the Energy Reorganization
Act of 1974. Under Section 274 of the Atomic Energy Act,
the NRC may d el eg a te to ind iv id ual states responsibility for
licensing the possession of by-product, source and small
quantities of s pec ial nuclear materials, including licensing
of low-level waste land d i spo sal operations. States that have
assumed such responsibility are te rmed Ag reement States.

Under the Atomic Energy Act of 1954, as amended, and the
Energy Reo r J an i za tio n Act of 1974, NRC has been given respon-
sibility for ensuring that commercial radioac tive waste manag e-
ment operations are performed in a safe and ef fective manner.
DOE has responsibility for developing adequate methods for waste
management operations, and EPA is establishing guidelines to
assure that the quality of the environment is not compro-
mised.4

The NRC i s d evt. lopi ng regulations for governing the manage-
ment and disposal of low-level wastes, and preparing for
subsequent licensing and regulatory activities.5 To carry
out this res po nsi b il ity , it is necessary for NRC to consider
all reasonable methods for d ispo sal of low-level radioactive
wastes. NRC has contracted with FBDU to perform a study of
alternate low-level radioactive waste disposal options, to
ensure that all viable d i s po sa l methods have been considered.
This report describes a comprehensive comparative analysis of
the most viable alternative disposal methods.

- -
-
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1.2 Scope and Objectives of the Study

The scope of this study includes the investigation of possible
alternatives for disposal of low-level radioactive wastes. A
comprehensive review of all po ssi ble methods which have been
identified or proposed for low-level radioactive waste disposal
wa s performed. A systematic methodology for id en t i f yi ng
disposal options was used to ensure tha t no viable choices
were overlooked. This included identifying, cataloging and
describing possible low-level waste disposal alternatives.
Exhaustive listings of minor variations and combinations of
approaches were not undertaken because of the generic level at
which alternatives are discussed. Consequently, while all major
concepts were treated, specific sub-classes and variations,
such as differences in locations, operational details, and
si te-speci fic parameters, were no t elaborated in detail .

A second objective of the study was to evalua te each alternative
identified and select those that are the most viable alter-
natives for disposal of solid low-level waste. To assure
completeness of tne initial listing and adequacy of the selec-
tion of viable .ltarnatives, a panel of technically competent
individuals of recognized waste management expertise was
consulted for review and guidance. A formal report of this
phase of the study has been published.1 A list of panel
members is included as Appendix A.

Another objective of this study was to evaluate the most
viable alternatives using a rigorous and detailed analysis.
The alternatives sere compared with the base case of solid
low-level waste disposal by shallow land burial. The resul ts
of this effort are presented in a convenient matrix format.

1.3 Charac ter iza tion o f Low-Level Radioactive Waste

Radioactive wastes can be broadly classed by the intensity of
the radiation they emit. Fo r the purpose of this study,
low-level wastes are considered to be radioactive wa s t e s
other than those specifically categorized as high-level and
transuranic wastes, spent fuel, or mine and mill tailings.
Lo w-l ev el radioactive wastes contain lesser amounts of rad io-
activity per unit volume of waste than do high-level wastes. A
more precise quantitative definition of low-level and other
waste types is presently under development in ano th e r NRC
study.6

Low-level radioactive wastes are prn4 <' trom several sources.
One source is power reactor operar < . . ie r e small quantities
of fission products escaping from e u ele" ts, as well as
traces of induced radioactivity, wr - o ne coolant and
various portions of the plant. The conma ted coolant is
routinely treated to remove the radioactive Lontaminants, which

L N .": ' ". ''3
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are subsequet f solidified. Materials immediately around the
reactor core (the pressure vessel, for example) become radio-
active by absorbing some of the neutrons from the reactor.
Materials generated in cleaning and maintenance of the reactor
plant, in treating the coolant systems, and servicing and
replacing worn-out parts and equipment can be considered as
low-level radioactive waste. Low-level radioactive wastes are
also associated with other facilities and operations involved in
nuclear power production--e.g., uranium enrichment facilities,
reactor fuel fabrication plants, and reprocessing plants.
Other sources of commercial low-level waste include discarded
radioactive materials used in research, manufacturing, or
medical applications.

The physical and chemical forms of low-level radioactive wastes
are as diverse as their sources. Low-level wastes can range

from slightly contaminated trash to highly activated structural
components. They include animal carcasses and other biologic
agents, spent ion-exchange resins, evaporator sludges, filters,
solidified liquids, contaminated laboratory wares, and any
other contaminated materials that may have contacted radio-
active substances and are no longer needed. The radioactivity
contained in the waste can have half lives that range from a few
hours to thousands of years. Activity levels can range from
barely detectable to extremely high values requiring extensive
shielding to facilitate transportation and handling.7
Solid and solidified liquid low-level radioactive wastes in the
United States are currently disposed of by shallow land burial.
To date, about 1.5 million cubic meters of low-level radioactive
wastes containing 13 million curies of radioactivity have been
buried at both commercial and government disposal facilities,8
excluding the wastes from uranium mining, milling and enriching_

operations.

1.4 Summary

The range of potential low-level radioactive waste disposal
alternatives was divided into the categories shown in Figure
1.1. The categories were further subdivided to arrive at the
specific disposal methods shown in Figure 1.2. After analysis
and review, those alternatives warranting further evaluation

were selected.1 The alternatives selected are the basis for
this report, and include the base case of typical shallow land
burial, improvements to present practices, deeper burial,
disposal in mined cavities, disposal in engineered structures,
and disposal in the ocean. These alternatives and the sub-
categories evaluated in this study are listed in Table 1.1.
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TABLE 1.1

SELECTED ALTERNATIVES FOR LOW-LEVEL WASTE DISPOSAL

(Source: Ref 1)

Major Alternative Concepts and Variations Analyzed

e Shallow Land Burial (Base Case)
e Improvements to Shallow Land Burial
e Deeper Burial

Mined Cavity Disposale

Existing Abandoned Mines
New Horizontal Shaft Mines
New Vertical Shaft Mines

e Disposal in Structures

Above Grade Exposed Structures
Below Grade Buried Structures

e Ocean Disposal

Direct Ocean Dumping
Projectile Disposal

For the generic alternatives selected for further evaluation,
several additional factors require specification to allow a
meaningful comparative analysis. These factors include the
location, size, and type of disposal facility designed for each
alternative method. For this study generic eastern U.S. and
western U.S. locations and possible ocean disposal sites were
assumed to obtain transportation factors, a vol um e of waste to
be accommodated was given, and the disposal facilities were
conceptually designed to reasonably accommodate and contain the
wastes.

For the reference disposal facility and each alternative method
studied, technical, sociopolitical and economic factors are
evaluated as the basis of a connarative analysis. Tethnical
factors considered include compatibility of the disposal
facility with different waste types, site selection factors,
safeguards implications, environmental effects, and availabil-
ity of the disposal techniques. Sc7iopolitical factors were
divided into considerations of adequacy of present institutional
controls for regulation of the alternative disposal facilities
and the likelihood of apparent public acceptance of the concept.
The economic factors are based on estimated costs for the
disposal facilities. They are stated in terms of their impact
on consumers of electricity generated from nuclear reactors.
A similar impact is assumed for industries generating other
radioactive wastes. Each of these considerations is referred
to as an evaluation factor in this report.

'dW7 b' A.. 4-



The evaluation factors determined in this analysis are presented
in this report. It should be understood that the performance
of any particular waste disposal facility will depend on the
conditions that exist at the specific site, which may vary from
those assumed for this study. Site- and facility-specific
factors, were selected to yield conservatively high estimates of
the potential impacts from waste disposal. Calculated values
of the evaluation factors are normalized to the base case of
shallow land burial prior to the comparative analysis, with
values greater than unity indicating less desirability than the
base case. Conversely, values less than unity indicate greater
desireability. The relative importances of the evaluation
factors were estimated and weights assigned (see Section 2.6) to
allow an overall comparison among the alternatives.

Based on the weights and factors used in this study, it is
concluded that several viable alternatives for low-level waste
disposal are available, including improvements to present
practices, deeper burial and disposal in mined cavities. Trans-
portation costs and impacts dominate the comparisons between
eastern and western sites, leading to the conclusion that
regional disposal sites are desireable. Details are found
in Chapter 4.

Further detailed study of specific sites and the most viable
options appears warranted. Sensitivity of the analyses to
variations in evaluation factor weights, duration of institu-
tional control, and cost factors should be performed to verify
these conclusions. Improved methods and models for estimating
the impacts from waste disposal, especially those relating
to differences between eastern and western locations, should
be investigated. Methods for combining short and long-term
impacts, including incorporating probabilities of occurrence of
exposure events, also deserve further investigation.

A uniform, consistent approach has been taken for all alter-
natives evaluated in this report. The result is a rational
basis for waste management comparisons and allows appropriate
evaluation of tradeoffs among disposal options. It should
be noted, however, that changing the weights, the site- or
facility-specific factors used in determining the evaluation
factors, or the methods of combining impacts may change some of
the conclusions or relative rankings of alternatives presented
in this study. The impacts presented are for comparison of
alternatives only, and should not be considered as predictive
of the performance of a specific waste disposal option.

n7~{ T.um, ~.
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2. METHODOLOGY

Reference disposal facilities for each alternative have been
designed for performing comparative analyses of the different
disposal options. These reference facilities are all based on
disposal of a constant volume of waste having a given radio-
activity inventory. The conceptual designs of the facilities
are based on projections of design criteria for future waste
disposal sites. The consequences of disposal of waste in the
reference facilities provide a uniform basis for comparing the
alternatives, with both costs and nonmonetary effects being
appropriate indices for the comparison. The approach taken in
this study is detailed in the following sections. It provides a
consistent basis for comparing alternatives, appropriate to the
preconceptual design stage of development of the reference
disposal facilities.

2.1 General Approach

For each of the disposal concepts studied, a reference disposal
facility was designed. The reference facilities were designed
to reflect the types of disposal facilities that might be used
in he future. They conform to reasonable constraints on
ava. lability, performance, cost and acceptability. Within these
constraints, however, there is consiaerable flexibility in
selecting specific design features. Specific designs for the
reference facilities were as generic as possible, to reprecent
the broad range of possibilities within a given alternative and
to reflect the design features that might be reasonably expected
in practice.

The reference disposal facilities and operations were all sized
to accomnodate a fixed volume of waste of given nuclear char-
acteristics over the same time period. Some of the conceptual
disposal facilities could easily handle more than the specified
volumes of waste (ocean disposal, for instance), while others
could require a substantial increase in capacity to handle
additional volumes at one location. For the bulk of the waste
volume, direct handling of the waste containers was assumed to
be the method of emplacement in the disposal facility. The
ability to accommodate remote handling may vary among the
different disposal alternatives.

Assessments of environmental and radiological effects from
op rations at the reference disposal facilities and evaluation
of he technological availability are included as part of the
tectsical evaluations. Sociopolitical factors such as public
acceptability and socioeconomic effects are considered for
each reference disposal facility. The cost estimates provided
are based on the generic reference disposal facility design
and other variables, such as relative locations of suitable

,c;m
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disposal sites in relationship to existing waste sources. The
alternative disposal concepts are compared, based on the results
of the analyses and evaluations of the generic reference
facility designs.

2.2 Generic Waste Volumes and Characteristics

Reference waste volumes and characteristics were selected to
represent low-level radioactive waste typical of that to be
disposed of in the future. The sources and characteristics
of low-level radioactive waste are extremely diverse. The
reference characteristics used in this study, therefore, may not
be typical of any single class of radioactive waste, but may
represent averages over a broad spectrum of wastes.

The volume of waste to be disposed of was assumed to be 630,000
m3, which approximates the output of 1,000 typical light-water
reactors for one ear (1,000 Reference Reactor Years (RRY) of
low-level waste). This volume of waste would correspond to
roughly 800,000 megawatt-years of electricity production
(MW(e)-yr). Wastes from non-fuel cycle sources would also be
accomodated in the 630,000 m3 capacity. The generic reference
facilities were assumed to handle this volume of waste in a
20-year operating period.

The routine low-level waste containers that arrive ai the
disposal facility are generally assumed to be relatively
contamination-free on the outer package surfaces to facilitate
direct handling. Because 55-gallon (208-liter) drums are the
most commonly used package in this country at present, this
container was selected for use in the analyses. Choice of
different container types and sizes is possible, but these
differences are relatively unimportant to the conclusions of
this study because, in general, no credit is taken for the
containment provided after disposal by the primary packaging,
and all disposal facilities are expected to accomodate similar
wastes.

Based on experience in waste disposal,7 90% of the waste tc
be handled is assumed to have low radiation levels measured at
the outside surfaces of the containers. However, the other
10% of the waste (mainly ion exchange resins and evaporator
bottoms) is assumed to contain higher concentrations of radio-
nuclides, which necessitates increased shielding and more
remote handling to preclude unacceptable worker exposures. The
reference waste inventory used for this study has been adjusted
to reflect both radiation levels.

Table 2.1 lists the major radionuclides expected to be prese...
at the time of disposal of the wastes. The nuclide concentra-
tiont are given for both the low and the higher radiation level
fractions of the inventory. This inventory is derived from
several sources,7,8,9,10,1I and anticipates future low-level

10 G W $ 7. //e.._



TABLE 2.1

CHARACTERISTICS AND INVENTORY OF LOW-LEVEL RADIOACTIVE WASTES
USED FOR COMPARISONS

Concentration Total Site
Concentration in Higher Inven to ry (C)
in Low-Level Rad ia tio n (630,000 m3

Waste Level Waste to tal waste
Halflife (90% Fraction) ( ) (10% Fraction) (b) vol ume)

Nuclide (yr) (C i /m3 ) (C i /m3) (C i )

3H 12.3 0.12 -- 6.8x10414 C 5730 3.8x10-3 -- 2.2x103
51Cr 0.06 4. 3x10-2 (d) 65 4.1x106
54Mn 0.86 2. 5x10-2 (d) 40 2.5x106
55Fe 2. 7 4.3x10-1 -- 2.7x104

58Co 0.19 4. 3x10-2 (d) 65 4.1x106
59Ni 8x104 1. 3x10-3 (d) -- 7.4x102
60Co 5.27 0.13(d) 200 1.3x107
63Ni 100 0. 24 (d) -- 1.5x105
90Sr 29 4.8x10-3 -- 2.7x103

99Tc 2.1x105 3.2x10-5 -- 1.8x101
125Sb 2.73 5.3x10-3 -- 3.0x103
129I 1.6x107 6.4x10-6 -- 3.6
134Cs 2.06 4. 8x10-2 (d) 70 4.4x106
137Cs 30.2 8.6x10-2(d) 130 8.2x106

152Eu 13 4.8x10-5 -- 2.7x101
226Ra 1600 1.2x10-4 -- 6.8x101
230Th 7.7x104 7.1x10-5 __ 4,oxlol
232Th 1.4x1010 8. 4 x10-7 (d) -- 4.8x10-1
235U 7.0x108 3. 2x10-6 (d) -- 1.8

237Np 2.1x106 4.6x10-8 -- 2.6x10-2
238U 4.5x109 7.1x10-5 (d) -- 4.0x101238Pu 87.8 3.2x10-4 -- 1.8x102239pu 2.4x104 4.3x10-5 -- 2.5x101
240Pu 6540 6.7x10-5 -- 3.4x101

241Pu 15 1.6x10-2 -- 9.1x103
242Pu 3.9x105 2.4x10-7 -- 1.4x10-1
241Am 433 3.0x10-5 -- 1.7x101
243 m 7370 2.1x10-6 -- 1.2A
243Cm 28 6.0x10-7 -- 3.4x10-1
244Cm 17.9 1.9x10-4 -- 1.1x102

To tal s 1.2 570 3.7x107

(a) Based on Table 1, Ref 9 (b) Based on Refs 7 and 10
(c) Activity at time o f d isposal (d) 10% of value from Table 1, Re f 9

,c - - , - -
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radioactive wastes from both nuclear power production facilities
and non-fuel cycle functions.

Measured and derived concentrations of radionuclides in typical
commercial low-level waste 9 are used as the basis for the
lower radiation level fraction of the waste, assumed to be 90%
of the total volume of waste handled. Some of the reported
values for specific nuclides (Ref 9) have been divided by a
factor of ten to account for the assumed concentrations of the
higher radiation level wastes, and to correspond more closely to
the values reported in the other references.7,8,10,11 The
nickel inventcry in Ref. 9 accounts for eventual disposal of
activated structural components from decommissioning of reactor
facilities, while this source of waste is not generally included
in the other referenced inventories. Because of uncertainties
in ultimate methods of decontamination, decommissioning, and
disposal, however, lower estimates of average nickel concentra-
tions in low level waste are used in this generic inventory.

The higher radiation level fraction of the waste was assumed to
be generated at nuclear power plants. The total concentration
of energetic gamma emitting nuclides was assumed to be 570
Ci/m3 in this fraction of the waste.7 Because this waste is
produced in nuclear power reactors, the isotopic production
ratios for these activation and fission p rod uc ts were used to
allocate the total activity.10 only those nuclides that emit
quantities of radiologically important gamma rays are included
in the higher radiation level inventory. The average concentra-
tion values for the other nuclides are taken to be applicable to
the total 630,000 m3 volume of waste.

The radionuclide concentrations in the waste are important
because radiological impacts from waste disposal operations
are directly proportional to the amounts of radioactivity
handled. That is, if the concentrations are higher than those
assumed, the calculated doses would be correspondingly higher.
If the composition of future waste changes, the relative impacts
from the various alternatives for disposing of that waste will
vary. The comparisons of impacts presented in this study are
based upon this specific inventory and may change if substantial
changes in waste concentration are encountered.

It is assumed that the wastes will be packaged and shipped to
the disposal site in compliance with established regulations and
requirements in effect at the time. It is further assumed that
any liquid wastes will be absorbed or solidified prior to
transport to the disposal facility. Other potentially hazardous
materials such as pyrophorics, explosives, toxins and biological
agents are also assumed to be properly identified and reacted
prior to shipment to the waste disposal facility. These
assumptions and the radionuclide inventory given provide the
basis for the analyses involving waste characteristics and
handling operations,

pgsT
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2.3 Technical Evaluations

Based on the conceptual designs of the generic reference
disposal facilities and the characteristics of the wastes
described in the preceding subsection, the different options
were analyzed to determine the technological feasibility,
impacts on resources, and other short- and long-term effects
from implementation of waste disposal operations. Specific
requirements on waste form or packaging necessitated by given
alternatives are identified. The relationships between
site climatology, meteorology, hydrogeology, mineralogy
and demography were generically investigated for the various
alternatives. Safeguards and security (ability to prevent
unauthorized use) requirements for the waste were assessed and
the long- and short-term environmental effects calculated.
(Essentially, the short-term effects are those arising before
and during the operational phase of the facility, while long-
term effects arise during the post-operational period.)

The current status of disposal technology required to satisfac-
torily implement each alternative was alco assessed. Viable
technology exists for implementing the disposal concepts

addressed in this document. As new technology emerges,
additional disposal concepts may be considered as viable
alternatives. This study considers only choices for waste
disposal which are presently available.

The environmental effects are divided into non-radiological and
radiological impacts. The non-radiological effects include
impacts on construction and waste management workers, and to the
public along transportation routes. These impacts are based on
estimated construction and operations crew sizes and comparisons
with accident statistics for comparable industries.12 Injury
and fatality rates for the comparable industries used for the
projections in this study are presented in Table 2.2.

Radiological impacts include direct radiation exposures to
workers and the public along the transportation route and in the
area of the disposal facility. The transportation routes are
generalized into typical eastern and western U.S. categories.
Table 2.3 summarizes transportation distances. An average
population density of 300 persons per square mile along the
transportation routel3,14 was used. A hypothetical eastern
site is assumed to be located an average distance of 400 miles
from the waste generators for both the burial snd structural
disposal concepts. A map showing locations of existing nuclear
power reactors was used to provide average transportation dis-
tances from waste generators to potential disposal sites.
For the eastern sites, a central location would average approx-
imately 400 miles from the nearby waste generating facilities.
Generation of non-fuel cycle wastes is assumed :o be distributed
reasonably uniformly across the country, so that transportation

13 L N'



TAB LE 2. 2

FATAL ITY AND TOTAL INJURY RATES FOR COI1PARAB LE INDUSTRIES
(per 106 workho ur s)

(Source: Ref 12)

To tal Fa tal it ies Total
and Permanent Injuries

Industry Disabilities and Disabilities

Construction 0.17 14.7

Surface Mining 0.13 9. 8

Non-Coal Mining,
Underground 0.53 25.3

Storage and Warehousing 0.00 6.7

Transit 0.05 40.5

o ,P. .- . _j "<'p.. ._,
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TABLE 2.3

SUMMARY OF TRANSPORTATION DISTANCES

Average Annual
Distance Rail Car
to Generic Mi l eag e
Di spo sal (one way)

Alternative Site (mi) (mi/yr)

Shallow-Land Burial--Eastern Site 400 528,000

Shallow-Land Burial--Western Site 1,400 1,848,000

Improved Burial--Eastern Site 400 528,000

Improved Burial--Western Site 1,400 1,848,000

Deeper Burial--Eastern Site 400 528,000

Deeper Burial--Western Site 1,400 1,8/ 900

Adandoned Mine--Eastern Site 600 ~, 2,000

Abandoned Mine--Western Site 1,600 2,112,000

New Horizontal Shaft Mine--Eastern Site 600 792,000

New Horizontal Shaft Mine--Western Site 1,600 2,112,000

New Vertical Jhaft Mine--Eastern Site 600 792,000

New Vertical Shaft Mine--Western Site 1,600 2,112,000

Above Grade Struc ture--Eastern Site 400 528,000

Above Grad e St ruc tur e--Weste rn Site 1,400 1,848,000

Bur ied Struc ture--Ea stern Si te 400 528,000

Buried Structure--Western Site 1,400 1,848,000

Direct Ocean Dumping 1,600 2,112,000

Ocean Proj ec tile Disposal 1,600 2,112,000

i
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distances are based on average distances from fuel cycle facili-
ties. Because fewer power reactors and other nuclear waste
sources are located in the west, the average transportation
distance to a western disposal site would be greater than to an
eastern site. An average distance of 1400 miles is used in this
study for both land burial and structural disposal concepts at
western sites.

Using the same transportation distances for the land burial and
structural alternatives implies that suitable locations for
both burial and structural disposal facilities involve similar
average transportation distances. Even though an advantage
of structural disposal facilities may be less restrictive re-
quirements on the meteorological, geological and hyd rol og ical
features of the site, the hypothetical nature of the potential
disposal sites studied and the use of average distances to
central locations does not justify any differentiation between
the methods.

Because suitable locations for mined cavities are assumed to be
more remote than those acceptable for shallow land burial,
average distances are increased by 200 miles for both the
eastern and western hypothetical sites. The average distance to
deep sea shipping port with loading facilities for the low-level
wastes (two on the East Coast, two on the West Coast, and one on
the Gulf of Mexico) was determined to be 1600 miles, assuming
that existing facilities in use for nuclear powered military
vessels may be used.

Transportation costs and risks presented in this report are
based on shipment of the waste to the disposal site by 'ra il .
Radiological risks are incurred only while the rail cars are
loaded with wastes, although no n- rad iolog ical accidents with
injuries or fatalities are possible for the entire round trip.
Current practice by most waste generators is shipment by truck,
as smaller volumes of waste can be more efficiently accom-
modated. It is expected that future waste shipments will
be made in the most cost- and risk-efficient manner, based
on analyses of the specific sites and transportation routes
involved. The selection of rail shipments for this study is
intended only to facilitate meaningful comparisons among the
alternatives. Use of this transportation method does not
greatly change the associated shipping costs.15 Risks for
rail transport are slightly less than for trucks, 11,12,13,16
but either shipping method would result in the same relative
order of impacts for the various alternatives. Use of train
transport is therefore consistent with the objectives of this
comparative analysis.

The meteorology, hydrogeology and climatology used in evaluating
environmental effects are presented in Table 2.4. As shown in
the table, eastern sites receive more rainfall than do western
ones. The aquifers, assumed to be 10 m below the bottom of the
shallow burial excavation and structural disposal facilities in

16 E."dCO



TAB LE 2.4

SUMMARY OF ASSUMED METEOROLOGIC* AND HYDROGEOLOGIC FACTORS

Depth
to Productivity
thderlying of Aquifer

Alternative 1.quifer (m) (m3/yr)

Shallow-Land Burial--Eastern Site 10 3.6 x 106

Shallow-Land Burial--Western Site 20 3.6 x 106

Improved Burial-Eastern Site 10 3.6 x 106

Improved Burial--Western Site 20 3.6 x 106

Deeper Burial--Eastern Site 10 3.6 x 106

Deeper Burial--Western Site 20 3.6 x 106

Adandoned Mine--Eastern Site >100 N. A. (c)

Abandoned Mine.--Western Site >100 N. A. (6 ) **

New lbrizontal Ehaft Mine--Eastern Site >100 N.A.

New lbrizontal Shaft Mine--Western Site >100 N.A.

New Vertical Shaft Mine--Eastern Site >100 N.A.

New Vertical Shaft Mine--+iestern Site >100 N.A.

Above Grade Structure--Eastern Site 10 3.6 x 106

Above Grade Structure--Western Site 20 3.6 x 106

Buried Structure--Eastern Sito 10 3.6 x 106

Buried Strtrture--Western Site 20 3.6 x 106

Direct Ocean Dumping N. A. N.A.

Ocean Projectile Dispasal N.A. N. A.

* Pascal Stability Class F with 1.5E m/sec wind s med, y = 7 m and z = 3.5 m
at the directly domwind site boundary (160 m from point source) wre used for
airborne accident release calculations.

* *N. A. = Not Applicable
--

_
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the east, and 20 m in the west, probably would vary in prod uc-
tivity but have been sized to yield the same quantities of water
for the purpose of uniform comparison. The mined cavities are
assumed to be located in geologic formations far removed from
productive aquifers. The potential environmental pathways to
human radiation exoosure from the various alternatives are based
on the values listed in Tables 2.3 and 2.4. Appendix B contains
a summary of these parameters for the existing low-level waste
disposal sites in this country for perspective on the reason-
ableness of the values used in the comparative analysis.

The exposure pathways analyzed may not represent all the pos-
sible mechanisms for human exposure at each site. However, they
provide a consistent basis for comparing the alternatives and
represent the most important impacts. The pathways used for
the comparative analysis are those shown to be most significant
in Ref 6.

Short-term rad iolog ical effects include direct gamma exposure to
workers and the public along transportation routes, accidents
causing airborne contamination, and small airborne releases
occurring as a consequence of normal operations. Long- era
effects may result from attempts at reclamation which involve
direct contact with the waste in the future, and migration and
contamination of ground water systems that could be used to
supply drinking water.

Some exposures to radiation are bound to result from waste dis-
posal activities because no shielding or f il te r ing system will
be 100% effective. The pathways for potential short-term
exposures to radiation considered to be most important in this
comparative analysis are: direct exposure to ionizing radiation
from the waste packages; extremely small, ongoing releases of
coacamination to the air from contaminated package surfaces and
undetected leaks; and airborne contamination from accidents or
spills. Because the waste disposal operations are similar for
many of the different alternatives, these short-term conse-
quences will also be similar. Personnel requirements for waste
disposa) operations will be similar for most concepts because
the same standard volume and type of waste container are assumed
to be handled. ( Co n s t r a c '. i o n crew sizes would differ for the
different alternatives, reflecting the different construction
difficulties.)

Institutional control over disposal sites by regulatory agencies
and their contractors is assumed to be maintained for 150 years
after operations cease.6 Any future site reclamation efforts
would occur after that time period. Sabotage and other intru-
sions into the waste before 150 years have elapsed have not been
considered in this analysis. The probabilities are low for this
type of event, and the consequences would probably be similar
for the various alternatives, because the wastes contacted are
assumed to be the same.

> M. . _. Vm m
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The current generation of g round wa ter migration models does not
differentiate between differences in rainfall amounts. The
underlying aquifers are assumed to be of the same productivity
at both eastern and western sites for consisteacy in the com-
parison. Although the conditions assumed could be matched at
actual sites, vastern sites would more likely be drier and
present less opportunity for m ig ra t ion of nuclides by g round
wa te r contact. Efforts to more accurately model the effects of
unsaturated flow conditions, percolation, e v a po t r an s pi r a t io n ,
and geometric distributions of waste within the d ispo sa l site
are currently under way.17

The details of the calculations concerning transport pathways to
human exposure are presented in Appendix C. The results pre-
sented in Section 3 are based on the equations and methodologies
given in this appendix.

2. 4 Sociopolitical Implications

There are many persons in this country who are vitally concerned
with questions relating to radioactive waste disposal, and
these issues have received much public attention. Several
recent meetings 18,19,20,21 have been specifically held to
discuss the non-technical aspects of nuclear waste management.
The sociopolitical implications arising from the disposal
alternatives studied in this project have been assessed,
based on their apparent public acceptability and resultant
requirements for changes in domestic or international institu-
tional controls and agreements. The items considered in
this analysis in quantifying the sociopolitical and other
implications of the various alternatives are shown in Table 2. 5.

Much of the assessment of so c i o po l i t i c a l implications is
somewhat subjective. However, available published research
and information on the to pj '2,23 have been used for guidance.
Additionally, many of the social acceptance issues depend on
adequate demonstration that the technological problems have been
appropriately solved. Assuming that the disposal alternatives
meet the minimum constraints of being technically sound,
the sociopolitical issues hinge mainly on requirements for
governmental agreement and control, as is the case with ocean
disposal in international waters. These issues are considered
in the we ig h t ing factors used in the comparative analysis.
Sociopolitical f ac to r s in this country occasionally appear to
have at least as much importance in selecting among various
alternatives as do technical issues. However, it is not clear
that this should be reflected in a basically technological
evaluation of alternatives. There is also relatively little
experience in soliciting public opinion and other sociopolitical
factors concerning alternatives for low-level radioactive
waste. This st ud y subjectively quantifies the s o cio po l i t ic al

19
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TABLE 2.5

ITEMS CONSIDERED IN EVALUATING SOCIOPOLITICAL IMPLICATIONS

Public Acceptance Major Concerns

Acceptability of Risk Compatibility of low-level radioactivee
waste disposal with criteria for
disposal of other hazardous wastes.
Consistent formulation and assessment of
risks from radiation. Comparison of
risks from other energy source wastes,

Perception of Risk versus Adequate information and understandinge
llazards of risk assessment and cost-benefit

tradeoffs. Definition of acceptable
risks to public health and safety and
the environment.

e Ethical and Moral Issues Morality of leaving " legacy" of con-
centrated hazardous wastes for future
generations. Credibility of sources
of information, especially in light
of conflicting views among experts.
Problem of appropriately transmitting
descriptive information concerning
waste disposal sites to future gener-
ations.

Institutional Controls

e Domestic Regulatory Adequacy of published regulations.
Controls stated philosophies and licensing

requirements to provide framework of
regulatory controls covering health
and safety, site selection, and opera-
tional criteria. Accident response
procedures. Environmental protection
standards. State versus federal
ownership and control of disposal
sites. Long-term monitoring and
surveillance responsibilities.
Institutional stability.

e International Controls Appropriateness of internationa1
involvement in territorial disposal
operations. Established standards and
guidelines. International agreements
for world-wide disposal criteria and
practices.

b 2."_Ib$
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implications arising from implementing various waste d i spo sal
alternatives.

2.5 Cost Analyses

The economic evaluation performed in this study is based on
3) of low-level radio-disposal of a given volume (630,000 m

active waste, 10% of which will contain sufficient ionizing
radiation to require special handling and shielding fo r per-
sonnel protection. The conceptual designs for the alternatives
were analyzed to arrive at order-of-magnitude costs a sso cia ted
with construction, operation and surveillance of the given
disposal concept.

The following items provide the basis for a consistent set of
cost estimates for comparison purposes:

e The costs for the alternative concepts are
estimated in 1978 dollars with provisions for
escalation and inflation during the period of
operation.

e Costs for capital investment return, time value
o f money and profit are included.

e None of the costs common to all waste generators
and borne by them (such as purchase of shipping
containers, waste treatment fo r packaging
or biological shielding required prior to
waste disposal) are included except for costs
a sso c ia ted with additional steps required by a
specific d ispo sal concept. ( Fo r instance, the
cost of projectiles is included in the ocean
disposal estimate.)

e Es t ima te s are generic, not based on specific
sites. However, an t ic i pa ted average distances
for transportation are incl ud ed . Differentiation
is made between eastern U.S., western U.S. and
sea disposal sites.

e Institutional control over all land disposal
sites is assumed to continue for 150 years
following termination of waste disposal activ-
ities. This is the period of time fo r which
monitoring and surveillance costs are estimated.

~O .c p ' =g 4.0. 2 Cea21



e Costs are reported for several broad categories
for each concept, including rail tr anspo r ta tion
to the disposal site, to allow meaningful
comparisions of the alternatives. Costs for
final stabilization activities at the sites are
included in the capital cost estimates.

More specific details concerning the cost estimates are provided
in Appendix D describing each alternative.

2.6 Comparative Analyses

After the technical, socio pol it ic al and cost evaluations are
completed for each concept, the major factors relating to each
of these areas are quantified. Some of the items impo r tan t in
comparing alternatives can be quantified only by subjectively
ranking one concept against another. Care is exercised to
assure that the different alternatives are uniformly assessed.
The foregoing sections of this report have described the
approaches taken to assure uniformity and consistency in the
evaluations.

Once the important evaluation factors have been quantified for
each of the disposal alternatives, the factors and the alterna-
tives are displayed in matrix format to facilitate comparison.
(see Chapter 4). The values for the evaluation factors deter-
mined by the analyses are normalized with the corresponding
factor for the base case (shallow land burial). Values g reater
than unity indicate less desirability or poorer performance
than the base case, while those less than one reflect better
anticipa ted performance.

One additional requirement for meaningful comparison is an
estimate of the relative importance (weighting) of the evalua-
tion factors. For instance, the question of how heavily costs
should be considered in relation to sociopolitical issues will
influence the comparison.

Table 2.6 lists the evaluation factors quantified and the
weights assigned to each factor. The weights shown are based on
a survey of the Technical Advisory Panel listed in Appendix A.
It should be noted that the panel members were not in close
agreement about the weights to be used and those shown in Table
2.6 only represent the average of the we ig hts suggested. The
use of these weighting factors allows quantitative comparison of
the alternatives. Other weights may be more appropriate fo r
different circumstances. Both the we ig h ted and unweighted
values for the evaluation factors are displayed in Chapter 4 in
the comparison matrix format. Therefore, other weights can be
assigned as desired,
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TAB LE 2.6

EVA LUATION FACTORS AND THEIR WEIGHTS

Relative Weight or
Evaluation Factors Importance (%)

Technological Status

Compatibility with Waste 7.5e

e Site Selection 12

e Safeguards 6. 5

e Environmental Effects 11

Availability of Techniques 10e

Sociopolitical Acceptability

e Institutional Control 11

Public Acceptance 16e

Economic Feasibility

e Individual Consumer Costs 14

e Industrial Costs 12

100%

,, . , e .-
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It should be noted that certain evaluation parameters in Table
2.6 can be highly correlated. In particular, safeguards and
environmental ef fec ts can be directly related to costs; improve-
ments in safeguards and reductions in environmental effects can
be achieved through higher expenditures. It is felt tha t
reasonable assumptions have been made regarding procedures for
safeguarding the waste and reducing environmental effects and
that these are reflected in the costs calculated in this study.

It is expected that the comparison of disposal alternatives will
be based on weighted sums of the evaluation factors. However,

it is possible that a method or site can be rejected because the
value of one or more evaluation factors is unacceptable, regard-
less o f wha t the weighted sum may be. In other words, thera are
implied acceptability constraints that society may choose to
place on any of the evaluation factors, and if those constraints
are exceeded, the method will be rejected. The constraints are
not presently well-defined and tend to be stated only on a
case-by-case basis.

The comparative analysis demonstrates that selecting the best or
optimum alternatives for low-level radioactive waste d i spo sal
involves complex tradeoffs among many f ac to r s . It also shows
that there is more tian one appropriate method for handling
low-level radioactive wastes. However, going from the generic
concepts studied in this project to specific designs at real
sites will lead to impo r tan t differences in the values of the
evaluation parameters. This comparative analysis should,
therefore, be used primarily for guidance in comparing disposal
methods.

EfA...,f]p%~
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3. DESCRIPTION OF SELECTED ALTERNATIVES

The alternative disposal methods selected by the NRC for
detailed investigation include a base case of shallow land
burial, improvements to present burial practices, deeper burial,
disposal in mined cavities, disposal in engineered structures,

d i s po sa l .1 In the following sections, each of theseand ocean
; ispo sal concepts is deceribed, and the technical evaluation,
assessment of sociopolitical implications, and cost estimate
are reported.

Because it is not po ssi ble to treat all variations within each
of the alternative disposal concepts, generic designs have been
used for this analysis. This study is not intended to be a
detailed analysis of all possible disposal options, but a com-
parative analysis of the generic alternatives that are most
feasible; however, some variations on representative cases have
been analyzed briefly.

3.1 Shallow Land Burial

Shallow land burial was the o r ig inal radioactive waste manage-
ment practice adopted by the Atomic Energy c. mission. The
concept consists of emplacing the radioactive waste in trenches
d ug into the native soil at depths ranging from 3 to 6 m and
covering the waste with about 1 m of soil. Butial grou7ds were
generally located in areas that were relative.y remote from
population centers, on land tha t was o the rwi se considered of
little value.

The waste was received in a variety of containers. Cardboard
cartons, wooden boxes, steel drums and cement pipe were used,
depending upon the nature of waste and the distance it had to be
shipped. The burial ground operators, as well as the federal
r eg ul a to r s , generally viewed the soil surrounding the burial
trench as the containment mechanism once the waste had been
emplaced in the trench. Little care was taken to preserve the
integrity of the container during the " dumping" operation.

It was recognized that most soils make very efficient ion
exchange beds and that ground water containing dissolved
radioactive isotopes would generally deposit those isotopes in
the soil in exchange for more soluble minerals such as sodium,
calcium and magnesium. Al tho ug h radionuclides have been fo und
outside of some burial grounds, the releases have not posed a
threat to public health and safety.

In the past, some small quantities of nuclides have been
released from burial g rounds mainly due to rainwater or snow
melt accumulating in an open waste trench and washing the
nuclides out onto the ground surface, g round water overflowing x
from disposal trenches, workers carrying off useful but contam-
inated articles fo und in the waste, and locating trenches in
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areas where the underlying soil or strata was not suitable for
good containment.24 It is believed that current burial ground
operating procedures and regulations will greatly reduce the
potential for these types of releases.

3.1.1 Description of Reference Shallow Land Burial Disposal
Facility

A reference Shallow Land Burial Facility (SLBF) has been
described in an earlier report.6 Potential releases from the
SLBF have been calculated. This generic facility provides
the base case for this study. A schematic of the SLBF is
shown in Figure 3.1. The SLBF is not necessarily a typical
burial facility, nor is it an average of existing burial site
parameters. It is rather a model shallow land burial facility
whose parameters were determined to be representative of what
may be generally expected from such burial facilities. Appendix
B contains details of the major existing disposal facilities in
this country for perspective. Future site selection criteria
may eliminate or greatly reduce the consequences of some of the
potential environmental exposure pathways from this SLBF.
Ilo w e v e r , the SLBF shown in Figure 3.1 will be used for this
comparative analysis.

An aquifer is ascamed to lie 10 m below the bottom of the burial
trenches and the water in this aquifer flows at a rate of 100
m/yr toward a large river located 1 km away. These values are
representative of typical values at existing disposal sites.
(See Appendix B.) The SLBF disposal capacity is 6.3 x 10 5
m3 of waste, discussed in Section 2.2. Table 3.1 contains the
key parameters relating to the SLBF.

3.1.2 Technical Evaluation

It is assumed that the disposal alternatives will all conform to
certain minimum standards of performance and compatibility
with the waste. However, there are no presently established
quantitative criterie, and " acceptable" performance may vary
over a relatively broad range. However, this generic analysis
is performed to aid in comparing the different waste disposal
alternatives. The result is a set of quantitative measures of
performance for each alternative.

3.1.2.1 Compatibility with Waste

Some disposal alternatives may be better suited to receive and
handle specific radioactive waste forms than other options.
Ilowever , . impor tant differences between generic alternatives are
not expected in the present study, because the waste inventory,
physical form and packaging are assumed to be the same for each
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TABLE 3.1

REFERENCE SHALL0n LAND BURIAL FACILITY PARAMETERS

__
-

Parameter Value

Number of Disposal Trenches 315 (100m x 8m x 6m)

Site Plan Area 2.0 X 106 2m

Site Ca pac ity fo r Waste 6.3 x 105 3m
(103 RRY of
nuclear power or
800 GW(e)-yr of
el ec t r ic i ty)

Minimum Distance to Site Do und a r y 1.6 X 102 m

Distance - Trench Bo tton to Aquifer 10 m

Wa ter Velocity - Trench bo ttom to Aquifer 1.0 m/yr

Distance - Site to Surface Water (River) 103 m

Wa ter Velocity - Aquifer 102 m/yr

2Dispersion Coef ficient* 1.0 m /yr

Minimum Earth Cover O'cer Waste 1.0 m

Fraction of Trench Volume Occupied
by Waste 0.5

River Flow Ra te 5.0 X 102 3m /s

*Shown in Re f 6 to be a relatively unimportant parameter for the
ranges c f sorption coef ficients used in this study.

_
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alternative, aad the refere. ice disposal facilities are all
designed to handle the reference waste types and volumes. The
differences in difficulty in handling the waste at the different
reference facilities are expected to be small compared to
the overall inherent difficulty of any given waste disposal
operation.

The evaluation factor for compatibility with waste is assigned
a v a l u e. af unity for the reference SLBF. Other disposal con-
cepts will be ranked based on their compatibility with the waste
forms planned for shallow land burial.

3.1.2.2 Site Selection Factors

Site availability is an important consideration in comparing
alternatives. Factors important in locating a shallow land
burial facility include distances to ground and surface water
systems, meteorology and climatology of the area, degree of
remoteness, geologic stability, proximity to the sources of
waste, competing uses of the land, and ownership for long-term
control.

Shallow land burial could be acommodated in many areas of the
country. Ideally, precipitation at the potential site should be
low; the distance to any aquifers should be long; aquifer flows
and utilization should be low; and underlying strata sht ald be
neither highly fractured nor contain voids and flow channels.
These characteristics are generally found more frequently in the
arid Western U.S.

The native soil at the disposal site should have good ion
exchange and sorptive properties, which usually accompany
fine-textured material. In Europe, however, burial in coarse
sand has been successfully practiced by placing a layer of fine
sand over the coarse trench bottom.24 Water penetrating the
waste and fine sand will not penetrate into the coarse sand
because of the stronger capillary attraction in the fine sand
layer. Thus, the migration of nuclides in water stops at the
interface between the fine and coarse sands. This technique, of
course, is effective only where the ground is not saturated with
water.

There are many land areas in the country where no known sub-
surface resources would be considered attractive, and competing
uses of the lands are not contemplated. Because shallow land
burial is the base case, to quantify the site selection eval-
uation factor, a value of unity is assigned for the eastern SLBF
site. For the western site, a value of 0.9 is assigned to
reflect the greater availability of suitable land in the west.
The other alternatives will be rated relative to the suitability
and availability of eastern sites for shallow land burial.

W ~7 ,,4 1'"?e,
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3.1.2.3 Safeguards

In this study, safeguards is defined to incl ud e considerations
of maintaining physical protection of the wastes from unauthor-
ized uses. Shallow land burial provides some assurance that
disposed wastes will not be disturbed, and that any unauthorized
attempts to dislocate the wastes will be easily detected by
inspection of the ground surface. Although it is not likely
that the buried wastes will be dug up, it is assumed that
security coverage of the site will be maintained for 150 years.
Intrusion alarms and security fencing are assumed to discourage
unauthorized attempts to obtain access to the wastes.

The evaluation factor for the reference SLBF concerning safe-
guards is assigned a value of unity. The other alternatives
will be assessed and assigned appropriate values for this factor
based on their relative accessibility and ease of unauthorized
use of wastes compared to the reference SLBF.

3.1.2.4 Environmental Effects

Because the land on which a shallow land burial facility
would be sited is assumed to be generally undesirable fo r
other uses and relatively remote from population centers, the
nonradiological impacts from co nst r uc t ing a wa s te burial
facility would be small. Routine hazards to construction
workers would be comparable with those encountered in the
general construction and surface mining industries. Although

2 (500 acres) of land would be purchased toabout 2 million m
provide a buffer zone around the waste disposal operations, only
about 25% of the site would be disturbed. If the trenches are
100 m long and 6 m deep, filled to 1 m from the top with waste,
with a 50% efficiency, there would be 315 trenches 8 m wide in

2 of area. Assumingthe reference SLBF, covering 252,000 m
that roadways, structures and

m?p ming
s between trenches occupy

an equal area, about 500,000 (125 acres) of surface would
be disturbed. Construction of worker change, clean-up and
eating facilities, garage space for equipment, and security
fencing would not result in consequential hazards. Excavation
of trenches would conform to existing safety standards and
requirements, minimizing hazards to workers. Train crews would
be subjected to normal occupational hazards in shipment of the
wastes to the disposal sites. A summary of the estimated
non-radiological impacts is given in Table 3. 2. The total
effect for the comparative analysis is obtained by summing the
projected injuries with ten times the projected fatalities. The
fatalities are we ig hted more heavily than injuries to reflect
the more serious nature of loss of life. Construction crew
sizes are estimated, based on dividing estimated capital costs
by a single factor for labor. This. method g i:r e s a slight
difference between eastern and western sites, clthough the
normaliz'ed differences are not significant.

t.QQU
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TABLE 3.2

SUMMARY OF NON-RADIOLOGICAL IMPACTS FOR SLBF
_

Transportation Eastern Site Western Site

Average Transit Distance to
Disposal Site (mi) 400 1,400

Total Train Car Miles
(round trip) 21,100,000 73,900,000

Total Projected Accidents (a) 3,a 10

Total Projected Injuriee(b) 8.0 28

Total Projected Fatalitiss(c) 0.60 2.0

Construction Phase

Average Crew Size (man-years) 20 17

Comparable Industry (d) Construction / Construction /
Surface Mining Surface Mining

Total Projected Injuries 0.61 0.52

Total Projected Fatalities 0.01 0.01

Operational Phase

Crew Size (man-years) 265 265

Comparable Industry (d) Construction / Construction
Storage and Storage and
Warehousing Warehousing

Total Projected Injuries 8.1 8.1

Total Projected Fatalities 0.09 0.09

"otal Overall Effect for Comparisonie) 23.7 57.6

Normalized Effect(f) 1.0 2.4

(a) Based on 1.4x10-7 accidents / car mile from Ref 13.
(b) Based on 2.7 injuries / accident from Ref 13.
(c) Based on 0.2 fatalities / accident from Ref 13.
(d) From Table 2.2, for rates used for statistical injury and

accident projectior. data. (Highest projected frequencies
for given categories were used in the calculations.)

(e) Sum of all injuries plus 10 times all fatalities.
(Fatalities are weighted more heavily than injuries to
account for the more significant loss of life.)

(f) Normalized to reference SLBF eastern site case.
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The environmental effects during and subsequent to t..e o pe r a-
tional phases at the SLBF include radiological hazards from
handling the low-level radioacti're wastes. All waste management
operations are expected to be conducted under the philosophy
of maintaining exposures to radiation to both workers and
the public at levels "As Low As Reasonably Achievable" ( A LA RA ) .
Actual operations will be subjected to extensive and comprehen-
sive safety reviews and analyses to assure that no unacceptable
exposure is likely to occur, and tha t appropriate preventative
and mitigating measures are incorporated into the facility
design.

To assess the magnitudes of the sho r t- te rm effects for the
reference S LB F , the environmental pathways analysis methodology
developed in d e ta il in Ref 6 was utilized. For direct expo-
sures to ionizing radiation, both the exposed population along
transportation routes and the waste management workers are
important. Exposures along t r an s po r ta tio n routes for low-level
radioactive wastes shipped in compliance with existing standards
have been presented in other r e po r t s . 13,14,16,25 T r an spo r ta tio n
exposures are estimated by assuming that wastes would have to be
shipped an average distance of 400 miles to an Eastern U.S.
site, and an average distance of 1,400 miles to a Western U.S.
site, and using typical population densities along the routes.

Shipping the 630,000 m3 of low-level radioactive wastes by
rail to the reference SLBF would result in exposures to the
po pul a t io n and train crews along the route of about 9.5 man-
rem /yr for an Eastern site and about 33 manrem/yr for a Western
site. These values will be the same for the other alternatives
involving shipment over the same distances. Th e s e e x po s u r'e s a r e
based on 1.8 x 10-5 manrem/ car mile as developed in Ref 13.

Direct exposures to waste m an ag em em. workers at the d ispo sa l
site con ce estimated based on the average nuclide content of
the shipping pa c ka g e s , and by comparisons with present burial
operations. Currently, waste management personnel at waste
burial sites do not receive doses in excess of established
guidelines. Doses are usually much less than the allowable
5 rem /yr to radiation workers. Because the operations personnel
are trained radiation workars aware of the hazards involved,
they will protect themselves and keep to ALA RA levels.

Long-term hazards include potential reclamation attempts
after institutional controls are relinquished, and migration of
the nuclides through g round water to water systems used for
human consumption. Future reclaimers could include construction
workers b u i .' d i n g a structure on the former disposal site or
archaeologists investigating an earlier civilization. This
study, however, considers only the former.

Future construction workers erecting buildings at the fo rme r
SLBF site could dig into the buried wastes while pl ac ing
foundations and footings. Such activities could stir up
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contaminated dust from the wastes which are assumed to be,
by then, largely decomposed. Workers could inhale some contami-
nated dust particles. If the reclamation workers are exposed
to relatively high dust loadings 6,26 of 0.5 mg/m3 of air for
one-fourth of a work-year (500 hr), and the dust from the waste
has been diluted by a factor of 2 with clean dirt from burial,
the workers would receive doses of about 110 mrcm, 150 years
after the waste was buried. The results of the calculations are
summarized in Table 3.3.

From ground water migration, two possible water consumption
events have been considered. The first is consumption of
drinking water from a well drilled adjacent to a disposal
trench. The water is assumed to be contaminated by leaching and
subsequent migration of contaminants from the disposed wastes.
The second event involves consumption of drinking water from a
nearby stream that receives the contaminated discharge from an
aquifer underlying the disposal site.

A well drilled through or adjacent to a disposal trencn into
the underlying aquifer would tap water containing m c :' i m um
contamination levels from leaching of the wastes. Contamination
concentrations at farther distances from the trenches would be
lower because of decay, dilution and adsorption. Using the
ground water migration calculational methodology from Ref 6, if
an individual were to consume 100% of his drinking water from
the hypothetical on-site well adjacent to the disposal trenches,
he would receive a maximum dose of about 80 mrem /yr 12 years
after disposal. However, no drinking water wells will be
allowed'on site during the 150-year period of institutional
control. Maximum doses from the on-site well after 150 years
would be much lower. Table 3.4 contains a summary of the
pertinent results of the c a l c u l a t i o r.s , including maximum
doses that occur before 150 years, even though restrictions
would preclude their occurrence. The doses that occur before
150 years are also representative of exposures that could occur
from nearby off-site wells, and are therefore included in the
comparisons.

When contaminated ground water moves through an underlying
aquifer to a surface stream, movement of radionuclides will
be inhibited by ion exchange and sorption along the path.
Individuals obtaining 100% of their drinking water from the
surface stream would receive much smaller maximum doses than
those calculated for the on-site well water exposure event.6
This results from the fact that the nuclides will arrive at the
surface stream at different times because of differences in
adsorption of the individual nuclides, and that the contamina-
tion travels further in the aquifer and is diluted more by the
surface stream.

Another possible exposure event involves growing food, including
vegetables, beef and dairy cows, on ground that has been con-
taminated with disposed waste that was brought to the surface
by excavation activities during future reclamation of the site.
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TABLE 3.3

DOSES TO FUTURE RECLAIMER EXPOSED FOR 500 HRS TO DUST
FROM WASTES 150 YEARS AFTER DISPOSAL

Initial Concentration Dose to Reclaimer
in Waste From Inhalation

Nuclide (Ci/m3) (mrem)

3H 0.12 2.9x10-7
14C 3.8x10-3 6.0x10-4
SlCr 6.5 0
54 n 4.0 0M
55 e 4.3x10-1 5.2x10 18F

58co 6.5 0
59Ni 1.3x10-3 7.6x10-4
60Co 21 3.0x10-6
63Ni 2.4x10-1 3.3x10-1
90Sr 4.8x10-3 1.2x10-1

99 c 3.2x10-5 2.3x10-4T
125Sb 5.3x10-3 3.0x10-18
129I 6.4x10-6 3.1x10-6
134 s 7.0 6.4x10-21C
137 s 13 2.3C

152Eu 4.8x10-5 3.9x10-7
226 a 1.2x10-4 1.0R
230Th 7.1x10-5 12
232Th 8.4x10-7 1.2x10-1
235U 3.2x10-6 1.1x10-2

237Np 4.6x10-8 5.5x10-3
238U 7.1x10-5 2.3x10-1
238 u 3.2x10-4 19P
239 u 4.3x10-5 9.3P
240 u 6.7x10"5 14P

241Pu 1.6x10-2 6.7x10-2
242Pu 2.4x10-7 4.9x10-2
241Am 3.0x10-5 1.7
243 m 2.1x10-6 1.5x10-1A
243 m 6.0x10-7 8.2x10-4C
244 m 1.9x10-4 2.4x10-2C

Total 60
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TABLE 3.4

DOSE RATES TO PERSONS CONSUMING
100% OF DRINKING WATER FROM ON-SITE WELL

Time of Peak Release Maximum Individual
Leach (yr) Dose Rate (mrem /yr)

Constant Sorption Eastern Western Eastern Western
Nuclide (yr-1) Coefficient Site Site Site Site

3n 10-1 1 12 22 76 34
10-4 10 120 220 1.2x10-1 1.2x6-614C

Slcr 10-1 3300 3.8x104 7.1x104 0 0

10-1 3300 3.8x104 7.1x104 0 054Mn
10-1 3300 3.8x104 7.1x104 0 055Fe

10-1 3300 3.8x104 7.1x104 0 058Co
59Ni 10-1 3300 3.8x104 7.1x104 7.4 4.9

10-1 3300 3.8x104 7.1x104 0 060Co
10-1 3300 3.8x104 7.1x104 0 063Ni
10-2 100 1.2x103 2.2x103 4.8x10-8 5.1x10-2390Sr

99 c 10-4 1 12 22 2.2x10-3 2.2x10-3T
10-1 3300 3.8x104 7.1x104 0 0125Sb
10-1 1 12 22 6.7x10-1 6.7x10-11291
10-3 1000 1.2x104 2.2x104 0 0134Cs

137c3 10-3 1000 1.2x304 2.2xll 4 0 0

10-1 3300 3.8x104 7.1x104 0 0152Eu
226 a 10-5 5'O 5.8x103 1.1x104 3.4x10-1 1.3x10-2R

10-5 5.0x104 5.8x10 5 1.1x106 9.5x10-4 1.1x10-6230Th
10-5 5.0x104 5.8x10 5 1.1x106 1.7x10-3 1.7x10-3232Th

235u 10-5 1.4x104 1.6x105 3.0x105 2.9x10-3 2.9x10-3

10-5 100 1.2x103 2.2x103 7.1x10-5 7.1x10-5237 Np
10-5 1.4x104 1.6::105 3.0x105 6.2x10-2 6.2x10-22389
10-5 104 1.2x10 5 2.7x105 0238Pu

239 u 10-5 104 1.2x10 5 2.7x105 1.3x10-3 2.0x10-2P
10-5 104 1.2x105 2.2x105 2.7x10-7 6.2x10-14240Pu

241 10-5 104 1.2x105 2.2x10 5 o oPu
10-5 104 1.2x105 2.2x105 1.7x10-4 1.3x10-4242Pu

241 10-5 104 1.2x105 2.2x105 o oAm
242 m 10-5 104 1.2x105 2.2x105 4.0x10-8 5.1x10-14A
243 m 10-5 3300 3.8x104 7.1x104 0 0C

10-5 3300 3.8x104 7.1x104 0 0244Cm

Totals * 84 40

* Note that exposures occur at different times.
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Based on an additional dilution of the wastes by a factor of
10 with clean surface soil by mixing and cultivating, and
assuming that a person consumes 10% of his total dietary intake
from produce, meat and milk grown on the site, dose rates of up
to 625 mrem /yr could occur. The nuclide specific dose rates are
summarized for this exposure pathway in Table 3.5 for food
production after 150 years of institutional control, based on
the methodology from Ref 27.

Dropping a waste centainer, with a subsequent release to the
atmosphere of airborne contamination, is another possible event
leading to public exposure. It is assumed that the accident
occurs during a t:ao sphe r ically stable class F conditions, and
that the nearest member of the public is at the site boundary
160 m away from the accident. If 10-3 of the contents of the
dram become airborne, a maximum dose to the nearest individual
of 200 mrem would occur if he were to stay at that location
during the entire time the plume of comtamination passes his
position. An average wind speed of 1.6 m/sec was used in the
calculations. The methodology described in Ref 6 was followed
for estimating the consequences. The nuclide specific doses for
this event are also tabulated in Table 3.5. Small continuous
airborne releases from routine handling of the radioactive
wastes will be a few orders of magnitude smaller than for the
accident case,6 and are not presented here. Further details
are provided in Appendix C for support of values used.

Direct gamma radiation is another possible type of exposure
which could occur to future reclaimers digging into the wastes.
Reclaimers directly exposed to the wastes after institutional
controls are relinquisned could receive up to 340 mrem for 10 hr
of direct contact with the higher radiation level containers.
This dose was calculated using the methodology from Refs 6 and
28. The major contributor to the direct gamma radiation after
150 years is 137Cs. Although reclamation workers may be
around the waste for longer periods, they would not be con-
tinuously in direct contact (surface of d r um s) with the small
(10%) fraction of the waste containers. Therefore, 10 hours
of direct contact is assumed to represent a likely period of
exposure.

A summary of the radiological impacts for the SLBF is presented
in Table 3.6. The food pathway appears to be the most important
contributor to individual exposures, followed by direct gamma
radiation of future reclaimers exposed to the wastes. A single
measure of potential dose, for use in the comparative analysis,
is obtained by summing the annual dose rates. Not all events
are likely ta occur simultaneously just after control of the
site is relinquished, nor would the same individuals necessarily
receive the dose. Therefore, this relative indicator should not
be interpreted as an anticipated dose to any individual. The
population exposures along the transportation routes are
arbitrarily assumed to be incurred by a reference population of
1000 persons to provide consistent units on the dose rates for
the comparison. Although the reclaimer direct gamma and
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TABLE 3.5

DOSE RATES TO MAXIMALLY EXPOSED INDIVIDUAL FROM SLBF EVENTS

Dose Rate from Dose Rate from
Food Pathway Airborne Accident

Nuclide (mrem /yr) (nrem/yr)

3H 2.6 X 10-2 4.9 x 10-5
14C 160 2.2 x 10-5
51Cr 0 1.8 x 10-2
54Mn 0 1.8
SS e 0 1.5F

58Co 0 1.9
59Ni 3.4 x 10-2 2.7 x 10-5
60Co 4.0 x 10-5 4.0 x 101
63Ni 430 5.1
90Sr 28 1.4 x 102

99Tc 3.3 x 10-2 8.3 x 10-6
125Sb 0 3.8 x 10-3
129I 2.3 x 10-3 1.1 x 10-7
134Cs 0 1.9
137Cs 6.6 2.6

152Eu 1.8 x 10-6 4.2 x 10-5
226 a 2.7 3.9 x 10-2R
230Th 1.0 4.2 x 10-1
232Th 1.0 x 10-2 4.3 x 10-3
235U l.1 x 10-2 4,o x 10-4

237Np 1.6 x 10-4 2.0 x 10-4
238U 2.3 x 10-1 8.4 x 10-3
238Pu 3.2 x 10-2 2.2
239Pu 1.3 x 10-2 3.4 x 10-1
240Pu 2.1 x 10-2 5.3 x 10-1

241 u 1.0 x 10-4 2.5P

242 u 7.1 x 10-5 1.8 x 10-3P

241 m 7.7 x 10-3 7.7 x 10-2A
243 m 7.0 x 10-4 5.4 x 10-3A
243 m 4.6 x 10-6 1.2 x 10-3C
244 m l_ .1 x 10-4 2.9 x 10-1C

Totals 620 200

--.
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TAB LE 3.6

SUMMARY OF RADIOLOGICAL IMPACTS FOR SLBF

Eastern Site Western Site
Long-Term Effects (mrem /yr)

Reclaimer Inhalation (a) 60 60

Food Pa thwa y 620 620

Reclaimer Direct Gamma Exposure (a) 340 340

Short-Term E f f ects (mrem /yr)

On-S i te Well Wa te r Co nsumpt ion 80 40

Accidental Airborne Releases 200 200

Transpor ta tion Exposures (b) 10 30

Total Overall Effect for Comparison 1310 1290
(mrem /yr)

Normalized Ef f ect(c) 1.0 0.98

(a) Based on the stated number of hours of exposure per year
to obtain consistent exposure i: nits for comparison

(b) Based on arbitrarily assuming to tal dose is borne by
1000 persons to obtain consistent exposure units for
comparison.

(c) Normalized to reference SLBF eastern site case.
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inhalation events would probably occur only once, they are
assumed to occur for 10 and 500 hours per year respcetively, to
obtain consistent units for the comparison.

To compute a single evaluation factor for environmental effects,
the normalized nonradiological impacts and normalized radio-
logical impacts are averaged (f rom Tables 3.2 and 3.6 for this
case). For the SLBF eastern site (the base case for this
study) , the valte for this factor is 1.0. Fo r the weste rn si te ,

the value is 1.7.

3.1.2.5 Availability of Techniques

Shallow land burial has been practiced for disposal of low-level
radioactive wastes in this country for the past 30 years. The
techniques for trench design, capping and nuclide movement
prediction have improved in tha t period. The technology for
adequately designing and operating shallow land burial facili-
ties has been demonstrated. This evaluation factor is assigned
a value of unity for shallow land burial as the base case.

3.1. 3 So cio pol it ical Implications

The sociopolitical implications of continued use of shallow land
burial for disposal of low-level radioactive waste are assumed
to retlect current public trends and positions concerning on-
going waste disposal activities in this country. Both public
acceptance and existing regulatory controls appear to be ade-
qua te for continuing current practices, with implementation of
improvements that may become apparent in the future.

3.1. 3.1 Public Acceptance

Even though shallow land burial has been practiced with no major
impacts on workers, the public, or the environment, there
appears to be some public resistance to new disposal sites.
At least one commercial nuclear wa ste management company has
withdrawn interest in establishing a new waste burial site,
partially because of perceived public objections.29 Such
o ppo si t io n comes primarily from nearby urban areas, not the
rural areas in which disposal facilities would be located.
This is similar to experience in siting other technological
facilities such as power plants, where the local population
feels the g rowth potential outweighs environmental concerns.

Public acceptance of nuclear waste disposal operations is in-
fluenced by public perception of risk. To date there has been
little information which would allow the public to make rational
assessments of the risks associated with radioactive wa s t e s ,

relative to other activities arising from use of modern tech-
nology. Compounding this problem is the fact that the public,
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as well as large portions of the scientific community, appear
inexperienced at assessing risks, in either relative or abso-
lute terms, or in distinguishing between calculated consequences
and risks. (The latter are the result of multiplying conse-
quences by the probability of occurrence of the accidents
leading to the consequences.) Recent events, such as the
incident at Three Mile Island, tend to instill a suspicion
of all risk calculations, since to the public the fact that
the event occurred appears to make previous statements that it
would be unlikely seem purposely misleading.

There is also public concern over the morality or ethics of
leaving areas containing concentrated radioactive wastes as a
" legacy" for future generations, although this does not seem
to extend to other hazardous wastes presently disposed of in
large quantities. For the low-level radioactive wastes con-
sidered in this study, however, there is less concern over long
term hazards than for high-level wastes.

For the base case of shallow land burial, the evaluation factor
for public acceptance is assigned a value of unity for the com-
parative analysis. For the other alternatives, an attempt will
be made to identify, within the constraints associated with
public understanding stated above, significant items influencing
public acceptance. To the extent they can be identified, the
public acceptance evaluation factor will be modified from the
base case value to reflect the influence of these items.

3.1.3.2 Institutional Controls

Domestic governmental controls for regulating shallow land
burial are already well defined and established.29 There
are some unresolved questions, however, such as ultimate state
versus federal ownership, final site decommissioning and long-
term monitoring and control responsibility.3,30 Additional
coordination and definition of responsbilities among govern-
ment regulatory agencies is also required to provide effective
utilization of funding and manpower resources available for
waste management activities. No international concerns are
relevant to shallow land burial operations within national
territory. The evaluation factor relating to institutional
controls is set at unity for the base case.

3.1.4 Cost Analysis

The cost estimates are based upon the conceptual design of the
reference SLBF. Reasonable estimates have been incorporated for
such factors as site surveillance, monitoring, security fencing,
alarms, necessary support facilities, and final stabilization of
the site. For many of the alternatives, the support activities
will be essentially the same. The number of workers required
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for waste handling, monitoring and surveillance are assumed
to be essentially the same for all concepts except the ocean
disposal alternatives.

3.1.4.1 Cost Estimates

This section contains information used as the basis for the
consumer costs. The cost estimates are based on the factors
explained in Section 2.5 and the facility design described in
Section 3.1.1. For the reference SLBF, the cost estimate is
summarized in Table 3.7. The costs for implementing this alter-
native, including transportation, at an eastern site total $150
million, and at a western site, $310 million. These equate to
$240 and $500 per cubic meter of waste, respectively. Excluding
transportation costs, the estimated disposal costs would be
about $130/m3 This estimate is comparable to current commer-
cial burial rates for waste delivered to the site.

Transportation costs are based on actual charges for rail ship-
ments of low radiation level wastes from Rocky Flats, Colorado,
to the Idaho National Engineering Laboratory. Based on avail-
able data for truck shipping costs,15 the rail costs used in
this study are the same order of magnitude as those for trucking
the wastes to the disposal facilities. In practice, it is
expected that the waste generators would utilize the more
economic of the available transportation methods in any given
situation. Although there may be small differences in costs for
the two transportation methods, use of rail shipments for this
comparative analysis allows consistent and meaningful inter-
comparisons among the alternatives. The evaluation factor
representing consumer costs is based on the total costs normal-
ized to the SLBF eastern site case.

3.1.4.2 Economic Impact

The economic impact section presents the industrial costs used
as an evaluation factor in this study. All of the waste at a
typical disposal site would not be generated in nuclear power
production facilities. However, to estimate the economic
impact, it is assumed that all the waste arises from nuclear
reactors producing ebout 800 GW(e) yr of electricity. Based on
the total costs for the reference SLBF, it would cost the
consumer of electricity about 0.021 mills / kwhr to pay the costs
of waste disposal at an eastern reference SLBF. Compared. to a
base of 45 mills / kwhr,31 this is only 0.05% of the base genera-
tion costs. Clearly, disposal costs are not prohibitive. For
the western site, the cost would be about 0.044 mills / kwhr,
or less than 0.1% of the total electricity production costs.
Because non-fuel cycle wastes are usually generated in rela-
tively small quantities, the costs of their disposal will not
represent an inordinately large economic impact to the involved
industries. The evaluation factor representing industrial costs
is assumed to be the same as for the consumer costs.
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TABLE 3.7 COST ESTIMATE SUMMARY FOR REFERENCE SHALLOW LAND BURIAL FACILITY

Estimated Costs (Millions of Dollars)

Item Eastern Site Western Site

Capital Costs
Land Acquisition 5.00 ( $10k/ acre) 2. 50 ( $5k/ acre)
Site Studies .50 .40
Licensing .32 .32
Environmental Reports .25 .15
Site Preparation 0.46 0.46
Site Fencing & Security Alarms 0.25 0.25
On-site Structures and Roads '.04 1.04
Excavation of Trenches .35 2.35'

Backfill and Compaction 1.24 1.24
Capital Subtotal 11.41 8.71

Engineering (5% of subtotal) .57 .44
C Hig er Radiation Waste Facilities .28 .28

Total Capital Costs 12 9

Operating Costs
Emplacement Costs 2.02 2.02
Facility Operating Personnel 19.75 19.75
Supplies and Equipment 1.88 1.88

Total Operating Costs 24 24

Contingency (30% of Total Capital & 11 10
Operating Costs)

Profit, Financing, and Escalation 37 33

s {a
Total Facility Costs 84 76{

-) Transportation Costs 68 237
_

.; Total Facility plus Transportation Costs 152 313

I5 Total Unit Costs for Waste Disposal ($/m ) 240 500
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3. 2 Improvements to shallow Land Burial

Shallow land burial is the major waste disposal method now in
use in this country, and there is substantial impetus to improve
the performance of shallow land burial rather than turn to more
exotic alternatives to current practices. The improvements
considered in this study represent changes to the r e fe r enc e S LB r'
described in Section 3.1.1, but may be in use at some specific
shallow land burial sites a t present.

3.2.1 Description of Improvements to Shallow Land Burial

Possible means of improving the performance o f shallow land
burial are described below. Improvements that could easily be
applied to shallow land burial include better disposal trench
capping, improved trench design, better operational and water
management techniques, improved waste forms, and in-si tu encap-
sulation of the buried wastes.

3.2.1.1 Impermeable covers over Trenches

It has been stated that the " single most important f a c to r
affecting the containment capability of a burial ground is the
degree to which g round and surface wa te r can co nta c t the waste
and subsequently cause migration of the radionuclides".7 If
this is true, one of the most effective improvements that could
be made on a burial ground would be to place a permanent water
resistant cover over the trenches to r est r ic t percolation of
sur face water through the waste. Many materials could be used
to form the protective cover. This study considers some of the
more common materials, ranging in cost from some of the least
expensive to the most exotic. They are: clay, soil additives,
asphalt, plastic membranes, co nc r e te and stainless steel.

Existing or new burial trenches can be protected from water
penetration by a cover (cap) of common clay. Clay is widely
distributed throughout the world and usually can be obtained
locally. If not available locally, ben to nite , which is avail-
able commercially, could be used at a slightly higher cost.

The clay covers would be designed to slope from the centers of
the trenches outward and overlap ones from the adjacent trenches
at the edges. The overlap creates a drainage channel. This
can be coupled with a slight slope to one end of the d i spo sal
area, to fac il ita te drainage of the site and prevent lateral
movement into the wa ste s of water percolating from between the
trenches. An initial covering of several inches of clay could be
applied for short-term moisture control as the trenches are
being filled.

When the site is filled to capacity, additional cover could then
be applied to make a final thickness of 1 m of clay, after
correcting for subsidence. (If several years pass before the
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final cover is applied , no further subsidence from compaction and
deterioration of the wastes would be expected.) On top of the
clay, soil 1 m in depth could be placed and graded for drainage
and protection of the clay. This depth of soil cover would
probably be sufficient to prevent problems o f c racking from
dehyd ra t io n or freeze-thaw cycles. On top of the soil, a final
riprap cover of crushed rock would be a ppl ied for erosion and
burrowing animal co n tr ol . This type of final cover should be
thick enough to maintain its effectiveness even if further
subsidence or mild earthquakes were to occur. It is r epo r ted32
that under saturated conditions, the hydraulic conductivity
of inorganic clays ranges from 10-6 to 20-8 cm/sec or about
an average of 1.2 in/yr.

In general, the application of a clay cap as a moisture barrier
wo ul d be effective as long as it remains in place. Hawkins and
Horton33 have reported that in tests a t Oak Ridge, a cap of
dry bentonite as thin as 2 in. (5 cm) under 2 ft (0.61 m) of
soil was 100% effective in preventing annual rainfall exceeding
50 in. (127 cm) from pe ne t r a t i r.g the test pits. The major
th r ea ts to the in teg rity of the clay cap would be surface
subsidence due to compaction and decomposition of biodegradable
waste, erosion due to surface water, burrowing animals, and
drying out and cracking. Much of the po te n ti al surface subsi-
dence in a low-level waste burial pit can be eliminated by prior
volume reduction of the buried waste followed by compaction of
the cover. Volume reduction by compaction of 90% of routine
low-level wastes prior to burial has been r e po r te d . 34 Incin-
eration of combustible materials would achieve an even g rea te r
volume reduction, although this treatment may require some
development work before it is put into general practice. Some
form of prior compaction would aid in assuring the long-term
integrity of the clay cap or cover by minimizing subsidence.

The most significant threat to the permanence of the cover is
surface erosion. Control of surface erosion requires the proper
construction of drainage ditches and diversion dams, to control
the flow of flood waters and divert any possible flooding away
from the t r enc h':s . Erosion from water falling directly upon the
trench cover can be controlled with the use of rock riprap.
This is the method used to control erosion on the fece of
earth-fill dams and is a well established engineering practice.
The use of riprap would also inhibit the d igg ing of most
troublesome burrowing animals. Use of vegetation fo r erosion
control over the trench covers would possibly cause a reduction
in water shedding because of root penetration th ro ug h the clay.
A well designed riprap covering would be expected to last for
hund reds o f years.

The nic r emen tal impact on national resources from using clay as
a moisture barrier and for exchange medium would be minimal.
Clay is one of the most abundant and widespread mineral sub-
stances on the surface of the ea r th . 3 5 The annual amount of
clay that would be used for the SLBP would be about 40,000
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metric tons, based on covering 315 trenches (4 x 10 5 m2 of
disposal area) with 1 m of clay. The annual production of
common clay in the United States is about 50 million metric
tons.36 Since the type of clay that would be used for a
burial ground moisture barrier is so plentiful in this country,
its use as recommended here would have no measureable economic
effect upon the clay industry, nor would it appreciably reduce
the resource reserves.

There are a number of chemical products on the market which are
advertised to render soil moisture-proof, but the long-range
effectiveness of these products needs to be proven. In view
of the need for additional research on these products before
they could be recommended for use with confidence, no further
discussion of them will be presented here.

Various mixtures of asphalt materials could be used to cover
waste trenches. These include asphalt concrete, hydraulic
asphalt concrete, soil asphalt and hot liquid asphalt. Since
they are all somewhat similar, only hydraulic asphalt concrete
will be discussed here, with the understanding that the other
materials vary slightly with regard to costs and permeability
but are generically similar. The cover would be constructed
similar to that described for clay.

11ydraulic asphalt concrete has a hydraulic permeability of
3.3 x 10-9 cm/sec or 4.1 x 10-2 in./yr,32 This is approxi-
mately two orders of magnitude more water resistant than clay.
liowever, when exposed to sunlight and oxygen, asphalt is subject
to relatively rapid degradation; therefore, for long-range
protection of burial trenches, it would be necessary to cover
the asphalt with a layer (1 m) of soil. Thus covered, asphalt
probably would be effective for at least 100 years. The soil
covering would be protected against erosion with riprap. Sub-
sidence problems would be similar to those discussed for the
clay cover, except that the latter would be more self-healing
than asphalt. Prior compaction of the wastes, however, would
reduce the magnitude of this potential problem.

The use of hydraulic asphalt cement for a moisture barrier would
require approximately one million gallons of oil to cover the
disposal area, or about 1,200 barre]3 annually. Thia is a small
fraction of our national oil utilization, and would have no
appreciate impact on petroleum resources.

There are many plastic membranes, such as polyethylene, poly-
esters, polyvinyl chloride, butyl r t.bbe r , nylon, etc., that make
excellent water barriers. Most of these materials can be heat
sealed or cemented so that joints can be sealed to make a
continuous cover. Water permeability is essentially zero unless
the membrane is ruptured. Preventing holes and tears, however,
would be difficult; the physical act of installing the membrane
could cause some punctures or tears. All of the commonly used
membrane materials degrade in sunlight, so they also would
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require a protective soil covering. Ho w long the se materials
will last under covered co nd itio ns is unknown, but no manufac-
turer has been found who will guarantee his product for over 20
years. It is doubtful that any membrane material would be
effective for 100 years.

2Approximately 1o,400 m of plastic membrane wo ul d be needed
annually to cover the S LB F . This amount would have an insig-
nificant effect on national resources.

Concrete could be used but would not be especially ad v an tag e-
ous. The need for expansion joints, to prevent the concrete
from cracking due to temperature changes, creates zo ne s which
wo uld be dif ficul t to seal against moisture indefinitely. Also,
concrete wo ul d be vulnerable to cracking as a result of an
ea r thqua ke o r se ttling .

Concrete is chemically basic, havin pH of about 13, andacids. 3g atherefore is a ttacked by soil Much d e te r io ra t ion of
concrete is caused by internal chemical r eac tio ns from the
silica in the aggregate and the alkalies. This well known
behavior called the alkali-silica reaction, may, under certain
conditions, cause concrete to expand, crack, and generally
deteriorate in periods of time ranging from one to several
years.

A possible d i sa dvan tag e in using concrete would be in removing
it if it became necessary to retrieve the underlying waste and
move it to another repository. If this should become necessary,
the shear bulk and strength o f the concrete would make the task
much more difficult. It wo uld take about 2,450 yd3 (1,870 m 3)
of concrete yearly to cap the area of the burial trenches with
a 4-in. cover of conc rete. This amount is negligible when com-
pared with national annual usage and resources.

One material for a water barrier that could last for many years
is stainless steel. Use of stainless steel would assure minimum
water penetration for thousands of years, but the cost would be
high. Stainless steel (i.e., 304) 0.32 cm thick would take
approximately 250,000 years to corrode away in soil.38 Capping
the burial area with a stainless steel cover (0.32 cm thick)
wo uld require 9,200 metric tons of steel over a 20-year period.
This is equivalent to 460 metric tons per year at a uniform
annual rate. This amount would have no significant ef fect upon
the steel industry in the United States, or upon na t io nal
resources.

3.2.1.2 Operational Improvements

In areas having heavy rainfall, the use of a temporary weather
shield to exclude wa te r from the pit during the filling opera-
tion may' be a useful device. Air support buildings have been
used quite successf ully at the INEL to protect radioactive waste
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storage and retrieval operations from the weather.39,40 Such
a building can be erected over a burial pit and moved to new
locations as required. This protective cover would reduce
water washing through the waste during the filling operation.
Covering the waste with soil each day would then be required
only to reduce direct radiation levels for personnel protection.
This might increase the utilization factor for a given disposal
site by improving the ratio of waste to soil in the disposal
trenches.

The weather shield would have the additional benefits of permit-
ting burial in any kind of weather, eliminating wind scattering
of waste during dumping, and greatly reducing the need for
pumping water out of pits and operating an evaporator.

Filling the interstitial spaces between waste containers with
dry sand before covering the trenches is a method of reducing
subsidence problems that could be used in conjunction with
improved waste forms to minimize settling of trench covers.
This method would help reduce long-term maintenance and site
repair operations.

3.2.1.3 Improved Waste Forms

It is probable that, at some future date after institutional
control of a burial ground has been relinquished, individuals
may dig into the waste either intentionally or accidentally.
Assuming that the reclaimer will not know to protect himself, it
may be advantageous to nake the waste residue as unattractive
as possible so that he will not prolong his stay, and so that
it represents a minimum hazard at the time of the reclamation
activities.

One method of providing an improved waste form could be to
incinerate all combustible waste materials before burial.
Another way would be to compact all materials and destroy the
usefulness of any artifact buried. The wastes could also be
converted to a form not likely to be consumed or inhaled if
reclamation activities were to disturb the disposal site. Even
the waste containers, which would be contaminated from contact
with the waste, might be considered useful utensils by a future
reclaimer. It may therefore be advantageous to bury the waste
in monolfthic, leach-resistant blocks not easily removed from
the containers. The solidification agent used for the encap-
sulation of the waste could be concrete, polymeric resins, or
other suitable bonding materials.

3.2.1.4 Improved Trench Design

Besides improving trench covers, operational procedures and
waste forms, certain improvements can be made in the trench
design can be made to further isolate the buried wastes from
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the environment. Most of these features have been inco r po r a ted
in one or more existing burial grounds but are not in universal
use. The following features could be included in new burial
trench designs:

e To avoid a b a th t ab effect, incline the trench
bottom a minimum of one degree to f acilita te
d rainag e toward one end, and incorporate an
appropriately sized sump or d rain to allow
eventual removal o f wa te r that may accumulate in
the trench.

e Maintain a minimum of 1 m of compacted clayey or
silty type soil between the tr ench bo ttom and
underlying strata for enhanced ion exchange. If

local soil is sandy, mix in a mimimum of 2 in. (5
cm) of clay over the bottom to provide increased
ion-exchange capacity. This can be accomplished
without inc rea si ng the tendency of the site to
retain water in the waste region.

e Cover the trench bottoms with 2 ft (0.6 m) of
coarse sand to assure that any wa ter that accumu-
lates in the trench will be able to flow to the
drain without inundating the wa ste .

e Provide a drainage ditch at least 1 ft (0.3 m)
square along the bottom of each wa ll of the
burial trench. Fill the ditch with crushed
rock.

e Provide the sump or drain at the lower end of
trench with a means for sampling and pumping out
any accumulated trench water.

e Process all water entering the sump o r d rain.
This can be done by psssing it through an ion
exchange column to remove r ad io nucl id es before
discharging the wa te r to the environment or by
ev apo r a tio n to prevent its acting as a means of
t r an s po r ting radioactive materials.

Improvements in trench desig n could be e x te nded to complete
lining of the trench with co nc r e te as is presently done for
waste storage in Canada.41 The construction of engineered
concrete structures for waste disposal is addressed in Section
3.5. The improvements in trench desig n considered in this
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study are those that have been or can be easily implemented at
typical shallow land burial facilities, and are consistent with
plans for improvements being developed for government disposal
sites.42

3.2.2 Technical Evaluation

The evaluation factors for improvements to the reference SLBF
are discussed in the sections that follow. Changes from the
base case are described, and their impacts discussed.

3.2.2.1 Compatibility with Waste

Implementing the improvements may make shallow land burial
generally more compatible with a broader range of physical waste
forms. However, for the wastes assumed in this study, no sig-
nificant change is anticipated. The evaluation factor for
compatibility with waste is therefore unchanged from unity.

3.2.2.2 Site Selection Factors

The improvements to the SLBF which involve overall weather
protection could make heavy raintall or other a3 verse climatic
conditions less important. Use of a weather shield building to
protect the waste from moisture during the pit filling operation
and the use of moisture barriers over the pits could make avoid-
ance of high precipitacion areas unnecessary.

Because some of the improvements to the SLBF will allow a wider
choice of burial sites in areas of moderate to high rainfall,
the evaluation factors for site selection at both easte.n and
western sites are set at 0.9.

3.2.2.3 Safeguards

Addition of some capping materials over burial trenches could
make the wastes slightly more difficult to retrieve for unau-
thorized uses than in the reference SLBF case. However, the
anticipated change in vulnerability to unauthorized access is
not of sufficient magnitude to justify a safeguards evaluation
factor different from that of the reference SLBF.

3.2.2.4 Environmental Effects

The nonradiological impacts on construction and operational
personnel would be very similar tc those from the base SLBF
case. These impacts are summarized in Table 3.8. There are no
significant changes in the normalized values of the overall
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TABLE 3.8

SUMMARY OF NON-RADIOLOGICAL IMPACTS FOR IMPROVED SLBF

Transportation Eastern Site Western Site

Average Transit Distance to
Disposal Site 400 1,400

Total Train Car Miles 21,100,000 73,900,000
Total Projected Accidents (a) 3.0 10
Total Projected Injuries (b) 8.0 28
Total Projected Fatalities (c) 0.60 2.0

Construction Phase

Average Crew Size (man-years) 22 20
Comparable Industry (d) Construction / Construction /

Surface Mining Surface Mining
Total Projected Injuries 0.67 0.61
Total Projected Fatalities 0.01 0.01

Operational Phase

Crew Size (man-years) 265 265
Comparable Industry (d) Construction / Construction /

Storage and Storage and
Warehousing Warehousing

Total Projected Injuries 8.1 8.1
Total Projected Fatalities 0.09 0.09

Total Overall Effect for
Comparisonle> 23.8 57.7

Normalized Effect(f) 1.0 2.4

(a) Based on 1.4x10-7 accidents / car mile from Ref 13.
(b) Based on 2.7 injured / accident from Ref 13.
(c) Based on 0.2 fatalities / accident from Ref 13.
(d) From Table 2.2, for rates used for statistical injury and

accident projection data. (Highest projected frequencies
for given categories were used in the calculation.)

(e) Sum of all injuries plus 10 times all fatalities. (Fatali-
ties are weighted more heavily than injuries to account
for the more significant loss of life.)

(f) Normalized to reference SLBF eastern site case.
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impacts used in the comparative analysis. Approximately 1.7
injuries and 0.7 fatalities are projected over the operational
life of the facility.

The area over each trench would be covered with rock riprap
to control erosion. Deep-rooted plants will be discouraged
from growing over the trenches at least through the period of
institutional control.

The radiation level over the trenches would be maintained at or
very near background levels, and the trench cover would be deep
enough to protect the waste from intrusion by small burrowing
animals.

Releases calculated for the improved SLBF with clay cover show
the magnitude of protection to the general public that would
result. (See Appendix C for details of the calculations per-
formed.) For the accidental release and reclamation inhalation
events, the improvements discussed in this section would not
offer a large change over the reference SLBF. The differences
are attributable only to a slight increase in the overall
dilution factor due to the additional cover thickness. For the
well water pathway, potential maximum individual doses would be
reduced from 80 to 77 mrem /yr at eastern sites, and from 40 to
34 mrem /yr at western sites. The ground water model used does
not account for further reduction in doses that would arise from
the impermeability of the cover. The clay cover would also
provide a small additional dilution factor for the food path-
ways. The potential radiological impacts are summarized in
Table 3.9 for this case. The normalized overall effects are
improved slightly over the base case for both the easter and
western sites, as shown by the values less than unity.

The various materials used for moisture barriers were con-
sidered essentially equal in moisture resistance except for
the stainless steel. Since materials such as concrete, asphalt
and plastic are subject to degradation with time, any initial
advantage they may have over clay would eventually be lost.
In the absence of specific data on weathering and useful life
for these materials, no credit in the calculations was taken for
the initial greater impermeability from the moisture barrier
cover (clay) analyzed. Covers alone also would not necessarily
prevent submers.on of the wastes from rising ground water
underner.h the trenches, although reducing percolation of water
from the surface would generally tend to cause ground water
levels in the area to sink.

Since stainless steel is impervious to water and could have a
useful life of thousands of years, a stainless steel cover
would be effective in eliminating percolation, and thus in
reducing migration of nuclides via ground water. If the ground
water does not rise to inundate the wastes from below, g ro und
water doses from a stainless steel covered disposal area would
be eliminated.

c1[
51



TABLE 3.9

SUMMARY OF RADIOLOGICAL IMPACTS FOR IMPROVED SLBF
_

Long-Term Effects (mrem /yr) Eastern Site Western Site

Reclaimer Inhalation 51 51

Fo od Pathway 530 530

Reclaimer Direc t Gamma Exposure ( ) 290 290

Short-Term Effects (mrem /yr)

On-Site Well Water Consumption 77 35

Accidental Airborne Releases 150 150

Tr anspo r ta tio n Expo sur es ( b) 10 30

Total Overall Effect for Comparison
(mrem /yr) 1108 1086

1ormalized Effect(c) 0.84 0.83

(a) Based on the stated number of hours of exposure per year
to obtain consistent exposure units for comparison.

(b) Based on arbitrarily assuming total dose is borne by
1000 persons to obtain consistent exposure units for
comparison.

(c) Nor.1alized to reference SLBF eastern site case.
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3.2.2.5 Availability of Techniques

Basically, no new research is required to use the improved
shallow land-based techn ique s described here. Because these
improvements are all technologically proven and available, the
evaluation f a c to r for availability of techniques is unchanged
from the value of unity for the base case.

3.2.3 So cio pol it ical Implications

At the present time, shallow land burial is the only waste
disposal alternative that is being practiced in the United
States for low-level radioactive waste. Some groups oppose
the continued burial of a r.y radioactive wa s te s . However,

general public accettance and regulatory controls now in e f fect
for shallow land burial disposal of low-level radioactive wastes
will not be adversely affected by incorporating appropriate
improvements.

3.2.3.1 Public Acceptance

Improvements to shallow land burial practices c ur r e n tly in use
will likely be accepted by the public with few reservations.
Making improvements implies a lessening of risks from waste
disposal. An issue may be whether risks are being reduced to
low enough levels. In any case, the public will recognize tha t
improving shallow burial techniques will reduce the risks from
waste d i s po sa l . The perceived hazards and risks will be less
than the base case, since the improvements will be d esig ned to
reduce those risks that appear most impo r tan t. The improvements
contemplated will not change any of the long-term moral or
ethical issues from waste d i spo sal operations from those asso-
ciated with th e baseline S LB F . Improvements to current waste
disposal practices will undoubtedly be received more readily by
the general public than simple continuation of present methods,
especially if the costs for improvements are not excessive.
Based on th e foregoing considerations, the public acceptance
evaluation factor is assigned a value of 0.9 to reflect greater
public acceptability than for the baseline case.

3.2.3.2 Institutional Controls

Improvements to shallow land bacial practices will no t change
the institutional control implications from the base case.
Existing domestic institutional regulatory controls and regu-
lations governing waste d i s po sal would require no modification
to implement the improvements desc ribed above. No international
controls are directly involved in shallow land burial within
national territory. The evaluation f ac to r for institutional
controls is therefore assigned a value of unity.

N53 -



3.2.4 Cost Analysis

The major costs associated with improvements to shallow land
burial are described below. The costs for adding a 1-m thick
clay cover, an air-supported weather protectior building over
the reference trenches, and additional site preparatien and
Final grading have been added to those for the S LB F base case.

3.2.4.1 Cost Estimates

To ta l costs for improved site pr epa r a t io n , the different types
of trench covers and the weather protection building have been
estimated and are summarized in Table 3.10. The total cost
increase over the reference S LB F case is about $5 million
These improvements wo ul d co st about $8/m3 of d ispo sed waste.

3The cost of the clay cover alone would be about $5/m , based
on installed costs of r o ug hly $3/m2 for the 1 m thick cover.

Costs for the plastic membrane type cover would amount to
about twice those for clay, or $10/m3 of waste, based on an
installed cost of $6/m2 The ashalt cag would cost about
$8/m3, based on installed costs of $5/m A 4-in. thick.

concrete cover would co st about $18/m3 of waste disposed of,
based on an installed cost of $11/m2 A 1/8-in. thick 304
stainiass steel cover over the trenches would cost approximately
$117/r 3 based on installed co st of cover, including welding,
of about $72 /m2 Fo r the reasons g iven in the te x t, the clay
cover is most feasible, durable and cost ef fec tive. Further
explanation o f the costs is given in Appendix D.

3.2.4.2 Economic Impact

The incremental costs fo r the improvements estimated in Table
3.10 ($5 million) amount to about 3% of the total waste disposal
cost for the reference S LB F eastern site. No significant
inc remental economic impact is expected from implementing these
improvements.

3.3 Deeper Burial

An alternative to shallow land burial is burial at greater
depth. The g ene r ic concept for deeper burial has been referred
to as " in te rmed ia te depth" burial.6 The concept is essentially
the same as shallow land burial, except that an additional
10 to 35 m of clean soil cover are applied over the buried
wastes. The extra cover wo ul d be provided for by appropriate
site selection, perhaps excavating the site to the desi red depth
before d igg ing the d i s po sal trenches, or by reclaiming suitable
sites, such as former strip mines.
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TABLE 3.10 COST ESTIMATE SUMF1ARY FOR IMPROVED SHALLOW LAND BURIAL CONCEPTS
--

Estimated Costs (Millions of Dollars)

Item Eastern Site Western Site

Capital Costs
Land Acquisition 5.00 2.50

Site Studies .50 .40

Licensing .32 .32

Environmental Reports .25 .15

Site Preparation .66 .66

Site Structures 1.04 1.04

Site Fencing and Security Alarms .25 .25

Trench Excavation 2.35 2.35

Backfill and Compaction 1.24 1.24

Clay Cover (1 m thick) .92 .92

Air Support Weather Protection .33 .33
12.86 10.16Capital Subtotal

Engineering (5% of Subtotal) .64 .51
m

Higher Radiation Waste Facilities .31 .31m
14 11Total Capital Costs

Operating Costs
2.02 2.02Emplacement Costs

Facility and Surveillance Personnel 19.75 19.75
1.88 1.88Expenses

24 24Total Operating Costs

Contingency (30% of Total Capital and
Operating Costs) 11 10

gy Profit, Financing and Escalation 40 36

19 31Total Facility Costs'

c: 68 237
l* Transportation Costs
O

157 318Total Faci]ity Plus Transportation Costs

Total Unit Costs for Waste Disposal ($/m ) 250 500



3.3.1 Description of Deeper Burial

The concept of deeper burial differs from the improved ref-
erence SLBF only in the depth at which the wastes are buried,
or the subsequent depth of clean cover material placed over the
disposed wastes. A schematic layout of the deeper burial
facility is shown in Figure 3.2. The tops of the disposal
trenches would be about 10 to 15 m below the planned final site
grade. The improvements in ,ver, trench design and operations
discussed in Section 3.2.1 ce also assumed to be incl ud ed inm

the deeper burial facility.

After Lt. site is prepared, tne waste disposal operations would
be essentially the same as for the reference SLBP. After the
trenches or group of trenches in a given area within the facil-
ity were filled, the final covering would be applied. Appropri-
ate measures to control surface water to prevent accumulation of
water in the waste disposal area would be incorporated. Appro-
priate site landscaping and contouring for erosion protection
would follow.

3.3.2 Technical Evaluation

Most of the technical aspects of deeper burial are the same
as those for shallow land burial. The anticipated differences
will be described in this section.

3.3.2.1 Compatibility with Waste

Deeper burial facilities would exhibit the same compatibility
with physical waste forms as the reference SLBF. This evalua-
tion factor is therefore the same as for the reference SLBF
case.

3.3.2.2 Site Selection Factors

A suitable reference deeper burial site would need to meet the
same requirements as the reference SLBF described in Section
3.1.2.2. In addition, soil depths from 15 to 20 m would be
required or the topography would have to accommodate the extra
10 to 15 m of clean cover. The site should be selected so that
there is sufficient depth to underlying strata to accommodate
the disposal trenches. The depth to regional ground water
tables should also be sufficient to assure that the disposal
trenches do not penetrate to that level.

Many areas of the country have more than adequate soil depths.
For instance, surface soil thicknesses of more than 100 m are
not uncommon near West Valley, New York,43 and near Hanford,
Washington the surface soils are about 80 m thick.44 Many
former strip mines are also available, where the recontouring
could be environmentally advantageous. Because these sites are

56
, - . ,, n

[s'.',s4



_ . . _ _ _ _ _ _ _ - _ _ _ _ _ _ . _ . _ . .........__ _ __. _

,

F

1

SITE BOUNDARY

a 1000 m 100 m
; >< 160 m > <

_

-

, .. .- . , , k.,*. ,,',..,~r . . . , . , ,. ,
' - ..

'

. a-
* . . - ~ .: . - c.. u a4 '15 m ., ' .,,, . ..,n,s'f.....;. - - .

'.0,. . a.' -- .. ' : s.- -... . + . . . . .o-- ,..*m- . - -- .. ,,
.- -,

--. .. . , ,, .,
^ _ _ ...,, w , Ms |z;;f'_'| 'f_ _ _

_ 4' . . .~ -: , , . , . ,-^ ; o; ;* ' . .,,_{.. o.o 7'
-

53-yg 55 _j(fi!'O_DURIED WASTE"fij:;!:3 UE 3 .ijiE. _ '[i;"m|*. .~ * . . , --
~ ~~ #

_

,...].,....e.f,"_.|..*.*,.',"* -,
Ji

_

'*

.- QI{I[IQUIll!11,ll},TgNbR'ENSEbh ' . I( * '.' * ,*[ . i. '.' * * c. ' '
-- - - . _ - . _ -- -- ..

.. .
.,.o ,,

,10PdFNIO'US C, LAY'bdVEit
,

:
.

m , . , . - 3.',...
. - . . . . , . .

- ...,,-. ..d. . . 20 m j n W E STw* ? ' r'. * s''.S., . lON-E XCH ANG E : '_' ?. . - G ROUND W ATE R .
,'

-.,'#,,j ?,,.,; .. , . ; (1.0 m THICK) .' * *4 ;.. .; , ,
. . .

.

p_

W- --- AQUlF E R
,

.
. . , ._ ._. _

/ o |t ,

.

!f. FIGl'RE 3.2 SCHEMATIC OF DEEPER BURIAL FACILITY

N
.h

a
L

e

m.-- --mm----mm---i-m-ee



not as plen ti f ul as those for the reference SLBF, however,
this evaluation factor is assigned a value of 1.2 in the eastern
U.S. and 1.1 in the west, where suitable sites are more
available.

3.3.2.3 Safeguards

The deeper burial concept would provide a d i spo sal method less
vulnerable to unauthorized uses of the wastes a f ter burial,
because of the extra depths of clean fill that would need to be
moved to gain access to the wastes. The evaluation f a c to r
representing the sa f eg ua rd s and ph ys i c al security aspects of
this deeper burial alternative is assigned a value of 0.9 to
reflect the increased resistance to unauthorized dislocation of
the buried wastes.

3.3.2.4 Environmental Effects

Deeper burial will generate no n- rad iol og ical impacts that are
similar to those arising from the reference SLBF case, although
more workhours will be consumed. The no n- rad iol og ical impacts
for this case are summarized in Table 3.11. Over the opera-
tional life of the facility, about 17 injuries and 0.7 fatali-
ties are projected.

The most obvious advantage of deeper burial is the additional
degree of isolation from inadvertent intrusion into the
wastes.6 Future reclamation activities at the site would
probably not excavate to denths necessary to contact the buried
wastes. Some additional retardation of the downward percolation
of surface moisturm, such as rainfall, would also occur as a
result of the additional depth of cover. Changes ir 'nticipated
exposures involve elimination of the postulated ~~~ation
direct contact, inhalaticn and food pa thwa y e x po s u = 3 ents.
The radiological impacts for deeper burial are summat . zed in
Table 3.12.

3.3.2.5 Availability of Techniques

Although the technique of deeper burial fo r disposal of low-
level radioactive wastes has not been demonstrated, there are
no technological problems foreseen in implementing this mode
of waste disposal. This method has also been suggested for
disposal of radioactive uranium mill tailings.45 The relative
value assigned for thi s evale fa c to r is 1.1, to reflect
less experience than is availu- ar the reference S LB F case.
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TABLE 3.11

SUMMARY CF NON-RADIOLOGICAL IMPACTS FOR DEEPER BURIAL
__

Transportati3n Eastern Site Western Site

Average Transit Distance to
Disposal Si te 400 1,400

Total Train Car Miles 21,120,000 73,920,000
Total Projected Accidents (a) 3.0 10
To tal Projected Injuries (b) 8.0 28
Total Projected Fatalities (c) 0.60 2.0

Construction Phase

Average Crew Size (man-years) 31 28
Conparable Industry (d) Construction / Construction /

Surface Mining Surface Mining
Total Projected Injuries 0.95 0.85
Total Projected Fatalities 0.01 0.01

Operational Phase

Crew Size 265 265(man -years))Industry (d Construction / Construction /Comparable
Storage and Storage and
Warehousing Warehousing

Total Projected Injuries 8.1 8.1
Total Projected Fatalities 0.09 0.09

Total Overall Effect for
Comparisontel 24.0 58.0

Normalized Effect(f) 1.0 2.4

1.4x10-7 accidents / car mile from Ref 13.(a) Based on
(b) Based on 2.7 injuries / accident from Re f 13.
(c) Based on 0.2 fatalities / accident from Ref 13.
(d) From Table 2.2, for rates used fo r statistical injury and

accident projecton data. (Highest projected frequencies
for given categories were used in the calculations.)

(e) Sum of all injuries plus 10 times all fatali t f es. (Fatalities
are weighted more heavily than injuries to account fo r the
more significant loss of life.)

(f) No rmalized to reference SLBF eastern site case.
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TAB LE 3.12

SUMMARY OF RADIO LOGIC AL IMPACTS FOR DEEPER BURIAL
__ _

Long-Term Effects (mrem /yr) Eastern Site Western Site

Reclaimer Inhalation (o) 0 0

Food Pa thwa y 0 0

Reclaimer Direct Gamma Exposure (a/ 0 0

Short-Term Effects (mrem /yi)

On-Site Well Water Consumptio.. 77 35

Accidential Airborna Releases 150 150

Transpo r ta tion Exposur es (b) 10 30

Total Overall Effect f or Comparison
(mrem /yr) 237 215

Normalized Effect(c) 0.18 0.16

(a) Based on the stated number of hours of exposure per year
to obtain consistent exposure units for comparison.

(b) Based on arbitrarily assuming to tal dose is borne by 1000
persons to obtain consistent exposure units for comparison.

(c) Normalized to reference SLBF eastern site case.
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3.3.3 Sociopolitical Implications

The sociopolitical implications of implementing this disposal
alternative would be similar to those for the reference SLBF.
Some increase in public acceptance might be expected.

3.3.3.1 Public Acceptance

Because deeper burial provides a higher degree of isolation of
the wastes from the human environment, and because of the
possibility of using former strip mines or other land areas
unsuitable for more productive use, this option may be perceived
as being more acceptable by the general public than the refer-
ence SLBF case. The publicly perceived risks associated with
deeper burial will be similar to those from the base case.
The acceptability of the risks will be improved by deeper burial
because of elimination of the likelihood of inadvertent intru-
sion into the buried wastes. The hazards associated directly
with the wastes will not be changed, but the probabilities of
exposure will be reduced. This should lead to enhanced public
acceptance of waste disposal. Concern for the moral and ethical
issues will also be reduced because the likelihood of future
generations encountering the deeper buried wastes is less.
Because of these considerations, the evaluation factor for
public acceptance is assigned a value of 0.8 to reflect better
public acceptability than for the base case.

3.3.3.2 Institutional Controls

Some relatively small changes in existing domestic institutional
controls and requirements regulating shallow land burial may be
necessary to implement this type of disposal alternative. The
changes would involve redefinition of safety requirements to
accommodate deeper burial, site selection criteria, and opera-
tional procedures. As for the other land-based disposal facili-
ties, no international controls are directly involved in deeper
burial. Although the anticipated changes in domest c controls
are small, the evaluation factor for institutional controls is
increased to 1.1 to reflect the difficulties inherent in imple-
menting regulatory changes.

3.3.4 Cost Analysis

The cost for deeper burial is the same as for the reference
SLBF, except for the added efforts for site excavation and final
site covering.

GE."US
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TABLE 3.13 COST ESTIMATE SUMMARY FOR DEEPER BURIAL FACILITY

Estimated Costs (:lillions of Dollars)

Item Eastern Site Western Site

Capital Costs
Land Acquisition 5.00 2.50

Site Studies .50 .40

Licensing .32 .32

Environmental Reports .50 .40

Site Preparation .66 .66

Site Structures 1.04 1.04

Site Fencing and Security Alarms .25 .25

Trench Excavation 5.49 5.49

Backfill and Compaction 2.18 2.18

Clay Cover (1 m thick) .92 .92

g Air Support Weather Protection .55 .55

Capital Subtotal 17.41 14.71
Engineer,ing (5% of Subtotal) .87 .74

Higher Radiation Waste Facilities .42 .42

Total Capital Costs 19 16

Operating Costs
Emplacement Costs 2.12 2.12

Facility and Surveillance Personnel 19.75 19.75

Expenses 1.88 1.88

Total Operating Costs 24 24

Contingency (30% of Total Capital and
Operating Costs) 13 12

Profit, Financing, and Escalation 46 42
g
Y1 102 94

3 Total Facility Costs4

N 68 237^^ Transportation Costs
C '1

Total Facility Plus Transportation Costs 170 331

Total Unit Costs for Waste Disposal ($/m ) 270 520



3.3.4.1 Cost Estimates

The costs for the additional excavation, earthmoving and hauling
required for a 10 m thick final cover are estimated to be $16
million. This equates to $25/m3 of waste disposed, or about
10% of the total costs for disposal at the reference shallow-
land burial eastern site. The cost estimate for deeper burial
is summarized in Table 3.13.

3.3.4.2 Economic Impact

The incremental change in economic impact for implementing this
alternative would be about a 10% increase in the total waste
management cost, compared to the reference SLBF case. The Lotal
waste disposal cost at an eastern deeper burial site iv o ul d
represent only 0.05% of the total costs for electricity to the
consumer, and at a western site, only 0.1%.

3.4 Disposal in Mined Cavities

Disposal in cavities in geologic formations has been categorized
into natural caverns and mined chambers. Mined cavities have
been selected as the reference example for this comparative
analysis. Mines considered include both existing nonproductive
mines and new excavations made explicitly for low-level waste
disposal.

The mined cavity concept uses rooms or chambers in a geologic
formation for disposal of wastes. It offers the potential
advantage over shallow land burial of increased isolation of the
wastes from the biosphere.

Disposal in geologic formations has been previously proposed
and presented in great detail,7,31,46 principally in relation
to high-level wastes. All concepts appropriate for high-level
waste disposal are considered in this study to also be tech-
nically viable for low-level waste disposal. The mined cavity
repository in a geologic formation could be formed by either
room and pillar excavation or solution mining.

3.4.1 Description of Mined Cavity Disposal Facility

A reference Mined Cavity Disposal Facility (MCDF) consists of a
number of excavated rooms and connecting tunnels located below
the surface of the ground, in a geologic formation which would
be selected on the basis of its favorable characteristics to
contain radioactive waste. The total excavation would cover
several square kilometers on one or several levels, as required
by the volume of solid waste to be disposed and by the emplace-
ment methods used. The excavations would be appropriately
ventilated during waste handling operations. Conventional
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drilling and mining operations to excavate new disposal rooms
would be controlled to avoid compromise of previously completed
sections o f tr.e MCDP.

Sedimentary basins in the continental interior and coastal
plain that contain salt are suitable for mined chambers at
depths of about 910 m or less.7 Salt appears suitable because
of its low permeability, high thermal conductivity and natural
plasticity. The Salina Formation, the interior province of the
Gulf Coast dome region, and the Paradox Basin are all considered
to be formations of high potential. Salt formations have
received the most attention in the past for disposal of high-
level radioactive wastes.

Clay and shale formations also appear suitable as disposal sites
because of their low permeabilities and high ion-exchange
capacities. The greatest potential for using shale is in
arid and semi-arid parts of the United States, where chambers
can be mined well above existing water tables. The basin and
range province of the western U.S. (particularly the great basin
exclusive of seismic risk zone 3) appears to have potential for
mined cavities in tuff, shale or argillite that would be above
deep water tables.

The stable continental interior where sedimentary cover is thin
or absent, the shield area of the North Central states, and the
metamorphic belt of the Eastern United States (primarily the
Piedmont) are also possibly suitable for mined cavities. Rock
formations with low permeability at depths from 305 m to 6,100 m
within these areas may be suitable for mined chambers.7 Some
granitic deposits (for example, the Climax Stock at the Nevada
Test Site) may also be suitable for mined cavities. Rocks
originating from consolidation of materials ejected by volcanic
eruptions (tuffs) are sometimes dense and compact enough to be
anpropriate for mined cavities.

Shafts or tunnels would connect the excavated rooms to s_rface
receiving facilities for introducing packaged waste and opera-
tions personnel into the MCDF central control area. From
this point, the waste would be transferred through tunnels to
its point of disposal in excavated rooms. The shaft or tunnel
supports and associated equipment would be fireproof to prevent
fire problems in the mine.

Surface receiving and handling facilities would occupy a few
acres and would be the only visible surface evidence of the
MCDF. Packaged low-level radioactive wastes would be delivered
to the facility by truck or rail. Temporary storage space
and capacity for package repair would be provided within the
facility. The receiving facility could be operated to permit
use of the surrounding surface land even though the land would

'

be above the undercround repository.

For a reference MCDF formed by solution mining, the cavity would
have dimensions consistent with the volume of waste to be
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disposed of. Waste packages could be lowered from the receiving
facility into the cavity by a hoist and then dropped from the
hoist. This concept has the possible advantage of not requiring
human access to the disposal cavity.

A conceptual sketch of both the room and pillar mine concept and
the solution-mine concept is shown in Figure 3.3. Entrance to
a room and pillar mine is possible by two means: Vertical
shafts when the excavated rooms are below the entrance, and
horizontal tunnels when the mine is excavated into a hill.

Because of problems associated with removing all waste solutions
after a waste disposal cavity is produced by the solution mining
process and problems in finding geologic formations suitable for
both solution mining and long-term isolation of the disposed
wastes from ground water systems, this concept has not been
pursued further.

Waste disposal operations in a reference MCDF would be similar
to disposal operations on th? surface, except that the wastes
would be stacked and not necessarily buried or covered. When
sections of the cavity are filled to capacity with waste, the
entire completed portion of the room could be backfilled and
sealed.

3.4.2 Technical Evaluation

The analysis of the reference MCDF is based on the conceptual
room and pillar design presented schematically in Figure 3.3.

3.4.2.1 Compatibility With Waste

The MCDF could provide sufficient additional degrees of con-
tainment of the wastes to justify disposal of higher activity
wastes or other less restrictive waste forms, if the site were
appropriately chosen. In any case the MCDF concepts will be
compatible with the low-level wastes analyzed in this study.
Therefore, the evaluation factor representing compatibility
with waste for the MCDF is the same as for for the SLBF.

3.4.2.2 Site Selection Factors

Potential sites exist in many areas of the United States in
various geologic formations. Formations of interest include
salt (either in thick beds or stable domes), shale, clay and
crystalline rock. Suitable geolcgic disposal sites will not
be as readily available as those for shallow land burial.
The three variations of the MCDF concept considered in this
study--abandoned mines and newly excavated horizontal tunnel
and vertical shaft mines--have been assigned values for this
evaluation factor of 1.5, 1.4 and 1. 3, respectively for east-
ern sites, and 1.4, 1.3 and 1.2 for sites in the west. Care
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must be taken to select sites where competing uses of nearby
natural resources will not compromise the l o ng- te rm suitability
for waste disposal. Vertical shaft mine sites are more common
than suitable horizontal shaft locations, and thus are assigned
the lowest values. Abandoned sites that are also suitable for
waste d ispo sal will be the most d i f ficul t to locate, and are
therefore assigned the highest values.

3.4.2.3 Sa feg ua rds

Disposal of wastes in the MCDF would provide a larger deg ree of
assurance that unauthorized uses of the wastes would not occur
than does the reference S LB F , because of the ph ysi c al barriers
between the wastes and the surface. The evaluation factor
representing safeguards and physical security is ther e fo r e
valued at 0.8 for the MCDP concept.

3.4.2.4 Environmental Effects

Nonradiological hazards to workers are assumed to be similar to
those encountered in the non-coal subsurface mining and co n-
struction industries. Approximately one death and 23 injuries
are projected, based on the estimated co nst r uc tio n and opera-
tions crew sizes. Th e non-radiological impacts for th e MCDF
concepts are summarized in Table 3.14. Additional rail facil-
ities may be required in many cases, although the implications
of constructing additional track mileage have not been con-
sidered in this s t ud y .

The MCDF wo ul d provide g rea te r degrees of isolation fo r the
wastes than the reference S LB F . The inadvertent reclamation
and on-site well wa te r consumption exposure events wo ul d be
eliminated by the assumed geologic features of the MCDF.
Exposurec to the general public fiom single container acci-
dents wo ul d be approximately half that from the reference
SLBF, because most accidents would occur in sid e the mine.
Tr anspo r ta tion d istances to suitable MCDF sites could be l ong e r
than the SLRF. The radiological impacts from the MCDF concepts
are summatized ir Table 3.15.

3.4.2.5 Availability o f Techniques

Waste d i s po sal in mined cavities is presently taking place in
West Germany.2 Mining technology is well developed, but waste
d i s po sal techniques will require some additional de v el o pm e n t .
Methods of emplacing wastes e f fic ie ntly (especially the higher
radiation level wa ste s) will require fur"her design and evalua-
tion, as will techniques for stockpiling mined rock that may be
used as backfill. The th r ee va r ia t io ns of the MCDF analyzed
(abandoned mines, new horizontal tunnels and new vertical
shafts) are given evaluation f a c to r s of 1. 2, 1.3 and 1.3,
respectively.
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TABLE 3.14

SUMMARY OF NON-RADIOLOGICAL IMPACTS FOR MCDF CCNCEPTS

Eastern Site Western Site

Acandon Ho r i zo ntal Vertical Abandon Horizontal Vertical
Transportation tii ne Tunnel Shaft Mine Tunnel Shaft

Average Transit
Distance to Disposal 600 600 600 1,600 1,600 1,600

Site

To tal Train Car Miles 3.17x107 3.17x107 3.17x107 8.45x107 8.45x107 8.45x107

Total Projected
Accidentsta) 4.4 4.4 4. 4 12 12 12

Total Projected In j ur ie s (b) 12 12 12 32 32 32

Total Projected
Fatalities (c) 0.88 0.88 0.88 2.4 2.4 2.4

Construction Phase

Average Crew Size 12 54 62 12 54 62

(man-years)

Comparable Industry (d) Non-Co al Mining /Const ruction

To ta l Projected Injuries 0.63 2.8 3.3 0.63 2.8 3.3

Total Projected
Fatalities 0.01 0.06 0.07 0.01 0.06 0.07

Operational Phase

Crew Size (man-years) 265 265 265 265 265 265

Comparable Industry (d) Construction / Storage
and Warehousing

Total Projected Injuries 8.1 8.1 8.1 8.1 8.1 8.1

Total Projected Fatalities 0.09 0.09 0.09 0.09 0.09 0.09

Total Overall Effect for
comparisonte> 30.5 33.2 33.8 65.7 68.4 69.0

Normalized Effect(f) 1.3 1.4 1.4 2.8 2.9 2.9

(a) Based on 1.4x10-7 accidents / car mile from Ref 13.
(b) Based on 2.7 injuries / accident frco Pef 13.

(c) Based on 0.2 fatalities / accident from Ref 13.

(d) From Table 2.2, for rates used for statistical injury and accident projection
data. (iiig he s t projected f requencies for given categories were used in the
calculations.)

(e) Sum of all injuries plus 10 times all fatalities. (Fatalities are weighted
more heavily than injuries to account for the more signigicant loss of life.)

(f) Normalized to reference SLBF eastern site case.
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TAB LE 3.15
SUMMARY OF RADIOLOGICAL IMPACTS FOR MCDF CCNCEPTS

Eastern Site Western Site

Abandon Bo ri zo n tal Vertical Ab andon Bo rizo ntal Vertical
Long-Term E f f ects (mrem /yr) Mine Tunnel Shaft Mine Tunnel Shaft

Reclaimer Inhalation (a) 0 0 0 0 0 0

Food Pathway 0 0 0 0 0 0

Reclaimet Direct Camma
Ex posur e ( a) 0 0 0 0 0 0

Short-Term Effects (mrem /yr)

On-Site Well Water
Co ns umptio n 0 0 0 -* 0 0

Accidental Airborni
Releases 100 100 100 100 100 100

Transportation Exposures (b) 14 14 14 38 38 38

Total Overall Effect for
comparison (mrem /vr) 114 114 114 138 13 9 138

Nornalized Effect(C) 0.09 0.09 0.09 0.10 0.10 0.10

(a) Based on the stated number of hours of exposure per year to obtain consistent
exposure units for comparison.

(b) Based on arbitrarily assuming total dose is borne by 1000 persons to obtain
consistent exposure units for comparison.

(c) Normalized to reference SLSF eastern site case.
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3.4.3 Sociopolitical Implications

Because of the increased isolation provided by geologic disposal
concepts, the MCDF for low-level waste should be more readily
accepted by the public than the t'eference SLBF. Existing
regulations and institutional controls could be modified to
accommodate this alternativ-e.

3.4.3.1 Public Acceptance

The MCDF will provide greater degrees- of isolation and long-term
control of the wastes with less adverse enviromental effects
than the reference SLBF. The MCDF concept has been successfully
demonstrated in Europe.2 The MCDF concepts will allow dis-
posal of many types of hazardous wastes, and should therefore
provide a more publically acceptable image for low-level waste
disposal compared to the reference SLBF case, although some
resistance toward use of a similar concept for high-level waste
has been encountered in New Mexico. If an SLBF presents an
acceptable risk then the MCDF concepts chould' be more accept-
able, particularl 7 for the ecses involving mining cavities
specifically for vaste disposal. The hazards from disposal of
wastes in stable geologic formations should also be perceived as
less than those from the base case. B e c a st s e the wastes are
more securely isolated from man's activities, the ethical and
moral concern over leaving unsuspecting future generations
problems from our waste disposal activities should also be
reduced. Therefore, public acceptance of this alternative will
be higher than for shallow land burial. The evaluation factor
for public acceptance has been assigned a value of 0.8 for
abandoned mines and 0.7 for new cavities mined expressly for
waste disposal, to reflect the improvement over the base case,
with some skepticism concerning use of existing mines.

3.4.3.2 Institutional Controls

Existing domest'; regulations would require revision to accom-
odate this al te r na ti ve . Coordination among regulatory agencies
governing waste disposal and mining would be required. Controls
on competing surface land uses and resource reclamation would
be required to assure that the long-term integrity of the
disposal mine is not compromised. These controls, such as
prohibitions on well drilling and resource exploration, may have
to cover more area to be effective than would be required for
the SLBF. However, the controls on surface land use above the
MCDF would be less restrictive than those necessary for the
SLBF. Changes in current waste disposal operating practices
and procedures would also be required to accommodate this
alternative. No international control implications are asso-
ciated with waste disposal using the MCDF alternative within
national territorial boundaries. The evaluation factor for
institutional constraints is set at 1.2 for this alternative
to reflect these difficulties.
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3.4.4 Cost Analysis

The cost analyses are based on revamping an existing non-
productive mine and on constructing new mine facilities with
either horizontal tunnel or vertical shaft access, as dictated
by the geologic features of the site.

3.4.4.1 Cost Estimates

The estimated costs for the three variations of this alternative
for both eastern and western sites are summarized in Table 3.16.
Total facility costs r a ng e from $72 to $139 million for the
variations. Transpo rtation costs a re about $102 million for an
eastern site and $271 million for a site in the west. Unit
costs range from $280 to $650/m3 of waste d i s po s ed of in a
MCDF.

3.4.4.2 Economic Impact

If the reference waste volume was generated in production of
electricity, it would cost from about 0.025 mills / kwhr to
d i s po se of it at an eastern abandoned mine to 0.058 mills / kwhr
at a western shaft mine. These costs are equivalent to from
0.06% to 0.13% of the base cost fo r power production (4 5 mills /
kwh r) . These costs do not represent prohibitively adverse
economic impacts for waste disposal using MCDF concepts.

3.5 Di spo sal in Structural Facilities

Enclosing the radioactive waste in engineered structures
may offer advantages over the reference SLBF. The structure
itself can provide an important added barrier to the escape
of radioactivity if radioactive waste containers eventually
fail. Mo ni to r ing for leaking radioactivity could be better
accomplished with an engineered structure. Keeping the waste
containers i so la ted from moisture and providing less difficult
retrieval may be perceived as additional advantages. Some of
these ad va n t ag e s have been exploited in certain structures used
for storir.g radioactive wastes in Canada.41

3.5.1 Desc ription of Structural Disposal

The structural disposal facility (SDP) would be built of rein-
forced concrete to obtain the best durability and fire resis-
tance at a reasonable cost. Concrete has been estimated tc last
at least 1000 years in contact with moist soil.47 Both cosered
m: J mnosed structures are considered. Structures coulo be
built at'any appropriate location. Generiu eastern and western
sites are used in this comparative analysis. -
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TABLE 3.16 COST ESTIMATE SUMMARY FOR MCDF CONCEPTS

Estimated Costs (Millions of Dollars)
Abandoned Horizontal Vertical

Item Mine Tunnel Shaft

Capital Costs
Site Purchase, Licensing and Reports 2.96 2.96 2.96

On-Site Structures 0.56 0.56 0.56
Site Fencing and Improvements 0.10 0.20 0.20
Mine Construction or Revamp 2.38 23.72 27.68

Capital Subtotal 6.00 27.44 31.40

Engineering (5% of Above Item) 0.30 1.37 1.57
Extra Facilities for Higher

Radiation Waste 0.76 0.76 0.76

Total Capital Costs 7 30 34

Operating Cost--
Emplacement Costs 2.84 2.84 2.84w

' Facility Operative Personnel 19.75 19.75 19.75
Supplies and Equipment 1.88 1.88 1.88

Total Operating Costs 24 24 24

Contingency (30% of Total Capital and Operating Costs) 9 16 17

Profit, Financing, and Escalation 31 59 64

Total Facility Costs 71 129 139

Transportation to:
Eastern U.S. Site 102 102 102
Western U.S. Site 271 271 271

C.~ Total Unit Cgsts for Eastern U.S.
PO Site ($/m ) 280 370 380
*)
A3 Total Unit Costs for Western U. S.
") Site ($/m3) 540 630 650

,
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Figures 3.4 and 3.5 and Table 3.17 describe the structural
concepts and their relationship with the hyd rolog ic al surround-
ings. Parameters of interest include the surface grade, the
cover thickness (if any) , the distance to the underlying aqui-
fer, and the d istance to the river in to which the ground water
system drains.

The easiest and least expensive st r uc tur e to build and to fill
with waste would be an exposed structure with its foundation at
g rad e. An alternative structure wo uld be of similar construc-
tion with a 0.3- to 1-m covering of soil, g ravel or rock.
Capping the cover with asphalt would improve the facility's
resistence to penetration by rainwater. Sh a ll ow-ro o te d vege-

ta t io n might be planted on a soil cover. The structure's roof
could be at or near g rad e so tcat the completed facility would
present only a low mound or be even with the surface grade.
This would be technically suitable where che water table is
co nsi stently low enough to be below the resul ting level of the
floor, and the adjoining soil has good d rainag e . Sites of this
nature may be found most frequently in the west. This type of
structure provides the best protection from tornadoes, high

lightningd r 49 crashing aircraft o r motor vehicles, warfare,winds,
etc.4terrorism,

Existing st r uc tur es could possibly be used fo r waste d i spo sal
after making appropriate modifications. For instance, the MAD
buildings at the Nevada Test Site or unused REDOX cells at
the Hanford Reservation might be adaptable. There could be
advantages in using ce r ta i n fo rme r missile sites although
the capacity o f each is somewhat limited.2 This study will
concentrate on structures designed and constructed expressly for
wa ste d isposal, however.

Inside the SDF, the 55-gal, waste drums are stacked upr ig h t ,
five high, with horizontal sheets of steel mesh between the
drums for stability. Cells are arbitrarily assumed to be about
70 ft long. They would each contain 4,445 drums (close-packed),

3 of waste. Additional cells wo ul d beaccommodating 920 m
connec ted by sharing adjacent walls. Six hundred eighty-five
cells would be required. The d rums would be stacked in place
with a forklift or by an internal traveling crane.

When a cell becomes filled, it would be closed with a wall
of po ur ed-in-plac e , reinforced co nc r e te tied to the rest
of the structure with reinforcing bar. Fo r wea th e r protection,
a cell would be loaded under an air-support structure.

The SDF would be identified by markers that ar e d esigned to
last for long ceriods. Markers could consist of metal plaques
with warnings ard radiation symbols, for example.
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TABLE 3.17

DETAILS OF THE COVERED STRUCTURAL DISPOSAL FACILITY

Internal storage dimensions: 47' w x 15' h x 70' 1

All concrete: Poured-in-place, reinforced, mono-
lithic.*

Roof: 5% slope from crown to eave, s u ppo r t ed
by internal columns as necessary.
Metal cap to be made of welded sheets
of a stainless steel such as Type 304
(Extra Low Carbon). Cap to be g rounded.

Cove r ing : A 1 foot section of riprap over roof
underlain by a 1 foot section of clay.
The riprap should be stabilized
against slumping by toe walls, if
necessary.

Walls and floor: 1 foot thick.**

Imperviousness to moisture could be better attained*

with poured-in-place concrete rather than precast
panels. The cost of t r ans po r t ing precast structural
elements to remote building sites would also decrease
their economic attractiveness.

** Floor to rest on footings via seismic rollers.
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The perimeter of the facility would also be fitted with security
devices to alert authorities in case of an intrusion. In addi-
tion, it might be possible to automatically wa rn or repel an
in t r ud e r or reclaimer who attempts to enter a cell after insti-
tutional control is relinquished. This co uld be accomplished by
having a warning agent S0,51 within the cell (similar to the
insertion of the foul-smelling mercaptan in natural gas that th e
public uc as) .

The ten percent of the r ad io ac t iv e waste containing higher
radiation levels would necessitate different handling techniques
than the lower radiation level wastes. Two d if ferent approaches
for handling the higher radiation f rac tion of the waste are
described below. One involves little basic change in the cell
design beyond installing a remotely operated bridge crane and
the other involves sunken storage va ul ts in the floors of the
cells.

The fi rst approach is based on a facility that is at least five
cells wide, as illustrated schematically i r. Figure 3. 6. Fo u r-
teen 5 x 10 cell buildings wo ul d be required for the SDF.
The higher radiation level wastes would be restricted to th e
center cells to utilize shielding properties of the concrete
walls and adjacent cells filled with the l owe r-l ev el wastes.
The first higher radiation level waste cell in the center
buildir.g would have 2-ft thick walls o f iron-loaded concrete to
protect exterior personnel at that end of the building and
personnel tilling the adjacent cells. Waste l oad ing in the
higher radiation level waste cells would be remotely observed
and controlled. The higher rad ia tio n level waste co n ta ine r s
wo ul d be stacked only three or four high with a layer or two of
lower radiation level waste on top for added vertical shielding.
The radiation levels through the roof would then be essentially
the same as from the lower radiation waste cells.
The second approach has been used for storage of i n te rmed ia te-
level solid transuranic wastes.52 Shielding is provided by
the floor and subsoil around the " floor sa f e" storage holes.
These cyl ind r ic al holes would have inside diameters of slightly
more than 2 ft to accommodate 55-gal. drums. The concrete
lining and shield plug are d esc r ibed in Ref 52. Ho wev er , the
cap could be modified to present a surface flush with the floor
of the cell. A truck, cask and vacuum lowering device could be
adapted to lowering higher radiation level containers in to the
floor sa f es . The floor safes would be located above the wa te r
table to minimize rusting and deterioration of the d r um s . This
approach wo uld be more expensive and operationally dif ficul t
than the first one, and is not considered further in this s t ud y .
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3.5.2 Technical Evaluation

The technical evaluation of the structural disposal concept
is based on the reference SDF's shown in Figures 3.4, 3.5 and
3.6, either built above the surf ace g rade uncovered by so il , or
designed for a final protective covering of soil.

3.5.2.1 Compatibility with Waste

Structural disposal facilities can be d esig ned to accommodate
wha tever waste forms require d i s po sal . The SDF, however, is
designed to accommodate the standard waste forms used in th i s
study. Therefore, the evaluation factor for compatibility with
waste has a value of unity for the SDF.

3.5.2.2 Site Selection Factors

Suitable sites for structures for waste disposal are abundant.
However, because the structures are more exposed than the other
alternative facilities, care should be exercised to locate th e
SDF in an area where competing land use and d esi rability o f
r eo c cupyi ng the structures is favorable to l ong- te rm waste
isolation. The locations wo uld be basically less restrictive
than those for the reference S LB F , because of possibly less
stringent requirements on site metrology, hyd rology and geology.
The evalua tion factor for site selection is set to 0.9 for sites
in the east and 0.8 Nr western sites, because there is more
suitable land in the west.

3.5.2.3 Sa fegua rds

Protection from unauthorized use of the disposed wastes would be
more difficult for the SDF concepts than for the refe rence SLBF,
because of the presence of the building and the confinement of
the wastes with no diluting agents (such as soil in the burial
case). The above-grade structures would be more vulnerable than
the buried structures. The evaluation factors for th e above-
and below-grade SDF concepts are 1. 2 and 1.1, r espec t ively , to
reflect the increased vulnerability to unauthorized access to
the wastes.

3.5.2.4 Environmental Effects

Table 3.18 contains a summary of the no n- rad io log ical hazards
for the SDF concepts. Considerably more construction ef fort is
required for this alternative than the others. Non-radiological
ha za rd s to co nst r uc tio n and operational workers are estimated
to be 26 injuries and 0.8 f a talit ies for an eastern site, and
47 injuries with 2. 2 fatalities for a western site. There are
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TABLE 3.18

SUMMARY OF NCN-RADICLOGICAL IMP /. CTS FOR
STRUCTURAL DISPCSAL CCNCEPTS

Eastern Site Western Site

Above Grade Buried Above Grade Buried
Transportation

Av e r ag e Transit Distance
to Cisposal Site 400 400 1,400 1,400

Total Train Car Miles 2.lix107 2.lix107 7.39x107 7.39x107

To tal Projected Accidents (a) 3.0 3.0 10 10

T.otal Projected Injuries (b) 8.0 8.0 28 28

Total Projected Fatalities (C) 0.60 0.60 2.0 2.0

Construction Phase

Average Crew Size ( ma n/ ye a r s) 330 363 326 352

Comparable Industry (d) Construction

Total Projected Injuries 10 11 9.9 11

Total Projected Fatalities 0.12 0.13 0.12 0.12

Ocerational Phase

Crew Size (ma n/ ye a r s) 265 265 265 265'

Comparable Industry (d) Co ns truc t i o n/ S t o r ag e
and Warehousing

Total Projected Injuries 3.1 8.1 8.1 8.1

To tal Proj ected Fa talities 0.09 0.09 0.09 0.09

Total Overall Effect for
com=arisons es 34.2 35.3 68.1 69.2

Normalized Effect(f) 1.4 1.5 2.9 2.9

(a) Based on 1.4x10-7 accidents / car mile from Ref. 13.

(b) Based on 2.7 injuries / accident from Ref 13.

(c) Based on 0.2 f atalities/ accident from Ref. 13.
(d) from Table 2.2, for rates used for statistical injury and accident projection

data. (Highest projected Fre3uencies ' . given categories were used in the
calculations.)

(e) Sum of all injuries plus le simes all fatalities. (Fatalities are weighted
more heavily than injur'es to account for the more signigicant loss of life.)

(f) Normalized to Ref *.ence SLBF eastern site case.
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many uncertainties in evaluating potential environmental effects
at the SDF. Durability of containers, likelihood of reclamation
efforts, and long-term structural integrity are some of the
difficult areas to assess. In this study, it was assumed that
a reclaimer will be exposed to the wastes immediately after
institutional control is relinquished and that the waste charac-
teristics will be the seme as those for shallow land burial,
except that the wastes would not be diluted with clean soil.
The containers are assumed to have deteriorated at the time of
reclamation. The effects of reclaimer inhalation and direct
contact radiation exposure events will thus he twice as large
as for the SLBF.

Airborne exposures to the public from single container accidents
will be similar to those for the MCDF. The concrete floors of
the structure are assumed to have ion-exchange and retardation
properties greater than those for the clay liner used in
calculations of ground water movement for the improved SLBF as
long as they remain intact, which is assumed to be at least 150
years. As time passes, the concrete floors will ultimately
fracture. As contamination is moved downward by moisture, it
would be slightly attenuated by ion exchange as it passes
through the cracks and fissures. However, no credit for this
effect is taken in the calculations. For the food pathway, it
is assumed that the waste is taken outside the building and
scattered over the surface prior to mixing by cultivation.
While this is less likely than for the SLBF, the consequences
are taken to be the same as the base case. Transportation
exposures will also be the same as for the SLBF. A summary of
the radiological impacts calculated for this alternative is
presented in Table 3.19.

3.5.2.5 Availability of Techniques

Although little experience concerning waste disposal in engi-
neered structures is available, the technology exists to
construct buildings that will last for centuries. However,
effective means of guaranteeing that the buildings and contents
will be left intact are not well developed. Therefore, the
evaluation factor for status of technology is assigned a value
of 1.1.

3.5.3 Sociopolitical Implications

The public may view disposal in engineered structures as
potentially less hazardous than shallow land burial because
of better understanding of the engineered barriers. Current
disposal regulations would need to be modified to accommodate
this alternative, however, to provide additional controls and
long-term protection of the public.

, r;,,/;: %., ~
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TABLE 3.19

SUMMARY OF RADIOLOGICAL IMPACTS FOR STRUCTURAL DISPOSAL CONCEPTS

Eastern Site Western Site

Above Above
Long-Term Effects (mrem /yr) Grade Buried Grade Buried

Reclaimer Inhalation (a) 120 120 120 120

Food Pathway 620 620 620 620

Reclaimer Direct Gamma
Exposure (a) 680 680 680 680

Short-Term Effects (mrem /yr)

On-Site Well Water
Consumption 9 9 6 6

Accidental Airborne
Releases 100 100 100 100

Transportation Exposures (b) 10 10 30 30

Total Overall Effect for
Comparison (mrem /yr) 1539 1539 1556 1556

Normalized Effect(c) 1.2 1.2 1.2 1.2

(a) Based on the stated number of hours of exposure per year
to obtain consistent exposure units for comparison.

(b) Based on arbitrarily assuming total dose is borne by 1000
persons to obtain consistent exposure units for comparison.

(c) Normalized to reference SLDF eastern site case.
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3.5.3.1 Public Acceptance

The acceptability of risks from low-level radioactive waste
d i spo sal in a reference SDF is an important issue because the
wastes may be cons id e r ed to be more securely contained and more
easily moni to red , but are also.more readily available for future
reclamation activities. The structures themselves may appear
attractive for other uses after institutional controls are
relinquished. The risks from the SDF can be larger than from
the reference SLBF because the wastes will not be diluted with
clean soil. While risks from wastes generated by other energy
sources that are simply buried or otherwise d i spo sed of may be
as high as those associated with the SDF, the public perception
of the relative magnitudes of the risks may differ. Adequate
i nfo rma t ion and education of the public concerning the inherent
risks and benefits of the SDF concept will be required. Concern
about the moral and ethical issues revolving around leaving the
wastes in structure at the earth's surface in perpetuity will
also be heightened. The public will probably view disposal in
the SDF as more safe and environmentally acceptable than the
SLBF because they are familiar with massive structures, and may
have more confidence in the SDF's performance. Disposal in
a carefully engineered, massive structure could be readily
defended against perceived defects in current shallow land
burial practices. The public is f amilar with examples of build-
ings that have lasted thousands of years, such as the pyramids,
and may accept this form of disposal more readily than a new
SLBF. The public acceptance evaluati:n factor is assigned a
value of 0.9 to reflect increased public acceptance.

3.5.3.2 Institutional Controls

Existing domestic institutional controls would have to be modi-
fied to accommodate the SDF. The wastes would be more readily
available for exposure by wo rkers and the public, so additional
controls to ensure safety of the operations would be required.
Lo ng e r periods of ex cl ud i ng the public from the site would be
desirable. Ultimate ownership of the sites and the structurrs
would need explicit resolution. No international controls are
involved in waste d i s po s al within a nation's territory. The
evaluation factor for institutional control is assigned a value
of 1.1 to reflect the additional difficulties in changing regu-
lations and controls from present practices.

3.5.4 Cost Analysis

Costs were estimated for both buried and above-ground structures
located at typical eastern or western waste d i s po s a l sites.
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3.5.4.1 Cost Es t ima te s

The cost estimates for this concept are summarized in Table
3.20. The estimated facility costs range from $496 million to
$536 million. Transportation to an eastern site is estimated at
$68 million and to a site in the west at $237 million. The
resultant unit costs per cubic meter of waste disposed of at the
SDF range from $900/m5 to $1300/m3

3.5.4.2 Economic Impact

The cost estimates equate to from 0.081 to 0.111 mills / kwhr.
Based on a basic power cost of 45 mills / kwhr, these represent
0.18% to 0.25% of the total cost of electricity production.

3.6 Ocean Disposal

Ocean dumping has been tsed nationally and internationally for
the d i s po sal of low-level solid radioactive wastes since 1946.
With increasing competing demands for a decreasing amount of
available land, more nations are looking towards the oceans to
solve their low-level radioactive waste disposal problem. A
h i s to ry of ocean dumping of radioactive wastes is contained in
Appendix E.

The Nuclear Energy Agency (NEA) of the Organization for Economic
Cooperation and Development (OECD) has developed a program
for ocean disposal. This 'ed to the first i n t e r n a t i o.n a l l y.

o rg an ized ( f ive-coun t ry) disposal operation in 1967. Subsequent
operations have been carried out from 1969 through 1976. The
International Atomic Energy Agency (IAEA) has prepared a number
of r eg ul a t io ns governing operational control of sea disposal of
radioactive waste.53 The regulations stipulate measures dealing
with the choice of a suitable dumping site, the design and
construction of waste containers, the choice of an appropriate
ship, provisions fo r radiation protection of the crew, adequate
record keeping, and an adequate supervision of the dumping
operations by competent escortin_ officers.

Although this country suspended ocean disposal operations in
1971, two major research and developmental activities are
continuing to contribute significantly to the technical data
base pertaining to ocean dumping.54,55 One of these efforts has
been a series of environmental surveys of the principal ocean
disposal sites that have been used by this country. These
surveys provided documentary photography, current flow analysis,
and radiochemical analysis of sediments near wastes disposed of
over two decades ago. There was evidence from the photography
of hyd ro s ta t ic implosion of some of the containers. At the
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TABLE 3.20 COST ESTIMATE SUMMARY FOR TIIE STRUCTURAL DISPOSAL FACILITY

_ . .

Estimated Costs (Millions of Dollars)

Above Grade Structure Buried Structure

Eastern Western Eastern Western
Item Site Site Site Site

Capital Costs
Site Purchase 5.00 2.5b 5.00 2.50
Site Studies .50 .50 .50 .50
Licensing .32 .32 .32 .32
Environmental Reports .75 .65 .50 .40
On-site Structures 158.24 158.24 171.34 171.34
Site Preparation 0.66 0.66 0.66 0.66
Site Fencing and Security Alarm 0.25 0.25 0.25 0.25
Air Support Building 0.30 0.30 0.30 0.30

Capital Subtotal 166 163 178 176
Engineering (5% of Capital

m Subtotal) 8.30 8.17 8.94 8.81
* Iligher Radiation Waste Facilities 4.01 4.01 4.32 4.32

Total Capital Costs 78 176 192 1891

Operating Costs
Facility Operating Personnel 19.75 19.75 19.75 19.75
Emplacement Costs 3.00 3.00 3.00 3.00
Supplies and Equipment 1.88 1.88 1.88 1.88

Total Operating Costs 25 25 25 25

ContingencyOO% of Total Capital & Operating Costs) 61 60 65 64
Profit, Financing, and Escalation 237 234 254 250

Total Facility Costs 501 495 536 528

Transportation Costs 68 237 ,68 237

Total Facility Plus Transportation
C' Costs 569 732 604 765
?i
*3 Total Unit Costs for Waste Disposal

3
\u ($/m ) 900 1200 960 1200
pa
U
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Pacific site, Jevels of 239Pu and 240Pu were about one order
of magnitude g rea ter than the expected range of values due to
fallout. Levels of 137Cs at the Atlantic site were 3 to 70
times maximum concentrations expected at this site from fallout.
This contamination was found in the local vicinity o f the d rums,
and no widespread contamination was observed. In the past 2
years, two drums (one from the Pacific site and one from an
Atlantic site) have been retrieved and are undergoing examina-
tion.

The other major e f fo r t undertaken in the last 6 years has been
a s t ud y to d e te rmine the ' f easibility o f d ispo sa l of high level
solid radioactive waste in the seabed. The seabed d i s po sa l
program has identified certain oceanic areas--the mid-plate /
mid-gyre regions--that may of fer practical and nonpunitive areas
for the disposal of high-level radioac tive wastes. The pr og ram
ia continuing to: gather the data necessary to an understand-
ing of the features and processes of the mid-plate /mid-gyre
r eg io ns ; develop analytical models to support the overall
systems analysis e f fo rt; evaluate the serption properties of
the sediments with respect to the individual nuclear io ns ;
characterize the sediments; develop wa ste pa c kag e emplacement
techniques; co nd uc t corrosion studies to evaluate pa c k a g e
materials; perform biological inves t ig a t io ns in support of
assessment studies addressing environmental impact (planned
and accident scenarios); and develop an international program
of scientific investigations and in fo rma tio n exchange. Many
aspects of the seabed d ispo sal program have been utilized in
developing the following concept for ocean disposal of low-level
radioactive wastes.

3.6.1 Desc ript ion o f Ocean Di spo sal Concept

There are two primary po ten t ial barriers between the waste and
the environment--waste conditioning and waste pa c kag i ng . Two
additional barriers--the sediment and the ocean itself--provide
additional protection to man. In developing the concept, the
first two barriers must be sufficiently engineered to assure
protection ( co n ta inm en t) under normal co nd it io ns for a reason-
able l eng th of time. The protection a f fo rded by the sediment
and the ocean should be considered as backup fo r add i t io nal
assurance that the quality o f the environment will be protected.

Identification of generic characteristics of suitable ocean dis-
po sa l sites was simplified because they had already been studied
for the NEA ocean dumping programs 6 and th e sea bed d ispo sal
program.54 The desirable characteristics d elinea ted in th e se

programs were reviewed and those d e te rmined to be generic to
ocean d i spo sal of low-level radioactive waste are presented in
Table 3.21.

ce mn
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TABLE 3.21

GENERIC CHARACTERISTICS FOR OCEAN DISPOSAL SITE

_
-

SITE CHS.RACTERISTICS

Maximum geological stability.
Minimum ocean current.
Minimum bio-activity.
Min im um interference with recovery of sea resources.
Minimum depth of 4,000 meters.
Minimum unconsolidated sediment thickness of

20 meters.
Multiple sites - stratigically located.
Sites located in international waters.
Site as far removed as possible from all activities

of mankind.
Recovery of waste is no t a c riterion.
Ind iv id ual sites should be of suf ficient size.

WASTE CONDITIONING AND PACKAGING

Waste shall be either solid, solidified, or absorbed
in a solid substrate.

Waste in the liquid form shall be excluded.
Packages shall be designed to ensure adequate
containment of waste.

Packages (and all internal containers) shall ha;e an
overall specific gravity of not less than 1. 2.

Packages shall be suf ficiently strong to withstand
hydrostatic implosion or equipped with a pressure
equaliza tion device, and buoyant material shall
be ex' aded or packaged to preclude such material
from tioating to the surface.

TRANSPORT SHIP

Capable of safely carrying its consignment to the
dump site.

Provided with the appropriate navigational and
communication equipment.

Contain provisions for adequately decontaminating
holds and bilges.

Have adequate facilities to safely stow waste
pa c kag es .

,- c ,,n .~..
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It is assumed that the single most important generic site
characteristic deals with the geologic stability of a proposed
site. Based upon information currently available, major
portions of the ocean floor have been identified as being
extremely stable. Fortunately, data exist which allow man
to predict the geologic processes in the three major ocean
provinces--the mid-oceanic ridge, the ocean basin floo r, and the
continential margin. These provinces comprise about 70% of the
earth's surface that is covered by ocean.

Oceanographers have divided each province into four regions and
have examined the geologic stability and predictability of
processes for each r eg i o n . 57 Two regions--the flank region of
the Mid-Ocean Ridge province and the Abyssal Hills (mid-plate)
region of the Ocean Basin Floor province--exhibit excellent
geologic stability and predictability. These regions are quite

.arge solid rock " plates."llarge and can be considered to be
Plate 'or region) boundaries are either areas of crustal
destruction or areas of construction. Thus, the mid-region or
mid-plate area exhibits the greatest geologic stability within a
r eg i on .

Since the pathway from the waste to man involves the bio-
activity at the disposal site, the second most important
characteristic requires the identification of those areas of
the ocean where the bio-activity is at a minimum. Nearly as
important as identifying areas of low bio-activity is the need
to identify areas of minimal current flow, for current is the
main mechanism for distributing activity from the disposal
site to areas that might have impact upon man. The o'c e a n s
contain large gyres--great circulating currents. It has
been determined by researchers that these gyres have the
lowest biological activity of any of the ocean provinces.
Furtuermore, the current flow in these gyres is also quite low.
Thus, a likely potential site (from the bio-activity and current
flow characteristic standpoint) would be in the middia of a
gyre.

The generic site characteristics for low-level waste disposal
closely parallel those previously identified by the Seabed
Disposal Program for high-level radioactive wastes. Table 3.22
summarizes characteristics of the most promising ocean regions--
the flank region of the Mid-Ocean Ridge province and the Abyssal
ilills (m i d-pl a te) region of the Ocean Basin Floor province.

The requirement fo r unconsolidated sediment as a site charac-
teristic is essential for the projectile disposal concept
described. As noted in Table 3.22, both oceanic regions contain
an adequate layer of sediment. At least four mid-plate gyre
(MPG) regions have been identified (two in the Pacific Ocean and
two in the Atlantic Ocean), one north and one south of the
Equator. One of these areas (about 600 mi north of Hawaii)
has been bathymetrically surveyed previously by the National
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TABLE 3.22

CHARACTERISTICS OF MID-OCEAN RIDGE FLANKS AND
OCEAN BASIN FLOOR ABYSSAL HILLS (MIDPLATE)
REGIONS OF THE OCEAN (SOURCE: Ref 61)

.

Mid-Oceanic Ocean Basin
Ridge Flanks Floor Abyssal

Hills

ENVIRONMENT

Water depth (km) 3-5 5-6

Local relief (m) 100's 10-100
Regional slope (deg) 2-5 <1
Bottom temperature (OC) 2-4 <2
Testure of bottom sediment sand, silt, clay clay
Sediment thickness (m) 500-2000 250-500

DYNAMIC PROCESSES

Rate of sediment accumu-
lation (cm/1000 yr) 2-4 <1

Non-tidal currents (cm/sec) 3-5 2-10
Earthquake frequency very low very low
Biological activity moderate very low
Frequency of sediment

failure low very low
Volcanic activity low very low

GENERIC CHARACTERISTICS

Geologic stability
(predictabilitv) moderate high

Areal extent (km2 x 106) <120 130
Accessibility by man low very low

_

$
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Oceanic and Atmospheric Administration (NOAA) . As a result,
the Seabed Disposal Program concentrated upon this region of the
ocean as an area warranting additional research.

In 1974 a current flow measurement program was initiated to
obtain records for a period of 18 months in the MPG area
north of Hawaii. Data were collected from three specific
locations. Measured speeds were low with 20-30% of the data
recording zero speeds. The mag n i tud e of the current flows was
approximately 2 to 4 cm/sec.

The research efforts of the Seabed Disposal Program have
identified an area covering 40,000 km2 in the north Pacific
MPG that is more or less evenly covered with about 20 to
40 m of unconsolidated sediment. The Abyssal Hills in this
region have about three-quarters as much sediment cover as the
valleys, suggesting at least some downslope concentration of
sediment.

Both direct dumping of waste containers onto the ocean floor
Md sediment penetration concepts have been considered in this
study. The free-fall projectile containing drums of waste is
designed to penetrate into the unconsolidated sediments on the
ocean floor. This concept was developed to provide additional
assurance that the wastes will not migrate into environmental
exposure pathways. There are large uncertainties in biologic
information at candidate waste disposal sites. The ion-exchange
capacity of the sediments covering the projectiles provides
another isolation mechanism, which further reduces radiological
impacts f rom ocean c:isposal .

Preliminary analysis of a single long core (24.4 m) taken from
the Pacific MPG area indicates a continuous sequence of mostly
brown oxidized clays (mean grain size 2 micrometers) . It is
estimated that the sediments at the bottom of the core were
deposited more than 65 million years ago. A few ash layers
from volcanic eruptions were interspersed in the clay. Future
d e po si t io n of such ash would provide additional cover over the
disposed wastes. Data taken from shorter (10-20 m) cores
suggests that the Pleistocene glacial stages that have occurred
every 100,000 years in the recent geologic past increased the
rate of sediment supply, but otherwise had no effect on the
North Pacific MPG. This suggests that future major glaciation
would not be expected to disturb a disposal site located in
this r eg i o n .

The behavior of the sediment during and subsequent to penetra-
tion has been the subject of laboratory simulation studies,
in-sftu experiments, and theoretical analyses.54 These suggest
that closure of a completely penetrating projectile would be
immediate and total. The clays that make up the sediment layer
have a n' umber of properties that make them especially attractive
as a barrier to the release of radionuclides. They are very
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finely grained, hence, they have low permeabilities. The very
large surface area per unit volume of sediment contributes to
the ability to absorb contaminants from solutions.

The migration of elements through sediments has been the subject
of a number of experiments.58 Specifically, the experiments
have attempted to determine the distribution coefficient of each
element (the ratio of the element that is sorbed to the sediment
and that which remains dissolved in the pore waters). The
distribution coefficient for each radionuclide is a function
of temperature, concentration, pressure, exposure time, and
the presence of other competing ions. Experiments performed
to date indicate that in one million years, the following ele-
ments would diffuse over the indicated distances: 90Sr, 0.4 to

144 Ce, 0.1 m; and137Cs, 0.8 m; 65 Zn, 0.2 to 0.6 m;3.2 m;
228Th, less than 0.03 m. Recent work suggests that the actual
barrier effect of the sediment may be even more impressive than
the earlier experiments indicate.

If some portion of the biosphere were exposed to the waste,
it is desirable that the biological pathways leading back to man
be as few and weak as possible. Research to date, as limited
as it is, indicates that mid-gyre waters have very low bio-
activity, even near the ocean surface. The circulatory nature
of the gyres, coupled with their remoteness from land, reduce
any significant terrestrial contribution. These factors, com-
bined with great water depth, result in a lower nutrient supply
to the ocean bottom than found at otber places in the ocean.

In summary, experience from dumping operations conducted since
1946, coupled with the technical data collected thus far, has
not presented any information which might discourage use of
this concept for disposal of solid low-level radioactive waste.
Conversely, current information is insufficient to declare this
concept acceptable at this time. It has some advantages over
other disposal concepts. In the absence of any identified
disadvantages, additional research and development is warranted.

Currently available data indicate that the mid-plate /mid-gyre
regions are the most promising of all ocean areas. The MPG
areas appear to meet all of the generic site characteristics
established for this concept. In addition, certain definite
advantages afforded by the sedimentary layer warrant considera-
tion of a concept differing from that having been practiced in
the past or the present. The past and present methods are
adequately described by the phrase ocean dumping, which is the
dropping of individual packages into the ocean. An additional
concept described within this study employs an engineering
improvement: placement of individual packages within a pro-
jectile designed to be free-falling and self-burying in the
sediment. For the purpose of differentiating between the two
methods, the latter method will be termed ocean projectile dis-
posal. Ocean projectile disposal has been investigated becaura
of uncertainties in biological pathways from the ocean floor.
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Ion ex cha ng e processes in the sediments will retard migration
of contamination from covered wastes and reduce the conse-
quences of any eventual biological exchange that may take place.

Figure 3.7 depicts the free-fall projectile for the ocean
projectile d i spo sal concept and provides the dimensions of a
projectile sized to accommodate 10 55-gallon d rums. The minimum
length of the projectile is dictated by requirements of hydro-
dynamic stability. Its maximum length is controlled by the
amount of sediment available for burial, as well as handling
problems during d i s po s a l . A projectile sufficiently long to
contain six drums is cons id e r ed to be of minimum length, while
one containing 10 drums is maximum. Table 3.23 contains the
free-fall projectile characteristics and performance, based on
a 10-drum projectile. The nose of this size projectile is cal-
culated to penetrate the sediment surface to a depth of nearly
25 m. This would produce a minimum depth of sediment from waste
to ocean / sediment surface of 14 m. Based upon presently avail-
able distribution coefficients, a minimum burial depth of 2 m
should provide well over 1,000 years of confinement.59

It is assumed for this study that two ocean disposal sites
are available in the northern hemisphere--one in the Pacific
Ocean and one in the Atlantic Ocean. These sites will be in
international waters. All countries desiring to utilize these
d i spo sal sites shall be bound to the same governing r eg ul a t io ns .

For the purpose of this discussion, it is assumed that the
United States operations would be conducted by private cor-
porations. It is assumed that a set of regulations based on
international guidelines would govern the operation and that
federal (and perhaps international) inspectors would monitor
all phases of the operation.

To minimize surface transportation, it is assumed that five
ports are developed--two on the west coast (Seattle and San
Diego), two on the east coast (Boston and Savannah), and one
on the Gulf Coast (Houston) . It would not be necessary to
identify a ship for each po r t . Prudent scheduling could reduce
the number of ships to two, with perhaps a third as the volume
of waste increases.

The waste g ene ra to rs will be required to condition and package
the wastes in accordance with regulations developed to meet the
applicable generic characteristics identified in Table 3.21.
The generator would be required to ship the wastes in cargo
container lots to the port where the containers would be
immediately loaded a boa rd ship. The cargo containers would be
individually equipped with air sampling ports, and otherwise
meet all applicable International Standards Organization (ISO)
specifications. The ship's cargo holds would be opened only
during actual loading.
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TABLE 3.23

FREE-FALL PROJEC'Z I LE
CHARACTERISTICS AND PERFORMANCE

(Co urc e : Ref 62)

_

Payload (Waste Packages)

Length (10 55 gal drums) 9.0 m

Diameter 0.61 m
3Volume 2.7 m

Weight ( Air weight) 78.5 kN

Projectile

Le ng th 12.0 m

Diameter 0.66 m
Weight, submerged (water-filled) kN 78.5 kN

Penetration depth: nose to ocean / sediment
interface 25 m

_
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It is assumed that the projectiles would be loaded with d rums
while the ship is enroute to the disposal site. The ship's
a r r iva l at the disposal site would be confirmed by two indepen-
dent locating techniques--such as sonar and satellite naviga-
tion. Each projectile will be lifted by its tail and lowered
over the s id e and into the water. The projectile will contain
a valve to allow the void space to be filled with water. This
is an essential requirement if the desired penetration into the
sediment is to be achieved and hyd ros ta tic implosion avoided.
Once the v o id space had been filled with water, the projectile
would be released.

3.6.2 Technical Evaluation

Ocean disposal is analyzed for two variants in this study--
direct dumping of waste containers, and multidrum projectile
free-fall with penetration into the sea floor sediments.

3.6.2.1 Compatibility with Waste

The ability of the oceans to accommodate waste d i s po sal depends
on the waste physical form, the disposal site, and restrictions
imposed on t ranspo rt o f the waste to the disposal site. Because
variations and uncertainties in the suitability of the ocean for
waste disposal exist today, extensive additional research needed
to assure adequate containment of many possible waste types.
However, the ocean disposal concepts and locations considered in
this study should be able to accommodate the standard reference
low-level waste. The evaluation factor for compatibility with
wastes for the ocean disposal concepts inv e s t ig a ted is therefore
set at unity, the value fo r the base casn

3.6.2.2 Site Selection Factors

The midcontinent gyre regions described above are suitable
locations for ocean d i s po s a l . The need for relatively thick
unconsolidated sediments for the projectile method make site
selection within the MPG regions somewhat more restrictive.
Identification of appropriate sites will still be more diffi-
cult than for shallow land burial. Therefore, the evaluation
factors for the ocean dumping and ocean projectile disposal
options are ascigned values of 1.2 and 1.4, respectively.

3.6.2.3 Safeguards

The wastes disposed of under either of the ocean disposal
concepts evaluated in this study would be very dif ficult to
retrieve accidentally or for unauthorized uses. The depth of
the ocean would make it difficult to reach the wastes, for
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the projectile disposal case, the penetration into the sediments
would further complicate access. Therefore, the safeguards and
physical security evaluation factor for the ocean disposal
concepts is given a value of 0.5 to reflect the improved
invulnerability to unauthorized access.

3.6.2.4 Environmental Effects

The nonradiological effects of ocean disposal are calculated
from estimated crew sizes and accident data for construction
workers. (Similar information for ship crews was not avail-
able.) Approximately 57 injuries and 2.5 fatalities are pro-
jected for these alternatives. The non-radiological impacts
for this alternative are summarized in Table 3.24.

The radiological impacts for the ocean disposal concepts are
summarized in Table 3.25. For direct dumping, the methodologies
described ad summarized in Refs. 59 and 60 yield annual dose
rates from contaminated food pathways from the ocean of less
than 1 mrem /yr, using conservative order of magnitude estimates
for important pathway and biological transfer parameters. There
are no reclamation events likely for ocean disposal. Single
container accidents will cause exposures similar to those for
the SLBF. Transportation doses to the public will occur only
during transit to the seaport, and will be about 38 manrem/yr
based on an average distance from waste generator to port of
1,600 mi.

For the projectile concept, the projectile itself an'd the
sediments into which the wastes penetrate provide additional
barriers to movement of the contained wastes, which would
reduce even further any radiological consequences. The movement
of water within sediment beds has been measured to be very low.
Therefore, if the projectile corrodes and the wastes dissolve,
only physical dispersion because of concentration gradients will
cause contaminants to reach the ocean floor interface. For
these reasons, the resultant doses for this option would be much
lower than those for direct dumping.

3.6.2.5 Availability of Techniques

Direct dumping into the ocean has been practiced for over
30 years. Projectile penetration into sediments will require
some additional testing and demonstration before it is a proven
technique. The evaluation factor concerning availability of
techniques is given values of 1.0 and 1.3, respectively, for
dumping and projectile disposal.

n.mc

96 b@m



. _ - - - -

TABLE 3.24

SUMMARY OF NON-RADIOLOGICAL IMPACTS FOR OCEAN DISPOSAL CONCEPTS

Projectile
Otoan Dumping Disposal

Transportation

Average Transit Distance
to Port (miles) 1,600 1,600

Total Train Car Miles 84,500,000 84,500,000
Total Projected Accidents (a) 12 12
Total Projected Fa tal i tie s (b) 32 32
Total Projected Fatalities (c) 2.4 2.4

Construction Phase

Average Crew Size (man-years) NA NA
Comparable Industry (d) NA NA
Total Projected Injrries NA NA
Total Projected Fatalities NA NA

Operational Phase

Crew Size (man-years) 300 300Comparable Industry (d) Construction / Construction /
Trancit Transit

Total Projected Injuries 25 25
Total Projected Fatalities 0.11 0.11

Total C/crall Effect
for Comparison (e) 82 82

Normalized Effect(f) 3.5 3.5

(a) Based on 1.4x10-7 accidents / car mile from Ref 13.
(b) Based on 2.7 injuries / accident from Ref 13.
(c) Based on 0.2 fatalities / accident from Ref 13.
(d) From Table 2.2, for rates used for statistical injury and

accident projection data. (Highest projected frequencies
for given categories were used in the calculation.)

(e) Sum of all injuries plus 10 times all fatalities.
(Fatalities are weighted none heavily than injuries to
account for the more significant loss of life.)

(f) Normalized to reference SLBF eastern site case.
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TABLE 3.25

SUMMARY OF RADIO LOGIC AL IM PACTS FOR OCEAN DISPOSAL CONCEPTS

_

Ocean Dumping Projectile

Long-Term Effects (mrem /yr)

Reclaimer Inhalation ( ) 0 0

Food Pathway (b) 1 0

Reclaimer Direct Gamma
Exposure (a) 0 0

Short-Term Effects (mrem /yr)

On-Site Well Water

Consumption 0 0

Accidental Airborne
Releases 200 200

Transportation Exposure (c) 38 38

Total Overall Effect for
Comparison (mrem /yr) 239 238

Normalized Effect(d) 0.18 0.18

(a) Based on the stated number of hours of exposure per year
to obtain consistent exposure units for comparison. (No
inadvertant reclaimation is assumed for ocean disposal
concepts).

(b) Based on Refs. 59 and 60.
(c) Based on arbitrarily assuming to tal dose is borne by 1000

persons to obtain consistent exposure units for comparison.
(Considers only exposures to public along transportation
routes from waste generators to port facilities.)

(d) Normalized to referenco SLBF eastern site case.
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3.6.3 Sociopolitical Implications

Ocean disposal is an emotiorally charged issue. Environmental
groups s t. r o ng l y oppose pote-tial contamination of the oceans.
In some areas, lack of available land for burial makes the
oceans appear attractive fo_ waste disposal. Complicating the
situation is the philosophy that the oceans are international
resources, and their use by a few countries for waste disposal
may be objectionable to the balance to the international
community.

3.6.3.1 Public Acceptance

Public acceptance of the risks from using the oceans for dispos-
al of low -level radioactive wastes will be low. The possibility
of "contaninating" the ocean is not popula;. The public will
need substan*ial information to allow better understanding of
the risks and the benefits to be obtained. A definition of
acceptable levels of contamination and other risks will be
required for this alternative, as well as a comparison with
other wastes that presently end up in the ocean. Although
contamination of the ocean is a potential hazar), because of the
tremendous volumes of water involved, the risk is reasonably
small from the reference ocean disposal alternative concepts.
The ethical and moral issues of contaminating the ocean for
other countries, as well as for future generations, will require
investigation. There is not yet sufficient data on the ocean's
response to waste disposal to allow quantitative prediction of
the full range of risks, although based on information now
available, the risks will be low.

Public acceptance of direct ocean dumping is likely to be much
less favorable than for shallow land burial. The evaluation
factor for public acceptance is therefore assigned a value of
1.4. Resistance to projectile penetration into the sediments
may be less than for direct dumping but, because of its unproven
nature, may still be greater than shallow land burial. There-
fore, the evaluation factor for public acceptance is set at 1.2
for ocean projectile disposal.

3.6.3.2 Institutional Controlc

International agreements and domestic governmental controls
already exist for regulating waste disposal in the oceans.
However, implementation of this alternative may be more diffi-
cult than for a new reference shallow land burial facility.
Controls on shipping ports and vessel routing will also be
required. The evaluation factor describing institutional
controls is set to of 1.2 for both disposal options, to reflect
the additional complexity.
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3.6.4 Cost An alys i s

The costs for ocean disposal depend on prices for ships and
crews that are usually quoted on a job-by-job basis. The
estimate r epo r ted here is based on judgement of what reasonable
costs may be.

3.6.4.1 Cost Estimates

The costs for direct ocean dumping and projectile penetration of
the sediments are presented in Table 3.26. To tal costs for
sophisticated navigation equipment, port charges, ship and crew
rental and miscellaneous supplies and equipment amount to
$176 million for direct dumping and $1,101 million for projectile
disposal. Ground transportation costs to the shipping port
amount to $271 million, giving total unit costs for the two

3 of waste, respectively.3 to $7,200/moptions of $710/m

3.6.4.2 Economic Impact

The estimated costs amount to 0.064 mills / kwhr f o r d i r ec t d um p-
ing and 0.20 mills / kwhr for projectile d i s po sa l . These costs
are equivalent to 0.1% and 0.4% of the total cost of nuclear
power production, respectively.

3.7 Summary

This chapter has described the baseline method for d isposal of
low-level radioactive wastes--shallow land burial--and all the
alternatives considered. It has provided information concerning
the evaluation factors used to compare the alternatives and has
stated what these factors were chosen to be. At this po in t it
remains to gather the evaluation factors together, properly
weight them, and d e te rm ine the outcome of the comparative
analysis. Chapter 4 performs that function.
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TABLE 3.26 COST ESTIMATE SUMMARY FOR OCEAN DISPOSAL CONCEPT S

Estimated Costs (Millions of Dollars)

Item Direct Dumping Projectile Penetration

Refit Ship with Navigation Equipment 3.65 3.65

Projectiles for Drums -- 410.73

Operational Personnel, Port Charges, Ship
Rental and Useage, Licensi".g, Studies and Reports 73.00 73.00

Supplies and Equipment 0.94 0.94

Subcotal 78 488

Contingency (30% of Total Capital and Operating Costs) 23 146

H
Financing, Escalation and Profit 75 46'o

1101Total Facility Costs 176

271 271Transportation to Port

Total Facility Plus Transportation Costs 447 1372

Total Unit Costs for Waste Disposal ($/m ) 710 2200
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4. SUMMARY OF RESULTS AND COMPARATIVE ANALYSIS

The major results of analyzing the various waste disposal
alternatives are summarized in this chapter; the evaluation
actors are weighed, and the alternatives are compared.

4.1 Environmental Effects

The environmental effects evaluation parameter is composed of a
large number of individual effects which were calculated by the
methods outlined in Chapter 3 and Appendix C. These effects are
summarized and combined in this section. It should be noted
that these effects are for the purpose of comparisons among
alternatives, and are not intended to be predictive of the
performance of a specifi c disposal site or method. Site- and
facility-specific factor' would need to be supplied, as well as
waste uses and types, be. ore the methodology used would yield
more predictive results.

4.1.1 Non-radiological Effects

The non-radiological effects calculated for the various waste
disposal alternatives, based on accident statistics from com-
parable industrial activities, are summarized in Table 4.1.
They include projected injuries and fatalities, based on trans-
portation distances and estimated construction and operational
crew sizes.

From the information given in the table, it can be seen that
transportation generally dominates both the number of projected
injuries and fatalities in all cases. The differences in envi-
ronmental effects resulting from different shipping distances to
eastern and western sites tend to mask any differences between
the various disposal alternatives.

The construction risks are based on the estimated construction
effort and comparable industrial accident statistics. The
projected risks for the various alternatives vary because of
difterences in crew sizes and types of activities. For in-
stance, mining for the Mined Cavity Disposal Facility (MCDF)
concepts could produce more injuries than construction of the
open trenches for the Shallow Land Burial Facility (SLBF).
Construction of ships and port facilities used for the ocean
disposal concepts is not included in this analysis.

The operational crew for all concepts except ocean disposal was
assumed to be the same size, because the same volume of waste
would be handled at each facility. Hence, the accidental
injuries and fatalities are the same for all but ocean disposal.
For ocean disposal, the ship and loading crew was estimated to
be somewhat larger than for the other alternatives. Also, the
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TABLE 4.1

SUMMARY OF NON-PADIOLOGICAL IMPACTS FOR VARIOUS ALTERNATIVES *

_ ~

Transportation Construction Operation
Total Total Total Total Total Total Cummulative Normalized

Alternatives InAries Fatalities Injuries Fatalltjen Injuries Fatalities Effectb Effectc
Sn.Ilow-Land Hurial-Eastern Site 8 0.60 0.61 0.01 8.1 0.09 23.7 1.0

Shallov-Lan1 Bur ial-Western Si te 2B 2.0 0.52 0.01 8.1 0.09 57.6 2.4

Imnroved Burial-Eastern Site 8 0.60 0.67 0.01 8.1 0.09 23.8 1.0
Improved Burial-Western Site 23 2.0 0.67 0.01 C.1 0.09 57.7 2.4

Deeper Borial-Eastern Site 8 0.60 0.95 0.01 8.1 0.09 24.0 1.0
Ikeper Burial-Western Site 28 2.0 0.85 0.01 8.1 0.09 58.0 2.4

" nnitoned Mine-Eastern Site 12 0.88 0.63 0.01 8.1 0.09 30.5 1.3
O Abandoned Mine-We= tern Site 32 2.4 0.63 0.01 8.1 0.09 65.1 2.8W

New fiorizontal Shaft Mi ne-Eas t e r:1 Site 12 0.88 2.8 0.06 8.1 0.09 33.2 1.4
New IIorizontal Shaf t Mine-Westerii Site 32 2.4 2.8 0.06 8.1 0.09 68.4 2.9
New Vertical Shaft Mine-Eastern Site 12 0.88 3.3 0.0/ 8,1 0.09 33.8 1.4
New Vertical Shaft Mine-Western Site 32 2.4 3.3 0.07 8.1 0.09 69.0 2.9
Above Grade Structure-Eastern Site 8 0.60 10 0.12 8.1 0.09 34.2 1.4
Above Grade Structure-Western Site 28 2.0 9.9 0.12 8.1 0.09 68.1 2.9
Buried Structure-Eastern Site 8 0.60 11 0.13 8.1 0.09 35.3 1.5
Buried Structure-Western Site 28 2.0 11 0.12 8.1 0.39 69.2 2.9

dDirect Ocean Ihnnping 32 2.4 NA NA 25 0.11 82.1 3.5
(*" Ocean Projectile Die osal 32 2.4 NA NA 25 0.11 82.1 3.5
N
*

T) 3Based on disposal of 630,000 m of waste over 20 years with 150 years of c Normalized to SLBF eastern site case.a
''d continued institutional control.

d NA - Not applicable. Construction of ships and ports not in*luded.
b Total injuries plus 10 times total fatalities.7
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accident statistics for comparable industries indicated higher
injury rates. As a consequence, ocean disposal results in
higher non-radiological environmental effects.

The cumulative non-radiological effect was obtained by adding
the total projected injuries to a factor of ten times the total
projected fatalities. The factor of ten was chosen to reflect
the greater significance of loss of life. The cumulative
effects were then normalized to the SLBF eastern site and
averaged with the normalized radiological effects to determine
the overall environmental effect =caluation factor used in the
comparative analysis. It should be noted that in all cases
except ocean disposal the effects of the longer transportation
distance to the western sites are greater than the differences
between alternatives.

4.1.2 Radiological Effects

The radiological effects calculated for the various alternatives
are summarized in Table 4.2. As described in Section 3, the

potential exposure estimates are presented in consistent annual
dose rate units for the comparison. The long-term effects,
those that occur after institutional control is relinquished,
include inhalation of contaminated dust by a future reclaimer,
direct gamma radiation to a future reclaimer, and exposures from
consumption of food grown on the disposal site after it is
contaminated by carr"ing the %stes to the surface. It can be
seen that, for the reference inventory used in this study, the
long-term effects dominate for the SLBF, improved SLBF and
SDF concepts. No significant long-term effects attributable to
reclamation activities are postulated for the deeper burial,
MCDF and ocean disposal concepts. The estimate of the conse-
quences of the food pathway for ocean dumping is less than 1
mrem /yr.

The short-term effects include exposures to the public along
transportation routes, consumption of contaminated water from
an on-site or nearby well, and a person at the site boundary
inhaling airborne contamination from single containers acci-
dentally ruptured during handling. Transportation exposures
for ocean disposal and the western sites are about three t.imes
larger than for the eastern sites because of the longer tt is-

portation distances.

No well water exposures are postulated for the MCDF or ocean
disposal cases. The well water exposures for the SDF concepts
are lower than for the land burial cases because no leaching and
subsequent groundwater movement is postulated until after insti-
tutional control is relinquished. The addition of increased
ion-exchange capacity beneath the wastes, assumed to have no
effect on the nuclides that are not sorbed (e.g., move at the
same rate as the groundwater) reduces potential exposure rates
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TABLE 4.2

SUMMARY OF RADIOLOGICAL IMPACTS FOR ALTERNATIVES (area /yr)

Long Term Ef f ects Short Term Effects
Si.igle

Direct Well Water Container Cummulative
Normalir{d'Alternative Inhalation Camma Foca Transportation Consumption Accid nto Effect(b) Effect

Shallow-Land Burial-Eastern Site 60 340 620 10 80 200 1310 1.0
Shallow-Land Burial-Western Site 60 340 620 30 40 200 1290 1.0

Improved Burial-Eastern Site 51 290 530 10 77 150 1108 0.8

Improved Burial-Western Site 51 290 530 30 35 150 1086 0.8

Deeper Burial-Eastern Site 0 0 0 10 77 150 237 0.2
Deeper Burial-Western Site 0 0 0 30 35 150 215 0.2

Abandoned Mine-Esstern Site 9 0 0 14 0 100 114 0.1
F" Abandoned Mine-Western Site 0 0 0 38 0 100 138 0.1o
Ln New Horizontal Shaft Mine-Eastern Site 0 0 0 14 0 100 114 0.1

New Horizontal Shaft Mine-Western Site 0 0 0 38 0 100 138 0.1

New Vertical Shaft Mine-Eastern Site 0 0 0 14 0 100 114 0.1

New Vertical Shaft Mine-Western Site 0 0 0 38 0 100 138 0.1
Above Grade Structure-Eastern Site 120 680 620 10 9 100 1539 1.2
Above Crade Structure-Western Site 120 680 620 30 6 100 1556 1,2

Buried Structure-Eastern Site 120 680 620 10 9 100 1539 1.2
Buried Structure-Western Site 120 680 620 30 6 103 1556 1.2
Direct Ocean Dumping 0 0 1 38 0 200 239 0,2

Ocean Projectile Disposal 0 0 0 38 0 200 238 0.2

(
>' ) (a) hose rates are calculated on consident basiter alternatives, but are not predictive of exposures to any single individual at actual sites.*T
;*, (b) Sum of long and short term effects, even though times of occurance may be different. Na Individual will receive a dose of this size. Thes cumulative effect is presented only for coeparisons among the alternatives.3

)h (c) Normalized to SLBF eastern case.
.



only slightly for the reference waste inventory. The effective-
ness of that improvement is apparent only on the more slowly
moving nucliles.

The single container accident dose rates for the improved SLBF
and deeper burial cases are assumed to be 25% less than the base
case because of the mitigating effect of the air supported
weather protection building in which many of the waste handling
operations take place. Dose rates are reduced by one half for
the MCDF and SDF concepts because at least half of the waste
handling will occur inside the mine or building, which are
designed to mitigate the consequences of accidents.

The cumulative radiological effect is the sum of the dose rates
from the pathways analyzed, even though the times of occurrence
of the potential exposures are different. No individual would
receive the cumulative dose listed. These doses are not predic-
tions of actual exposures, but are used only for comparing
alternatives. The cumulative effects are normalized to the
reference SLBF eastern site to obtain the normalized effects
listed in the table.

Note that there is little difference between the radiological
effects for eastern and weatern sites for the same alternative.
If different parameters were used to differentiate eastern and
western sites, the radiological impacts would be altered some-
what, although the food and well water pathways are the only
ones that are strongly site-dependent. Differences in the food
pathways could arise from differences in productivity. Changing
the parameters related to the ground water and aquifer veloci-
ties and distances will impact the projected well water dose
rates. However, as can be seen from the table, well water
is not one of the major contributors to the cumulative effect
in any case.

4.2 Economic Evaluations

The economic evaluations are based on the cost estimates pro-
pared for the alternative disposal facilities and detailed
in Chapter 3 and Appendix D. Tahle 4.3 summarizes the cost
estimates for the alternatives. Total capital, operating,
contingency, financing, escalation, and profit costs are summed
to give total facility costs. Transportation costs are added
and total unit costs are calculated. Total costs are normal-
ized to the reference SLBF eastern site for comparison. Cost
diiferences between eastern and western sites are dominated by
the extra transportation costs attributed to western sites.

4.3 Comparative Analysis

The evaluation factors for each of the various disposal alterna-
tives are the basis for the comparative analysis,

uu..'wfAn ,, n t a -
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TA3LE 4.3

COST ESTIMATE SUMMARY FOR BASE CASE ALTERNATIVE FACILITIES ($ MILLIONS)

Flaancing. Total
Capital Operating Escalation Facility Transportation Total Total Unit Narmalized

3Alternative Costs Costs Contingency & Profit Costs Costa Costs Costs ($/m ) Cost s a

Shallow-Land Burial-Eastern Site 12 24 11 37 84 68 152 240 1.0

Fhallow-Land Burial-Western Site 9 24 10 33 76 237 313 500 2.1

Improved Buiral-Eastern Site 14 24 11 40 89 68 157 250 1.0

Improved Bucial-Western Site 11 24 10 36 81 237 318 500 2.1

Deeper Burial-Eastern Site 19 24 13 46 107 ;* 170 270 1.1

Deeper Burial-Western Site 16 24 12 42 94 237 331 520 2.2

Ab.0 % ed Mine-Fastern Site 7 24 9 31 71 102 173 280 1.1

Abaqdoned Mine-Western Site 7 24 9 31 71 271 342 540 2.3
F" New Horizcntal Shaft Mine-Eastern Site 30 24 16 59 129 lu l 231 370 1.5o
~J New Horizontal Shaft Mine-Western Site 30 24 16 59 129 271 400 630 2.7

New Vertical Shaft Mine-Eastern Site 34 24 17 64 139 102 241 380 1.6
New Vertical Shate Mine-Western Site 34 24 17 64 139 271 410 650 2.7

Above Crade Structure-Eastera Site 178 25 61 237 501 68 569 900 3.8

Above Grade Structure-Western Site 176 25 60 234 495 237 732 1200 4.8

Buried Structure-Eastern Site 192 25 65 254 536 68 604 960 4.0
Buried Structure-Wectern Site 189 25 64 250 528 237 765 1200 5.1

Direct Ocean Dumping 4 74 23 75 176 271 447 710 3.0

Ocean Projectile Disposal 4 484 146 467 1101 271 1372 2200 91

* Normalized to SLBF eastern site costs.
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4.3.1 Summary of Evaluation Factors

The overall comparison based on the normalized evaluation fac-
tors used in this stidy is presented in matrix format in Table
4.4. The evaluation factor for compatibility with waste, as
described in Chapter 3, is the same for all cases because the
reference waste can be accomodated by all of the alternative
disposal facilities. It is included in the comparison, however,
because a weight or importance has been assigned to it.

Site selection evaluation factors differ from case to case to
reflect the availability of suitable sites for the alternatives.
Suitable western sites are assumed to be more readily available
than analogous sites in the east. Finding suitable abandoned
mines is the most difficult.

As reflected in the safeguards evaluation factors, only small
differences in ability to keep the disposed wastes secure
between alternatives is expected. The ocean disposal concepts
are most secure, followed by the MCDF concepts.

The environmental effects evaluation factor is obtained by
averaging the normalized non-radiological and radiological
effects from Tables 4.1 and 4.2.

The factor representing availability of *echniques shows the
MCDF e.nd ocean projectile concepts to be those for which the
least dire ct experience and technology is available.

The difficulties inherent in making necessary changes in current
regulatory and institutional controls, both international and
domestic, to accommodate the various alternatives, are reflected
in the institutional controls evaluation factor. The largest
revisions in controls would be required for the MCDF and ocean
disposal concepts.

The evaluation factors for public acceptance indicate that
resistance to ocean disposal concepts would be the greatest,
and that the MCDF concepts would be most readily accepted.
The other alternatives would also be perceived as improvements
to current practices, and therefore show better acceptability.

The individual cost and industry cost evaluation factors are
based on the normalized total costs given in Table 4.3.

4.3.2 Weighted Comparison

Table 4,5 contains the overall weighted comparison of all
alternatives. The evaluation factors have been modified by
multiplying by the weights given in Table 2.6. The weighted
comparison is the sum of the weighted evaluation factors for
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TABLE 4.4

SUMMARY OF UNWEIGHTED RESULTS OF EVALUATIONS FOR THE ALTERNATIVES

Evaluation Factors
Compatibility Site Environmental Availability Institutional Public Consumer Industrial

Alternatives with Waste Selection Safeguards Effects of Techniques control Acceptance Costs Costs

Shallow-Land Burial-
Eastern Site 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Shallow-Land Burial-
Western Site 1.0 0.9 1.0 1.7 1.0 1.0 1.0 2.1 2.1

Improved Burial-Eastern
Site 1.0 0.9 1.0 0.9 1.0 1.0 0.9 1.0 1.0

Improved Burial-Western
Site 1.0 0.9 1.0 1.6 1.0 1.0 0.9 '.1 2.1

Deeper Burial-Eastern
Site 1.0 1.2 0.9 0.6 1.1 1.1 0.8 1.1 1.1

Deeper Burial-Western
Site 1.0 1.1 0.9 1.3 1.1 1.1 0.8 2.2 2.2

Abandoned Mine-Eastern
Site 1.0 1.5 0.8 0.7 1.2 1.2 0.8 1.1 1.1

W
o Abandoned Mine-Western
up Site 1.0 1.4 0.8 1.4 1.2 1.2 0.8 2.3 2.3

New Horizontal Shaft
Mine-Eastern Site 1.0 1.4 0.8 0.8 1.3 1.2 0.7 1.5 1.5

New llorizontal Shaft
Mine-Western Site 1.0 1.1 0.8 1.5 1.3 1.2 0.7 2.7 2.7

New Vertical Shaft
Mine-Eastern Site 1.0 1.3 0.8 0.8 1.3 1.2 0.7 1.6 1.6

New Vertical Shaft
Mine-Western Site 1.0 1.2 0.8 1.5 1.3 1.2 0.7 2.7 2.7

Above Grade Structure -
Eastern Site 1.0 0.9 1.2 1.3 1.1 1.1 9.9 3.8 3.8

Above Crade Structure-
Western Site 1.0 0.8 1.2 2.0 1.1 1.1 0.9 4.8 4.8

ft Buried Structure-

y Eastern Site 1.0 0.9 1.1 1.4 1.1 1.1 0.9 4.0 4.0

$) Buried Structure-

{] Western Site 1.0 0.8 1.1 2.0 1.1 1.1 0.9 5.1 5.1

d Direct Ocean Dumping 1.0 1.2 0.5 1.8 1.0 1.2 1.4 3.0 3.0

Y) Ocean Projectile Diaposal 1.0 1.4 0.5 1.8 1.3 1.2 1.2 9.1 9.1a'



TABLE 4.5

WEICNTED COMPARATIVE ANALYSIS FOR ALTERNATIVES

Evaluation Factors
Compatibility Site Environmental Availability Institutional Public Consumer Industrial Weighted
with Waste Selection Safeguards Effects of Techniques Control Acceptance Costs Costs Comparison *

Weight 0.08 0.12 0.06 0.11 0.10 0.11 0.16 0.14 0.12

Alternatives

Shallow-Land Burial-
Eastern Site 0.08 0.12 0.06 0.11 0.10 0.11 0.16 0.14 0.12 1.0

Shallow-Land Burial-
Western Site 0.08 0.11 0.06 0.19 0.10 0.11 0.16 0.29 0.25 1.4
Improved Burial-Eastern
Site 0.08 0.11 0.06 0.10 0.10 0.11 0.14 0.14 0.12 0.96

Improved Burial-Western
Site 0.08 C.11 0.06 0.18 0.10 0.11 0.14 0.29 0.25 1.1
Deeper Burial-Eastern
Site 0.08 0.14 0.' 5 0.07 0.11 0.12 0.13 0.15 0.13 0.98
Deeper Burial-Western
Sita 0.08 0 13 0.05 0.14 0.11 0.12 0.13 0.31 0.26 1.3

Abandoned Mine-Eastern
Site 0.08 0.18 0.05 0.08 0.12 0.13 0.13 0.15 0.13 1.1e

Fd Abandoned Mine-Western
C) Site 0.08 0.17 0.05 0.15 0.12 0.13 0.13 0.32 0.28 1.4

New Horizontal Shaft
Mine-Eastern Site 0.08 0.17 0.05 0.09 0.13 0.13 0.11 0.21 0.18 1.2
New Horizontal Shaft
Mine-Western Site 0.08 0.16 0.05 0.17 0.13 0.13 0.11 0.38 0.32 1.5
New Vertical Shaft
Mine-Eastern Site 0.08 0.16 0.05 0.09 0.13 0.13 0.11 0.22 0.19 1.2
New Vertical Shaf t
Mine-Western Site 0.08 0.14 0.05 0.17 0.13 0.13 0.11 0.38 0.32 1.5

Above Crade Structure-
Eastern Site 0.08 0.11 0.07 0.14 0.11 0.12 0.14 0.53 0.46 1.8

Above Crade Structure-
l.. Western Site 0.08 0.10 0.07 0.22 0.11 0.12 0.14 0.67 e.58 2.1'M' .
.g Buried Structure-

+%
Eastern Site 0.08 0.11 0.07 0.15 0.11 0.12 0.14 0.56 0.48 1.8.

of Buried Structure-
J' -Western Site 0.08 0.10 0.07 0.22 0.11 0.12 0.14 0.71 0.61 2.2s.4

Direct Ocean Dumping 0.08 0.14 0.03 0.20 0.10 0.13 0.22 0.42 0.36 1.7
Ocean Projectile Disposal 0.08 0.17 0.03 0.20 0.13 0.13 0.19 1.27 1.09 3.3

* Weighted Comparison is the sum of the weighted evaluation factors fer each alternative. Higher values indicated lesa desirability.
.



each alternative. Selection of o the r we igh t ing s co uld change
some of the conclusions of this analysis; Table 4.4 can be used
with other weights, i f d esi r ed .

It c .1 n be seen from Table 4.5 that the differences among the
alternatives are generally smaller than the differences between
eastern and western sites. Political realities may dictate that
both eastern and western sites be used, even though eastern
sites appear to be more favorable. The real significance of
the consistently large difference between eastern and western
sites is that transpo r ta tion dominates the comparisons because
of higher non-radiological environmental ef fects and cost. This
suggests that regional disposal sites are desireable to minimize
transpor tation d istances.

It is apparent that shallow land burial as now pr ac tic ed is a
viable disposal al te rna tiv e . Improvements to present practices
and deeper burial also compare favorably with the base case.
Structural d i spo sal and ocean disposal concepts a ppe a r to be
least viable. The MCDF concepts would require further justifi-
cation before they we re selected for waste disposal. However,
changing the weights used and the methods of combining impacts
could result in different relative ranking among the alter-
natives.
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5. CONCLUSIONS

Using the weighting factors described in Chapter 2 various
alternatives for d i spo sal of low-level rad io ac tive wastes were
compared. The following conclusions have emerged from this
analysis:

. Several viable alternatives exist for disposing of
low-level radioactive wastes.

e The analysis indicates that the al te rna t iv es to
shallow land burial that were studied in this
r epo r t can be ranked in descending order of
preference as follows: improving current shallow
land burial practices, deeper burial, use of mined
cavities, ocean dumping, disposal in specially
d esig ned structures, and sea bed d i s po sa l via
penetrating projectiles, based on th e generic
facilities and locations presented in this r e po r t .

e Tr ans po r ta t io n of the wastes dominates the com-
parison among alternatives, through both cost
and safety considerations. This i nd ic a te s that
regional disposal sites near the sources of low-
level wastes are highly d^sirable.

The above conclusions are strongly influenced by the weights
assigned to each of the evaluation factors used. This r epo r t
contains sufficient information to allow o ther weightings to be
applied as desired.

It is recommended that an analysis be performed to determine the
sensitivity of the ranking of alternatives to key factors such
as duration of institutional control, cost estimation techniques
and relative weights placed on evaluation factors. It is also
r ec ommend ed tha t the methodology be applied to specific poten-
tial waste disposal sites to demonstrate its use in selecting
the beot alternaives for particular locations. The methodology
developed here can be a ppl ied to speciffe as well as generic
situations. Further development of models and methods to
evaluate the affects on waste migration from site specific
differences should be considered, along with more detailed
studies of the most viable a l te rn a tiv es to determine optimum
waste management st r a teg ie s ,
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APPENDIX A

TECHNICAL AD'.ISORY PANEL FOR WASTE DISPOSAL ALTERNATIVES STUDY

1. M. Axelrad
Lowenstein, Newman, Reis & Axelrad
1025 Connecticut Avenue, N.W.
Washing ton , D. C. 20036
Telephone: 202-862-8400

2. B. V. Coplan
Stone & Webster Engineering Corp.
243 Summer Street
Boston, Massachusetts 02107
Telephone: 617-973-7941

3. J. P. Corley
Battelle Pacific Northwest Labs
P.O. Box 999
Richland, Washington 99352
Telephone: 509-946-2850

4. G. J. Davis
Boston Edison
800 Boylston Street
Boston, Massachusetts 02199
Telephone: 617-424-2253

5. G. DeBuchananne
U.S. Geologic Survey
Reston, Virginia 22092
Telephone: 703-860-6951

6. W. P. Dornsife
Department of Energy Resources
P.O. Box 2063
Harrisburg, Pennsylvania 17120
Telephone: 717-787-3479

7. R. M. Fry
Bureau of Health and Safety
Department for Human Resources
275 East Main
Frankfort, Kentucky 40601
Telephone: 502-564-2500

8. W. L. Godfrey
Allied-General Nuclear Services
P.O. Box 847
Barnwell, South Carolina 29812 < f'r ,c, 'm o'' '''

Telephone: 803-259-1710
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9. W. F. Holcomb
Environmental Protection Agency
(AW-459)
401 M Street, SW
Washington, D.C. 20460
Telephone: 703-557-8977

10. R. E. Isaacson
Rockwell-Hanford
P. O. Box 800
Richland, Washington 99352
Telephone: 509-942-2827

11. D. Jessop
Tennessee Valley Authority
400 Commerce Avenue
Knoxville, Tennessee 37902
Telephone: 615-632-2509

12. T.C. Johnson
Low-Level Waste Branch
U.S. Nuclear Regulatory Commission
Wa shing ton , D.C. 20555
Telephone: 301-427-4240

13. P.H. Lohaus
Low-Level Waste Branch
U.S. Nuclear Regulatory Comm.
Washington, D.C. 20555
Telephone: 301-427-4240

14. B. Manowitz
Associated Universities, Inc.
Brookhaven National Laboratory
Upton, New York 11973
Telephone: 516-345-3037

15. M. Matthias
Ontario Hydro
700 University Ave (H.16)
Toronto, Ontario, CANADA M561X6
Telephone: 416-592-4066

16. E. S. Murphy
Battelle Pacific Northwest Labs
P. O. Box 999
Richland, Washington 99352
Telephone: 509-946-2705

17. R. G. Post
Department of Nuclear Engineering
University of Arizona
Tucson, Arizona 85721
Telephone: 602-884-1229
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18. J. E. Razor
Nuclear Engineering Co.
P. O. Box 146
Morehead, Kentucky 40351
Telephone: 606-784-8611

19. J. Steger
U.S. Department o f Energy
Wa shi ng to n , D.C. 20545
Telephone: 301-353-4216

20. R. J Stouky
NUS Corporation
4 Research Place
Rockville, Maryland 20650
Telephone: 301-948-7010x495

21. W. C. Taylor. Chairman
Department o f Civil Engineering
Michigan State University
East La nsi ng , Michigan 48824
Telephone: 517-355-5107

22. M. E. Wacks
Department o f Nuclear Engineering
University of Arizona
Tucson, Arizona 85721
Telephone: 602-884-1229

23. M. L. Wheeler
Los Alamos Scientific Laboratory
P. O. Box 1663
Los Alamos, New Mexico 87544
Telephone: 506-667-5862

24. W. P. Bishop
Fo rmerly Assistant Di rec to r for Waste Management
U.S. Nuclear Regulatory Commission
Wa s h ing to n , D.C. 29555
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APPENDIX B

REVIEW OF EXISTING LOW-LEVEL
WASTE DIPPOSAL FACILITIES
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APPENDIX B

REVIEW OF EXISTING LOW-LEVEL
WASTE DISPOSAL FACILITIES

Current practice in this country for disposal of solid Lo w-Le v el
Waste (LLW) is primarily shallow land burial. The reference
Shallow Land Burial Facility (S LB F) used in this study is based
on present shallow land burial practices. The numbers selected
to mathematically describe the SLBF and other Jeference facility
designs were obtained from measured values of those parameters
at existing facilities, and from reasonably conservative
estimates of the values that will be allowed at future waste
disposal sitec.

For perspective on current LLW handling and to provide a basis
for describino the alternative facilities analyzed, a review
of existing low-level waste burial facilities was performed.
There are presently six commercial low-level radioactive waste
burial facilities and five major active sites for burial of
defense and research-related radioactive wastes at Department of
Energy (DOE) facilities in the United States. Although the
sources of the wastes d if f er from site to site, the general
operational characteristics of the disposal facilities and the
generic composition of the wastes are similar.

Basically, low-level wastes received at a disposal facility are
placed directly in pits or trenches excavated into the native
soil or till at the site. The overburden removed during excava-
tion is then used to cover the wastes. The pits and trenches
are usually sloped toward one end and a cover is a ppl ied for
control of surface runoff from precipitation. Characteristics
of the existing sites are summarized in the following tables.
The information presented in the tables was collected and
summarized from Refs 7, 24, 30, and 63 to 66.

Table B.1 lists the capacity o r volume of waste than can be
readily accomodated at the existing sites, the sizes of trenches
or pits employed, covered types and procedures, and quantities
of waste buried.

Climatological and hydrogeological in fo rma tio n available fo r
each site is tabulated in Table B. 2. This includes data con-
cerning pr ecipi ta tion and evapotranspiration, geomorphology,
seismicity, surface soils and wa te r , subsurface st r a t ig r a ph y ,
and aquifers.

Cha rac te r i za tio n of the radioactivity in wastes at the commer-
cial sites has been accomplished in the past by use of broad
categories designated as special nuclear materials, source
materials, and by-product materials for fissile, fertile, and
fission and activation products, respectively. Table B.3
summarizes the data for existing sites using this method of
categorization.
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rM, CITIES At0 WA' E QLWrTITIES hatt ED AT EXISTING SlFET
_ . . _ _ _ _ . . _ . . _ _ . _ . _ _ _ _ _ _ _ _ . _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ . _ _ - _ _ , _ _ _ _ _ _

G# fit 3CIAL
EITE telAL Dd3dit thNISitsE FGt

(10}1V'TV
AL CLou.A-

YtAR (AN(ITY blZE (m) (LJ.M7711 CINEN CtMR LG WARR rneIsr71tm Cl AT WilmE Bis 41ED TIVEk SITE LICt20tD (10 se5 l) s WIUTH E (LPTH) TYPE IEPTH Fill PHurEWhE pef.UlI3CY Atis OstT3 INMt38T TIME (F 8L541AL) G34 m)) Ttf40 Lug

D Mraxa, or
nasale t h bduce h

HA#du.D, hA* - - Variable 3 1.5.-5 x 4 -6 Earthf!!1 (1 ar/hr at fiut f ace Filled from Eauf Emily Ene 810 20 7B5
aman .

Min. 2n htals
Nwatal to la Trench Filled to As Trench

Richtho, hA 1%5 9 90 a 8 a 6 Ear thf!!! Above Graie 0.6m of krface Is Filled pine 4 14 1.6 12M7

%=eer, Min. 2a htals
'"#"bw# mssdec* to 0.6m h ench Filled h to Trarch

BEATTY, NV 1%2 7 2t# E 12-15 s 6 f.ar thf!!! Alave Craje la of Surf ace is Filled bne 156 6.1 32A7

Pits arm 3 Trenctes
assendal Min. In To l'illed h in of As Trerat or

Ihrt, ID* - - 273 s 2-3 s 4 Ear thf ill Sus f ace Sur f ace Pit la Falle1 Norae - 14 7/75

Oscavated Min. 1. 5m custantiblee Qi
g% hf f mas =11ng h 0.5 Layered Filling rey of Dollvery

IJE ALAME, te - - 120-180 a 8-30 a 8 umpactsj h la ALuve Grm3e h la of Surface otler As Re<pire2 Wne - 23 7B5

cumpac ted Tretas SlopodsH Clay Min. Im Final Trench Filled h Sep and
Sutn ] Elf), IL 1907 2 150 s 15-18 s 6-8 hoseedel Qiver 0.fm of Surf ace Dn!!y Stardpire 58 8.5 12M7

la Gefected la Coverp Trenches Slogeds
Clays Nurdels Muwded 0.6m Trench Fillm$ h St anpiges Clay

M 5itJW, KY 1%2 Il t,0 - 150 s 24 2 6-8 homoedet Above Grm$e 0.6m of Sus tace Oo11y Born Atoms Trench 2400 14 12M7

Trenctes Sloged4
Feseet J Min. la h Trench Fille 1 h As Trench Munitortsv3 Wells - 14 7M5

rn RIILE, TN* - 15 a 3 x 3-5 Ear thfill Sus tace la of tiurface Is filled

Min.1.3u, Or
mis miel t Heduce h Rarmka Placemestt Nnitorirmj Wells - 28 7M5

sAVAiaWe Rlvut, SC* - - Variable a 6 3 6 far thfill s' ar/hr at fierface in Trenches Af ter l'isposal

0.ta clay 3m at Center 11nes Trenctes Slosed 10
Atti* tonal 1.% at Trench TYoru-h Filled h Sand at Trere n Butte 558 la 12/77

tA radtl, oc 1971 25 140 a 15 a 5-7 N *2 (bver E@e In of Surface Oeily

Ear thfill Trencias Sloped 20
umgected Min. Ams Mussssel Trench Filled h Sep With Riser Pipe 730 6.7 12/77

WtLT U1 LEY, NY 1%) 2 100-210 E 10 a 6 Wssoll Aija2 1.5m Almve Grade Craje Level Lolly

* EXE Site

. - . _ _- _- -- - _ . . . _ - - . _ . _ - - . . - . , . . . - . ~ . - - -- . _ _ _

N
.,

4

I *
1 J

IM.,



TABLE B.2

CLIMATOUJGICAL AND HYDROGEOLOGICAL PARAMETERS AT EXISTING SITES
_ - . _ . _ _ _ _ _ - - . -- - - - - - - - - - - - - - - -

-

IHfrIPITATION 'ITRAL INTERSTITIAL B EHKX'M
Nan Annual Net 1111CFNESS IfM4EABILITY TO

SITE CLIMA1E (ran) (m) GEIMINOIIIIY CIAS$1FICATILN (m) MTER (an/ day) CIESIFICATION CIBUCRJRE

Coluntia Plateau Clay, Sard
NAN >uto, WAe Semi-arid 200 -840 Se mi-dese r t ard Gra/el >l50 Varlar21e Volcanic Basalt m ssive/ flat-lying

Oalumbia Plateau Clay, Sand
RICutAND, WA 1*vni-ar id 200 -640 Semi-deser t ard Gravel >150 Variable Vulcanic Basalt M sive/ flat-lying

fusin & I<aruje Alluvial Sand Ntamor[ hic
BEATTY, NV Arid 100 1,575 Desert ard Gravel >200 0.02-0.1 ard Sedimentary Folded

Volcanic Alluvial said
INEL, ID* Semi-arid 200 -600 Seni-deser t and Gravel 6 Nderate volcanic Isasalt m ssive/ flat-lying

Pt;untainous Wathered
ICS AIM m ,ifi* Semi-arid 400 -870 Sa .14eser t 'fuf f 2 Pkderate volcanic Tuf f mssive/ flat-lying

Glacial drifts
4

Sard, Silt N1e, Sardstone
pl CHEFFIELD, IL tbnid 900 90 Glacial and Gravel 20-30 0.04-40 ard Coal Flat-lyingwraeus
%

R14 e & Valley Wathered bleJ
Pm EHEAD, KY thanid 1,200 300 Agpalachian Clay and Sand 3-5 0.02 Wie Flat-lying

me
assarCs R13 e & Valley Wathered Shale3''""**s rpy RIDGE, TN* thnid 1,300 460 Ag alachian and Fill 10 Very low Shale Foldedb

%

Clay, Sard, and
SAVA!44AH RI da, SC* Humid 1,100 0 Coastal Plain Sard ard ClJy 10 Very low Sandstone Fla t-l yingM

Clay, Sand, ard
bAidhEIL, fc lanid 1,100 0 Coastal Plai; Sard and Clay 10 0.2 Sandstene Flat-l ying

. Glacial drift;
Clay, Silt

W1.ET VALLEY, NY thnid 1,000 300 Clacial and Sard 20-30 0.5 Shile Fla t-l ying

_
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TABLE B.2 (Con' t)

T
CLIMATOLOGICAL AND flYDROGEOlfCICAL PARAMETERS AT EXISTING SITESg
_ ==- = = _ = = . = = = = = -

D Wy rtial in NEM ET HATER FilH DM01 NAM RIVEft FIIM SEISMIC

A(O! Flk SLAJKE I A11G FROM RATE N[hMAL At00AL MEAN llAZARD"O
SITE L1C (m) TYit KATE14 KA4IAL AhtNi (m3/CEr) ZmE

_ _ _ _ _ __

se c._ Colu:rsia River
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Clinch River, Wk Ri3 e, 'IN3
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Savannah River
10 Vadose an Site Nre Staces ClW, Georgia

SAVAtNAH RIVER, EC* 200 Gra11ent legennial in Saral (335) 2

Savannah River
10 Vadose 2km Perennial lore Spaces Clyo, Georgia

UJttMEli, ir 200 Gr ailent (Lower liiree Run) in Saru1 (335) 2
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Gra11cnt trat W Site Shale St. Lawrence River

WWT VA11EY, NY Observol Ivrennial Fractures take Ontar io Outlet (7080) 2
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TABE B-3

C&f4DlCIAL UM-EVEL WASTE BURIAL !!!SnTtY
BY-IPO[A.ICT MATD11AL* BURIED

__

Catun IAL
SITES YEAR 1%2 1%3 1%4 1%5 1%6 1%7 1968 1969 1970 1971 1972 1973 1974 1975 1976 1 URAL

Barnwell, DC
1,171 3,757 15,839 18,244 18,072 28,829 85,912

'

Voltrae (m3d
Curries 4,118 997 42,500 329,043 17,420 27,890 421,968

Beatty, NV
voltane (m3) 1,860 3,510 2,840 1,990 3,530 3,210 3,580 2,480 4,130 3,580 4,300 4,080 4,100 4,179 3,864 53,042

Curries 5,690 6,477 6,377 11,974 10,894 6,808 9,761 12,304 4,316 5,228 5,704 23,904 18,389 4,493 123,119

Pbrehead, KY
D Volture (m ) 2,210 3,870 5,750 5,560 7,820 8,180 10,400 12,500 13,200 15,600 10,100 0,520 17,098 13,783 134,591

3

Curries 22,716 147,322 63,828 52,729 42,280 45,578 31,027 46,968 720,146 217,350 118,274 143,656 289,581 211,356 2,153,802y
MH Sheffield,3)

IL

Voltane (m 2,530 2,710 2,010 2,830 4,430 5,960 8,530 12,400 14,112 13,480 68,992M$ Curries 3,850 2,381 2,192 5,427 7,895 4,857 2,834 3,229 6,104 7,744 46,513

M Richland, WA
y} voltane (m3) 670 2,400 870 670 440 420 580 680 1,033 1,410 1,500 2,867 13,520

Curries 144 1,006 5,378 10,330 55,964 52,820 23,916 31,809 57,037 12,173 113,341 104,306 468,224
-

D West Valley, NY' -
78 Voltane (M) 520 6,390 4,720 4,700 4,950 4,500 4,270 5,100 6,360 7,060 7,500 8,580 2,049 66,726

Curries 1,372 11,344 21,515 41,056 51,230 51,675 23,264 36,241 42,458 61,208 170,552 55,505 10,273 577,754
"""

.D
Total
vvitzne (m3) 1,86o 6,240 13,100 13,100 16,200 19,400 19,600 21,400 25,000 2"),301 37,285 47,046 53,242 57,010 62,823 422,607

Curries 29,778 166,154 91,874 106,765 113,632 116,722 122,209 153,810 802,849 321,449 396,901 567,510 455,098 355,789 3,800,590

* Radioactivity prodtred by irradiation with neutrons, incitding fission and activation products.
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TABLE B-3 (Con't)

IDW-LIVEL WASTE CI N IZATION
',r, g SPEX'IAL NUCIIAR MA71RIAIS* BURIED AT CfMERCIAL SITES

CLtvtRCLAL
SITES YEAR 7%2 1%3 1%4 1%5 1%6 1%7 1%8 1%9 1970 1971 1972 1973 1974 1975 1976 1UTAL

Eernwell, SC
gm 13,220 46,718 99,800 110,444 64,425 92,800 427,407
gn/m3 11.3 12.4 6.30 6.05 3.56 3.22 4.97

Beatty,av
92 319 41,304 172,030 334,762 5,872 22,644 8,602 5,005 7,708 757 21,177 15,164 16,954 29,276 2,096 683,670
WW 0.17 11.8 60.6 168 1.66 7.05 2.40 1.17 1.87 0.21 4.92 3.72 4.14 7.01 0.54 12.89

Morehead, KY
gn 959 11,889 4,261 7,462 14,842 17,771 31,506 47,562 72,770 71,443 46,244 23,832 25,690 27,474 403,705
W m3 0.43 3.07 0.74 1.34 1.90 2.17 3.03 3.80 5.51 4.58 4.58 2.80 1.50 1.99 3.00

W

[ Richland, WA
9m 3 1,418 0.16 0.27 32 200 15 832 6,558 4,884 18,978 24,178 57,298
W m3 4.0 -3 0.59 2.0 -4 4.0 -4 0.07 0.47 0.03 1.27 6.35 3.46 12.65 8.50 4.24

Sheffleid, IL
gn 1,238 1,754 3,843 5,649 9,934 5,898 6,126 6,198 5,285 1,738 47,663
W m3 0.49 0.65 1.91 2.0 2.24 0.99 0.72 0.50 0.37 0.13 0.69

West Valley, NY
gm 952 3,273 2,433 4, 999 3,446 2,045 7,301 8,273 4,816 7,321 7,710 2,984 56,003
W m3 1.82 0.51 0.52 1.06 0.70 0.15 1.71 1.62 0.76 1.04 1.03 0.35 0.84

Total

9n 319 43,214 187,192 341,459 19,751 42,170 30,172 47,687 69,392 101,512 153,389 181,107 166,2 % 143,654 148,486 1,675,801
W m3 0.17 6.93 :4.29 26.06 1.22 2.17 1.54 2.23 2.78 3.46 4.11 3.85 3.12 2.52 2.36 3.97

*Fisslie materials
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TABLE B-3 (Con't)
.

IIM-LEVEL WASTE CHAR 7CITRIZATIa1
SOJICE MA1 TRIAL * DURIED AT COPf1ERCIAL SITES

COf4f1CIAL
SITES YEAR 1%2 1%3 1%4 1%5 1%6 1%7 1%8 1969 1970 1971 1972 1973 1974 1975 1976 1Urt.L

B'#I ' 12,546 1,606 45,305 26, % 1 46,005 16,259 148,682
9 10.7 0.43 2.86 1.48 2.55 0.56 1.73

3

Beatty, NV
Kg 296 472 331 236 91 346 1,040 290 322 9,340 11,500 9,710 1,438 5,000 40,412

Kg/m3 0.16 0.13 0.12 0.12 0.03 0.11 0.29 0.07 0.08 2.17 2.82 2.37 0.34 1.29 0.76

Morehead, KY
Kg 5,210 5,590 568 690 5,680 6,250 2,550 7,220 5,730 8,260 9,340 13,100 82,416 75,944 228,548

Kg/m3 2.36 1.44 0.10 0.12 0.73 0.76 0.25 0.58 0.43 0.53 0.43 1.54 4.82 5.51 1.70

>*

$ Richlard, WA
'

Kg 0.9 253.0 0.9 2.7 88.4 31.3 606 3,113 2,250 20.3 215 5,011 11,592

Kg/m3 1.0 -3 0.11 1.0 -3 4.0 -3 0.20 0.07 1.04 4.76 2.18 0.014 0.14 1.75 0.86

3,930 8,703 6,330 2,000 212 3,600 2,410 13,900 35,950 3,854 80,889'

g
g j ,3 1.55 3.21 3.15 0.71 0.05 0.68 0.28 1.12 2.25 0.29 1.17

7,580 10,100 22,200 38,300 20,300 6,460 80,000 31,700 51,400 72,500 44,200 61,700 446,440

Kg/m3 14.52 1.58 4.70 4.15 4.10 1.43 18.69 6.22 8.07 10.27 5.89 7.19 6.69

1btal
Kg 2% 13,300 16,000 23,020 39,400 30,224 22,500 89,300 41,300 70,546 98,373 115,195 125,161 166,204 106,068 956,707

p" (. Kg/m3 0.16 2.13 1.22 1.75 2.43 1.65 1.15 4.18 1.65 2.41 2.64 2.45 2.35 2.36 1.69 2.26

.( <
M
I' ) *Non-fissile uranitrn and thorium.
O'l
G)

,
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APPENDIX C

ENVIRONMENTAL TRANSPORT, RELEASES AND
PATHWAYS TO HUMAN EXPOSURE

a

b2.T.'89
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APPENDIX C

ENVIRONMENTAL TRANS PORT, RELEASES AND
PATHWAYS TO HUMAN EXPOSURE

In assessing the radiological impacts from low-level waste
disposal, potential doses to humans resulting from disposal
operations were estimated. Hypo the tic al exposure events that
could occur on both short- and long-term bases were analyzed for
the various disposal alternatives. Dose rates to critial organs
for the various radionuclides in the waste are used as the basis
for comparison.

The sho r t- te r m events are those that could occur during the
operational phases of the d ispo sal activities, and include air-
borne releases to the atmosphere from waste container handling
accidents, exposures along t r an spo r ta tio n routes, and for the
land-based disposal concepts, possible consumption of contamin-
ated g ro undwa te r from a well on or near to the d ispo sal site.
The well water event is classified as short-term because some
radionuclides could leak from the disposal wastes and be trans-
ported through the g roundwa ter in only a few years.

Po te nti al long-term exposure events would generally occur
after institutional controls over the disposal site are re-
linquished, and include direct gamma radiation exposure to
future ind iv id ual s who may inadvertently csntact the wastes,
inhalation of contaminated dust during disposal site reclamation
activities that may involve digging into buried wastes, and
consumption of contaminated food that may be produced at or near
the disposal site. The period of institutional control is
assumed to be '150 years for the land-based d ispo sal concepts.
No institutional control over ocean d ispo sa l sites after their
use is assumed, although the ocean itself provides a barrier
to human contact with wastes.

The six pathways listed above are not the only possible expo-
sure mechanisms from waste disposal operations, but they are
among those shown by previous studies to be most important.6
They are used in this study to represent potential radiological
impacts from waste disposal activities, and are consistently
applied to the various disposal alternatives to provide a basis
for comparison.

C.1 Sho r t-Te rn. Events

Tr anspo r ta tio n exposures, contaminated well water consumption,
and waste container handling accidents are included in the
short-term events analyzed in this study. Each will be dis-
cussed separately in this section.

e .,.,a
4, Ib' k
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C.l.1 Transpo rta tion Doses

Exposures to the public along possible tr ans po r ta tion ro ute s
from nuclear fuel cycle operations have been studied extensively
in the past.11-16 The cited references pr ov id e the basis
for the approach ta ken in this study to estimate the relative
impacts from transportating waste to various generic d i spo sal
site locations.

It is a ss um ed that rad ia tio n levels from waste shipments will
conform to the regulatory limit from 49 CFR 170 of 10 mrem /hr
at 6 feet from the surface of the tr an s po r t vehicle, and that
the average gamma ray energy from the wastes is 1 MeV. The
transport vehicle represents a point source to in d iv id ua l s
along the route, who are assumed to be un i fo rmly distributed
in the area between 100 and 2600 feet along each side of the
route. The exposure to this po pul a tio n is obtained by inte-
grating the dose rates over the distances and time required
fo r the vehicle to pass a given point. The vehicle is assumed
to travel 200 miles per day. (Under these assumptions, the
cumulative radiation dose to the population is the same regard-
less of how much time each day the vehicle ta kes to cover 200
miles.) Attenuation from gemma interactions with the air and
distance from the source, as well as buildup from scattered
gamma rays returning to th e exposure point, have been in clud ed
in the dose rate estimates. Assuming 300 people per square mile
are un i fo rmly distributed along the transportation ro ute gives
1.8 x 10-5 m a ri- r em per car mile of transportation.13 The
300 people per square mile po pul a tio n distribution is consis-
tent with an analysis of routes and population densities in
this country for shipments from existing reactor f a c il i ti e s .14

To ship 6: 1,000 m3 of waste in 55 gallon drums by rail over
a twenty year period would require about 220 six-car trains
per year, with 64 drums in each of two International Standards
Organization (ISO) cargo carriers per car. The resultant popu-
lation doses for the transportation distances assumed fo r the
various alternatives are summarized in Table C.l. These d i s-
tances were based on locations of likely generic d i spo sal sites
or shipping ports and major nuclear waste sources. It was
felt that sites for mined cavity concepts would probably be
more remote than those fo r the other land-based a l te r na t iv es ,
so 200 miles was added to the average distances to both the
eastern and western mined cavity d isposal sites.

C. l. 2 Contaminated Well Water Consumption

For the consumption of co n ta min a ted well wa te r , it is assumed
that contaminants leach from the disposal wastes i n to ground-
wa ter and subsequently move into an underlying aquifer that may
be tapped by a well. This is modeled by an exponential leaching

127 k:. C '..'.*... . 1, .
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TABLE C.1

PROJECTED TRANSPORTATION EXPOSURES

Applicable Population
Transportation Alternative Total Car Mi]a Exposures *

Distance (mi) Disposal Concepts (mi/yr) .__ (manrem/yr)

400 SLBF, Improved SLBF 528,000 9.5
Deeper Burial and
SDF eastern sites

600 MCDF eastern sites 792,00' 14

1400 SLBF Improved SLBF, 1,850,000 33,

Deeper Burial and
SDF western sites

1600 M 0F western sites 2,110,000 38
and ocean disposal
ports

* B a s e c' on 1.8x10-5 manrem/ car mile

j ,4. ,,,; r; .,p* '
<- - <

v - #.
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s process, implying that the amount of material that leaches is
i proportional to the amount remaining from the initial source or

inventory. The effects of radioactive decay are also in co r po r-
_i ated into the model. Leaching and decay of the source are
'1 included as boundary conditions for the solution of the mass
j transport equation describing the movement of contaminants
i through a saturated po rous med ium.

] A reasonable model fo r radionuclide mig ra tio n in g roundwa te r
-

systems is given by the following second-order partial differen-'

tial mass balance equation 6:

-|

-!

-V - K d C =KD (C.1)r3 3X 2
_

3X 3t
- 4

i

'i! where
,

d

L ': C = nuclide concentration, pCi/l
'

X = longitudinal distance, mg

i t time, yrs=

D= longitudinal dispersion coefficient, m2/yr
: V = groundwater velocity, m/yr

K = sorption coefficient, unitless
A -1d radioactive decay constant, yr=

- The equation accounts for the major processes which influence
,'_ nuclide m ig ra tio n in a porous saturated medium. The first term

represents dispersion and is analogous to dispersion in many
types of systems where the second derivative determines the

'

importance of the process. The second term represents t ranspo rt
by advection, or by bulk fluid movement. The third term ac-
counts for the radioactive decay of the nuclide in transit and
shows the rate o f destruc tion o f the nuclide to be proportional
to the concentration at any point in time and space. The
final term represents the accumulation at any point in time and
space.

In this equation, for conservatism and simplicity, the effects
of lateral dispersion are ignored. It is also assumed that
the sorption processes can be represented by the sorption
coefficient, K, which indicates the relative speed with which

j a nuclide mig ra te s with respect to g roundwa ter mig ra tion rates.
The values of sorption coef ficients are nuclide-spec i fic and are]

- presumably also dependent upon soil characteristics. However,'

because the d a ta base on soils is so limited,68 the dependence
on soil characteristics is ignored and a single set of valuesg

employed.

, ,a:a v
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The sorption processes are characterized by the equilibrium
sorption coefficient, or time transformation factor 69, K, which
is also expressed as a relative velocity, i.e.:

Vwater
K= (C.2)

Vnuclide

Al te r n a t i v ely , K is related to the distribution coef ficient
(the ratio of the concentration of the nuclide in the soil to
the concentration of the nuclide in the wa te r ) by the equation

K =1 +E Kd (C.3)
c

where Kd is the distribution coefficient, P is the .so il den-
sity, and e is soil pirosity.

The time of arrival of the contamination front, t (yrs), isa
given approximately by:

KL

ta= (C.4)
Vwater

where L is the distance the nuclide travels.

The exponentially decaying boundary condition solution to
Equation C.1 is of particular interest since it is believed to
represent actual conditions well. First, the source is known
to decay e x po ne n tially by radioactive decay. Secondly, it is
assumed that the source is leached at a rate which is propor-
tional to the amount of the source present at any time. The
source inventory is given by:

Igexp[(Al + A ) t) (C.5)I ( t) = d

where

I = the activity of the source inventory, pCi

I 0 the initial activity of the source inventory, pCi=

-1A1 = the leach constant, yr
>d = the radioactive decay constant, yr-1
td= time, yr.

U' 9 d ? Q"'i'" i '^ -130
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With this description of the source inventory, the rate at which
activity for a given nuclide is released to the groundwater sys-
tem is given by

dI
A A 1 I0exp[-(A +Ad) t]__ 1 I (t)= =

1
(C. 6 )

dt leached

This release rate may be divided by an appropriate diluting
water flow rate 6 to give the boundary condition, i.e.,

C(L=0,t) II 0 exp[-( A + A ) t] 1 1 0 exp[ AEt] (C.7)= =
l d

m a

An equivalent decay constant, 'A E, is defined to equal the sum
of the leach constant and the radi oactive decay constant, both
nuclide-specific parameters.

With this boundary condition, the solution to the equations is
found to be

fV L ) [a-2bt IAI1o I 1
C(L,T) exp -A Et -ab erfc (C. 8 )

=

\ | \ 1/2|
26 2D 2t

where
,

K

L1, (C.9)a =

D

and

V1
b -1 (C .10 )

=

4DK

where

L1 = the leng th o f mig ration
V1 = the wa ter velocity

and the other para;aeters are as defined earlier.

bC."2 T
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It should be observed that a real solution exists only when

V2
') A (C.11)1

4DK

Occasionally, conditions may be specif.ed which violate this
requirement. Variations in V, D, or K would remove the diffi-
culty, but only by reducing the magnitude of D is the solution
assured to be a realistically conservative one.

Frequently, physical conditions are such that there are two
distinct regions in the groundwater path. The first is repre-
sented by a vertical migration from the burial site th ro ug h the
foundation material to the aquifer below. Water velocities
in this first region are generally considerably lower than in
typical aquifers. The second region is the horizontal . migration
through the relatively long aquifer to the release po in t . The
release may be either to a well or to surface water.

There must be two distinct solutions to the equation, one for
each r eg io n. Mig ra tio n through the first region is described
by Equation C.8.

It is found from experience tha t the output from the first
r eg io n can reasonably be approximated by an equa tion o f the
form

Aexp[-a ( t Ti ]-Bexp[-b( t- T) ] (C.12)C2(x2=0,t) =

where,

t >T
T = arrival time at the outlet from region 1, yr

A,B,a,b = constants determined by the form of th transient at
the outlet from region 1.

boundary condition for m ig ra tio n in the secondUsing this as a
reg io n, the output from the second region is expressed by the
equation:

1

4 D -

X2-2 Gt
1 2 2 85 2 2VX g

C2(X2,t2) = f( A eXP - ay(t2-T) -G X2 erfc2
2D 2 t2 -

5

(C.13)

o .,nc
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VX X -2 G t2 2 2 32
-B e xp -b1(t2~T)-G x2 erfc3 - - - - - . - - _ _

_2D
_ _ 2 t2 -

2 +2 Gt2XV x2 22+ A exp - al(t2-T) FG x2 e r fc2

_ 2D -
- 2 t ~

2
3

-
_ .

X &2 G t
V x2 6 2 g 322 -b1(t2-1 ) +G x2 erfc-B exp

3 _ _ _ _ _ _ __ )
- - - 2 t ~

2
A

where p
Xi5a1 =4

(C.14)

'2vby = _ _1_- A 1 (C.15)
% 4KD

V2 = wa ter velocity in region 2, m/yr
X2 = distance in reaion 2, m
t2= time af ter arrival e. t inlet to region 2, yr

_ _ _ _ . . _ _ _ . . . .

)

G2 (C.16)=

V2 K(A -bi) (C .17 )
G 2 -

4D2 D

It is noted that G2 nd G3 can be imaginary under certain condi-
tions, as previously noted.

With the radionuclide concentration in the well wa ter determined
by Eq C.8 or C.13, the doses that an individual would receive
from consuming that water may be estimated using Eq C.18 for
each nuclide of interest:

R = CUF (C.18)

. .,c- .

j_. , & > C
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where

R = Dose commitment rate (mrem /yr)
C = Radionuclide concentration in well water from Equation

C.8 or C.13 (pCi/1)
U = Water consumption factor 27 (1/yr)
F = Dose conversion factors 27 (mrem /pCi)

To estimate the dose rates from consumption of contaminated well
water for the various alternatives, the values of the parameters
in Eq C.8, C.13 and C.18 must be specified. Table C.2 summar-
izes the well water parameters and calculations performed for
analysis of the disposal alternatives. No well water doses
were calculated for the MCDF concepts, because it was assumed
that the cavities would not be located near productive aquifers,
and that the geologic formations would provide substantial
barriers to movement of the radionuclides in the waste. No well
water events were postulated for the ocean disposal concepts
because of the salinity of the ocean.

For the rest of the alternatives, the following values of param-
eters were used in the calculations. The diluting volumetric
flow rate of water, 6, was taken to be that annually passing
underneath a disposal site in a 50 m deep aquifer with 25%
porosity at a flow rate ci 100 m/yr. Taking the width of a
disposal site to be 2800 m gives an annual flow rate of water
in the aquifer of 3.6x10 9 1/yr. Although aquifers will vary
with specific site locations, this value was used for all
calculations to provide a consistent basis for intercomparisons
of alternatives. As seen in Eqs C.8 and C.13, the effect of
variations in the diluting volumetric flow rate is inversely
proportional to the resultant concentrations and dose rates.

The velocity of the ground water that leaches the wastes, V1
is assumed to be 1 m/yr as it travels down to the underlying
aquifer for all alternatives. The distance betwee. the wastes
and the aquifer, L1, is assumed to be 10 m for eastern sites,
and 20 m for western locations. The aquifer velocity V2 is
100 m/yr. For the on-site well, the lateral distance from the
wastes to the well, L2, is assumed to be 150 m. (The mcdel
described is essentially one-dimensional, with the entire
inventory of waste taken to be a point source. Note that the
modeling of this pathway depends on the total inventory of the
waste, not the average concentration of activity in the waste.)
The longitudinal dispersion coefficient D is taken to be 1
m2/yr. An earlier sensitivity study has shown the effect of
variations of D to be small on the magnitude of peak release
over the range of properties assumed in this study.o

oooc
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TABLE C.2

T SUMMARY OF WELL WATER CALCULATIONS (EASTERN SITES )
CD
pu _ . . _ _ _ _ . . _ _ _ _ . . - _ ~ . _ . - - - , - - - - - - - - - - - - - -

Ingestion Improved SLIF,

Initfal Leach initial Dosa Conversion Saee Case SIBF and Dee er turial $DF
Inventory constant Sorption factorsia) _ Tee or eeiE i6slau. Individuel mW u. n3TU 3ual' nassau. Individu.3T

mucilde (tCl) Jy r- 1 1 Coeffletant (o rggL Release fyr) Dose Pete faree/vtl Do n e para el faren/ven Dose Data (d)ferea/vri

yg])
N=o

3H 6.8s1016 10-1 1 1.05:30-7TB 12 76 76 1.6 slo-2
s c. 14C 2.)m1015 10-4 10 2.84alJ-6 8 120 1.2a10-1 1.1s10-1 1.2s10*1
==" *** 51Cr 4.1m1018 10-1 3)00 6.69s1G-7GI 3.8 '04 0 0 0g ) 54Mn 2.5s1018 10-1 3)00 1.40mlo-3GI 3.8s100 0 0 0
esvan 55Fe 2.7s1016 10-1 330C 2.75a10-6 a 3.8s104 0 0 0

7M'dd- 58Co 4.1m1018 19-1 3300 1.51s10-Scz 3.gs304 0 0 0
59wg 7,4mg014 10-1 3300 6.90m!0-7CI* 3.8s104 7.4 3.9 10-1 7.4

m 6CCo 1.3s1019 10-1 3300 4.0210-5GI 3.Sa100 0 0 0

63nt 1.5 1017 10-1 3300 1.30x10''4 s 3.8s104 0 0 0

90Sr 2.7u1015 10-2 100 7.58a10-3 8 1.2x103 4.8s10-0 0 1.3s10-9

99Tc 1.5a1013 10-4 5 6.08 10-6Gl* 12 2.2x10-3 2.2s10-3 2.2s10*3
125Sb 3.Osl015 10-1 3?DO 2.33m10-4 L* 3.as104 0 0 0
1291 3.6m1012 10-1 1 9.22:10-6T8* 12 6.7a10-1 6.7a10-1 4.7s10-1,,,,

W 134Cs 4.4m!018 10-1 1000 1.4810-4Li 1.2 104 0 0 i
U1 137Ca a..s1018 10-3 1000 1.09:10-4Li 1.2m104 0 0

152Eu 2.7a1013 10-1 3300 2.56s!0*5Gl* 3.8s104 0 0 ,

226aa 6.8m1013 10-5 500 3.00:10-2 a** 5.8a103 3.4s10-1 6.3 10-11 3.2n10-1
430Th 4.0s1013 10-5 5.0s104 2.08:10*3 8* 5.8 105 9.5 10-4 5.6 10-24 9.5s10-4
23273 4,gs3011 10-5 5.0x104 1.80x10-3 B* 5.8105 1.7m10-3 1.7s10-3 1.7s20-3
235U 1.da1012 10-5 1.4s104 8.02:10-4 Ba 1.6s105 J.910-3 2.9 10-3 2.9:10-3

Np 2.6a1010 30-5 100 1.38 10-3 B* 1.2s103 7.1s10-5 2.8s10-5 7.1 10-5237

238u 4.0n1013 10-5 1.es104 7.67s10-4 B* 1.6s105 6.2s10*2 A.2s10*3 6.2 10-2
238pu 1.8u1014 10-5 104 6.73n10-4 B* 1.2a105 0 0 0

Pu 2.4m1013 10*5 104 7.60a10-4 B* 1.2s105 1.3ml0-3 1.4s10-16 1.3s10-3239

240pu 3,4 3011 10-5 104 7.58 10-4 B' 1.2s105 2.7:10*7 0 2.7s10-7

241po 9,gsg015 10^5 104 1.56104 D 1.2s105 0 0 0
242Pu 1.4x10!! 10-5 104 7.22:10-4 B' 2.2x105 1.7s10-4 2.6s10-5 1.7s10-4
241g. 3,7,g013 10-5 104 8.10:10-4 B* 1.2m105 0 0 0
242pm 1.Ja1012 30-5 104 8.12 10-4 B* 1.2 105 4.os10-8 0 3.9,10-8
243cs 3.4s1011 10-5 3300 7.92m10-5Gl* 3.8s104 0 0 0
244cm 1.la1014 10-5 3300 4.85a10-4 B* 3.8n104 0 0 0

Totals (b) g4 77 8.5
_ .. -

' * Indicates hevision.0 of Ret 27. ** Ret 45,

h.g 48) From Ref 27 B-Base, T8 = Tot al Body , GI-Gastr o!nte st inal Tr ac t ,
L-Lung. L1= Liver

.J (b) Note that waposures occur at different times.
(C3 Based on enhancing sorptfor coefficients by factor of 10 for

7( all t,ut thuse which wer e ur it y to Legin with.
,'. . . (J) Based on name parametera as base case with 150 years of decay

Lefose migration begins.f}
. - -



The value for uhe water util.zation factor U used in the calcu-
lations, 370 1/yr, was taken from Ref 27, as were the nuclide
specific dose conversion factors F. This ut ili za t ion f a c to r

is the value recommended for 100% of an ad ul t' s annual water
intake. The nuclide specific leach constants and sorption co-
efficients used for the base case SLBF ct .epts were the same
as used in a previous study for the NRC.6 Although changes in
these nuclide specific values were made for some al te r n a tives ,
with consequent changes in the magnitudes of the calculated dose
rates, use of values dif ferent from those specified would
not change the relative order of the ef fec ts from disposal at
the various alternatives as long as the changes were consis-
tently applied to all cases. The values used represent an
estimate of the mag ni t ud es felt to be reasonable, but are not
meant to be predictions of values for future a ppl ic a t io ns . As

noted, the actual values are extremely site and waste form
dependent and should be determined on a case by case basis if

preuictive application of this methodology is desired.a

Fo r the improved SLBF and deeper burial cases where an enhanced
ion-exchange capacity soil layer is assumed at the bottom of
each trench, the values of the sorption coefficient were multi-
plied by 10 to reflect the enhanced effectiveness, except fo r
those nuclides with sorption coefficiencies of unity, whose
values would not be affected. For the SDF concepts, it is
assumed that the structure will remain in tac t for the period of
institutional control 150 years, at which time mig ra tien into
g roundwa te r is assumed to begin with the same values for the
other parameters as used in the base case.

C.l.3 Waste Container Handling Accidents

In the course of handling the containers o f radioactive waste,
some may be d ropped , their contents become airborne, and subse-
quently transported off-site by the wind to places where the
public may be exposed. It is estimated that one drum in each
10,000 handled may be ruptured and 10-3 of its contents become
airborne. These estimates are based on experience in stacking
drums of waste for interim storage,52,65 and provide a reason-
ably conservative release estimation.

It is assumed tha t a member of the public is located at the site
boundary, 160 m from the point of rupture of the co n ta ine r ,
d irectly downwind in a 1.6 m/see wind. For a Pascal F stabil-

3.5m. It is assumed tha t the7m and c =ity class, c =y z
transport of the airborne materials can be modeled using the
stan ard Gaussian Plume method.J
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The concentration at the plume centerline for an instantaneous
is given by:70point source

(2n) M
_ _dX t cxp _ (x-Ut) 2 (c.19)Ot._,

0 2c 2where x yz
_ _

x

dXt= concentration at time t, Ci/m3

Ot= source strength, Ci

71 = dispersion coefficients, m

u = average wind speed, m/s

x = direction of plume axis (wind)

This equation is integrated and normalized to get the integrated
concentration-time exposure:

X t . l_ _ (C.20)_
_

O' n YZwhere

X /Ot = normalized concentration time (sec/m3)t

In order to correct for deposition of dust particles before they
arrive at the site boundary, an effective source is calculated:

_

x
Q' dx - 2 l'd~ (C.21)t.x p:

O n u"z xp(h /20 2)2t z
_where -

x = distance from source to observation point in wind
direction. The ratio Oegg/Ot at 160 m from the
source for the condition given above is 0.3 at 4
cm/sec deposition velocity.6

The normalized integrated concentration exposure becomes,

X (C.22)t

2.5 x 10-3 sec/m3{t =

The dose rate to the person at the site boundary can be calcu-
lated for each nuclide of interest using Eq C.23:

(C.23)(Xt/g ) Ua Fa PC Vc f rR =

,.. ne_

137 L400' %



. . . _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _

"here

R = dose rate to downwind individual, mrem /yr

C = nuclide concentration in waste, pCi/m3

Vc = volume of vaste container (0.208 m3)

fr= fraction of container contents that become
airborne (10-3)

X t/Qt = normalized integrated concentration
exposure from Equation C.22
(2,5 x 10-3 sec/m3)

Ua = Breathing rate from Ref 27
(3.3 x 10-4 m3/sec)

Fa = Dose conversion factors for inhalation
from Ref 27 (mrem /pCi)

Annual frequency of accidents (1.5 x 10 5P drums /yr=

x 10-4 accidents / drum = 15 accidents /yr)

These values have been used in analyzing the accidents for all
alternatives. For the improved SLBF and deeper burial cases, it
was asumed that the air supported weather protection building
would be only 25% effective in reducing the downwind exposures,
as an outward positive a f. r pressure is maintained to support
the building. For the M:DF and SDF concepts, it was assumed
that one-half of the handling accidents would occur inside
the disposal facility and be contained there. The handling
accidents for ocean disposal were assumed to occur at the waste
loading port under similar circumstances. The releases are
based on handling the lower radiation level fraction of t h c-
waste, because the higher level fraction will be handled with
more care and control to preclude accidents.

C.2 Long-Term Events

Long-term potential exposure events involve future reclamation
activities at the waste disposal site. In all cases, it is
assumed that reclamation events occur immediately after institu-
tional control is relinquished. The events considered include
inhalation or dust during construction excavations that inadver-
tently encounter the waste, direct gamma radiation exposure from
close contact to the higher radiation level wastes, and consump-
tion of food grown on soil contaminated with the wastes.

138 , ,e c o
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C.2.1 Reclaimer Inhalation Event

At some time in the future, people may inadvertently dig into
the disposed wastes that are near the surface, perhaps for
construction of basements and footings for buildings, or in
the case of the SDF, to reuse the structures. It is assumed
that an individual may spend up to one-fourth of the work year
(500 hours /yr) in close proximity to the wastes. The dust that
becomes airborne will be contaminated by the wastes, with appro-
priate dilution factors to account for the clean materials : hat
may be used to cover and fill in around the waste. The dose
rates to an exposed individual can be calculated fer each
nuclide using Eq C.24:

R _ CK Ua T F Fa exp (-150 A )
P

where
.

R = dose rate to individual, mrem /yr

C = nuc1ide concentration in waste, pCi/m3

K = dust loading factor in air (5 x 10-4 g/m3)17
p = density of waste material (1.5 x 106 g/m3)

U = breathing rate of exposed individuals froma

Ref 27 (0.91 m3/hr)
A radioactive decay constant (yr-1)=

= For the reference SLBF base case, the dilution factor f is 0.42
to account for a 50% trench volume utilization during operations
plus a 1 m covering. For the improved SLBF case, the factor f
is 0.26 because of the additional cover thickness required to
accomodate the 1 m thick clay cover. For deepet burial, the
MCDF and ocean disposal concepts, no reclamation is postulated.
For the SDF, the dilution factor is assumed to be 0.84 because
the wastes would not be covered inside the structures. The
doses calculated using Eq C.24 for the SLBF case are given in
Table C.3. For the improved SLBF and SDF concepts, the total
dose rate of 60 mrem /yr is adjusted using the stated dilution
factors to arrive at 51 and 120 mrem /yr respectively.

C.2.2 Direct Gamma Radiation

After 150 years the only nuclide of significance for direct
gamma radiation is 137 s. The dose rate from direct contactC

with the water is about 80 mrem /hr based on the methodology in
Refs 56 and 28. For the SLBF case, a dilution factor of 0.42 is

139
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TAB LE C. 3

DOSES TO 7EC LAIMER FROM DUST INHA LATION
-.

Initial Inhalation Dose SLB F Ca se Do se
Concentration Conversion to Reclaimer

in Waste Fa c to r s* From Inhalation
Nuclide (C i/m3) (mrem /pci) (mrem /yr)__

3 H 0.12 1. 58 x10-7TB 2.9x10-7
14C 3.8x10-3 2.27x10-6B 6.0x10-4
SlCr 6.5 1.08x10-6L o
54Mn 4.0 1.75x10-4L 0
55Fe 4.3x10-1 9.0lx10-6L 5.2x10-13

58Co 6.5 1.16x10-4L 0
59Ni 1.3x10-3 8.20x10-6L** 7.6x10-4
60Co 21 7.46x10-4L 3.0x10-6
63Ni 2.4x10-1 5.40x10-5B 3.3x10-1
90 Sr 4.8x10-3 1.20x10-2 B 1. 2 x 10 -1

99Tc 3.2x10-5 1. 0l x10-4L** 2.3x10-4
125Sb 5. 3 x10 -3 2.75x10-4L** 3.0x10-18
129I 6.4x10-6 6.91x10-6TB** 3.1x10-6
134Cs 7.0 1.06x10-4Li** 6.4x10-21
137Cs 13 7.76x10-5Li 2. 3

152Eu 4. 8 x 10 -5 3.43x10-4L** 3.9x10-7
226Ra 1.2x10-4 1.25x10-1B** 1.0
230Th 7.1x10-5 2.29 B** 12
232Th 8. 4 x 10 -7 1.99 B** 1.2x10-1
235U 3.2x10-6 4.90x10-2L** 1.1x10-2
237Np 4. 6 x10 -8 1.69 B** 5.5x10-3
238U 7.1 x 10 -5 4.58x10-2L** 2.3x10-1
238 u 3.2x10-4 2.69 B** 19P

239 u 4.3x10-5 3.05 B** 9.3P

240Pu 6.7x10-5 3.04 B** 14

241Pu 1. 6 x 10 -2 6.05x10-2B** 6.7x10-2
242Pu 2.4x10-7 2.89 B** 4.9x10-2
241Am 3.0x10-5 9.93x10-1B** 1.7
243 m 2.1x10-6 9.94x10-182* 1.5x10-1A
243Cm 6 . 0 x 10 -7 7.85x10-1B** 8. 2x10 -4
244Cm 1.9x10-4 5.90x10-1B** 2.4x10-2

To tal 60

* From Re f 27, TB= total body, B= bone, L= lung, Li-Liver,
** Fron Revision O of Ref 27

p ,r /*- ,,
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used to obtain 34 mrem /hr, and for the improved SLBF case, the
dose rate is 29 mrem /hr based on a dilution factor of 0.36.
The dilution factor for the SDF, 0.C5, gives a dose rate of
68 mrem /yr. It is assumed that a pecson could spend up to
10 hrs /yr in direct contact with the waste.

C.2.3 Food Pathway

The waste could eventually be carried to the ground surface
by reclamation activities. Food products could then be grown
on the site, take up contamination, and become a source of
exposure to humans who consume the food. Eq C.25 is used to
calculate dose rates from the food pathway:

R _ CF B (U F Q + U F 0 + U ) f exp(-150 A )
meat f milk m veg

P

where

R = dose rate to individual consuming food,
mrem /yr

C= nuclide concentration in waste, pCi/m3

F = ingestion dose conversion factor from
Ref 27 (mrea/pCi)

B= nuclide biological uptake factor from
Ref 27

p = density of waste, kg/m3

Umeat = meat consumption factor from Ref 27
(220 kg/yr)

Ff= transfer fraction for meat from Ref 27
(d/kg)

Umilk = milk consumption factor from Ref 27
(310 1/yr)

Fm = nuclide transfer fraction for milk from
Bef 27 (d/1)

Q = animal food consumption rate from Ref 27
(50 kg/ day)

Uveg = vegetable consumption factor from Ref 27
(520 kg/yr)

f= fraction to account for dilution with clean
soil, surface plowing, and portion of total
diet obtained from site.

.o,?( :u,....<.''- .
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radioactive decay constant, yr-1A =

For the reference SLBF case, the factor f is made up of the
dilution of 0.42 times an assumed additional dilution effect
from plowing the surface soil of 0.1, and an assumed portion of
food consumed from that grown on the site of 0.1. The overall
factor is therefore 4.2 x 10-3 For the improved SLBF the
factor is 3.6 x 10-3 Because of uncertainties in how the
wastes from the SDF would be distributed, the factor for this
case is assumed to be the same as the base case. The results
of the calculations using Eq C.25 for the reference SLBF and
SDF cases are summarized in Table C.4. The total dose rate
of 620 mrem /yr is adjusted by the appropriate f factor to obtain
530 mrem /yr for the improved SLBF case.
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TAB LE C . 4

DOSE RATES FROM FOOD PATHWAY (REFERENCE SLBF AND SDF)

Dose Ra te from
Food Pathway

Nuclide (mrem /yr)

3H 2.6 X 10-2
14 C 160
51Cr 0
54Mn 0
55Fe 0

58Co 0
59Ni 3.4 x 10-2
60 Co 4.0 x 10-5
63Ni 430
90Sr 28

99 c 3.3 y ~ 0-2T
125Sb 0
129 I 2.3 x 10-3
134Cs r,
137Cs 6.6

152EU l.8 x 10-6226 Ra 2. 7
230Th 1,0
232Th 1.0 x 10-2
235U 1.1 x 10-2
237NP 1.6 x 10-4
238U 2.3 x 10-1238Pu 3.2 x 10-2
239 u 1.3 x 10-2P

240Pu 2.1 x 10-2
241Pu 1.0 x 10-4
242Pu 7.1 x 10-5241 Am 7.7 x 10-3
243Am 7.0 x 10-4
243 m 4.6 x 10-6C
244Cm 1.1 x 10-4
To ta ls 620

p."1n7C]
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APPENDIX D

COST ESTIMATE DETAILS

The cost estimates generated for this study are based upon unit
costs felt to be applicable to low-level waste disposal facili-
ties. These costs are collected and modified by appropriate
factors to arrive at to ta l estimated costs. Basically, capital
costs for constructing and providing final stabilization for the
waste d i spo sal facilities are first estimated. The required
engineering effort for the construction is determined by taking
5% of the total capital costs. Additional costs to modify the
facilities to accomodate the higher radiation level waste (10%
of the wa s t e v ol ume) are estimated to add 23% to the average
capital and engineering costs for the 10% volume. The addition-
al costs will provide the extra shielding materials and
remote handling equipment needed to accomodate the higher
radiation level wastes. Operating costs are estimated by
determining the necessary crew size to handle the wastes, and
the miscellaneous supplies and material needed. The capital,
engineering, higher-radiation level facility and operating costs
are subtotaled, and a 30% contingency f ac to r is added to account
fo r uncertainties in the conceptual estimate. A figure repre-
senting profit, escalation and financing is then applied to
arrive at the total estimated facility costs. Tr an spo r ta ti o n
costs are based on shipment of wastes to the generic eastern or
western sites, or ocean ports. Transportation and total facil-
ity costs are added, and the sum used to determine unit costs

3 of low-level radioactive easte.for disposal of the 630,000 m

D.1 Unit Costs

The unit costs used in the estimates are summarized in Table
D.l. These costs are based on quotes and standard engineering
references.

D. 2 Operating Costs

The operating cost estimate fo r all alternatives except ocean
disposal is based on a work force, i ncl ud ing health physics
and management personnel, of 10 persons working for 20 years,
plus 6 security personnel rotating to give 24-hour coverage for
20 years, plus ongoing surveillance and maintenance for 150
years at $25,000/yr. For the purposes of this study, an average
annual direct labor cost including benefits and overhead was
taken to be $50,000/ person. These figures total $19,750,000 for
the life of the facility plus 150 years of surveillance and
monitoring. Miscellaneous supplies and materials, including
anticontamination clothing, computerized invento ry services, and
office equipment are estimated to cost an additional $1,880,000

c. c ny
0 'Uy

145

.



TABLE D.1

UNIT COSTS USED IN ESTIMATES

ITEM ESTIMATED COSTS

3" Asphaltic concrete $ 12.50/ ton S 0.23/ft2
Seal Oil 85.00/ ton 0.0059/ft2
Stainless Steel Cover 1.30/lb + $.58 lin ft field welding

4" Concrete 9.20/yd3 0.11.ft2
Palymeric Cover 5.00/yd2 installed

4" Asphaltic Hydraulic Cement 4.20/yd2 installed
24" diameter 3/8" wall

Standard CS Pipe 33.00/lin ft
Fabricated Steel 1600/ ton

Excavation with 800' haul 1.52/yd3 (includes cat, can & crew)
Excavation with 1 mile haul 2.50/yd3
Land for Eastern Burial Site ( ) 10k/ acre
Land for Western Burial Site (o) Sk/ acre
Navigation Equipment & Ship Refit (b) 3.65 million for 2 ships
Site Studies in East (a) 500k
Site Studies in West ( ) 400k
Site Lisencing(a) 320k
Environmental Reports on Eastern

Burial Site (a) 250k
Environmental Reports on Wester

Burial Site ( ) 150k
Environmental Reports on Eastern

SDF Site (a) 750k
Environmental Reports on Western

SDF Site (a) 650k
Surface Land for MCDF(a) 20k/ acre
Environmental Report on MCDF Site ( ) 390k
Rail Shipping Costs (c) 0.076/ ton mile
Air Supported Building for

Improved SLBF(d; 330k
Air Supported Building for

Deeper Burial (d) 550k
Air Supported Building for SDF(d) 300k

(Estimates from Richardson Engineering Services, Inc. Handbook and
International Construction Analysis except as noted.)

(o) Engineering estimate
(b) Quote from Interstate Electronics Corp., Environmental Engineering Div.
(c) Based on Actual Costs for Transport of Wastes from Rocky Flats,

Colorado to INEL (D&RG Western Railroad)
(d) Quote from Irwin Industries

L;i.";31.0
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over the facility life. An additional item in the estimate is
the emplacement cost, which includes costs for required equip-
ment and materials for handling the waste, such as fo rkl if ts,
cranes, caterpillers and graders. These costs are the same forall land based concepts except the SDR, where extra materials
for stability in stacking the wastes are required.

For the ocean d i spo sal concepts, a price quote of $3,650,000
per year fo r ships and crew, port charges, maintenance, dock
loading and leases was o b ta ined . The ship's capacity would be
sufficient to handle the 31,500 m3 of waste to be disposed of
annually. About $9:0,000 of miscellaneous supplies and mate-
rials would also be required.

D. 3 Financing, Escalation and Profit

Several factors make estimating financing, escalation and
profit requirements difficult. It is recognized that possible
government (Federal or State) control of the disposal sites may
be established. For that reason, the financial arrangements
necessary to pay for the waste disposal costs and long-term
monitoring and surveillance are not as straightforward as normal
business investments from which an eventual real property value
can be recovered. The d isposal site may already by owned by the
government before disposal operations are implemented, and
leased to an o pe r a to r of the d i spo sal facility. Constructionactivities obviously could be phased over the 20 year life of
the facility to lead disposal operations only by sufficient
capacity to prevent backlogs of waste requiring handling from
being established. A perpetual care fund could be established
to pa y for monitoring and surveillance activities, perhaps by
a surcharge on each unit volume of waste, or by a tax on dis-
po s ed wa s t e s .

To provide a onsistent cost analysis, the foregoing considera-
tions were accomodated by assuming tha t all construction would
be performed in the first year, and that financing to pay for
the total capital costs would be required to be paid back over a
ten yea period. All operating costs would be escalated at a
uniform rate for ten years, and then hold steady. Profit is
based on a percentage return on the total capital, operating,
financing, and escalation costs. Use of this approach will
make the estimate a realistic indicator of potential future
costs in view of the uncertainties in financial arrangements and
roquirements. The costs for monitoring and surveillance for 150
years have been included in the operating cost category for this
estimate.

Financing charges on capital expenditures were estimated to be
approximately 7% per year for 10 years, or a multiplier of 0.97
times the to tal capital costs. Escalation on the operating
costs was estimated to occur at an average annual in fl a ti o n rate

w . -|-~?0,o o
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of 6% for ten years, then hold steady. This generates a multi-
plier of 0.75 on the total operating costs. Profit was based on
a 10% return on the total investment, or a multiplier of 0.1 on
the subtotal of all other facility costs. The financing and
inflation escalation rate are based on data averaged over the
1967-1976 period from Ref 71. Predict. ions of inflation are
uncertain, and going beyond 10 years does not seem constructive
because of the unknowns in the methods of funding. In any case,
the effects of additional escalation factors on the total cost
comparison for the alternatives will generally be effectively
masked by normalizing to the base case SLBF, although the ratio
of operating to capital costs is important.

D.4 Transportation

Rail transportation costs are based on shipments of low-level
wastes in 55-gallon drums to the INEL from Rocky Flats, a dis-
tance of 720 miles. Charges are $0.076/ ton mile. This value
was used as the basis for transportation costs. For the higher-
radiation level wastes, it was assumed that a 4" thick lead
shipping cask weighing 78,000 pounds holding 15 drums was used
at the given shipping cost. Therefore, 90% of the waste is
shipped at an effective rate of $0.076/ ton mile and 10% is
shipped at an effective rate of $0.62/ ton of waste mile, for an '

overall average shipping rate of $0.13/ ton mile. A 20% contin-
gency was added to this value to account for uncertainties in
future prices. The cost factor used was tlerefore $0.153/ ton
mile. The average transportation distancos and charges are
summarized in Table D.2.

.

Cost for shipment by truck was est. mated for comparison purposesi

using Tables 2 and 3 of Ref 15. Based on the rates presented,
escalated by the same 20% rate, the truck shipping costs appear |

to be somewhat less than those used for trains. It is assumed,
however, that waste generators will perform analyses based on
real disposal sites and available shipping routes. The use of
rail shipments for this study provides a consistent means of
comparing the alternatives, and is not mean*_ to imply any future 4'
requirements or incentives for a specific transpcrtation mode.
The estimated truck sh i pm er.t costs are also given in Table D.2.

The truck shipping estimates take into account the economies of
shipping over longer distances. similar data for rail shipment
of low-level waste was not readily available, as train rates
are negotiated on a case-by-case basis, and several states are
becoming reluctant to allow shipments of radioactive vaste in
anything except unit trains, which would raise costs.
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TAB LE D.2

TRANSPORTATION COST ESTIMATES

Miles to To n-M i l e s Estimated Rail Es t imated Tr uck
Disposal of Shipping Costg(b) Ahipping Costs (c)
Site (mi) Wa ste ( a) ($ Millions) ($ Millions)

400 4.4x108 68 55

600 6.7x108 102 82

1400 1.6x109 237 154

1600 1.8x109 271 140

( ) Based on 630,000 m3 of waste with average density of 1.6 g/cm3
(b) Based on $0.153/ ton mile as developed in text
(c) Based on Tables 2 and 3 of Ref 15.
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APPENDIX E

HISTORY OF OCEAN DUMPING OF RADIOACTIVE WASTES

Ocean dumping has been used for the disposal of low-level solid
rad io ac t ive wastes for over three decades. In 1946, the United
States started ocean dumping of low-level r ad io ac tiv e wastes
under licensing authority o f the Automic Energy Commission.
Most of the wastes we re dumped between 1946 and 196L. From
1962 to 1970 ocean dumping of radioactive wastes was phased out.
The practice was completely stopped in 1971. Ocean dumping of
radioactive wastes was conducted at 5 different locations in the
Pacific Ocean, 1 location in the Gulf of Mexico and il locations
in the Atlantic Oc ea n . 57 However, 3 sites received more than
90% of che 200-liter packages and 95% of the estimated activity
dumped. Two of the sites are located in the Atl an ti c Ocean off
the Maryland-Delaware coast, while the o the r site is located
in the Pacific Ocean off San Francisco, near tr e Farallon
Islands. The Farallon Islands site contains two subsites at
900-m and 1700-m depths . A summary of the three principal U.S.
dump sites is contained in Table E.1.

Ocean dumping operations were carried out in the Atlantic Ocean
by the United Kingdom from 1951 through 1966, representing dis-
posal of approximately 40,000 curies at the time o f d isposal .72
In the mid-1960's the Nuclear Energy Agency (NEA) of the Organi-
zation for Economic Cooperation and Development (OECD) began a
special study to develop on an international level a safe and
economic method for ocean d ispo sal and to demonstrate this by
joint disposal operations involving several member countries.
This led in the summer of 1967 to the first internationally
organized sea disposal operation for solid low-level radioactive
wastes.73 Subsequent to the 1972 Convention on the Prevention
of Marine Pollution by Dumping of Wastes and Other Ma tte r , the
International Atomic Energy Agency (IAEA) prepared a number of
requirements g oir e rn ing operational control of sea d i spo sal of
radioactive waste, including requirements fo r the conditioning
and packaging of the waste in order to ensure safe tr an spo r t and
handling, and minimization of the risk of accidental recovery of
concainers after d ispo sa l . This is covered by operational
measures dealing with the chc ice o f a suitable dumping site, the
design and construction of waste containers, the choice of an
appropriate ship able to dispose of the waste at a given dumping
site, provisions for radiation protection of the crew, adequate
record keeping, and adequate supervision of the dumping opera-
tions by competent escorting officers.

Factors to be considered in the selection o f a site for the
dumping of wastes include:

o os
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TABLE E.1

PRIMARY U.S. OCEAN DUMP SITES FOR RADIOACTIVE WASTES

Site Coordinates Depth Distance Years Estimated Estimated
(m) from Land Dumpsite Number of Activity

(km) Used 55-Gallon in Drums
Drums Dumped at Time of

Packaging
(Ci)

Atlantic 38030'N 2800 190 1951-56 14,300 41,400*
72006'W 1959-62

Atlantic 37050'N 3800 320 1957-59 14,500 2,100
[ 70035'W
w

Pacific
Farallon Island 37038'N 900 60 1951-53 3,500 1,100
(Subsite A) 123008'W

Farallon Island 37037'N 1700 77 1946-50 44,000 13,400
(Subsite B) ** 1954-56

* This does not include the pressure vessel of the N/S Seawolf reactor with an
estimated induced actis ty of 33,000 C1.

** No longitude was listed for Subsite B in Ref 55.g.
bl
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e The chance of recovering the waste by processes
such as trawling shall be minimized.

_

e The area shall have an average depth of at least -

4,000 m and be well clear of the continental
_

shelf.

e The area must be free from known undersea cables O
currently in use.

e Areas whcre it is known that sea-bed resources 7
will '1 developed shall be avoided. -

=

e The number of dumping sites shall be strictly
limited.

e The area must be suitable for convenient cor.Juct m
of the dumping operation ar.d , so far as possible,
shall be chosen to avoid the risk of collision
with other traffic. The area chosen should
preferably be one covered by electronic naviga-

_

tional aids.
_

=
e The dump site shall be defined by precise coor- 5

dinates, but to ensure a reasonable degree of -

operational flexibility it should have an area
about 104 square kilometers.

_

_

The locations of the NEA sea disposal sites for operations
conducted from 1967 to 1976 are provided in Table E.2.

Special requirements for the conditioning and packaging of the -

wastes include:

e The waste in the package shall be either solid,
solidified or absorbed in a solid substrata. |

e Waste in the liquid form shall be excluded: "-J
Small quantities of liquids such as tritiated ;

water may be absorbed on a material of good }
absorption capacity; containers of such absorbed I
liquids shall be mounted within a second enclo-

_

sure of an appropriate design. a
a

e The relevant provisions of the IAEA Transport 5
Regulations shall be complied with, together with y
any applicable nationnl and international trans-
port regulations. In particular, the packages =

shall be designed to ensure adequate containment
_

of waste during handling and transpoit until the ;
end of the dumping operations, j

2
_2
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TABLE E.2

LOCATION OF NEA SEA DISPOSAL SITES

Year Position

1967 A square of 50 km, centered on 420 3 0,' N , 140 30'W

1969 A square of 50 nautical miles, centered on 490 05'N,
170 05'W

1971-76 A circle of radius 35 nautical miles, centered on
460 1 5,' N , 170 25'W (except for 1974, when circle
radius was 15 nautical miles)
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e The waste packages shall be designed to ensure
that their contents are retained during descent
to the sea floor. To achieve this, the follow-
ing requirements shall be met:

The package shall have an overall specific--

gravity of not not less than 1.2 to ensure
sinking to the sea floor to a depth greater
than 4,000 m.

-- The design shall be such that any inner
container would remain on the sea floor.

-- The container shall be made sufficiently
strong or pliable to remain intact and
retain its contents under the pressure
encountered during descent to the sea
floor or shall be equipped with a pressure
equalization system which relieves the
stress on the container.

-- Buoyant material shall be excluded unless
it is treated or packaged either to pre-
clude the return of such material to
surface waters or to ensure that, on its
return, it will not constitute a radiation
hazard nor interfere materially with fish-
ing, navigation or other legitimate uses
of the sea.

Certain special requirements are necessary for ships engaged in
the dumping of packaged radioactive wastes. These requirements
include:

The ship shall be capable of safe'y carrying itse
consignment to the duaping site.

e The ship shall be provided with the appropriate
navigational and communication equipment.

e An adequate supply of dunnage and equipment
shall be provided to ensure that containers can
be suitably stowed.

e Provisions for hosing and pumping out the holds
and bilges shall be available.

e The ship shall be available for inspection by
the appropriate national authorities before an
approved dumping operation is carried out and
thereafter as necessary.
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e The dumping operation shall be supervised by
approved escorting officers having specific
duties, responsibilities, powers, and qualifi-
cations. Approved records of the nature and
quantities of all wastes permitted to be dumped
shall be kept and reported under the rules of
the London Convention.

Table E.3 summarizes NEA-supervised operations from 1969 through
1976.

The cost of the international (ship operations) phase of the
1967 operation 'raried between 6 and 10 pounds sterling ($12 to
$20) per ton et waste. The cost of the national phase varied
appreciably aue to the method chosen for internal transport,
the distance involved, the type of container used, etc. Given
the experimental nature of the operation, it must be assumed
that the costs of the international phase were higher than would
apply to future similar operations. The experience gained, plus
the fact that the operation was carried out without incident,
makes it reasonable to assume that costs would reflect a lower
margin for contingencies in any similar operation carried out
in the future. Another factor contributing to the increased
costs was the fact that the first voyage was loaded at five
ports in five different countries. This seriously limited the
ship's effective working time.

In 1975 the average cost of the international phase of NBA-
supervised sea disposal was about 15 pounds (~$30) per ton of
packaged waste. This covered:

Shipping costs (vessel and port charges)e

e Insurance premium

o Unloading operation at sea

e Cost of special navigational equipment

Handling and loading costs at port are not included and may be
of the same magnitude as the shipping cost.

Althcagh sea disposal of solid low-level radioactive waste by
the United States was terminated in 1971, two major research
efforts have continued. One of these deals with environmental
surveys of the deep sea disposal sites utilized by the U.S. in

the 1940's through 1971. The second major effort in the U.S.
has been the r es ea r c h cond o.:ted to determine the suitability
for the disposal of high-level radioactive wastes beneath the
sea-floor, or sea bed disposal as it is commonly referred to.
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TABLE E.3
..

QUANTITIES OF RADIOACTIVE WASTE DUMPED DURING
NEA-SUPERVISED SEA DISPOSAL OPERATIONS

-

Year Dumped Approximate activity (Ci)
weight Alpha (a) Beta-gamma (b)(metric tons)

:

-%.

1969 9,180 500 22,0001971 3,970 630 11,2001972 4,130 680 21,6001973 4,350 740 12,6001974 2,270 420 100,000(c)1975 4,460 780 60,500 (d)
1976 6,770 880 53,500 (e)1977 5,600_ 950 68,200 (f)

Total 40,730 5,580 349,600

. .

(o) Actinides
( b) Incl ud ing tritium
(c)Almost exclusively tritium
(d) Including about 30,000 Ci of tritium
(e) Including about 21,000 Ci of tritium
(f) Including about 31,900 Ci of tritium

. .
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Attempts to survey the Pacific-Farallon sites were made in 1957
and 1960 while the Atlantic site was the subject of a search
in 1960.55 Al tho ug h over 11,000 und erwa te r pho tog ra phs were
taken during these surveys, no packaged radioactive wastes were
identified. In 1974 the U.S. Environmental Pro tec tion Agency
initiated surveys in both the Atlantic and Pacific Oceans that
were successful in locating packages of radioactive wastes.

An unmanned, tethered, s ur f ac e-co nt rolled vehicle was selected
for the 1974 survey at the Farallon Island 900-m subsite and
the 1975 Farallon Island 1700-m subsite. This vehicle was
called CURV III (Ca b l e-C o n t r oll ed Underwater Recovery Vehicle) .
The 2800-m Atlantic dumpsite was surveyed using the manned
untethered cubmersible vehicle named ALVIN.

On all three surveys extensive use of colored photograph was
made to record the condition of the waste packages. A

deteiled review of these photos revealed, for example, that many
drums exhibited evidence of hydrostatic crushing generally
occurring at the mid-section of the barrel. The photos clearly
identify the penetration (or lack the r eo f) of barrels into the
sediment. In some instances, the sedimentation rate can be
determined from the photographs. The use of pho tog raphy pro-
vides an excellent method of recording the biological abundance
and diversity existing at a posal site. The habits of
benthic and demersal fish wei eadily observable in photo-
graphs. One barrel was lifted f the manipulator arm of CURV
III to show the limited extent of barrel penetration. The
sediment under this barrel exhibited black bands that may
indicate anoxic corrosion of that part of the barrel in direct
contact with the sediment.

Sampling of the sediment was performed at both Farallon Island
sites and the Atlantic site.75 Radiochemical analysis of
sedimen- samples at ae 900-m Farallon site indicate levels
of 239,240Pu about w order of m ag n i t ud e g rea te r than the

expected range of values due to fallout. These results may not
be totally unexpected considering a report that an estimated 30
curies or long-lived alpha activity was dumped of f San Francisco
between 1946 and 1953.76 In one instance the higher 239 uP

and 239,240 u concentrations occurred in the 5 to 10 cm sectionP

of the core. This might suggest the possibility that the plu-
tonium release may have occurred many years before, perhaps the
result of pressure deformation of the pa c k a g e . Some sediment
samples at the 900-m Farallon site showed 137Cs concentrations
exceeding average fallout values, but this was not a general
situation.

A total of 27 sediment samples were taken at the 2800-m Atlantic
site. Three sediment cores indicated the presence of 137Cs
contamination varying between 3 to 70 times maximum concentra-
tions expected a* this site from fallout. Although there was no
evidence of h yd r osta tic implosion in any packages at this site
there was evidence that some containers were breached. Since it
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was a common practice in the 1950's to occasionally slurry
concrete packaging material with low-level radioactive waste
liquids, many of which contained 137 Cs, it is possible that
the higher 137Cs concentrations could have resulted from the
continuous leaching from the cement.

Measurements of the ocean current made at the 900-m Fara'lon
site over a 27-day period in 1975 determined a mean velocity of
1.33 cm/sec. Maximum speed recorded for a one-half hour period
was 16.5 cm/sec. During tidal periods, flows were east-west at
4 to 8 cm/sec. No direct flow measurements were made at the
2800-m Atlantic site; most packages that were examined were
deeply buried in the sediment. The sediment was scoured out
along the sides of the package and piled at the ends. Since
these packages were in location 15 years, sediment build-up
cannot be attributed to direct deposition. A strong current
capable of horizontal sediment transport is suggested. Deep
currents north and east of this dump site measured 10 to 22
cm/sec, sufficient to erode and transport sediment.

As expected, biological activity at the surveyed sites varies
with depth. A wide variety of biological activity was noted at
the 900-m Farallon Island site. A demersal food fish, the sable
fish, was observed at this disposal, as were deep sea sole.
Vase sponge, anemones, flat fish and thorny tish are a few of
the species observed in the photographs taken at the 900-m site.

An interesting observation was made my the crew of the ALVIN
during the 2800-m Atlantic site. One species o '. fish, the
Nematonurus Armatus was often seen rooting in the seidments
adjacent to the waste packages. The continual rooting and
feeding action in potentially contaminated sediments could
redistribute the radionuclides.

Environmenta] surveys of these disposal sites are continuing.
In 1977, a package was retrieved from the Atlantic site and one
was retrieved from the 900-m Farralon Island site in 1978.
Both packages are undergoing examination at Brookhaven National
Laboratory, Upton, New York.

Although the 1972 London Convention declared that high-level
radioritive wastes or other high-leve2 radioactive natter were
unsuicable for dumplog at sea, a major ef fo rt has been under-
taken by the United States to expolore the subsea floor as a
disposal site for these wastes.7/ This effort, now connonly
referred to as the Seabed Disposal Program, must cf necessity
investigate nay af the same scientific and engineering param-
eters needed to define low-level radioactive disposal sites. Is
is logical to assuma that sites suitable for sea floor disposal
of high-level radioactive wastes will also be suitable f :. r
dumping low-level wastes. There also may be other locations
suited for dumping low-level wastes; however, it is sufficient
to examine the efforts to date in identifying and reviewing
those parts of the ocean suited for disposal of high-level
radioactive waste.

,<m
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Basic criteria established at the onset of the Seabed Disposal
Program were:61

e The area must be geologically stable.

e The disposal site should not seriously interfere
with the recovery of resources from the ocean.

e The size of the disposal area should be suffi-
cient to handle all of the wastes of the world
for the foreseeable future.

e The area should be as far removed as possible
from all activities of mankind.

e Recovery of the waste is not a criterion.

e The area should be outside the direct jurisdic-
tion of any individual nation, i.e., a truly
international disposal site.

The oceans were divided into three principal physiographic
provinces, each occupying about a third of the planet's ocean
area.58 These are:

o Continental margins (continental shelf, inland
seas, marginal plateaus, continental slopes
and rises),

e Ocean basin floor (abyssal plains and hills,
oceanic rises, deep sea trenches).

e Mid-oceanic ridge (ridge flank and crest, rift
valleys and mountains, fracture zones).

Comparing these major provinces using the above criteria, two
provinces were found best suited for disposal. In the order
of suitability, these are the abyssal hills and the flanks of
the mid-oceanic ridges. The provinces that also occur in the
midst of the great oceanic gyres (great circular currents)
are especially attractive because of their low biological
productivity. Thus, the areas in the middle of the tektonic
plates and in the middle of the gyres (mid-plates /mid-gyre)
are the most promising sites for waste disposal.

The mid-plate /mid-gyre (MPG) regions of the major ocean basins
are mong the most stable and unproductive regions of the planet.
Four MPG regions have been identified: two in the Pacific Ocean
and two in the Atlantic Ocean.

~gWO
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The Seabed Disposal Prog ram chose as its study area the largest
MPG region on the planet--located in the central North Pacific
about 600 mi north of Hawaii. Program leaders po in t out that
their selectic. of this region was purely to establish research
efforts and does not represent official siting decision.
An 18-month current measurement program in the North Pacific
recorded a significant number of zero flow speeds.58 Typi-
cally, tidal currents dominated the records. The magnitudes
of the current flows wcre approximately 2 to 4 cm/sec--values
compa ti bl e to near bottom measurements at 5300 m in the western
No r th Atlan ti c.

The existence and characteristics of seidments in the 40,000-km2
area centered at 310 30'N and 1580W were determined by theSeabed Disposal Program. The area is more or less evely covered
with about 20 to 40 m of unconsolidated sediment. (This cond i-
tion is ideal for ocean dumping of waste packages.' The rollingabyscal hills (roughly a hundred meters high) hav- ~. c o u t three-
fourths as much sediment cover as the valleys, suggesting some
downslope concen tration o f sediment.

Results of core sampling suggests that the Pleistocene glacial
stages increased the rate of sediment supply but did not other-
wise affect the abyssal environment in this region. The sedi-
ments at the bottom of an 24.4-m core taken in 1976 indicate
age-dating of 65 million years.78
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