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FOREWCRD

The U.S. Nuclear Regulatory Commission (NRC) has retained the University of
California Lawrence Livermore Laboratory (LLL) to provide technical support
for its Nuclear Waste Management Program. Development of a classification

system for radiocactive waste is part of this program.

This LLL project:
Determined objectives for the required waste classification (W7) system.
Identified and evaluated relevant system paramc~ters.

Developed a suitable format (classes of waste) for the system.

Determined the interfaces between classes.

Work was done in two phases, largely with the assistance of subcontractors.
Phase l--through development of a system format--was done with help from
Science Applications, Inc. (SAI), McLean, Virginia, from June through December
1976. Ford, Bacon & Davis Utah, Inc.,, of Salt Lake City, Utah, helped with
phase 2 from March through October 1977.

Technical advisory panels (TAP's) of experts from industry, government, and
research institutions provided guidance during each phase. Members of the
first TAP (Appendix A) met in Reston, Virginia, in August 1976, after which a
revised working document was prepared. TAP members critiqued the document at
the second meeting in La Jolla, Calif., in October 1876. LLL published a.

interim report1 based on the critiqued document.

This report summarizes the project's work and presents our rationale and

conclusions.
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RHI Relative hazard index
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ABSTRACT

Several classification systems for radioactive wastes are reviewed and a
system is developed that provides guidance on disposition of the waste. The
system has three classes: high-level waste (HLW)}, which requires complete
isolation from the biosphere for extended time periods; low-level waste (LLW),
which requires containment for shortfer periods; and innocuous waste
{essentially nonradicactive), which may be disposed of by conventional means.
The LLW/innocuous waste interface was not defined in this study. Reasonably
conservative analytical scenarios were used to calculate that HLW/LLW
interface level which would ensure compliance with the radiological exposure
guidelines of 0.5 rem/y maximum exposure for a few isolated individuals and
0.005 rewn/y for large population groups. The recommendxd HLW/LLW interface
level for 239Pu or mixed transuranic waste is 1.0 uci/cm3 of waste.

Levels for other radionuclides are based upon a risk equivalent to this
level. A cost-benefit analysis in accordance with as low as reasonably
achievable (ALARA) and National Environmental Protectior Act (NEPA) guidance
indicates that further reduction of this HLW/LLL interface level would entail
marginal costs greater than $lO8 per man-rem of dose avoided. The
environmental cifects considered were limited to those involving human

exposure to radioactivity.



SUMMARY

This is the final report for phagse 2 of the Lawrence Livermore Laboratory
(LLL) project to develop a radiocactive warete classification (WC) system for
the Nuclear Regulatory Commission. We reviewed existing WC systems and
developed a three-class system for solid waste based on ultimate disposition:

& Innocuous waste that may be handled as normal trash because of its very
low radioactive levels.

e Low-level waste (LLW) requiring active confinement (confinement or
holdup with controlled or predictably low release rates). This waste
class would include materials that, due to their low specific hzzard
levels and/or short decay times, may be adequately controlled in a
suitably designed and operated containment facility.

e High-level waste (HLW) requiring isolation {complete containment with
no expected release to the biosphere for extended periods of time).
This class of waste will contain radioactive materials of very high

hazard potential and/or long decay times.

Figure S1 is a schematic of the proposed WC system. No value was set for the
innocuous waste/LLW inter face because further study is needed to provide a

precise and defensible value.

The key to setting the HLW/LLW interface value was to define LLW concentration
limits such that guidelines for radiation exposure to the public are not
exceeded. To this end, we:

e Defined reasonably conservative exposure guidelines (0.5 rem/y max
exposure for a few individuals and 0.005 rem/y for a large group).
Reviewed Department of Energy (DOE) LLW disposal facilities.
Established a model reference containment facility (RCF) for LIW.

Identified conservative exposure scenarios.

Determined source terms and release fractions from the RCF.
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FIG. Sl. Proposed waste classification system.

® Described the transport of the radioactivity through the environment to

man.
e Calculated the maximum individual dose and the population dose.

® Related these calculated doses to the radiation exposure guidelines.

After these steps were defined, the dose to the exposed population could be
related to the concentration of radioactivity in the waste at the time of
burial. Figure 52 shows our results for the analytical scenarios. We

39 s .
2 Pu or mixed transuranic waste of

recommend a HLW/LLW interface level for
1.0 uCi/cmB. Levels for other radionuclides are calculated for a risk
equivalent to this level. a cost-benefit analysis in accordance with ALARA
and NEPA guidance indicates that the cost-effectiveness of reducing the
HLW/LLW interface level further would be greater than $108 per man-rem
averted. Only those environmental effects related to human exposure to

radioactivity were considered.
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INTRODUCTION

The U.S. Nuclear Reg-latory Commission (NRC) has retained the University of
California Lawrence Livermore Laboratory (LLL) to provide technical support
for its Nuclear Waste Management Program. A part of this program involves the
development of a classification system for radioactive waste. Such a system
should be applicabhle to all sources of radicactive waste, especially the
nuclear fuel cycle, which is the predominant scurce. Proiections for light
2,3

water reactor {LWR} waste production (Fig. 1 and Tables 1 and 2) provide

an idea of the extent of the waste management problem.
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TABLE 1. Fuel cycle wastes from generation of 1000 MWe-y by LWR's using

mixed-oxide (U-Pu) fuels.

Mass of Thermal
Volume, Activity, actinides, power ,
m MCi tons kW
Waste type
High-level solidified 3,0 81.5 0.25 450
Cladding hulls 2.6 0.8 0.017 3.3
Noble gases 1.0 0.24 - 0.36
Iodine 0.049 1.25 x 1079 - 7.5 x 1077
LWR tritium (water) 140 7.4 x 1074 - 2.3 % 1075
FP tritium (solidified) 0.34 0.0i8 - 0.00062
Carbon-14 - 1.66 x 1070 - -
Low-level TRU 46 0.047 0.004 0,04
Intermedizte-level TRU 13.4 0.11 0.0012 0.654
Nontransuvranic 600 0.002 - 0.0065

Source: Ref. 3

Note: Age of waste is assumed to be approximately 1 y.



TABLE 2. Postfission wastes per GWe-y expected from the LWR fuel cycle.

Volumed, m3 Radioactivity,
Waste form (except as noted) Ci

Reactor wastes

Slurries 2£2P 2E1€
Sludges 3E1 3E1€
Resins 6EL 4E3°
HEPA filters S5ED 1e1€
Charcoal 2E0 10
trash 2E2 5E0°
Failed equipment 6EC 2e5°
Water filters 4EQ 3E2

Mixed-oxide fuel fabrication wasces

Combustible solids 6E1 9E2
Noncombustible solids 1E1 2E2
Liquids, slurries 2E0 3E2
HEPA filters 4EQ 3E2

Source: V., Trevorrow, Argonne National Laboratory, Argonne, IL, private
communication (1976).

3vnlumes {except for high-level fuel reprocessing wastes) represent
those of primary waste forms, before volume-reducing treatments.

DIE1 to be read as 1 x 10%; 1E-1 to be read as 1 x 1071, etc.
“Radioactivities of reactor wastes are assumed to be based on surveys at

shipping time, about 6 mo after removal from reactor.



TABLE 2. (cont'd.)

Fuel Reprocessing Wastes

Volume, m3 Radiocactivity, Thermal

Waste form {except as noted) Ci neutrons/sec powk::r,
Hulls 11 3es? 6e7° 20%
High-level solid 4E0 1e7° 1e11® 6£1°
Low-level liquid 1z6 2m4f
Gases

Krypton 3z09 3E5

Renon 3e1? 6E-4

Iodine 9E3 gr 1E0

Carbon-14 4E0 gr 2E1

Tritium 2E0 gr 2E4
Non-high-level solids

Combustible TRU SE1l

Combustible nonTRU 3E1

Noncombuatible TRU SE1

Noncombust.ible nonTRU 1E2

Slurries, sludges,

resins TRU SE-1
Slurries, sludges,
resins nonTRU SE0
Pilters TRU 780
Filters nonTRU SE-1

dBaseti on 5-y cooling after discharge.

®Based on 10-y cooling after discharge.

fBased on assumption that 70% of tritium in spent fuel will appear in low-level
aqueous waste.

gGaseous volume at STP.



The LLL project was conducted in two phases. The first phase:
e Established the purpose and objectives for the WC system
e Identified and evaluated relevant system parameters
e Developed a suitable format {classes of waste) for the system.
The second phase mostly determined interface values between tiie classes of

waste.

Phase 1 ended with publication of a working documentl covering:

® Sources of wastes containing long-lived radiocactive materials
resulting from fuel-cycle activities.

e Data on waste volum2sg, characteristics, and current status of
waste management operations.
Suggested alternative approaches and methnds for waste classification.
Evaluation of the identified approaches and discussion of their
advantages and disadvantages.

® Selection of an approach and format.

Technical advisory panels (TAP's) of experts from industry, government
organizations, and research laboratories assisted the LLL project. Early in
its tenure, the first TAP helped to establish four basic objec:ives and
requirements for an acceptable WC system. 1In order of priority chey are:
1. The protection cf public health and safety for present and
future generations. It is generally recognized that complete and
absolute protection (i.e., 2ero risk}) for every individual 1living now
or in the future is impossible. Society will accept some risks if
they are low enough and if the benefits to be derived are seen as
outweiyning the risks. A risk vs benefit evaluation should therefore
be part of the foundation for the WC system. This objective is
consistent with ALARA guidance and with the intent of the NEPA.
2. The systam should have a sound technical basis and should alluw for
societal, environmental, or technical issuas to be resolved within
its framework. The system should, however, be based primarily on

technical considerations.



3. The system should be consistent with good economic practice. A
system that would impose undue economic penalties is unacceptable.
Evaluating the operating costs of the system in conjunction with a
benefit/risk analysis should provide a sound economic basis for the
proposed classification system.

4. The system should be practical for all industries producing
radivactive wastes. Generally, the simpler the system, the more

practical it becomes to the user.

Since protection of public health and safety is the paramount consideration in
the formulation of a WC system, it is impor tant to specify the areas of public
healch and safety that are of major significance. In this regard, avoidarce
of undue exposure to radioactivity becomes the primary goal, with other
potentially adverse health and environmental effects being of secondary

consideration.

As a guide to acceptable radiation exposure, current radiation p.otection
criteria established by the International Commission on Radiological
Protection (ICRP),4 the National Council on Radiation Protection and
Measurements (NCRP),5 and the Code of Federal Regulations (lOCFRZO)6 can
specify limits for potential individual exposures. Population exposure

{man-rem) limits can be made to be consistent with ALARA guidance.7

In either case, one must make certain assumptions and develop suitable
analytical models to see that the criteria are met. It is important, also,
that all assumptions be clearly stated so that the conclusic.as may be

rationally evaluated.

This report is the final document of the project. It describes the work done,
recommends a WC system, and discusses the technical basis for the

recommendations.



DEVELOPMENT OF A CLASSIFICATION FORMAT

Radioactive waste classification (WC) systems generally fall into one of three
categories based on the source of the waste, the physical characteristics of
the waste, or the waste disposal methods. Factors that could be considered
for waste classification include:

e The toxicity or hazard of the waste.

e The total quantity of waste (in curies, mass, or volume).

e The longevity of the waste (half-life).

e Potential biological concentration mechanisms for various types of
radioactivity.
Consideration of whether the waste was natural or manmade.
Heat production.
Potential economic value.

Physical state (solid, liquid, gas}.

Consideration of whether the entire material is considered as waste or
whether the waste is a form of contamination of some other valuable
material.,

® Type of radioactivity (o, B, Y, neutrons, etc.}.

e Requirement for shielding.

In phase 1 of this study, several previously proposed WC systems were reviewed
and evaluated in detail as discussed in Appendix C. In addition, certain
concepts for WC systems that were prepared by TAP members during phase 1 are

reviewed and discussed in Appendix D.

The advantages and disadvantages of the various WC systems were discussed in
the TAP meetings in the context of NRC needs as well as needs of industry,
government, and waste management operators. The insights from these reviews
and discussions have led to certain conclusions and suggest a format for a WC

system that might best serve the specified objectives.



ASSESSMENT OF WASTE CLASSIFICATION SYSTEMS

Classification by Source

Classified according to its source, radicactive waste could be reactor waste,
spent nuclear fuel, reprocessing waste, or fuel fabrication waste.
Reprocessing waste can be further identified ac spent fuel cladding, liquid
process waste, or general process trash. Because such a classification system
reveals little about the nature of the waste or the means to be used for
handling, processing, or disposal, it is not a useful system on which to base

waste management regulations.

Classification by Physical Characteristics

Most reported classification systems are based oun the physical characteristics
of the radiocactive waste, For example, the IAE2 recommended in 1970 that
radioactive wastes first be classified as solids, liquids, or gases. Liquid
and gaseous wastes were then subdivided by activity levels in units of curies
per milliliter or curies per cubic meter. Solid wastes were subdivided by
surface radiation dose rate in units of rads per hour. The TAP members
generally believed that a WC system should consider physical characteristics

of the waste primarily as they affect its hazard potential.

Classification by Disposal Methods

Different ways to dispose of radicactive wastes have certain common features
that lead to broad categories of waste disposal. These features include the
degree of containment achievable and the degree of isolation or extent of

social commitment required for each disposal option. The TAP members agreed
that for regulatory purposes a WC system should be hased on disposal methods.



The final disposal of radicactive wastes can be considered the most impor tant
operation in any radioactive waste management program. It is also the
operation that requires the most definition. A WC system based on disposal
options should provide information and guidance allowing maximum flexibility

for implementing waste management programs by the waste generating facilities.

There are many possible waste disposal methods and a WC system based on method
of disposaul must be broad enough to include them all. Some suggested methods
include:
e Direct discharge or dispersal to either the atirosphere or surface
water.
® Storage until the radioactive isotopes have decayed to an
innocuous level.
Shallow land burial.
Ocean dumping.
Deep geological emplacement.
Ice cap emplacement.
Extraterrestrial disposal.
Ocean disposal (seabed burial).

Deep well injection.

Shale fracturing.

These methods vary according to the degree of containment, isolation, and
social commitment. For example, direct dispersal to the environment provides
no confinement while deep geological emplacement should provide essentially
complete containment and isolation for geological periods of time. Social
commitment refers to such ongoing functions as record keeping, systems and
security maintenance, and system and environmental monitoring. Management
systems such as surface storage or shallow land burial require significant
social and resource commitment for un extended period of time--long after the
disposal facility is actually receiving radioactive material. By contrast,
deep geological emplacement--after the operational phase is discontinued--
would require minimal social commitment to the extent of preventing mining or

drilling into the region surrounding the waste materials.

10



It is possible to formulate a WC system based on disposal methods without
being limited to the means of disposal. All disposal systems fall into one of
three categories:
1. Dispersal to the environment (nonradioactive waste)
a. Stack discharges
b. Liquid effluent discharges
c. Disposal of solids to sanitary land fills
2. Disposal methods requiring social commitment (low-level waste)
a. Shallow land burial
b. Storage near surface
c¢. Ocean dumping
d. Deep well injection
3. Disposal methods providing long-term isolation (high-level waste)
a. Deep geoclogical emplacement
b. Ice cap emplacement
¢. Extraterrestrial di:posal
d. Oceanbed disposal
The above disposal methods have been proposed or used in the past. They are

not necessarily feasible or acceptable.
BASES FOR DEFINING WASTE CLASSES

Categorizing the various waste disposal methods helps in classifying
radioactive waste materials because we can establish appropriate interface
values between disposal categories. Figure 2 lists a number of considerations
thcet may be important in deciding what type and amount of radioactive waste
can be disposed of by the various methods. The list is meant to allow for the
broadest possible approach by the regulatory agencies that must prepare waste

management criteria and regulations.

11
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Items 1 through 11 in Fig. 2 relate to the waste management criteria that
would dictate whether a material could be dispersed or whether it would have
to be contained, The TAP judged that the primary goal of any waste management
program should be to limit the potential radiatiorn dose to man. Accordingly,
nine of these items deal with closely related aspects of the dose-to-man

question.

Several different types of criteria could be established to limit the type and
amount of radioactive material released to the environment by dispersion. For
example, absolute values could be set for one or more of the following: total
health effects; total man-rem; man-rem per unit of electric power aenerateAd;
cost-effectiveness guidelines (for radiation protection); and maximum credible
dose to any individudal or critical group. Any dispersal to the environment
that exceeds a predetermined value would have to be captured or treated. The
radiocactive material resulting from such capture or treatment would than have

to be disposed of by a method in one of the two waste containment categories.

A sccond means of formulating waste management criteria might be to use
existing regulations and regulation guides. For example, present ICRP and
NCRP standards could be used to establish dispersal limits. Also, the EPA's
proposed individual dose limit of 25 mrem/y from nuclear fuel cycle
operations, including waste disposal, could also serve as a guide to limit the

quantity of radioactive material that could be dispersed to the environment.

Another approach is to establish an acceptable man-rem cost-effectiveness
value. For example, 10CFR50, Appendix I,7 sets a value of $1000/man-rem.
Thus, any method of reducing population exposure that has a marginal cost of
$1000/man-rem or less should be used. A different approach would lie in a
regulatory philesophy that says the dose to man shall be ALARA. This
philosophy is already implied by paragraph 20.1(c) of 10CFR20.6 Such
guidance, however, would have to be translated into practical criteria. The
previously cited examples, in terms of dollars per man-rem or man-rem per

MWe-y, may suffice, Some other approach might also be in order.
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Of the first group of considerations listed in Pig. 2, two do not deal
directly with dose to man: detectability and deterioration of natural
resources. Some people believe strongly that no level of digpersal of
radioactive material to the environment is acceptable. If zero release were
to be adopted as a waste management criterion, the amount of material that
could be released by dispersion would essentially be limited by our ability to
detect radiéEEEivity. A strict, literal interpretation of zero release would
thus ptecludé any operations that involve radioactivity.

Deterioration of natural resources addresses itself mainly to BSK: releases,
which contaminate natural krypton in the atmosphere., A waste managemept
criterion might be based on acceptable levels of resource deterioration by

treating certain substances or environments as potential resource bases.

A combination of two or more of the approaches discussed could provide for the
development of acceptable regulations and waste management criteria. For
example, an ALARA regulatory philosophy together with a cost-effective
calculation and a naximum acceptable health effect or individual dose limit
nmight serve to define what could be dispersed, what would require containment,

and what must be isolated for long time periods.
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CRITERIA FOR DEFINING WASTE CLASSES

Figure 2 also lists waste management criteria that might be used to determine

the type and amount of radioactive material that can be disposed of by

confinement as opposed to isolation.

Shallow land burial can be used as an example to discuss this second set of

criteria.

with regard to shallow land burial, the TAP generally reached the

following conclusions:

1.

Shallow land burial is a disposal method that requi:zes ongoing social
commitment.

During operation and for the first 100 y after decommissioning of a
shallow land hurial site, some low-level discharge to the environment
can be expected.

The magnitude of the releases is a function of such factors as site
location, area rainfall, geology, hydrology, engineering features,
and operation procedures. Release rates are site specific and depend
on these factors.

Surface geology can change significantly in time periods as short as
5,000 to 25,000 y. Social and institutional patterns can also be
expected to change during these time periods. Consequently,
near—-surface storage or disposal systems should not be used for
long-term isolation of radioactive material.

Some release of radioactive material to the environment from
radioactive waste management programs is ucceptable.

For a shallow land burial site, and with specific information on
meteorology, geology, hydrology, engineering design, and other
relevant factors, it is possible to estimate the amount of
radicactive material that would be released from that site vver a
period of perhaps a few hundred years.

A conservative estimate of the duration of social commitment required

for a disposal site is no more than a few hundred years.

15



Similar statements can be made about Gtorage facilities, ocean dumping, or
deep well injection. They include:

e Degree of containment is procedure and site specific.

e Long-term containment (>1000 y) cannot be guaranteed.

® Releases can be estimated for various time frames.

The TAP members r-viewed the possible fate of radioactive material disposed of
by the shallow land burial method and recommended that two time frames be
considered--—the operational phase of the burial ground and the first few

hurired years after decommissioning, and the subsequent period.

During the Eirst time frame, release of radicactive material to the
environment depends on specific site characteristics, engineering features,
and operational procedures, The TAP members generally thought that enough
data could be obtaired to predict the release of radioactivity from a given
site, or at least specify a range of values that would characterize this
release. They bmlieved that the release rate (fractional release) can be
assumed to be constant for each site, whereas the total guantity released is a
function of the sgite inventory. Accidental intrusion during the first Eew
hundred years was not considered a problem because of the availability of site

records and security systems.

For the first Few hundred years, therefore, total site inventory is the factor
that should be controlled and regulated. Our previous discussion of waste
management criteria for dispersal could also apply to determining acceptable

release from a shallow land burial site.

It was assumed that no records of the site would exist and no security system
would be operating after a few hundred years. The site could become an
agricultural area or part of a potable water supply system. Therefore, the
inventory of radioactive material remaining at the site is important. A
detailed analysis of the possibie pathways to man from such a site must be
done, and a set of waste management criteria must be formulated to define what

an acceptable dose to man might be at some time in the future. The criteria
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for an acceptable dnse to man in the future may or may not be the same as

those applied to the present population.

Without site records and security, such intrusion as drilling, mining, or
surface excavation may occur. To prevent injury to anyone disturbing the site
after a few hundred years, the concentration of radioactive material in any

one waste package may have to be limited.

As indicated earlier, numerical values for any limit on waste inventory or
concentration would preferably be method and site specific. Tt is important
to note that total curies of activity would probably not he the units chosen
to define either the inventory or concentration limits. A hazard index should
be used instead. Inventory limits could be based on the volume of water
required to dilute the total site inventory to maximum permissible
concentration in water (MPCH) limits. The reason for using MPCw as a

bagis is that the inventory limits are intended to restrict the quantity of
radioactive material slowly released from a given site. Since the dose to man
from the material released might largely result from water in the food-chain
pathway, MPCw is only an indication and not a direct measure of the potential

risk.

Another consideration in setting absolute inventory limits is that radioactive
materials decay. Hence, the total hazard index for & given site is always
changing. During the first time frame, corrective steps can be taken if
higher-than-expected releases occur, while during the second time frame,
release is assumed to be undetected. Consequently, the inventory limits for
the first time period may be several times greater than those for the second.
Large quantities of short-lived radiocactive isotopes could be disposed of by
methads requiring long-term social commitment, but the amounts of longer~lived
radicactive isotopes might be limited. Detailed analysis of the specific
disposal method and disposal site is required to determine which of the three

limits above would be controlling.
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TRANSURANIC WASTES

The guestion of whether wastes containing transuranic (TRU} nuclides should be
given special consideration, as has been done in the past, was discussed as a
separate issve. The TRU properties used to justify placing them in a separate
category are: '

Extremely long half-lives.

High toxicity.

e Emigsion of alpha rays having a high linear energy transfer,
e Manmade origin,
® Potential for criticality accidents in sufficiently high gquantities

and concentrations.

® Detectability of extremely small quantities.

Assessment indicates that, except for the criticality potential, none of the
identified TRU properties is unique. In the context of radioactive waste,
where the TRU would be mixed with large quantities of diluent material, the
possibilit.es of criticality are insignificant. Where the TRU concentration
would be high enough to pose a criticality problem, the material could be
viewed as a valuable resource rather than a waste, Although the TRU isotopes
are highly toxic because of their high specific radiotoxicity, they are not
the most toxic material known to man and should be viewed in proper
perspective. Previous studies indicate no technological basis for distinctive

treatment of TRU as opposed to other radioactive matetials.e'9
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PROPOSED FORMAT AND GUIDELINES FOR A WC SYSTEM

The waste classification system should be based on the ultimate disposition of
the waste material. Although a classification system is definitely needed for
guidance in disposal operations and in the handling of radioactive wastes, the
need is primarily to give direction on the disposition of the wastes. Waste
generating facilities could ke designed to generate the waste in the optimum

form for safe and economical dispogal.

For present purposes, it may be assumed that all waste handling operations
will comply with existing standards, requlations, and rules of good practice
(i.e., shielding, heat dissipation, etc., will be provided where required).
The main object of the present work is to provide guidance to the waste

producer regarding the final disposition of the waste.

This does not preclude the need for an operational WC system to provide
guidance on waste handling operations. It was noted, however, that optimally
designed operational WC systems might hest be designed individually tc meet

the specific needs of various waste handling facilities.

An adequate and acceptable WC system can best be defined by three waste
classes. (For present needs and purposes the proposed waste classification
system will apply only to solid radioactive waste forms.):

® Non-radiocactive waste that may be handled as routine trash because of

its innocuously low radioactive levels.

® Low-level waste requiring active confinement (Confinement or holdup
with controlled or predictably low release rates)., This waste class
would include materials that, due to their low specific hazard levels
or short decay times, may be adequately controlled in a suitably
designed and operated containment facility.

@ High-level waste requiring isolation (complete ‘containment with no
expected release to the biosphere for geological periods of time).
This class of waste will contain radioactive materials of very high

hazard potential or long decay times.
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Figure 3 is a schematic of the proposed WC system and shows that it meets the
objective for simplicity. Provision of a more complicated system is not

necessary and might even be counterproductive.

Alpha emitting material including transuranics are not classified separately
but should follcw essentially the same disposal criteria as other radioactive

waste material.

In the classification system, the method governing the disposition of waste
should be based primarily on the hazard potential (hazard index, longevity,
and migration) and expressed in terms of radioactivity per unit volume or mass

at the time of disposal.

Because small release rates are possible during active confinement of
low-level wastes {dotted line in Fig. 3), total inventory limits may be

required for all such facilities.

Radivactive waste

Innocuous Low level High level
Direct Active
discharge confinement Isolation

|

|

!

|

]

i

Biosphere

FIG. 3. Schematic of proposed radioactive waste classification system.
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ESTABLISHING INTERFACE LEVELS

The key to establishing quantitative interface levels between the three
proposed waste classes lies in defining the concentration limits for
radioactive waste in the LLW class so that guidelines for radiation exposure

to the public are not exceeded.

Radiation guidelines are defined on the basis of the annual dose equivalent
that the public might receive from exposure to the radioactive material in the
waste. As a guide in this study, a maximum annual dose equivalent of

0.5 rem/y was used when the exposure involved a few individuals. When the

potential size of the exposed population was large, 0.005 rem/y was used.

Current practice in the United States is to dispose of LLW by shallow land
burial. There are now six commercial LIW burial facilities and the U.S.

Department of Energy (DOE) operates five other major facilities.

We reviewed the characteristics of these facilities to establish conservative
yet cealistic parameters as input to a computational model based on a
reference containment facility (RCF). Table 3 summarizes data on these

existing facilities. Appendix F covers the review in more detail.

Releases of radioactivity from the RCF can be estimated from analyses of
present LLW. Projections of the activities and volumes of wastes to be
generated in the future are also important in determining the relative costs
and potential risks associated with LIW containment facilities. Table 4 gives
the characteristics of radionuclides generated in light water reactors (LWR)
and destined to be treated as LLW.]'O Table 5 gives the estimated volume and
radioactive concentration of four wasto classes generated per GWe-y by

LWR's.2
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TABLE 3. Survey of existing low-level waste disposal facilities.
Commer cial Covex Observed
capacity, Nearby depth, radionuclide
Location m Climate rivers m migration
Hanford, - Semiarid 10 km to 2.5 Through uptake
Washington Columbia by deep rooted
plants
Richland, 9 x 103 Semiarid 10 km to 2 Not observed
Washington® Columbia
Beatty, 7 x 10° Arid 3 km to 2 Not observed
Nevada Amargosa
INEL, — Semiar id 3 km to 1 Possibly by
Idaho? Big Lost on-site ground-
water
Los Alamos, e Semiarid 8 km to 1.5 On-site vadose
New Mexico? Rio Grande water zone
Sheffield, 2 x 103 Humid Site 1l Not observed
Illinoig boundary
Mor ehead, 3 x 106 Humid 500 m 1 On and off-site
Kentucky ground and
sur face water
Oak Ridge, -— Humid On-site 1 On-site ground-
Tennessee? water, off-site
sur face water
Savannah River, —— Humid On-site 1.2 Or:~site
South Carolina? Savannah groundwater
Barnwell, 2 x 108 Humid Site 3 Not observed
South Carolina boundary
West Valley, 2 x 103 Humid On-site 3 On-~site ground-

New York

water, off-sit:
surface water

ADOE sites
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TABLE 4. Calculated concentrations of radionuclides in LWR

solid wastes shipped to commercial burial grounds.

Nuclide Half-life, Concentration, Total activity,
y ci/m3 Ci/Gwe-y
31-1 12.3 7.06 4449
6OCO 53 2,47 1557
137Cs 30.1 1.76 1112
124Cs 2.06 1.06 667
5:I'CI: 0.075 1.06 667
55Fe 2.7 0.71 445
54Mn 0.85 0.35 222
90Sr 29 0.0035 2
238Pu B7.8 0.0035 2
239?u 24,400 0.0035 2
2‘”'Fu 15 0.035 2
237Np 2,100,000 0.0035 2
quhm 433 0.0035 2
242Cm 0.45 0.0035 2
24qu 17.9 0.0035 2
59Ni 8,000 0.0014 0.9
99Tc 213,00 0.0003 0.02
1291 15,900,000 0.00001 0.004
Total 14,53 9136.

Source: Ref. 10, Appendix H.
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TABLE 5. Projected relative waste concentrations and volumes per GWe-y.

Gross radioactivit

Waste categories concentration, Ci/m Volume,

as generated Upper limit Average m3/GWe-y
Routine low-~-level 100 20 660
Intermediate level 1 1,000 350 75
Intermediate level 2 10,000 3,500 20
High-level 10,000,000 3,500,00 3

Source: Ref, 2.

The RCF used as our model is described in the appendixes. It is a shallow
land burial facility assumed to be in a semi-arid region and located 1 km from
a large river. An aquiter lies 10 m below the bottom of the burial trenches;
the water in this aquifer flows toward the river at a velocity of 111 m/y

(1 £t/day). The total capacity of the RCF is 6 x 105 m3, large enough

to contain the volume of LLW generated by 1000 GWe-y of nuclear power
production, Figure 4 is a schematic drawing of the RCF. Table 6 lists the

parameters used in describing the behavior of the buried wastes in the RCF.

The methodology for determining the waste class interfaces involves five hasic
steps:
e Identifying a set of conservative exposure scenarios.
® Determining the transport of the radioactivity through the
environment to man.
® Calculating both the maximum individual dose and the total
population dose.
® Relating these calculated doses to the radiation exposure guidelines.
Once these steps are defined, the dose to the exposed population can be
related to the concentration of radioactivity in the waste at the time of

burial,
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200 m

| 1km

Facility fence

Earth cover {1-2 m),

FIG. 4. Schematic of reference containment facility.

TABLE 6. Reference containment facility parameters and values.
Parameter value

Site plan area, m2 2 % 106
Size of trenches-~length, width,

depth, m 200 x 10 x 8
Number of pits 100
Distance to site boundary, m 160
Distance between pit and aquifer, m 10
Water velocity from pit to aquifer, m/y 10
annual precipitation, m/y 0.1 -2
Aquifer flow area, rn2 1000
Distance from Site to surface water, km 1
Aquifer water velocity, m/y 111
Dispersion coefficient, mz/y 0.42
Meterology - Pasquill stability

conditions E and F
Average windspeed, m/sec 1.6
Bulk soil and waste density, g/t':m3 2
Reference dust loading, mg/m3 2
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MODEL ASSUMPTIONS

The interface level can be based on volume concentration, which simplifies the

process of determining the classification of any given waste container.

The major exposure to the general public from radicactive waste released to
the environment results from deposition of the radionuclides in the body.
Deposition occurs after the radioactive material enters the body by any of
four different mechanisms: ingestion, inhalation, injection (as from a
wound), or infusion {(where the radionuclide passes through the skin barrier
into the bloodstream). The two entry pathways of most concern are ingestion
and inhalation. Therefore, this analysis is limited to these two enury

pathways.

The scenarios selected for study were as follows:
1. Inhalation Exposure

a. Reclamation and reuse of the burial site after institutional
controls were removed.

b. Continuous airborne releases due to wind erosion of soil from the
disposal site.

c. Airborne release caused by an accident at the site during the
operation phase.

2, 1Ingestion Exposure

a. Leaching of the radionuclides into an underground aquifer that
ultimately discharges into a surface stream and hence to human
food and water.

b. Erosion of the overfill cover with transport of the radio-
nuclides by surface runoff to a nearby river and hence to human
food and water.

c. Well drilling and consumption of the water directly below the

disposal site.

Figure 5 diagrams the exposure pathways.
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The source terms and release fractions from the RCP were based partly on
assumptions and partly on empirical data. The assumptions are identified in
the detailed calculations. We believe them to be conservative. Tables 6 and
7 show the data uged in determining the source terms. The volumetric
concentration in the RCF after burial is assumed to be 30 times less than the
maximum permitted concentration in waste containers at time of burial. We
arrived at this factor by assuming a dilution factor of 3 due to the
surrounding soil mixing with the waste during burial, and a factor of 10 from

the ratio of peak concentration to the average waste concentration.
The transport of the radioactivity through the environment to man was defined

using empirical data. 1In the case of airborne transport, we used the Pasquill

diffusion equations to determine the concentration of activity downwind.

TABLE 7. Nuclide-gpecific parameters and values.

Reference Sorption Reference
Nuclide inventory, Ci coefficiant leach rate, y-1
30gp 24,000 100 1% 1072
123, 0.73 1 1 x 1072
L37¢g 35,000 1,000 L x 1072
237 12,000 100 6 x 1072
238, 65,000 10,000 6 x 1074
241 -4

an 65,000 1,000 6 x 10
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In the case of water transport, we determined the leached nuclide migration in
the aquifer from a second-order differential mass-balance equation that

considers longitudinal dispersion, convection, sorption, and radioactive decay.

The calculations determining source terms and resulting dose to the public
from airborne releases are detailed in Appendix H. The calculations for water

transport are given in Appendix I.
DOSE CALCULATIONS

The toxicity or harm to man from a radionuclide present in the body depends on
the specific activity of the nuclide, its chemical form, and the mode of entry
into the body. The chemical form of the radionuclide affects the solubility
in the body, which in turn determines the rate of translocation to and from
the organs of the body. Three categories of solubility are defined by the
ICRP.11 These are the "D" class (readily soluble), the "W" class

(moderately soluble), and the "Y" class (relatively insoluble). Ingested
insoluble compounds containing radioactive elements tend to pass through the
gastrointestinal tract with little uptake. When inhaled, however, a

significant fraction of insoluble material can remain in the lungs for as long

as several years.

Dos2s for airborne exposures using recent ICRP dat312 on the reference man

13

were calculated using the AERIN code developed at LLL. Examples of

239Pu are given in Figs. 6 and 7

computed organ doses due to inhalation of
for short-term and prolonged exposures respectively. Tse of ICRP data on
reference man results in lower maximum permissible concentrations in air and
water than the current guides given in 10CFR20.6 Care should therefore be
exercised in comparing these values with 10CFR20 and appropriate correction

factors should be applied for valid compar isons.

We determined that for mixed TRU waste, it would be fairly conservative to

239Pu decay. Table 8 gives
239

assume all the alpha radiation emanated from

organ doses for TRU mixtures aged 6 mo and 100 y relative to those for Pu.
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A number of f{sotopes were investigated in each of the exposure pathway

scenarion, These isotopes were selected to represent the worst case in any

given scenario. Other isotopes were then scaled to the appropriate reference

isotope by the ratio of their radiologic effects from air and water pathways

to obtain interface values for each isotope of concern.
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FIG. 6. Effects of short-term inhalation (500 pCi/d for 30 d) of 23%py

oxide.
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TABLE 8. Organ doses for mixed TRU nuclides aged 6 mo and 100 y relative to

239

Pu doses.

Assumed TRU mixtures
Percentage
Nuclide of total curies
TRU mix cooled 6 mo TRU mix cooled 100 y

238?u 1.7 17.8
239?u 0.2 3.4
240

Pu 0.3 6.6
241Pu 77.0 16.9
241 0.1 54.3
242Cm 19.1 0.0
244

Cm 1.6 0.8

Accumulated lung dose, rem/nCi inhaled (30-day exposure, 10-um particles)

Year 239p, TRU mix cooled 6 mo TRU mix cooled 100 y
1 0.06 0.01 0.05
5 0.14 0.03 0.16
10 0.15 0.03 0.17
15 0.16 0.03 0.17
20 0.16 0.03 0.17
30 0.16 0.03 0.17
40 0.16 0.03 0.17
50 0.16 0.03 0.17
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TABLE. B.

(cont'd.)

Accumulated bone dose, rem/nCi inhaled (30-day exposure, 10-um particles)

TRU mix cooled

Year 239py TRU mix cooled 6 mo 100 y
1 2.3 x 1074 8 x 107% 4 x 1073
5 0.03 8x 1073 0.03

10 0.07 5% 1077 0.07

20 0.17 7% 1073 0.11

30 0.26 8 x 1073 0.14

40 0.34 0.012 0.2

50 0.42 0.015 0.33
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RELATIVE HAZARD INDEX DEFINED

Calculations indicated that the reclamation scenario dictated the most
restrictive interface ~zoncentrations between LIW and HIW. We also found that

239Pu could reasonably be used as the reference isotope in the reclamation

scenario.

The inter face concentration for each isotope was then normalized to a relative
hazard index (RHI) to present the results in a concise format. The RHI is

defined by the equation:

DC ’

RHI = o~
p (MPC) |

where C is the concentration of the nuclide in the soil (i.e., 1/30 of the
permitted peak concentration in the waste container), D is the average dust
loading in the respirable air (mg/m3) and p is the bulk density of the

soil.

The use of the RHI allows the relative risk of a radioactive species to be

described by a single number.

The reclamation scenario assumes that exposure occurs only after institutional
control of the facilities has ended. Since institutional control would be
maintained for 100 to 300 y after closure of the burial facilities, credit can
be taken for the radioactive decay of the short-lived nuclides during that
period. Calculations based on these assumptions indicate that the accident
scenario can give the most restrictive interface concentrations for those

isotopes with short half-lives.

34



EVALUATION AND DISCUSSION OF RESULTS

Predicted doses resulting from the scenarios discussed in the previous section
were calculated and the results are summarized in Fig. 8. Appendixes H and I

present detailed discussion of the calculations. A general discussion follows.

a
S

1072

| i 1 | 1
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Py-239 interface concentration — #Ci/cm3

Annual dose to the maximum exposed individua!l — rem

1073

FIG. 8. Annual individual dose vs HLW/LLW interface concentrations

239

for Pu calculated for six exposure scenarios.
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INHALATION SCENARIQS

The eventual reclamation and reuse of the disposal site after institutional
controls are removed dictates the most restrictive LLW/HIW interface
concentrations, 239Pu is one of the most restrictive isotopes in the

inhalation scenarios studies. Interface concentrations for other isotopes

except ]29I were determined by normalizing the 239Pu interface
concentration hy the MPCa for 239?u and multiplying by the MPCa for the
other jsotopes. 1291 is discussed under "Ingestion Scenarios" below.

Since the reclamation scenario applies only to the period following loss of
administrative control of the hurial site (100 to 300 y after closure),
radioactive decay is taken into account cnly for isotopes with short
half-lives. There is a limit, however, in considering the decay because the
near—-term accident scenario becomes the major restriction at higher

concentrations of the short-lived isotopes-

The HIM/LIW inter face concentrations for individual radionuclides are shown in

239Pu in tke waste container

Table 8. A concentration of 1 uCi/cm3 of
at the time of burial results in about 0.5 rem/y exposure to an individual
worker in the reclamation scenario. In the accidental release scenar io, a
concentration of 1 uCi/cm3 in the waste container results in a maximum

individual dose ¢r 0.0l rem/y to an off-site resident.
INGESTION SCENARIOS

For the waterborne scenarios, the HLW/LLW interface concentrations were less

restrictive than for the airborne scenarios. However, this does not hold for
129
I.
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TABLE 9. Single radionuclide HLW/LLW interface concentration values (adiusted

for 100 y decay).

Interface

Nuclide Half-lifc, mpc*, concentration,

Y uci/ml uCi/cm
* 12,33 2 x 107 (s, 2 x 10 {Note b)
e; 0.075 8 x 10°° 6 x 10° {Note b)
un 0.86 1x 1025, 2 x 10° (Note b)
re 2.7 3 x 10°%n) 2 x 10° {Note b)
0o 5,27 3 x 10 %0 2 x 10° (Note b)
5 8 x 10 2 x 10°%¢s) 3.4 x 10°
35i 100 2 x 1072 6.7 x 10°
90, 29 3 10 s 2 x 10° (Note b)
%0, 0.007 3x 107D 2 x 10° (Note b)
e 213 2 %1077 4.6 x 10°
106, 1.010 2 x 107%m 2 x 10 (Note b)
129, 1.59 x 10’ 2 x 1071 1.8 (Note d)
134 2,06 ax 1070 2 x 107 (Note b)
1370 30.1 5 x 1070 4 x 107 {Note b)
B2gy, 1.4 x 10*° 1 x 107 s, 1) 17
235y 7.04 x 10° a4 x 107 68 f
238 4.5 x 10° 3 x 107 %(s) 50 /
S 2.14 x 10° 1 x 10 P 1.7
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TABLE 9 (cont'd.)

Interface
Nuclide Half-life, Mec*, concentration,
% uCi/ml uCi/em?
238y, 87.8 7 x 107 ¢s) 2.6
2392 2,439 x 10% 6 x 107 1¢s) 1.0
2Ly, 15 3 x 10712 130 (Note ¢}
™ 433 2 x 107 3¢s) 4.0
242, 0.45 4 x 10712 3 x 102 {(Note b)
2, 17.9 1x 10713 24 (Note b)
(Note ) - 1x 10710 1.7 x 10°
(Note f) - 2 x 10714 0.33
Notes

6 ** .
S {soluble), I (insoluble).

*From 10CFR20.
a. Bases from which other numbers were derived.
b. Interface concentration limited by accident scenario.
¢. Based on ingrowth of daughters.
d. ®esed on the well-water scenario.
e. Any other single nuclide, not listed above, with decay mode other
than alpha emission or spontaneous fission.
£. Any other single nuclide, not listed above, that decays by alpha
emission or spontanecus fission.
Because 1291 has a long half-life and essentially no sorption in the soil,
the well-water scenario limits the interface concentration of this isotope to

1.8 uCi/cm3 in the buried waste.
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RELATIVE HAZARD INDEX

Te indicate the risk for a given nuclide and its interface value (Table 9), we
must define the RHI in terms of the corresponding MPCa, since the potential
effects of airborne releases were shown to he generally more serious than
those from waterborne releases. For 23S’Pu the RHI is equal to 1.7 x 104

if we assume a density of Zg/cm3

We based our interface values on the releases of 239Pu. Inter face levels

for other nuclides have been normalized to that of 23E’l:'u by use of une
appropriate MPC values. Use of the MPCs assumes that they were uniformly
determined, and that thcy can adequately serve as relative indicators of risk

for the nuclides involved.

Figure 9 is a representation of the waste classification system in the RHI

format. This figure also shows how the radioactive half-life is considered.

The HLW/LLW interface concentrations are suitably increased to account for
radioactive decay, depending on the delay between the end of burial operations
and reclamation of the land for construction. Delays of 100, 200, and 300 y
were assumed. For half-lives greater than a few hundred years, radicactive
decay is not considered in determining the longevity of the hazard, since the

conservative assumption is made that these nuclides will exist forever.

The most restrictive scenario (eventual reclamation of the land) provides the
basic HLW/LIW interface. However, the accident scenario becomes the most
restrictive for short half-life materials because the accident is essumed to

occur before there is any significant radioactive decay.

For mixtures of nuclides in the wastes, the relative hazard indices can be
weighted as indicated in lOCFRZO.6 That is, the cumulative hazard index can
be found by adding up the concentration-to-MPC ratios of the individual
nuclides multiplied by their dQust-loading corrections. Appendix J gives

details and examples of the use of this system.

For the interface between innocuous and low level waste, further study is

required to provide a precise and defensible value.
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FIG. 9. Waste classification system in relative hazard index format.
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COST-BENEFIT ANALYSIS

Pigure 10 presents the results of cost-benefit calculations performed to
evaluate the cost effectiveness of shallow land burial vs repository isolation

as a function of HIW/LLW inter face level.

Given the projected waste quantities and costs in Appendix G, we can determine
the cost effectiveness vs interface level. 1Increasing the interface level
makes additional quantities of waste acceptable for disposal as LIW at a lower
cos: than that of isolation. However, the risk in terms of population dose
would increase. For example, the firs* projected category of waste higher in
concentration than routine LLW would contain 1000 Ci/m3 of gross activity.

The generation ¢f 1.0 GWe-y of nuclear power would produace 75 m3 of 1000
Ci/m3 waste, For a marginal cost of $3400/m3. $255,000/GWe-y could be

saved by handling this waste as LIW rather than sending ii to the repository.
Alternatively, it would Cost $3400/m3 more to send it to a repository, but
there would be a concomitant decrease in potential risk from this volume of

waste.

If the HLW/LLW interface level were to be established solely on the basis of
cost-benefit analysis, rather than at a cost effectiveness of $1000/man-rem,
the level would be set at about 60,000 Ci/m3. Such concentrations are

higher thanp we would get if HIW were simply treated as LIW and placed in a
shallow land burial facility. Thus, the cost~benefit approach does not yield
a limiting upper concentration interface. Although not as resirictive an
indicator of the relative hazards as are the maximum individual dose
approaches, cost-benefit analysis provides useful insight and perspective on
the waste management question. Assuming the Appendix I of IOCFRSO7 value of
$1000/man-rem as an indicator of acceptability, the interface levels suggested
in this study would fall well within ALARA guidelines. The incremental cost
effectiveness of reducing the interface beyond 1.0 uCi/cm3 would be about

108 $/man-rem,
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FIG. 10. Cost-benefit analysis results.
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APPENDIX C
PREVIOQUSLY PROPOSED RADIOACTIVE-WASTE CLASSIFICATION SYSTEMS

Several waste classification (WC) systems have heen proposed during the past

few years. A review of these systems follows.

TAEA RADIOACTIVE-WASTE CATEGORIES

The TAEA (1967) tabulated information from 11 countries on their WC systems.Cl
It was found that no two countries have the same classification system and

that some countries use more than one system.

The IAEA system categorizes the waste as liquid, solid, or gaseous, with each

category broken down as described below.

Liguid Wastes

The subclassification under liquid wastes is based on activity concentration

levels as follows:

Category Activity lovel, A, nCi/ml Remarks
1 A< 10'6 Not normally treated
2 108 < a < 1073 Without shielding®
3 1072 <a< 10t shielding possible?
4 wlca < 107! Shielding necessary®
5 104 <A Cooling necessary

a . . .
Treatment is by usuval methods (i.e., evaporation, ion-exchange,

or chemical treatment).
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Solid Wastes

In the solid-waste category, there are three considerations, as follows:

@ Por strong beta and gamma emitters, the surface dose rate is the

controlling factor.
® For strong alpha emitters, the activity per volume [Ci/m3) controls.

e TFor large amounts of fissile materials, additional packing
requirements, such as IAEA "Regqulations for the Safe Transport of

Radioactive Materials," are controlling.

For the three considerations, the following classification is suggested:

Radiation dose, D, an

Category surface of wastes, R/hr Remarks
1 P <g.2 B-y-emitters dominant;
2 0.2<bD<2 a-emitters are insignificant
3 2 <D a-emitters dominant;
4 a activity expressed B-y-emitters insignificant;
in Ci/m3 criticality is no pr:oblema

arf criticality is a matter of concern with the waste, it is assumed that
the soliG wastes are treated or packaged or both to prevent criticality; it is
also suggested that Pu and U wastes are potentially retrievable and may be

separated for economic reasons.
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Gaseous Wastes

The basic consideration for classifying gaseous wastes is activity level

expressed in Ci/ma:

Activity level,

Category A, Ci/m3 Remarks
1 A< 10710 Bffluents not usually treated.
2 10710 < a < 1076 Effluents usually treated by filtration.
3 10-6 <A Effluents usually treated by methods

other than filtration.

Discussion

Figure Cl is a diagram of the IAEA waste classification system. The following
waste characteristics must be known for this system to be used to categorize
any given waste:

® Physical state (solid, liguid, gaseous).

® Activity level for a-dominant solids, for liguids, and for gases.

® Radiation dose at the surface for B-y-dominant solids.

e Radiation type, indirectly for solids.
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FIG. Cl. IAFA waste classification system.
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In adcdition, the following comments apply:

Compared with other systems, the IAEA system is uncomplicated.

The expression of radioactivity in curies gives little indication of
the toxicity or hazard potential.

The categories give no guidance for disposal methods.

The system does not consider the half-life or longevity of potential

hazards,

AIChE RADIOACTIVE WASTE CATEGORIES

The waste classification system formulated under the sponsorship of the

aIChEC?

is based on the following premises:

The major parameter for classification is the "ratio of radionuclide
concentration in the waste (at the time of consideration) to the MPC
of the same waste constituents in water, air, or solids™ in terms of
MPC, MPE, or MPQI, as recommended by the International Commission on
Radioclogical Protection (ICRP).

Wastes should be classified while they are in containment or before
release. Decay during storage may result in reclassification of
wastes.

Individual radionuclide concentrations must be determined for exact
categories.

Liquids and gases are treated as fluids; solids require further
considerations.

The smaller ICRP-MPC value should be used when MPCs are specified for
different solubilities.

Primary classification parameters do not include chemical content,
physical properties, origin, total amounts of waste, half-life, or
degree of natural reconcentration once released.

Definitions proposed are intended for use to describe the
characteristics of wastes in judgments involving treatment, disposal,

regulatory action, and definitions of safety.

52



Table C1 summarizes this waste classification system. Using the table
requires the following information:

e Where wastes contain mixtures of radionuclides, the ratio of nuclide
concentration to MPC for example, is determined by using the MPC for
known mixtures or unidentified mixtures of radionuclides as
recommended by the ICRP.

e Units of MPQI/kg are used for solids because this measure is
comparable to units for liquids and gases even though solids are not

considered ingestible.

Waste Categories

As Table Cl shows, this classification system divides the waste into five
major categories, Classes A, B, C, D, and E, in ascending order of

radionuclide concentrations. The following statements apply.

Class A (Population Level}. Class A includes waste with radionuclide

concentrations not exceeding (unzontrolled) population level MPC values. This
statement should not be construed to mean that there are no restrictions on
the release of these wastes to the environment other than constraints such as
ALAP and ALARA.

Class B (Occupational Level). One or more of the nuclides or the mixture of

radionuclides exceeds Class 2 limits, but no radionuclide or mixture in liquid
or gaseous wastes exceeds the specified MPC (40 hr/wk) for normal occupational
exposure and no nuclide or mixture in solid wastes exceeds specified MP{I/kg

for normal occupational exposure.

Class C (Low Level). Limits on radionuclide concentrations pertain to one or

more radionuclides or to a amixture of radionuclides. Treatment of some wastes
in this category may ccnvert the major fraction to a Class A or Class B waste,
leaving a minor fraction of concgentrated wastes. Suoclasses C-1 and C-2 are
based on ICRP maximum permissible radiation exposure to the whole body. This
breakdown, in many cases, would separate alpha from beta-gamma wastes.
(Category C is based on radionuclide content; the subcategories are based on

surface radiation.)
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TABLE Cl. AIChE radioactive waste categories.

Class A (Population Level)

Liquid and gas Less than or equal to the maximum permissible
concentration (MPC)2 for members of the population
at large (including persons living in the

neighborhood of controlled areas)

Solid Less tha- or equal to the maximum permissible
quar ter ly intake (MFQI} for members of the
population at large {including persons living in the

neighborhood of controlled area) kg solid

Sur face radiation® Less than or equal to the maximum permissible whole
body exposure (MPE)a for members of the population
at largeb {including persons living in the

neighborhood of controlled areas)

Class B (Occupational Level)

Liguid and gas Greater than Class A but less than or equal to

MPC)? occupational exposure (40-hr wk)

Solid Greater than Class A but less than or eqgual to

(MPQI)d for occupational exposure/kg solid

Sur face radiation® Greater than Class A but less than or equal to

(MPE:)c for occupational exposureb (40-hr wk)

Class C {Low Level)

Liquid and gas Greater than Class B but less than or equal to
10% x Class B

Solid Greater than Class B but less than or egual to
10% x Class B

Surface radiation

Class C-1 Less than or equal to (MPE)e {occupational) at
su::faceb
Class C-2 Greatcr than (MPE)® {occupational) at sur faceP
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TABLE Cl. (cont'd.)

Class D (Intermediate Level)

Liquid, @as, or solid Greater than Class C but less than or equal to
10% x class ¢
Solid Greater than Class C but less than or equal to
104 x Class C
Surface radiation
Class D-1 Less than or equal to (MPE)e (occupational) at
surfaceb
Class D-2 Greater than (MP!:‘.)e (occupational} at surfaceb

Class E (High Level)

Liquid, gas or solid Class D

Surface radiation

Class E-1 Less than or equal to (MPE)e {occupational) at
surfaceb
Class E-2 Greater than (MPE)e (occupational) at surfaceb

@ICRP Publication 6, Recommendations of the International Commision on

Radiological Protection, as Amended 1959 and Revised 1962, (1964), Pergamon

Press.

bIn the 1958 report of ICRP Committee II, the recommended MPE to the gonads or
the whole body is 5 rem/y for occupational exposure. For the population at
large, it is a2ssumed to be 1/100 of 5, or 0.05, for whole body genetic effect.
CApplies to surface of container, object, or pool of liquid.

dMPQI = (MPCw for 168-hr occupational exposure) (2200 ml/day, 91
days/quarter) = (MPCN) (2 x 105); MPC applies to water.

®Section C of Radiation Protection-Recommendations of the International

Commission on Radiological Protection (adopted September 9, 1958) (Pergamon
Press, London, 1959) (ICRP, Pub. 1}.
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Class D (Intermediate Level). In general, Class D wastes will be stored for

safety and decay purposes, or converted to or incorporated in solids for
ultimate disposal. (Incorporation into organic matrix or cement before
disposal is considered for Class D wastes.) Subcategories are defined

similarly to Class C subcategories.

Class E (High Level). These wastes usually will be stored for safety and

decay purposes, or converted or incorporated into radiution-stable solids for

disposal. Subcategories are similar to Class D subcategories.

Discussion

Fiqure C2 is a diagram of the AiChE waste classification system. Three waste
characteristics must be known for this system to be used to categorize any
given waste:

3 Physical state (solid, liquid, gaseous).

® Radionuclide content as MPC for liquids and gases or MPQI for solids.

® Surface radiation as MPE for solids.

Radioactive waste

Solids

T T 1
<MPE (pop) >MPE {occ) <MPE {occ)

AY 4
AY ’

Liquids & gases

N\ 14
| T T T L A ‘\ ll

I {(MPQt)
)

P B ¢ D E

(<MPQlI

FIG. C2. AIChE waste classification system.
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The followirg comments also apply to this system:
® Its categories indicate potential hazards.
It is relatively simple.
It offers guidance for a suitable disposal method.
It considers physical states.
It may be operationzlly complicated.

It does not consider half-lives to ascertain duration of hazard.

GERA'S PROPOSED WASTE-CLASS IFICATION SYSTEMS

Gera suggests that radiocactive wastes should be classified according to the
duration of required containment.C3 Clear segregation of wastes requiring
containment for relatively short times from those presenting a significant
environmental hazard for geologic time periods would probably be sufficient.
Two points that Gera makes are that (1)} the destiny of the waste is a relevant
classification factor, and that (2) half-lives of the radionuclides contained
in the waste are a controlling element in future waste management steps.

Figure C3 is a diagram of this proposed system,

Radioactive waste

Long-term

Short-term
containment

containment

FiIG, C3. Gera's classification system based on duration of containment,
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Tenctative limits of concentration for long-lived alpha emitters to be used for
the segregation of solid wastes have been proposed in the United States and in

France. These limits are 10uCi/kg and 10,000 time MPC , respectively.

r
Concentration limits might not suffice as criteria. If may be necessary to

introduce an additional limit on the long-lived activity that can be disposed
of in particular burial grounds. This inventory limit should be based on the
possible transfer of the radioactivity to man after abandonment of the burial

ground.

1968 CLASSIFICATION SYSTEM

Gerac4 previously developed a rigorous waste classification system based on

MPCs, activity concentrations, half-lives and expostre rates.
System

This system is described in Tables C2, C3, and C4, and diagrammed in Fig. C4.
Detailed knowledge of the radionuclides and their concentrations is required
for use of this system. Subsequent work on the development of a functional
waste classification system led Gera to conclude that his proposed 1968 system
and those comparable to it were "rather impractical and not relevant to the

actual needs of waste management."

The 1968 classification system requires that the following waste
characteristics be well known: (1) physical state, (2) MrZ, '2) half-life, (4)
activity concentration, and (5) exposure rate, In addition, it should be
noted that this system: (1) considers physical states, (2} provides guidance
for disposal of waste, and (3) tends to be complex in that it requires
detailed knowledge of waste composition. These attributes imply that a
detailed knowledge of the radionuclide content is also available for each

waste.
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TABLE C2.

Categories of liquid and gaseous wastes proposed by Gera (1968).

Categories according to

MPC multiplication factors

Examples of possible

waste categories

Categories according

to treatment

A. < MPC A-1 (Discharge) 1. No treatment;
3
A-2 (Treatment; DF < 10 discharge
3
B. From MPC to 10" MPC B-1 (Discharge) 2. Treatment with
3 3
B-2 {(Treatment; DF < 10} DF up to 10
3 6
B-3 (Treatment; 10 < DF < 10 )
3 6 . :
C. From 107 MPC to 10 MPC C-1 (Discharge) 3. Treatment with
3
C-2 (Treatment; DF < 107) DF between
6 6
C-3 ({Treatment; 103 < DF < 10) 103 and 10
C-4 (Treatment; DF > 106)
6 9 3 .
D. From 10 MPC to 10 MpC D-2 {Treatment; DF < 10) 4. Treatment with
D~3 (Treatment; 103 < DF < 106) DF exceeding 106
D-4 (Treatment; DF > 106)
D~-5 {Containment)
B ,-9 - 3 6
E. Greater than ? MPC E~3 (Treatment; 10 < DF < 10) 5. No treatment;
6
E-4 (Treatment; DF > 10 ) containment
E-5 (Containment)
Note: DF = Decontamination factor.



TABLE C3. Categories of solid wastes according to activity concentration and

half-life proposed by Gera (1968B).

Activity concentration, uCi/cm3 or uCi/g

Category Group 12 Group Zb Group €
a <10% <10° <1076
B 1074 - 107t 1075 - 1072 1076 _ 1073
¢ 107! - 102 1072 - 10 1072 -1
D 102 - 10° 10 - 104 1-10°
E >10° >10% >10°
awl/z <250 days, or »10%% y.
hT1/2 = 250 days to 10 y, or 10% - 1011 y.
c, _ 8
T, =10 - 10% g,
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TABLE C4. Categories of solid wastes according to

radiation index proposed by Gera (1968).

Radiation Index

Category i=k® Db
1 <0.002
11 ) 0.002-0.02
III 0.02-0.2
v 0.2-2
v >2

a .
Surface area of waste item or package,

perpendicular to the direction of measurement:

Area k

<]l m2 1

1-5 m2 3
2

5-20 m 6

>20 m2 19

Coefficient k reflects the different attenuation
of exposure rate with the distance as a function
of source dimensions; the values are taken from
Regulations for the Safe Transport of Radioactive
Materials, p. 69 (IAEA, 1967).

bD is exposure rate in air in R/hr, measured at

a distance of 1 m from the waste.
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FIG. C4. Gera's 1968 waste classification system.

Classification System

Gera states that a succinct definition of the terminology in use today may
constitute a sufficient classification system. His proposed definitions are

as follows:

High-Level Waste. This category includes only wastes from the reprocessing of
spent fuels or the spent fuels themselves. These wastes contain the bulk of
the fission products and significant amounts of the long-lived alpha

emitters. Liquid concentrations are in the thousands of curies per litre.
Wastes are self-heating. Long-lived alpha emitters exist in concentrations
too high to allow disposal for periods far exceeding the expected life of

engineered storage structures.

Low~Level Waste. This category includes wastes with low hazard potential and
with activity concentrations not much higher than MPC. Also included are

large volumes that require no shielding and most of which may be treated with
slmple filtration or flocculation techniques, as well as solid wastes that can

be handled without particular precautions.

Algha-Bearing Waste. All wastes containing alpha emitters in excess of some
appropriate threshold value are defined as alpha-bearing wastes; in

particular, long~lived isotopes of transuranium elements.
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Cladding Waste. This category includes cladding hulls and associated fuel
assembly hardware from mechanical decladding of spent fuel. Most of the
activation products and portions of the sorbed fission products and alpha

emitters are present.

Intermediate-Level Waste. This includes all wastes not included in the

preceding categories. These wastes cannot be released to the environment and

usually require treatment and shielding, but not cecoling.

The classification system reqiires a knowledge of the following waste
characteristics: (1) source of the waste, (2) dominant radiation, and (3}

general operational information.

it should be noted that the system (1) is simple and practical, and (2)

provides guidance for the disposal of waste.
ANSI RADIOACTIVE WASTE CATEGORIES

To promote better communication on radioactive wastes between the nuclear
energy industry and the public, the American National Standards Institute
explicitly defined the terms used to describe broad categories of wast:es.':'5
The basis for this system was a consideration of the sources of the waste in
the fuel cycle and the physical nature of the radionuclides contained in the
wastes. The waste categories specifically exclude (1) materials being stored
for possible future recovery of radioactive contents of value, and

(2) materials that are normally of use and are being stored for possible
future removal of the radioactive contaminant(s). For liquid and gaseous
wastes, the concepts used for specific concentrations are those of the Federal

Radiation Council given in the Radioactivity Concentration Guide (RCG).

Figure C5 diagrams the ANSI waste categories.

Waste Categories

The radiocactive waste categories defined below include solid waste
subcategories defined by parameters independent of possible mechanisms of

exposure,
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FIG. C5. American National Standards Institute waste categories.



High-Level Solid cr Liguid Waste. Included in this category are the Eollowing:

1. Agueous waste stream from first cycle of solvent extraction,
including waste streams from subsequent cycles separate from or added
to the first; solids or concentrates prepared from this first cycle
and additions to it, where extraction cycles are intended for
reprocessing (not including research reactors <1 MW).

2, Streams from partial separations where specific activity remains high.

3. Fuel elements from reactors (research reactors <l MW).

Low-Level Liquid Waste. Wastes that after treatment (no more complex than

filtration or ion exchange) can be released with reasonalble assurance that the
concentration in the water at the point of release will be less than the RCG
value for the public (weighting individual RCG values by relative abundance of

radionuclides present).

Intermediate-Level Liguid Waste. Liquid wastes not included in the high-level

or low-level liquid waste categBries. Wastes will eventually be treated to
yield a processed fraction of low-level liquid wastes and a fraction that will

be added to high-level liquid wastes.

Low-Level Gaseous Waste., Gaseous materials (including entrained or suspended

volatile material, vapors, droplets, and particulate matter) which, after
treatment no more complex than conventional filtration or scrubbing, can be

released as specified in the low-level liquid waste category.

High~Level (Stored) Gaseous Waste. Gaserous or volatile materials not defined

in the low-level gaseous waste category, which are stored either in gaseous

form or sorbed in or on a solid medium.

Solid Waste. This category includes six groups:
1. Mine and mill tailings: tailings from mining or milling of uranium
or thorium ores, in which daughter products are dispersed throughout
the tailings so their concentration is no higher in any significant

portion of a tailings pile than it was in original ores.
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2. Natural uranium and thorium materials: solid waste with no radiation
content exceeding the usual criteria for occupational radi-rion
safety, except for natural uranium, enriched uranium, or thorium,
which are the limiting potential hazard in the handling of the wastes.

3. Nuclear reactor waste: material normally nonradioactive containing
no activity except that induced by neutron or other subatomic
particle capture.

4. Material containing or contaminated with fission products ar other
radiocactive materials not defined elsewhere, such that the
concentration of selected actinides is less than the minimum
concentration as stated in solid waste category 5.

5. Selected actinide waste. Material containing or contaminated with

2330, 2320, all transuranium radionuclides and 22°Ra at

226Ra is included

concentrations of >10 nCi/g (10 uCi/kg). (
with the actinides because of its comparable properties.)

6. Solid material included in the high-level solid- or liquid-waste
category with the notption that relatively small amounts of such
mat2rials will not affect the status of solid waste category 4 or 5
(e.g., surface contaminatcion on egquipment that has been in contact
with high-level wastes or samples removed for analytical control

purposes) .
Discussion

The following waste characteristics must be known to use this system to
categorize any given waste:

e Physical state.

® Source of the waste.

e Activity concentrations (liquids and gases).

°

Transuranic and 226Ra concentrations.
Tn addition, it should be noted that the system (1) specifically excludes

materials stored for future extraction of valuable material, and (2) does not

provide guidance for the disposal of waste.
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AEC RADIOACTIVE WASTE MANAGEMENT CLASSIFICATIONS

The AEC classificat::‘.onsc6 are intended as definitions of wastes and as
terminology for AEC-assigned responsibilities, authorities, and procedures for
radioactive waste management. The definitions do not represent a rigorous,
comprehensive classification system, but do show the work done by DOE's

predecessor. Figure C6 is a diagram of the AEC waste classification system.

Radioactive waste

Liquid Solid
High-heat High-level Other High-level {{L) TRU-contaminated
product from
solidified
HL liquid

FIG. C6. AEC waste classification system.

Definitions

Radioactive wastes in general and liquid and solid wastes are defined as

follows:

Radioactive Waste. Materials of no value consisting of, including, or
contaminated with radioactive material in excess of the levels or
concentrations permitted in AEC Property Management Instructions for
unconditional release of excess property. These include: (1} stored liquid,
solid, or gaseous residues from chemical or metallurgical processing of
radiocactive materials; (2) discarded items such as defective equipment and

building rubble, not radicactive in themselves but contaminated with
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radinactive materials; and (3) discarded items containing induced
radinactivity., Treated ag a separate cateqory are (1) irradiated fuelg stored
for possible processing, (2) radioactive scrap stored for possible recovery of
useful values, and (3) materials and equipment stored for poesible future use

following decontamination.

Liguid Radioactive Waste. Solutions, suspensions, and mobile sludges,

contaminated with radioactive materials.

S50lid Radioactive Waste., Material that is essentially dry but may contain

sorbed radicactive fluids in sufficiently small amounts to be immobile when

buried in dry soil.

Waste Classes

Classifications based on these definitions are specified for common

terminology as follows:

High-Heat Liquid Waste. Liquid waste containing sutficient thermal energy to

require some supplemental means of cooling, such as cooling coils.

High-Level Liquid Waste. The aqueous waste resulting from the operation of

the first-cycle extraction system, or equivalent concentrated wastes from
subsequent extraction cycles, or equivalent wastes from a process not using

solvent extraction, in a facility for processing irradiated reactor fuels.
High-Level Waste. High-level liquid waste, or the products from
solidification of high-level liquid waste, or irradiated fuel elements if

discarded without processing.

Other Liquid Waste., Liquid waste, not within the definitions of high-level
liquid waste.
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Transuranjium-Contaminated Solid Waste. Wastes contaminated with certain

alpha-emitting radionuclides of long half-life and high specific radiotoxicity

to greater than 10 nCi/g (10uCi/kg)}, subject to the following conditions and

understandings:
1. The radionuvclides included are 233U {with its daughter products),
plutonium, and transplutonium nuclides except 238Pu and 241Pu.
{Note that 238?u and 24lPu waste should be handled as
transuranium-contaminated waste when so indicated by 239Pu

impurities or when required by local burial criteria.)
2. The activity density may be averaged over the contents of individual
shipping containers, such a~ $5-gal drums, including materials added

for shielding or sorption of liquids.

Discvssion
—

To apply the AEC system, the following wast: characteristics must be known:
® Physical state (solid, liquid).
e Thermal energy.
® Source of waste.

® Transuranic activity concentration.

It should be noted, alsa, that this system (1) considers physical state,

(2) does not indicate the hazard potential, and (3) may be too restrictive.
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BIAMEKE AND KEE WASTE DEFINITIONS

Hlomeke and Keo provide a series of projections for the type and guantities of
wastes tast will be generated by the nuclear fuel cycle until approximately

-
the year 200G, 7

Typen rf Wante

They identarfy and discuss the following types of radioactive wastes:

High-Level Wastes. These are composites of the liquid waste streams arising
from the reprocessing of spent fuels., They contain more than %9.%% of the

nonvolatile (ission products, 0.5% of the uranium and plutonium, and all the
other actinides formed by the transmutation of the uranium and plutonium in

the reactors.
Cladding_Wastes. These consist of solid fragments of 2Zircaloy and stainless
ster]l cladding and other structural components of fuel assemblies that remain

after the fuel cores have been dissolved.

Noble Gas Fission Products. These include krypton separated from reprocessing

plant off-gas and packaged together with other collected noble gases,

Fission-Product Iodine. This is iodine whose radicactivity at the time of

packaging and shipment is due solely to 1291 that has a 1.2 x 107 year

half-life and ic recovered at the reprocessing plant.

Tritium Wastes. These are wastes generated at nuclear power stations and

reprocessiny plants,

Carbon-14. This is carbon produced in oxide-fueled reactors principally by an
(n,p) reaction with MN impurity in the fuels, but also as the product of an

(n,a) reaction with 170.

70



Low-Level Transuranic Wastes. These are solid or s¢lidified materials that

contain plutonium or other long-lived alpha emitters in known or suspectagd
concentrations-greater than 10 nCi/g, and yet have sufficiently low external

radiation levels after packaging that they can be handled directly.

Intermediate-Level Transuranic Waste. These solid or solidified matrrials

contain long-lived alpha emitters at concentrations greater than 10 nCi/g, and
have typical surface does rates of 10-1000 mrem/ht after packaging duer

fission-product contamination.

Nontransuranic Waste. This is waste composed of diverse materials
contaminated with low levels of beta~ and gamma-emitting isotopes, hut

containing less than 10 nCi of long-lived aipha activity per gram.

Ore Tailings. These are the results of mining and milling operations for the

recovery of yellow cake, U3OB'
biscussion

The following properties of radioactive wastes must be specified when using
the Blomeke and Kee classification system:

® Source of the waste.

® Physical properties of the waste.

® Activity concentration for long-lived a-emitters.
In addition, it should be noted that the system: {1) is clear-cut in its

definitions of categories; (2) provides no guidance for the disposal of waste:

and (3) gives little indication of relative hazard.
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SUMMARY

The- warte clasnification nystems or methode reviewes provide useful insights
on nome of the important consideratinng for the further development of a
sultable syatem. Theee considerations include:

e Degree of potentlal hazard.

e Mrasure of potential health hazards such as MPC.

e Physical state fegolid, liguid, or gaseous).

Of equal cnphasis and importance, but less often included in classification
syatem, are the following considerations:

e Hazard Jduration; (half-life).

@ Disposal options, containers, conditions, and permanence.
® Specific nuclide content.

Specific emigsiong; alpha or beta-gamma emisgions.

e Point of waste generation in the fuel cycle (i.e., waste gtream of

firat cycle of reprocessing, hulls, etc.).

In many cases, the characteristics of radicactive waste included in the

definitions of waste classes are overlapping or redundant.
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APPENDIX O
W SYSTEMS PROPOSED BY TAP MEMBEPRS

THTRODUCTTON

The clancificatinn systems presented in this appendix are those proposed by

the panel members in the TAP's working gessions. A few of these systems were
Adeveloped in some detail, Others represent the bhasic structure that a
classification system might have, with only brief analysis of the details that

may be necessary in applying such systems.

PROPOSED WASTE CLASSIFICATION SYSTEM 1

Description

The primary . nsideration in the development of waste classification system 1

{Rodger, 1975) is the method of waste disposal. The basic criterion applied

is that the disposal method will provide reasonable protection to man and his

environment.
The disposal methods are divided into four major categories:

Release of effluents. The release of radiocactive wastes whose concentrations
DDl

are in compliance or can be made to comply with guidelines given in 10CFR2

for discharge directly to the environment.

Interim storage. The storage for an unspecified length of time of radioactive
wastes to xwalt radioactive decay; special treatment such as solidification,
incineration, chemical change, heat dispersal, etc.; shipment, or any other

operation that may require retention of the waste for some period of time.

74



Active confinement, Tareful Selection of sites where nuclrar waste can bn
e e

disposed of without sigrificant hrrm to man and his environment., Shallow land

burial wouid fall into this category,

Isolation., Methods that "isnlate the waste from man and his environment for
Inng perinds of time, Deep burial in geological formations, Jdeep sea burial,

and rxtraterrestrial Aisposal methonds would fall in this catrgery,
Discussion

All radicactive isotopes could be classified into two qroups based on their
potential hazard (see Fig. Dl}. These would be similar to the seven aroups
~stablished for radiocactive shipments as givea in 49CFR173.’PT..02 Tt was
suggested that all radioisotopes that fall into transport 3T and 11 be
classified as Waste Group I. All other nuclides are classiried as Waste Group
11 with the exception of 106Ru, which should qo into Waste Group I. This
would place in G: I all the heavy element alpha emitters (including TRUs)

. 90 106
plus hazardous be. emitters such as Sr and Ru.

In addition, it is proposed that concentration and total inventory limits be
established for each individual site selected for active confinement. The
Limits for Waste Group T material would be more restrictive than those for
Waste Group II material., The limits would be further defined as one limit for
the immediate time and one limit for 100 y after use of the site. A period of
100 y is suggested because it seems reasonable that control of the site can be
maintained for this length. It is also the time in which fission product
nuclides decay significantly and TRU nuclides assume greater relative
importance. The total inventory limits would be established after careful
study of the site. Such factors as rainfall, subterrcnian water flow, ion

exchange in the soil, and so on, would be used to establish both the immediate

and the 100-y limits.

*
Included as Appendix E in this report is Part 173.389 of Title 49 of the
Code of Federal Regulations, This classification system is used for

radioactive waste transportation purposes and has been quite satisfactory.
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On the other hand, the same concentration limits would be expected for all
sites in the country. These limits should be estahlished after careful study
of the potential hazard, in the case of an acclidental entry into the buried

material. Some preliminary figures to illustrate the pnint are as follows.

Conc ntration limits for Waste Group I material could be:
; . .13
1. For immediate burial -- 1.5 Ci/m",
2. For 100-y burial -~ 0.15 Ci/n’,

Concentration limits for Waste Group II material could be:
3
1. For immediate burial -- 15.0 Ci/m™.
2, For 100-y burial -- 1.5 Ci/ma.

For example, assume that a plant has a 55-gal drum (volume = 0.208 m3) of
90

waste containing 60% Sr and 40% 106Ru, by activity. The immediate
burial limit of 1.5 Ci/m3 implies that the drum nay contain at burial:

90 6

sc + gy = (1.5 ci/m)) (0.208 n)) = 0.312 Ci
with
. . 90

(0.6) (0.312 Ci) = 0.19 Ci of " 'Sr

and

(0.4) (0.312 Ci) = 0.12 Ci of 106Ru .

The 100-y limit of 0,15 Ci/m3 implies that the drum may contain at burial:
90 <At 106 At ., 3 3 .
Sr (e 17) + Ru (e 2} = (0.15 Ci/m™) (0.208 m ) = 0.0312 Cci ,

where Al and Az are corresponding decay constants and t is time. Since

. s 106 0 .
at burlal there is two-thirds as much Ru as Sr, then at burial:
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0, - 2.0312 ci - 0.3 c
(e 1) v 273007 2y

and

106 . 4
Ru = 2/3 (0.3%) = 06.23 i .,

Since the immediate hurial limits are more restrictive in this rcase, the
.90 106 ) . .
amert of Sr and Ru allownd per drum would be 0,19 Ci and 0,12 Ci,

reapact ivnly,

For a mixture of plutonium isotopes, the governing criterion will he 100~y

turial limits because of the long half-lives of the plutonium isotopes. This
239

is obhviously the case for 3 Pu with a 25,000-y half-life. For shorter

lived ZZBPU (T = 89 y), the following example leads to the same

1/2
conclusion.

Assume that a plant has the same 55 gal drum containing waste with a
composition of 80% QOSr and 20% 238Pu, by activity. The immediate hurial
limit of 1.5 Ci/m3 implies an activity limit of 0.25 Ci of 905: and
0.062 Ci of ZBBPU. The 100-y burial limit of 0.15 Ci/m3 implies activity
limits of 0.15 Ci of 9[)Sr and 0.038 Ci of 238Pu. It can be seen that the
100-y limit is more restrictive in this case involving isotopes of longer

half-lives, although both are less than 100 y.

For wastes in acceptable containers falling above these immediate and 1Q0-y
limits, isolation is required. Wastes destined for isolation from the
environment should be divided into two subgroups depending on decay heat

generation.

x
Note: In this example, the 100-y limit restricting the total activity of

106Ru at burial is purely academic. Since 106Ru has a half-life of 1 vy,

one could bury 7.5 x 1026 Cl of 106Ru and at 100 y be within the

astivity limit for that drum.
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The above scheme has merit from both a requlatory and an operational
standpoint. hkgain, the limit figures used were somewhat arhitrarvy, and

careful ztudy ~ould be nreded to establish these limite,
PROPOSED WASTE CLASSIFICATION SYSTEM 2

waste clascification system 2 was developed tn provide the paxiaum in arility
. . D3 .

with conplete operational coverage. The system munt catinfy the

requlatory reguyrements and should not only be consistent with rxicting

stems {or hazardous materials, hbut should bhlend into them. The

wprerational
cla.sificatic. of a particular material should not chanage a7 it moves throngh
ar. oprrational oystem unless the hazard associated with it chanars.  The

system ment he readily applicable to all radiocactive materials.

qQynt

The: main connideration of the system was to serve the requlatory needs for
radicactive wastes. There is a real need to move back into the nuclear fuel
cycle in order to provide a system consistent with operation of the nuclear
power plants. Wastes are generated at each point in the fuel cycle. The
rarlloactive properties that define the hazard of radioactive wastes are also
characteristic of many other materials in the fuel cycle, in the nuclear
industry in general, and in the entire range of other activities using
radioactive isotopes. Thus, the inclusion of these materials is virtually
automatic in a system designed to meet operational needs by use of the

preperties and characteristics of radicactive nuclides,

Design Considerations

For the classification system to meet regulatory needs, it must relate the
charucteristics of the wastes to the hazards to be controlled. These
characteristics include:

® Magnitude of the penetrating radiation.

e Hazard index.

e Life of the hazard.

e Mobility of the material,
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In addition, the operational requirementa should be recognized so that the

operators may regpond to the precautions implied by the classification.

The operations that will be affected include:

Chemical processing operations.

Handling operations.

Emergency responses (e.d., during a fire).
Transportation.

Waste management--disposal or storage emplacement.

Detailed consideration of these factors leads to certain requirements or

properties of the waste classification matrix. These are:

1.

Simplicity--the system's classes must be easily recognized and the
action implied by the classification readily defined and implemented
without ambiguity.

Usefulness--the system must provide information needed in operations
and regulations.

Comprehensiveness-~the system must inciude all hazardous radioactive
materials.

Flexibility-~the system should permit changes in the classification
of a material whose hazard has changed, and it should also be able to
incorporate changes reguired by revisions in regqulatione, policy, and
hazard assessment, or by new technology.

Multilevel requirements~-since different properties differ in
operational importance for different operations, it is not necessary
to have all properties identified for each. A simpler system for
these operations can be provided by including different levels of
classification.

Precise definition--each class will be designated by a roman numeral

and each subclass by one or more letters.

Primary Categories

The primary categories provide operating and control information needed in the

conduct of each of the operations. These relate mainly to the handling
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requirements and are distinguished by the need for cooling, shielding, and
coping with an existing biological hazard. The most intense radioactive
materials are those that reguire cooling. All such materials require
shielding and present a large biological hazard. The next less hazardous
materials are those requiring shielding but no cooling. The next less
hazardous materials do not reqguire shielding but contain materials that

present a radioactive hazard if ingested or inhaled. These categories are

summarized in Table D1,

TABLE Dl. WC system 2 categories.

Category Requirements Criteria
I Requires cooling and shielding 400 w/m2
11 Reguires shielding 200 mR/hr at surface;

10 mR/hr at 0.9 m

IIr Requires no shielding Would exceed MPC
if released

v Requires no care (Innocuous)

an additional category has been suggested for materials that would be diluted
below MPC in leaving the controlled area. This category, if adopted, would

become IV, and "Innocuous" would become V.
Subcategories

Subcategories are needed to delineate the other factors and properties of
concern. One of the most important of these relates to the duration of the
hazard. The haza:rds due to radioactive materials are complex, depending on
many physical, chemical, and physiological phenomena, but they have been
quantitatively defined by other authorities whose definitions we may use.
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We need oonsider only the changes in hazard occurring with time. Each isotope
decays 1n a precisely defined manner so that the rate of decrease or growth of
each radioisotope and its attendant hazard can be readily calculated. Fairly
accurate approximations for certaln groups of isotopes, such as those from the
fission process, are also available. We then define a subcategory that
classifies the wastes according to the time the material stays within a
category. When thisg time is exceeded, the waste then drops into the next
lower category. This particular subcategory has a special meaning fcr waste
maragement regulations in that it is probably the principal criterion for
distinqguishing between wastes that may require disposal with assured permanent
isolation from the blosphere and those that may safely be disposed of with
less severe restrictions. The time required for the radioactive hazard to
decrease to acceptable levels, if short with respect to the anticipated
duration of effective management control, would permit the less restricted
emplacement system. Radicactive materials that would exist as serious hazards
for times that are long compared with the anticipated duration of effective
management control would probably be placed in geologic isolation i in some
other system isolated from the biosphere. Note that the transuranics, when
treated as wastes, would be included in this latter subcategory. Other
long-lived isotopes, however, may also be included, even some with "infinite"

half~lives (i.e., the stable isotopes), if sufficiently toxic.

The next subcategory defines the physical state or mobility of the waste
material, and the final subcategory determines whether or not treatment is
required for some requlatory consideration. These subcategories are

summar ized in Table D2.

Waste Classification

A symbol consisting of several letters can be used to identify the various

categories and subrcategories. These are summarized in Table D3.
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TABLE D2. WC systein 2 subcategories.

Symbol Meaning Criteria
a <10 y
b Lifetime for changing 10-100 y
c ca!:ego):y.a 100-1000 y
a >1000 y
-] Solid Immobile
m Mobile Will disperse or

become airborne if

container is spilled

1 Liquid Will flow onto a flat
surface from a small hole

q Gaseous Will mix with the atmosphere
through a small hole

t Treatment Must be converted to another

form before further processing

n No treatment -
e Explosive Not chemically stable
fb Fissile 8Special nuclear materials

2An alternative definition could be "lifetime until waste leaves category III

(becomes innocuous)."

bMay be added if desired for completeness, but waste materials cther than the

transuranics should have no significant fissile content,
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TABLE D3. WC system 2 symbols and meanings.

Category Symbol Description
Time

Physical State

Need for treatment

| Explosive nature

aste any material with sufficient radicactivity
bmn- to require cooling. The time required before

cl it becomes type II is shown by a, b, c, or d.

Q

g The physical state is shown as s, m, 1, or g.
The need for treatment is t or n. The
explosive nature is blank-if chemically inert,
e if a potential hazard.

II Any material with sufficient radioactivity to

a
o
o

no- require shielding. The other elements are

as described above.

Qa0 T
@Q v 3

III Requires control but no shielding - a, b,

[
o
[ad
[c]

c, or d now become the consideration for

o

4

t=1
|

complete release. Other elements as
described.

e

Qs
<

v A material without hazard.

Hww wastes would be classified in this system can be illustrated by the
following examples., Liquid waste from fuel reprocessing, which includes the
unburned transuranics, as it is stored on site for eventual solidification,

would be classified:
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I (a, 1, t) + remains in category I until 1985.
IT {(c, 1, t) + remains in category II until 2100-3000.
III (d, 1, t) + remains in category III indefinitely.
Upon solidification, this waste becomes:
1 (a, s, n}, etc.

1311 would be classified as:

Filters containing only

IT (a, s, n).

A number of facets of the suggested system are arbitrary and can be adjusted

to include other considerations or to improve overall consistency.

Figure D2 is a simplified diagram of waste cassification system 2.

Radioactive waste

I T T 1
| (T Mt v
-~‘--__~ S _—'
~——— ~. -
LR, ::T'a
I i
Explosive Inert
t--_‘ __.n t-__-§ —’,—n
X
| 1 T 1 I T Il 1
s.___~--= ",’I_'_,— g S..__~fl‘l:~ RAEE 9
r ¢
f T L 1 | | I !
a b c d [ b c d

FIG. D2, Waste classification system 2.
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PROPOSED WASTE CLASSIFICATION SYSTEM 3

Briefly outlined, the following simple classification system in based on

thermal and radiation properties of the wastes (see Fig. D3).

Waste property Current waste type
Thermal Radiation
Hot Hot HLW
Cool Hot Hulls
Cool Cool LLW

Radioactive waste

i |

Hot — hot Hot — cool Cool - cool

FIG. D3. Waste classification system 3.
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PROPOSED WASTE CLASSIFICATION SYSTEM 4

The following format and criteria suggest a WC system based on enviroamental

criteria {see Fig. D4).

Radioactive waste

|
|

Short-duration
Releasable containment Isolation

FIG. D4. Waste classification system 4.

Releasable
These are waste-satisfying conditions less than those set by "lower boung®
criteria. These may be directly released as nonhazardous wastes such as

normal trash, garbage, or sewage without further treatment.

Short-Duration Containment

These wastes satisfy the following conditions:

1. Criteria grea%er than those set by "lower bound" criteria where these
criteria might be developed on the basis of: (a) comparision with
natural deposits and acceptable natural-hazard limics and compliance
with ALARA principles; (b) $1000 per man-rem (10 CFR 50, Appendix
I)M; and (c) MPC values less than 10 CFR 20P! MPC limits,

2. Wastes with hazard durations less than those specified by "middle

bound” criteria.
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Isolation

These wastes satisfy conditions greater than those set by "lower bound"
criteria but with hazard durations greater than those set by "middle bound"
criteria, which might be developed on the basis of:

1. Inventory commitment, as discussed in WASH—1539..Ds

2. Age between 100 and 1000 y (Rodger, 1975).D6

PROPOSED WASTE CLASSIFICATION SYSTEM 5

Early in the tenure of the TAP, a WC system based primarily on two disposal
modes was suggested. Wastes would be classified first as (1) those to be
disposed of in shallow land burial sites, and {2) those to be disposed of in

deep geologic formations.

Wastes destined for deep geologic disposal would be further categorized as
high-heat or low-heat wast»s. Low~heat wastes should be further classified as

those requiring shielding and those not requiring shielding.
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APPENDIX E

COPE OF FEDERAL, REGULATIONS

%173.239

§173.389 Radioaclive materials; defini.
tions.

For the purpose of Parts 170-183 of
this chapter:

{n) “Ficslle radicactive material”
means the foliowing rnaterial: Pluto-
nlua-238, pleioniwn-239, plutonium-
241, urandum-223, or uranjum 235, or
any material couts!ning any of the fere-
going naterlals, Sce 4 173.396(s) for
exclustons. Flssile radloactive meteral
packages are clesslfied according to the
conlrols needed to provide nuclear crit-
lcadity safety durlng transportation es
follows:

(1) Fissile Class J. Packapes which
mey be transported In unlimited num-
bers and In any srrangement, end which
tequire no nuclear criticallty safety con-
trols durlnz transportation, Fur purposes
of nuclear critieality safety control, a
transport Index Is not asslgned to Flssle
Class I packages. However, the external
radlntion levels moy require a transport
Index number.

{23 Fissile Class 11. Packages which
may be transported together in any are
rangerent bat in numbers which do not
excced an aggregate transport index of
50. For purposes of nuclear critirality
safety control, individunl prekages niny
have a transport index of not less than
0.1 and not more than 10. However, the
external radistion levels may require a
higher transpert index number but not
to exceed 10, Such sulpmenls require no
nuclear crillcallty sai=ty control by the
shipper during transportation,

(3) Fissife Ciass JII. Shipments of
packoges which do not meet the require-
ments of Fisslie Class I or I1 and which
are controlled to provide nuciear criti-
cality safety in transpostation by special
prrangements between the shipper und
the carricr.
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Yovz 1! Uraclum-235 exls?a oxly 1z cota-
binaiion with varisus perceniipes of uras
reuluny-028. CEllle r:L:ua-

a*‘:la: matertal”
1efera to the

plvm belag toz .

NerE 2: Wcm:r;. wateriz} sy conslsy
of ixu of Z:islie and poz-fiocolle rodlos
nueiides, slle 1adloact!
to the wnount of plute;
239, plutonium-2:l. uranlu=-23:
235, or oany combliialion thereo! ocll
contalned tu tho inxture. TLe “radlvac
ity of th: cuxiure consists G the :.:;:
ectivity 0! both the fiesilo and
radlonuclides. All mixturea caotal;
material™ shall bz cubject to |

(b) ‘'Large quantity jadicact!ve mate-
Hels” mears e quantity the eggrecete
raedipactivity o which exceeds that sj.ect-
fied 2s follor.s:

(1) Groups I or I¥ (see paragraph (h)
of th!is section) radlonuclides: 20 curies,

(2) Groups HI or IV radionuclides:
200 curies.

(3) Group V
curies.

{4) Growps VI or VI redionuclides:
50,000 curies.

(5) Speclal 5,000
curies.

(¢) “Low specific ncthvily materlal™
means any of the following:

(1) Urgnlum or thorlum ores end
physleel or chemleal concentrates of
thoce otes;

(2) Unirredinsted netural or depleted
uranfum or unirradiated natura! tho-
rlum;

(3) Trittura oxlde in aquecus zolu-
tions provided ihe concentration does
not.exceed 5 millicurles per milliiiter:

(4> Material in which the octivity 1s
essentially untformly distributed and in
which the estimated aversge concentra-
tion per gram of contents does not
exceed:

(1) 0.000) miilcuries of Oroup T (see
8 173.388¢h))» radloiaclides: or

a4y 0.005 milllcuries of Qroup IT
radionucitdes; or

i) 0.3 millicurles of Groups M or
IV radlonuclices.

Nozz: This tucluwcse, but Is pot Ymited to,
materlals of jow radlooctivity concertrntton
such D3 restdues or solutlons from clictnical
processing: wastes euch as dulldlog rubdle,
metal, wood, and labric scrop, glossware,
paper nnd carcdboard: rolid or ilguid plaot
waste, sludges, and ackes.

t5) Objects of nonrndioactive ma-
terfal  extermally contaminated with
radinactive meterind, provided that the

radionuclides: 5,000

form material:



Ctiapter i—~Department of Transportation

racdioactive matcrinl Is not readily dls-
persible and the sarface coatzzunation
when everaged over an erea of 1 sguare
:ncu:r, does not exceed 0.0001 miitcarie
220,090 dlsintenrdifons per 1
pcr square centimeler 01 Group 1
nuclides er 0.001 millicurie (2, :‘03000
disintegratlons pee minute) per :quare
«centlmeter of other radfonuclices.

(d) "Normal f{orm radloaciive mn-
terlals” means those which are not spe-
clal form radjoactive mnxcrsnls. lNermal
form ridloactive materials are grouped
Into trensport groups (sce paragraph
{h} of this zcction).

{e) “Rzdloactlve rmaterlal” means
eny material or combiretlon of ina-
terials, which spontn n"anly erits fon-
zing radiatlon, Materlals in which the
estimated specifle activity is not greater
than 0,002 microcurics ner grac: of ma-
terial, and in which the radfouctivity 1s
essentially uniformly dlstrlbuted, ere not
consldered to be radloactive materials.

(1) “Removable racleactive cortam-
inatlon” means radloactive contzmina-
tion vhich can be readiiy removed In
measurable quantitics by wiping the con-
taminated surfece with an absorbent ma-
terlal. The measurable quantities shall be
considercd as be!ng nob slgnificant it
they do not exceed the Umits specified in
§ 173.397.

(g) "Speclal form radiogetive ma-
terials”" means those which, if released
from & package, might present some
direct radiation hazard but would pie-
sent little haz..rd due to radiotoxicity and
little possibility of contamination. This
ma” be the result of fnherent properties
of the material (such &s metals or al-
loys), or acquired characteristics, as
through encapsilation. The criter!s for
delermining whether s rmaterial meets
the definition of specisl form are pre-
scrlbed in § 173.353(n).

(h) "Transport group’™ meens nny one
of seven groups inte which normal form
radionuclides are classifled according to
thelr radlotoxlcky and thelr relative
potentinl hazard tn transportalion, and
a8 listed In § 173.390.

(1) “Transport index™ means the num-
ber placed on a prckage to-designsle the
degree of control to b: exerclsed by the
carrler durfng teansportation. The trans-
port tndex to be nssigned to a packoase of
tadlonctlve materials shall be deter-
mined by either subparagroph (1) or (2)
of this paragraph, whichever Is larger.
The number expresslng the transpart
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Index sha!l be rounded up to the next
bighes! tenth: eg., 1.01 beccraes 1.1,

t1) Tue hichest raclation dose rale,
tn mflirem per hour &t three {cet fzem
any accesiible external susinee of the
package; or

(2) For Fisslle Class IT packeges cnly.,
the tramsport tndex nusmber calcuicled
by cdividing tke number *50" by the
number of simtlar packepes whith nng
be transported tosether (see § 172.23Ls,
as deterimined by the procedures pre-
scribed In the regulations of the UGS
Atomic Energy Commission. Title 0,
Code of Federal Regulations, Part 71.

{3) "T¥pe A packaging” moans packe
oging which s designed in occo
with the genere! packeging requlren
of £§17324 and 173.293, end «
sdequate to prevent the logs or @t
of the radloactive contents and to reialn
the ef2ciency of its rediation shlelding
properties If the package s subject to
the tests prescribed In § 173.328(b),

(k) “Type B packoging” means pece-
eping which meets the standards for
Type A packeplng, and, in add!tion,
meets the standards for hypothetleal ec-
cident conditions ol trensportation as
preseribed In § 172.393¢c).

(1) “Type A quantity” and "Type B
quontity” ragloactive materiels means o
quantity the aguregate radionctivily of
which cdoes not exceed that spectficd es
follows:

reapost grou| Typr A Ty D

(scn $173. u.:(n)) QuBGLily Questiiy

o curle)  {1a curics)
Q001 kY
oos 20
3 20
29 0
2 5, 000
vI Lxe &0, O
8pecial farm., R & 00

1 Except that for Callfornituin-252 the Type
A quontity ltmit for special form 1s Z cusles.

(m} Containmcent systcm. Contnin-
ment system of o radioactive minterials
packege means those components of the
packeging including special form encep-
sulation where used, wlich have been
speclfled by the package deslgner es
tended to retain the radioactive cont
during transport, whetlier or not in
ual vessels in the packagmng retain thelr
integrity of contalmment.

{n) Mazimum normal opergling pres«
sure. Maximum normal operzting pres-
sure means the maximum pressure above
atmospheric pressure nt mean sea level




§173.390

thet would davelop In the contatnment
system In o perjod of 1 yerr, under the
conditfons of temperature and solar
raiation corresponding o environ-
mentel conditions ol trensport in the
absenco of venting., external cosling by
an encllary system, or cperatione! con-

Title 49—Transportation

{Amdet, 173-3, 33 PJU. 14023, Oct. 4, 1568; 83
FR. 198221, Dec. 27. 1068, 23 amended by
Amadt, 172-64, 37 FR. 14588, July 21, 1072;
Amedt, No. 172-60, 37 PR. 17970, Lept. 2,
1972)

§173.290 Tronsport groups of radio-
auclides.

trols during trarsport. te) List of radionuclides:
Travspoet group
Ebment s Redlonucllde?
nmjur w v vi vi
Aetlofom (89) ... Ao
Ao
A (5. Ry V- T 13 POUOUROUONM . SN SODI R
Am-243
Aotimony (51) B2, . 3
b X
b-125. X
Argon (1)...... Araz. x
As4l.
Ar 1 e X
Anealo () . s x
Avi. x
As78. X
37 PN
Aztatine (83). $.2
Dezlum (¢8) B X ceeeiacni caees
0 X
14
Bertellum (97). -240. . P, SR
Beyllum (4). o X
83) 1208, X
X
X
X
Brocloe (33} ... X
Csdmlaz (19) x
x
Caldum (20) )x‘
{09). x
X
Carbon (8). y . X
Cerlnm (&3).. X
X
P
Ceslnm (85). X
X
X
X
5. X
Chlorlas 07 X 3¢
Chromluo 24). x
Cobalt (17) x
X
X
X
X.
Copper (29). ®
Cusium (v6). b
X
P SR TI] PUCI . S
X
X e
Dysprotum () amruereien
Erblum (¢8)
Eoreplum (63). cererene
X
Fluorine () T
A [t .
O (3)eaenenaanrcninnns

Kee fontnutes At el af table,
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Trerapast group

Ziezent s Radl

m v v oviovu

Germezium 32)

Ooi¢ (79)

Holtlum (87} acverencrnorvrenccns N 160..,....
Dydrogen (1), co lriitu),
lceluia (t9) n-113m.....
13 T ), - DOUROR PR R
n116m
611,
Tollae {S3) 124 - eervemmscmmcuerarranrnniame o enans
128 it
)
Xt
Indtem () . 3
£
I3
Yren (26). Fo-|
029
Erypton 01 5523
Tt {uatocproased) 1. ... .. eeees)
D
x1.
dy 3. - X
Lastbenam (89
Tasd (52)
X
‘Latectum (71) o X
\ - -3 -
fegnestom {13) x
At ] b
X et reea,
I {30). ;t
ercury ¥
. X
Med Fisslon Prod
Molybdeoum (12) X
4 (60 3
by fom (53} x x
X
Nicks! (28).
N “n
Osml (70).
Palladlum (i)
r Q..
Phtnuo (76)
T {o4), X
X
X
X
X
Polonlym (64} X ean
T {19}, X
Prascodymlum (29). N
X

Ses jootnolcs at cnd of table,
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Plazant $

Patloouclide b

Trometitum {81},

Prole:stinliem (31).

Raglom (B enscicanniiiecencannn

Paton (88).cceniaeianiiniinemnisiinanne
Rbenlua O%erveonnnen

Rhedtam 148 e
RULICISZ O ecrimciecmec e eaee

Ruthsalem ($f).......

Bymardam (& . ..o eimieaiianee

2 T (LY v F N RO PR

Bclenizm (4
Elltcan {14},
Bliver (A1)

&odlum (11)...
Euontiom Q).

Ewphor (16)..

Podder

Tratalum G3)..

Techoetiam (13)

"
b
Telorium (82) ‘
,
K X . .-
9 X
q
‘ X
Terblum (83). e
Thallium (st - X
X
b X
Tharlum (90). " X
r s
p X
X
X
I
X
X
Torlum (89). S
X e
X
Tin {¢0). aages X
¥
X
[T10) X OO RS . X
Tettum (1} na X

8¢6 footnotes nt end of tndble.

U3 (a3 s, a3

phlnt, of adsorbed on
solld material),
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Element?

1

Tranlum (72)...

Yarsdium i),

Xenen {4).

Yot ivm (3
Yo 2} .
b AT ) NP

Zlrcorlum (40

Yeg ahawntn
mpiescd meand ol o o
» Atomic welsht shown olicr t)

. ) Iszlte racliosetive mateeinl,
{b) Any radlonucilde not lsted in the
above table shall be assigned to one of
the groups In accordance with the fol-

lowlng table:

,yrmo

Radioactive ballife

03,000 1,60daysto  Over
asy 04 yeaza 10'yorry

Qrouplll. Group .., O;ﬂxp
Do.

Atarsle pumber

Lioiafonomber 82 Oroupl.. Oroupl....
snd orer,

Nagdlopuciide?

nt of Transportotion 9172.391

Tran nl"urt ;r

[i1

v
Vi

v

p.2 L (ahsoluto).

(3) 1If the {dentity of el or some of the
redlonuclides cannot be  rtestonably
detenmined, eech of these unidentifled
radionuclides shall be con:z!dered as be-
longing to the ‘most restriciive group
which cennct be positively excluded.

{4) Mixtures consisilng of a single
rndlonctive decay chaln where the racio-
nuclides ere in the neturally occurring
proportions shall be considered as con-
sisting of a single radlonuclide. The group
end activity sholl be that of the first
present in the chaln, except if a

Norz 1: No unlisted racionuciides aball be
wslgned to Groups IV, V, VI, er VI,

(c) For mixtures of radlonuclides the
tollowing shall apply:

(1) 1f tbe idenilly and respective
actyity of each radlonuclide are known,
the permissible aclivity o each radlo-
nuclide shall be such that the sws, for all
groups present, of the railo between the
total acllvity for cach group to the per-
misslble activity for each group will not
be jreater than unity,

(2} II the groups of the radionuctides
are knewn but the ntnount in each group
cannol be reasonobly delermined, the
mixiure shall be nsslgned to the most
restriclive group present.
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redlonucllde “x™ hes & hal{-lifs longer
than thst of that first member and an
activity greater than tket of eny otker
mmember including the first ot =ny tuze
during transportation; in that cose, the
transport group of the nuclide “x and
the nctlvity of the mixture shail be the
maxioumn activity of that nuclide “x”
during transooriation.

[Amdt. 173-3, 33 P.R. 14923, Oct. 4, 1908}



APPENDIX P
CHARACTERISTICS OF EXISTING LOW LEVEL WASTE (LLW) DISPOSAL SITES

The current practice in the United States is to dispose of solid LLW mainly by
shallow land burial. Hence, the reference containment facility (RCF) used in
this study to analyze the degree of confinement given LLW after disposal is
based on that practice. The parameters chosen to describe the RCF came from
two sources. One was the measured values of those parameters at existing
facilities; the other was conservative estimates of the values to be allowed

at any future hurial sites.

To gain a perspective on current LLW handling and provide a background for
judging the reasonability of the RCF, we reviewed existing low-level waste

F1-F7 - : Syses ;
Six commercial LLW burial facilities and five

burial facilities.
major active sites for burial of defense- and research-related -adioactive
wastes at DOE facilities now exist in the United States. Sources of the

wastes may differ from site to site, but operational characteristics of the

digposal facilities and waste compositions generally are similar.

LLW received at the disposal facilities are placed directly in pits or
trenches excavated in the native soil or till at the sits., Overburden removed
during excavation is used to cover the wastes. Pits and trenches are sloped,
and the cover is applied to control ground water and surface runoff from
precipitation. Characteristics of the existing sites are summarized in tables
Fl through F5.

Table F1 gives the capacity of the commercial sites, the sizes of trenches or
pits, the cover, f£ill procedures, covering frequency, and provisions for

water., Table F2 gives waste inventories.

*
Three sites were not receiving waste at the time of publication.
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Table F3 shows climatological information for each site, including data on
climate, precipitation, geomorphology, permeability, and bedrock. Table F4
presents hydrogelogic site information including depth to aquifer zones,
nearest surface water and water flow paths, radionuclide migration, downstream
river flow rate, and seismic hazard zones. Table F5 lists demographic

information, including downstream populations and distances.
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TABLE Fl. Capacities, covers, and water collection provisions at existing LLW

sites.
- Camgercial Barial trench
site size (length Cover Provisions to
capacity, x width x depth), = Fill covering water collectian
105 md (Ref. E6) ™Pe Depth procedure frequency and containment
site (Ref. E2 (Ref. ES)
Hantord, - variabie = Mounded Min. 2.5 a, Filled from oaily None
washingtond 1.5-5 = 4-8 earthfill or to reduce
to <1 mR/he
at surface
Richland, 9 W0 <86 Earchill Treneh tilled A3 trench None
Washington aounded tot6m 1s filled
ve of sutface
Beatty, 7 260 w 12-15 < B Barthfill L} Trench filled As trench None
Wevads mounded a1 3 f3lind
a surface
above grade
Inel, —ee 275 . 23« & Reseeded Wi la Pits and tremches  AS trerch None
Taho? earthtill to surface filled to ot pat is
1 & of surface €1led
Tus Alasos, - 120-180 « $-30 » ® Excavated Min. 1.5 &; Layeted £1lling cambustibles None
New Mexicod sounding to 1= of on day
cocpacted 0.541 surface aelivery,
abave grade other as
requised
sheffield, 2 150 » 15-18 « 6-8 Cenpacted Win. i m Teench £illed paily Trenches
Iinols 1ay final cover to sloped;
resceded of surface susp and
standppe
Horehead, n 60-150 x 24 » 6-9 1 m cover: Teench tilied paily Trenches
KentuckyD mounded 0.6 = to 0.6 m sloped,
above gsade of surface standpipe;
aay baild eim
receeded atound trench
Oak Ridge, - 15+ 1% 25 Reseeded *in. la Trench filled As trench Teenches
Tennosseed eartnfill ta surface totmof 185 falled stoped;
surface soritoring
wells
Savannah River, ———- variable » Mounded Min, 1.2 m, Random Atter monitor ing
South Carolinad 66 eacthtill or to reduce plicenent disposal wits
to <6 mR/hr 1n trenches
at surface
Barnwell, ” 0 x 15 57 o6mclayy 3amat Teench filled paily Trenches
Sogth Carolina additional  centerline tolaof sloped 1°;
sounded 1.5 m at surface sand at
cover trench edge trench bottow
West Vu.l)!y. 2 180-210 « 10 ~ 6 Earehtiil Ttench filled Daily Trenches
Hew York! coapacted to grade aloped 1%
topsoil level sump with
adaed above grade ©1ser pipe
Values used [ 200 < 10+ 8 Nounded 1-2n Daily Trenches
in RCF earenfail mounded Imof slopew;
surfave sump and
sanspipe
A00E site T T T

biot receiving waste at time of puhlication.
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TABLE F2. Waste inventories at existing LLW sites.

Cumulative
Byproduct material special nuclear Source volume buried, through

site Ci nondecayed material, g material, kg Transuranics, ¢ 10* -3 date

5 s 3
Hanford, 8.1 x 10 —— 6.0 x 10 3.65 « 10 20.0 /7%
washington®

S 5 4 4
Rrichland, 5.4 x 10 5.8 x 10 1.3 x 10 2.3 x 10 1.4 pVars
Washington

S A 4 4
Beatty, L3 x 10 1.8 x 10 5.5 x 10 1.4+ 10 5.6 n
Wevada
Inel, 1.6 x 106 2.88 x 105 3.61 x 105 4.0 1775
1daho”

5 5 3
Loe Almmcs, 1.6 x 10 ——— 2.51 x 10 1.1 « 10 21.0 715
New Mexico®

4 4 5 4
Sheffield, 4.6 x 19 4.8 x 10 1.9 % 19 1.3 x W0 6.8 /717
Illinois

€ 5 5 4
Morehead, 2.3 x 10 4.0 x 10 2.3 » 10 6.9 x 10 14,0 wn
Kentucky

4 3
oOak Ridge, <6 % 10 — 100 1.2 x 10 18.0 1775
Ternesses®

A\ J L] 3
gavannah River, 4.4 x 20 —— 7.9 x 10 7 v 10 0.0 m”ns
South Carolina®
Barnwell, 3.4 x 20° 3.4 % 10° 1.5 % 10° 1.0 177
South Carelina

5 4 5 3
West valley, 5.5 x 10 5.5 = 10 2.8 x 10 3.6 % 10 7.0 un
New York
Values used (DOE Sites
in RCP — — —- only) —- .

%noe site



TABLE F3. Climatological parameters at existing LIW sites,

Tnteca-
Precip fon tiesel
peraes-
Hean otel bilfty
annual, Het, Geomnr - Clannifi- thicknean, to water,
- - pralogy cation - u/cav
Blta (haf. 51 (Haf. E7) (Raf, 24} thel. 26) (haf. B (vef. BA)
Hantord, Gemlarid 200 -840 Calmhia Clay, sand, 150 vatlable Eanalc Maunive/flac-
Mashington” plate, ang qgeavel lying
seai-
dagert
Richland, semiarin 200 -840 Colunbia Clay, iend, >150 varlahle Rasalt Hassive/t1at-
Wankington platany and geavel tying
el
denert
Beatvy, Arid 150 137% Bagin and Alluvial 200 0.02-0.1 Metasorphic Pulded
Nevada range nsnd and and
denertn qeavel sedimentary
nel, Remiarid o -600 volcanic Allgvial 6 Hodegate Basall mansive/fiat-
1dann® somi-~ nand and 1ying
denert gravei
Lon Alamon, Somtartd 0o -n70 Mountainous  Waathered 2 Hoderate valcanic mansive/flat-
Hewr Moxten® nemidesart raff tute 1ying
Sheffarid, Humid 00 S0 Glacia Glacial 20-30 .08-40 shale, Plar-
1itinoln deifts sandstone, lyang
sand, ailt, an¢ coal
and gravel
Woi ehead, Humid 1200 00 Rifge and Weathered 3-5 0.02 Shale Plat-
Kent acky valley uhale, clay, lying
Appalachian  and nand
Oak Ridge, Humid 1300 50 Ridge and weathered 10 Very low Shale Folded
Tennessec® valley shale and
Appalachian  til)
Sovannah River, Houmid 1100 [ Coastal Sand and 10 Very low clay, Fiat-
South carollna® plain ciay sand, and lying
sandstone
Barnwell, Humdd 1100 L] Coastal Sand and 10 0.2 Clay, Flat-
South Cerolina plain clay sard, and iying
sandatone
West Valley, Humid 1000 304 Glacial Glacjal 20-30 0.5 shale Flat-
few York drife; clay Lying
sllt, and
sand
values uned variable 500 2000 ———— Sand and 16 Flae-
in RCP clay 1ying

por site
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TABLE F4. Hydrogeologic parameters at existing LLW sites.
Mater Downstrean
Debth to Nesrent Flow paths Obaer ved river flow tats Selsalc
nurface from burisl dionuc] Lde notmal _annual hatard
. watar » aigeation n, md/aec sone
Bite t(Ref, BE) TYpe (Rels, P%, E6) (kal. Ef) (Ref. X§) {ref, E)) (Ref, 21)
Hanford, 100 Gradient 10 Fores in Kigeation Calumbia River
Mashington® perenniat sand and through McHary Dan
tCol umbia qravel uptake Ly 5320
River) deap-zooted
plants 2
Richland, 100 Giadient 10 em Unsaturated Not obaerved Columbia River 2
Washington perennial flow in McNary Oas
(Columnis sand and 5320
River) Qravel pors
Beatty, &0 Cradient I unsaturated Not obgerved Nore 1
Nevada ephemeza) flow i
IARaTgOSA sand and
River) gravel pores
Inel, 60-200 Gradient FRTY Pores tn Po3SIblY by Snake River 3
ahad ephenezal mand and on-site Magerzan, ldako
(Blg Lost qgravel groundwater w0
itiver)
Alanos, 200 Gradient 1 ks Bedrock on-site Rio Grande Hiver F]
New Mexicol ephenera) fractures and vadose Albuquerque,
6 hm aand and water gone Kew Mexica
qravel potes 28
Bheffield, 5-20 Vadone Site Pote opaces Not cleerved Misalssipp: River 1
Illtnois 100 gradient boundary in Fi11 St. Lruls, Aisuourl
perennial 4935
Morehead, 1-2 VYadose 500 m Ehale On and off- Lacking River 1
Kantucky perennial fracture nite ground Covington, KY ~100
and purface Ohio River
water Louisdville, KY ca3
ek RU9ge, s Vadose On-site ghale On-site Clinch River, 2
Tennesseed perannial fracture qroundwater Oak Ridge, Tenn.
anZ pares off-site Tennessee River,
in £i11 surface water Chattanooga
1045
Mizsissippi River
Pesphis, Tenn,
13,365
Savannah River, 10 Vadase on-nite Pores spaces on-aite Savannah River 2
South Carolinad 200 gradient perennisl in mand groundwater Clyo, Georgia
215
Barrwell, 10 Vadose 2 km Pore Bpaces Not obeerved Savannah River 2
Bouth Carolina 200 grandient petennial in ind Clyo, Georgia
Jower 335
three run)
Weat Valley, 1~20 Vadose On-alte Shale On-site 5t. Lawrence River 2
New York gradiont perennial fracture groundvater Lake Ontatio outlet
not off-site 7080
obsezved Burface water
Values used 18 Gradient 1 km Pores in —— 5320 ——
in RCP perennial
underlying
aquifer

BOE Bite
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TABLE F5. Demographic data for existing LIW sites.

Nzarest
population Downstream

Site centers population
S km

Hanford, waa (Richland) 1,000,000
5 km

Richland, WA {Richland) 1,000,000
8 km (Beatty)

Beatty, NV 180 km (Las  Vegas) 6,000
26 km {(Arco) .

Inel, ID2 62 km (Blackfoot) 1,150,000
4 km (Los Alamos)

Los Alamos, NM2 78 km (Albuguergue) 2,250,000
2.5 km (Sheffield)
17 km (Kewanee)

Sheffield, IL 47 km (Peru) 6,000,000
2 km (Morehead)
24 km (Olive Hill)

Morehead, KY 27 km (Owingsville) 5,600,000
2.3 km (Oak Ridge)

Oak Ridge, TN2 24 km (Knoxville) 4,000,000
18 km (Jackson)
24 km (Barnwell)

Savannah River, sca 37 km (Aiken) 350,000
11 km (Barnwell)
13 km (Williston)

Barnwell, SC 33 km (Aiken) 350,000
12 km (Springville)
27 km (Salamanca)

West Valley, NY 38 km (Olean) 6,000,000

Representative values 5 km 800, 000

3OE site
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These tables provide a perspective on the RCF that has been mathematically
modeled for determining the interfaces of the classification system.
Parameters selected for the RCF appear at the bottom of each table. The RCF
has been used for predicting radionuclide migration from a typical site to
develop acceptable concentration levels in wastes requiring containment.
Inclusion of these tables and the RCF parameters in this report should not,
however, be construed as either acceptance of current practices or criteria

for future confinement facilities. The intent is to provide guidance.

Because the release of radionuclides from a containment facility depends, in
part, on the physical form of the waste, some characteristics of currently
buried wastes are described in this appendix. LIW are generated in each stage
of the nuclear fuel cycle. This study, however, does not include wastes from
mining, milling, refining, and enriching operations. These large-volume,
low-activity wastes, which generally are not buried, may be the topic of
future evaluations. Included in the LIW that we describe here are those
generated in fuel fabrication, reactor and reprocessing operations. and
cleanup and decommissioning processes, and by non-fuel-cycle sources such as
hospitals and industrial users of radiocactive materials. Also included are

dewatered solids and otherwise solidified LLW.

Decontamination and decomissioning of nuclear facilities produce large items
of construction and structural materials that have been contaminated and/or
activated during usage. They are currently disposed of by burial, with little

packaging other than plastic sheeting.

In addition to the wastes generated in the nuclear fuel cycle, a number of
other LIW sources exist. Among them are medical, university, and research
users of radiation, who send radioactive wastes to burial facilities for
disposal. These wastes include animal remains, contaminated glassware and
laboratory supplies, failed equipment, trash, and small amounts of excess

radiocactive isotopes.
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In the past, the radiocactivity in wastes at the commercial sites has heen
characterized largely by use of broad categories such as special nuclear
materials, source materials, and byproduct materials for fissile, fertile, and
fission and activation products, respectively. Tables Fé through F10 use
these categories to summarize the data for existing sites,
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TABLE F6.

3
Average concentration, Ci/m~ of LLW

buried at commercia. sites, 1963 through 1976.

Site

1967

1368

1971

1372

1973

1975

Average

Barnwell,

South Carolina

Beatty,
Nevada

Morehead,
Kentucky

Richland,
wWashington

Sheffield,
Illinois

West valley,
New York

3.39

5.4

6.18

1.52

10.35

5.6

15.4

0.98

11.46

1.20

54.6

41.0

1.78

6.67

0.27

13.9

48.6

0.82

B.67

2.69

1.40

11.7

$5.2

0.28

22,74

Average

5.94

27.4

8.62

16.9

75.5

0.4)

16.0

34.6

0.67
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TABLE F7. Byproduut material buried at LLW sites from 1962 thrcough 1976.
Year

Site 1962 1963 1954 1965 1966 1967 1968 1969 137C 19n 1872 1973 1974 1975 1976 Total
Barnwell,

South Carolina

voluse, W -—— _— -— -— — -_— .- ——— —-— 1an 3,757 15,839 18,244 18,072 28,829 85,912
curies — —— —_— -— - -— — -— _— 4,118 937 42,500 329,043 17,420 27,890 421,968
Beatty,

NHevada

voluse, l3 1,860 3,510 2,840 1,990 3,530 3,210 3,560 2,460 4,130 2 580 4,300 4,080 4,100 4179 3,864 53,042
curien ——— 5,690 6,477 6,377 11,974 10,894 6,808 9,761 12,304 4 16 5,228 5,704 23,904 18,389 4,493 13,1
Morahead,

Kentucky

volume, l3 -— 2,210 3,870 5,750 5,560 7,820 8,180 10,400 12,500 13,200 15,600 10,190 8,520 17,098 11,783 134,359
curies ——- 22,76 147,322 63,828 52,729 42,280 45,578 31,027 46,968 720,146 217,350 118,274 143,656 289,381  211,3%6 2,151,802
Richland,

Washington

voluma, 13 ——— -— —— 670 2,400 870 670 440 420 580 680 1,033 1,410 1,500 2,867 13,520
curies -— —-— -— 144 1,006 5,379 10,330 55,964 2,820 23,916 31,809 57,037 12,173 113,341 104, 306 468,228
Bhetfield,

I1linois

wluse, 3 —_— -—— — - - 2,530 2,710 2,010 2,930 4,430 5,960 0,530 12,400 14,112 13,480 49,992
curies i - - il - 3,850 2,381 2,192 5,427 7,895 4,857 2,84 3,229 6,104 7,744 46,513
West Valley,

Wew York

wlume, -— 520 6,390 4,720 4,700 4,950 4,500 4,270 %,100 6,360 7,060 1,500 8, %00 2,089 66,726
curies —— 1,372 11,35 21,515 41,056 51,230 51,675 23,264 36,241 42,458 61,208 170,552 55.505 10,273 - 577,754
Total

volime, »? 1,860 6,240 13,100 13,100 16,200 19,400 19,600 21,400 35,000 29,101 37,288 47,046 33,242 $7.010 62,823 422,607
curiex — 29,778 166,154 91,874 106,763 113,632 116,772 122,209 151,810 802,845 321,449 196,901 567,510 455,098 355,789 3,800,%%0
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TABLE F8. Special nuclear materials (fissile materials) buried at LIM sites.
Year
Site 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 913 74 975 1976 Total
Barnwell,
South carolina
q - - - - - - - - -- 13,220 46,718 99,800 110, 444 64,825 92,800 427,407
ora® - - — - - - - - - 1n.3 12.4 65.30 6.0% 2.5 a2 LR
Beatty,
Nevada
9 319 41,304 172,030 324,762 5,872 22,644 8,602 5,008 7,702 757 .1 15,164 16,954 29,276 2,09 693,670
9/-3 0.17 11.8 6.6 168 1.66 7.05 2.40 1.17 1.87 0.21 4.92 3.72 4.14 7.01 a.54 12.89
Horehead,
Kentucky
9 - 959 11,889 4,261 7,462 14,842 17,771 31,506 41,562 TN TL.402 46.244 23,832 2%.890 27,474 40),70%
g/-3 - 0.43 3.07 0.74 1.34 1.90 2.1? 3.03 3,80 5.51 4.58 4.58 2.80 1.50 1.9% 3.00
Richlend,
Washington
] - - - 3 1,418 0.16 0.27 32 200 15 832 6,538 4,804 18,978 24,378 57,293
tJ/I'A3 - - - 4.0-3 0.59 2.0-4 4.04-4 Q.07 .47 .03 1.27 6,15 1.46 12.6% 8.50 4.24
Sheffield,
Illipois
9 - - - - - 1,238 1,754 3,843 5,649 9.934 5,898 6,126 6,198 5,285 1,738 47,863
q/lz - - et - - 0.49 Q.65 1.91 2.0 2.24 0.99 0.72 0.50 .37 0.13 0.69
West valley,
New York
q - 952 3,213 2,433 4,993 3,448 2,045 .7,301 8,273 4.816 T.321 7,70 2,984 - - 56,00}
q/l\3 - 1.82 0.51 0,52 1.06 0.70 0.45 1.7 1.62 0.7 1.04 1.0 0.35 - - 0.84
Total
] kit 43,215 187,192 341,459 19,751 2,170 30,172 47,687 69,392 181,512 153,389 181,107 168,296 143,654 148,486 1,675,801
g/.J 8.17 6.93 14.29 26,06 1.22 2,17 1.54 2.2 2.78 6 4.11 3.85 3.12 2.52 2.3¢ 3.97
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TABLE F9.

Source material (nonfissile uranium and thorium) buried at commercial sites.

Year
Site 1962 1963 lo6d 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 Total
Barnvell,
South Carolina
kg - ~ - - - -~ - - - 12,546 1,606 45,305 26,961 46,005 16,259 e, 682
xg/n’ - - - - - - - - - 19.7 6.43 1.86 1,48 2.5% [0 1M
Beatty,
Nevada
kg 29¢ 472 m 236 91 34 1,040 290 322 - 9,340 11,500 9,710 1420 s, 000 10,02

3

kg/a 0.6  0.13 0.2 0.12 0.03 0.11 0.29 0.07 0.08 - 217 2.82 2,37 0.34 1.29 0.7
Morehea. ,
Kentucky
kg - 50210 5,590 568 690 5,680 6,250 2,550 7,220 5,130 8,260 9,340 13,100 82,416 75,944 233,448
xg/a’ - 236 144 0.10 0.12 0.73 0.76 0.25 0.58 0.41 0.53 0.43 1.54 4.82 .51 1.70
fichland,
Washingtan
kg ) - - 0.9 253.0 0.9 2.7 68.4 3.3 606 3,113 2,250 20.3 as 5,011 11,592
hg/x - - - 1.0-3  0.11 1.0-3 4.0-3 0.20 0.07 1.04 4.76 2.18 0.014 014 1.75 o.a6
Sheteiald,
Illimois
kg s - - - - - 3,930 8,703 6,33 2,000 212 3,600 2,410 13,900 35,950 3,854 20,889
kg/m -~ - - - - 1.55 .21 3.33 [ 0,05 0.68 0.28 1.2 2.2 0,29 107
West Valley,
New York
ky R - 7,580 10,100 22,200 16,300 20,300 6,460 80,000 31,700 51,400 72,500 44,200 61,1700 - - A48, 400
kg/n -~ 4.52 L8 4.70 415 410 1.43 16.69  6.22 8.07 10.27 5.69 719 - - 569
Total
ky N 26 13,300 16,000 23,020 39,400 30,224 22,500  §9,300 41,300 70,546 96,373 117,195 125,161 166,024 106,066 956,107
kg/a 036 21y L2 1,75 2.43 1,65 1.18 418 1.65 2.41 264 2.4% 2.35 2.36 1.69 2.2




TABLE F10. Inventory of nuclides as buried at INEL.

Percentage of curie activity

Nuclide Half-life, d 1974 1975
144c,, 144, 285 - 4.3%
H44ce 285 414 3.08
80¢0 1,920 38.8% 55.3%
ey 28 0.4% 1.7%
L34y 770 0.3% 0.3%
13704 10,877 7.2% 4.33
154g, 5,840 0.2% 0.3%
1558, 661 0.1% 0.2%
5Spe 880 - 2.7%
pe 45 7.3% 1.5%
MAP - 0.5% 0.1%
WFP - 3.8% 2.2%
yn 312 0.4% 2.8%
*Syun 0.1 - 4.
59yi 29,000,000 16.28 -

238p, 31,536 1.6% -

86pp, 19 0.3% -

1065y, 1064 369 0.33 0.6%
106g, 369 1.7% 1.3%
125, 486 0.5% 0.6%
gy, 90y 10,439 5.5% 11.7%
90g, 10,439 8.0% 1.6%
Unident. B8 + ¥ - 0.1% 0.1%
5520 245 1.8% -

%5ar, P 65 0.8% 0.9%
Total curies buried, Ci 19,770 13,190
Total volume buried, m3 3,694 5,685




Table F10 lists nuclide-specific data €rom the Idaho National Engineering
Laboratory (INEL) for 1974 and 1975. The wastes vere generated during all
phases of the fuel cycle after irradiation in test reactors. It is expected
that the activity and concentration ratios for these wastes are generally
typical of LLW. No other nuclide-specific data characterizing LLW is readily
available. This table has been included only for perspective concerning the

nuclide content of typical wastes.
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APPENDIX G
REFERENCE CONTAINMENT FACILITY DETA1LS

The RCF is based on shallow land burial. Nonetheless, selection of

appropriate parameters makes the methodology suitable for calculations based

on other disposal methods. A list of design assumptions and criteria was put

together for the RZF used in the analyses. The following items have been

assumed as typical of future waste-disposal facilities and appropriate for the

RCF:

The facility will use shallow land burial in opan pits, covering the
waste as filled with overburden removed during excavation.

The wastes will arrive at the facility in DOT-approved shipping
containers suitable for burial and sized for conventional
materials-handling equipment.

Wastes will be solidified at their source before shipment. No
provisions will be made for handling liquid radiocactive wastes at the
RCF.

A 121 hectare (300-~acre) site will be considered. It is assumed to be
in a semiarid locale, 5 km from a major highway, 2 km from a railrcad
main line, and 1 km from a large river. It is also assumed that
between one~half and two-thirds of the total land area will be used
for burial. The remaining area will allow for open terrain,
structures, service roads, and highway and railroad access areas.

The site will be fenced with an intrusion alarm to prevent
unauvthorized entry.

Permanent identification markers will be used to locate burial trench
boundaries.

Wastes will be covered with soil every day.

Migration of radioactive material will be monitored before, during,

and after the operational phases of the facility.
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® After the site is filled, unnecessary structures will be removed.

The area will then be graded and seeded for erosion control, and a
perpetual maintenance program will be established.

® A 40-y operational lifetime for burijal operations is assumed.
Institutional control and surveillance of the site will be maintained
for as long as a few hundred years.

e About two-thirds of the trench volume is assumed to consist of soil
mixed between waste containers; as the trenches are filled.

. When calculating the concentrations in human exposure pathways, no
credit will be taken for the retention of radionuclides in the buried
containers,

Total site capacity is 569,000 m3 of waste when 100 typical trenches are
filled to capacity with wastes. This total is about 14,000 m3 per year for
a 40-y facility lifetime. At a uniform £ill rate, about two hundred and
eighty 55-gal drums per day are needed to fill the site in 40 y. This
capacity is enough to handle the wastes projected to be yenerated by about
1000 GW(e)-y of nuclear power production.

Table GL lists the factors used to arrive at the unit costs of $100/m3 of
waste disposed. The costs are consistent with charges now assessed by

commercial site operators across the country.

These data have been used as input for the cost-benefit analysis to evaluate

cost-effectiveness as a function of interface level.
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TABLE Gl. Cost factors for RCF.
Cost factors Costs, $
Capital
Site acquisition and development 3,500,000
Structural construction 1,200,000
Site preparation 230,000
Operating equipment 1,140,000
Operationg costs
Labor 367,500/y x 40 y 14,700,000
Supplies 7,000/y x 40 ¥ 280,000
Materials 20,000/y x 40 y 800,000
Environmental impact statement 500,000
Acrchitect-engineering 210,000
Site maintenance and perpetual care 770,000
Net costs 23,330,000
Financing charges 28,200,000
Total costs 51,530,000

Site

capacity 569,000 md
Unit costs $90/m3

Consider contingencies to make
$100/m3 cost-effective.
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APPENDIX H
CALCULATIONS FOR AIRBORNE RELEASES

When determining the allowable concentration limits in the waste to be placed
in the low-level burial RCF, we considered various potential airborne releases
to identify limiting cases. Two potential owcurrences that lead to liiniting
values of concentration are (1) an accident resulting in the release of a
fraction of the contents of a barrel during the burial operation, and (2} the
reclamation of land used as a burial site following loss of institutional
control of the site after a few hundred vears. The first case sets a limit on
concentration considering both short and long half-life elements. The second
case sets a limit based mainly on long half-life elements. 1In addition to

these two cases, a continuous release was also investigated.

SINGLE~BARREL ACCIDENT SCENARIO

It is assumed that LIW will be packaged for disposal in 55-gal drums or
barrels, as is the present practice. The single-barrel accident is defined as
the instantaneous release of a fraction of the contents of a barrel during the
burial operation. The main pathway of concern for dose to the off-site
population is the airborne transport of the material released from the
barrel. For this analysis, the following conservative yet realistic
assumptions have been made:
e For the release, 0.1% of the barrel contents becomes airborne.
e A standard man is on the plume centerline at the site boundary
160 m (0.1 mi) from the source. He is engaged in light activity
(20 1/min respiration rate).
® A Pasquill F stability level is used.
e The dose to any organ should not exceed 0.5 rem/y.

The concentration at the plume centerline for an instantaneous point source

released at the surface is given by:
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-1/2 , ,-3/2 =2
xtyezty = QB o |- deut) (H1)
Xy 2 Zcx

where
¥{x,¥:2,t) = concentration, Ci/m3
Q = source strength, Ci
0,40,¢0, = dispersion coeffecients, m

average wind speed, m/sec

[~10 -}
1

x = direction of plume axis (wind).

This equation is integrated to get the center-line concentration-time exposure

o0 .
I=[th=__0_ Ci-sec 2)

° To_0_u m
Y 2

For an F stability level, Oy = 7, Oz = 3,5, and using

cl

= 1.56 m/sec (3.5 mph),

B.33 x 10> g El—gse—c (43)

m

=4
]

Some of the activity released in an accident will fall out in the immediate
vicinity and not reach the perimeter fence. To be conservative, however, we
assume that all the activity that becomes airborne reaches the location of our
maximum individual lccated directly downwind 160 m from the site of the
accident. The amount of radioactivity he inhales is the product of the
intergrated concentration at that location and his respiration rate. Thus,
the amount inhaled is

_ 3
~ - Ci-sec 1 -3 mo\ (L1 min
1 = (3.33 B-03 @ S5 ) (20 win )(10 1)(60 sec)
= 2.8 E-06 Q Ci. (H4)
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The acceptable dose to an organ at risk from internally deposited

radioactivity was 0.5 rem/y. Appendix B, Table II, of 10 CFR 20 shows that
*

239Fu in soluble form is the most radiotoxic isotope listed, with a

maximum permissible concentration of 6 x llil_14 uci/cm3.

The exposure to the organs of the body was calculated with the LLL AERIN
computer code. This code tracks the radionuclide from the moment of initial
deposit in the body through the translocation pathways to various organs of
the body, calculating the dose to the organs as a function of time. The code
accepts intake into the body of any nuclide as a single acute exposure, as a
series of acute exposures received at any selected time intervals, or as a

continuous exposure of varying concentrations.

The ccde was developed mainly for inhalation exposures, but it can be used to
describe other modes of intake by altering certain constants (i.e., mass of
organs, fractions of the radionuclide moving to and from the blood, biological

half-life of the radionuclide in the organs, and so forth).

In the case of plutonium inhalation, the code uses the ICRP Lung Model. The
particle size of the inhaled nuclide is an important parameter in this model.
Table H1, resulting from the AERIN Code runs for soluble and insoluble 239Pu
of different particle sizes, shows the value of Io necessary to give a

maximum organ dose of 0.5 rem/y.

*248 . fe s —~14 . 3

Cm is the single exception. The MPC for it is 2 x 10 uCi/cm”;
however, the quantity of this isotope in waste will L very much less than one
third the quantity of 2399u. Therefore, we shall use 2399u in the

calculation of internal dose to our maximum exposed individual.
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TABLE Hl. Values of Io in WCi to give 0.5 rem/y maximum dose to body

organ indicated for inhalation of soluble and insoluble 239Pu.

Particle size (AMAD); um

Organ 0.1 1.0 5 10

Bone 9.2 B-03 (S)'3 9.8 E-03 (S) 8.2 E-03 (s) 8.2 E-03 (8)
1.4 E-02 (I) 2.6 E~02 (I) 4.1 E-02 (I) 5.3 E-v2 (I}

Lung 5.1 E-03 (8) 1.1 E-02 (S) 2.1 E-02 (S) 3.2 E-02 (S)
1.3 E-03 (I) 2.7 E-03 (1) 5.4 E-03 (1) 8.1 E-03 (I)

35 = Soluble "W" class; I = Insoluble "¥" class

Particle sizes in Table H] are normalized to an activity median aeradynamic
diameter (AMAD). From Stokes' law on the terminal velocity of particles
settling in a medium, the approximate AMAD of a particle with density p can

be given by

1/2
P~ Po /
AMAD = D | —————

1 - po

where D is the physical diameter of the particle in question and po is the

density of the medium.

For example, a l-pm-diameter particle of Pqu, which has a density of
11,46 g/cm3, would have an AMAD of 3.4 um in air. A reasonably
conservative assumption for particle size in the accident scenario would be

1 pm AMAD.

From Table Hl, the most restrictive value of Io for a 1 um AMAD is 2.7
E-03 uCi. Using equation (H4) we solve for Q and get

_ 2.7 E-03 . s
Q = 6506 uci 1 E+03 pci.
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239
Thus, the maximum release of Pu should not exceed 1 E+03 uCi if
exposure of the maximum exposed individual at the perimeter fence is not to

exceed 0.5 rem/y.

If we assume that the waste container is a 55-gal drum (volume - 0.208 m3)
and that 0.1% of the barrel contents becomes airborne as a result of the
accident, then the maximum concentration (MC) of 239Pu permitted in the
barrel is:

1.0 E+03p Ci

Mc(waste) B 3
0.1 E-02 x 0,208 E+06 cm

Mc(waste) = 4.8 uCi/cma.

The objectives of this study do not include determination of the correct or
appropriate guidelines for acceptable risk. We have used 0.5 rem/y on the
basis of present regulatory guides. The value is used to illustrate the
applicability of the methodology for qualifying the WC system interfaces.
Other guidelines could be used and the results will scale proportionally to

the limiting dose accepted.
CONTINUOUS AIRBORNE SCENARIO

The effect of a continous airborne source model was considered in determining
limiting cases., We developed a scenario in which natural erosion has exposed
the buried waste. The radioactive nuclides are resuspended, and they
contaminate the air downwind of the RCF. Populations of the public are
continuously exposed by inhaling the contaminated air. In developing the
calculations for this scenario, we shall assume that our RCF of 120 hectares
is a plot 1200 m by 1000 m and that one-~half of this land area was used to
bury the radicactive waste. The concentration of radioactivity in the soil of
the buried waste is (QB/30) uCi/cma, where QB is the maximum concentration of
the activity permitted in the waste container at the time of burial. The
factor 30 is the product of the soil dilution (3) and the peak-to-average
ratio (10).
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The average long-term soi_]. erosion rate of 25 g/mz—y will be assumed. We

shall assume also that this is the rate for wind erosion alone.

After enough time, the natural eroding forces of wind and water will expose
the contents of the burial site. It is mo:s. unlikely that exposure would
occur during the 100 y of institutional control. In fact, it is reasonable to
believe that many years will pass after controls are removed before erosion
will work down the overhburden to expose the radioactivity. Only radionuclides
with long half-lives will still be present. We shall assume that the exposed
radicactivity is 239Pu and that no radioactive decay has occurred since

burial. The source term then is given by the following egquation:

HCi
Q_QB en [ 259 |( A m? 106 i
30 m-z-y 0 g/cm3 uCi
where

A = surface area of exposed waste material = 1.2 x 106 x 0.5,
or 6 x 10° m?
density of soil = 2 g/cma.

°
"

The source term then is
Q = 0.25 9, Cify or 7.9 x 1077 Q_ Ci/sec.

Pasquill'’s continuous point-source diffusion equation for a surface release is:

2
el
202 3
X=—2— ol ¥ fcim® ,
oG
zy

where O, and cry are the standard deviations of the distribution of material
in a plume in the vertical and ~rosswind directions, respectively. Their
values are functions of the downwind distance, %, from the point of release

and the stability of the atmosphere into which the material is released.

To obtain a value of X downwind from an area source we take advantage of the
property that Gaussian diffusion models possess—-if the source and the receptor
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locations are interchanged, the numerical value of the concentration, X, is
not affected. This means that the concentration at a point downwind from a
number of sources can be computed by assuming that all the sources are
combined at the receptor point and by summing the computed values of X at

the actuwal source points.,

© To apply this in the solution of an area source, we assume that the area is
made up of n crosswind strip sources of length 2y. The receptor point, R, is

% meters downwind from the near edge of the source area as sketched.
Area source

x n equal strips

wind

Thus, the concentration, ¥, at R is the sum of the contribution of each

strip source and is given by the equation,

n
’ Yy 2
x = = Z ;_ x %_ /e X \ay, cim® . (HS)
Tu i=1 z; ¥; Joy ch

Q' has been redefined as the actvity per unit length emitted per unit time

along each strip, or,
Q' = Q/2yn, Ci/m-sec

where n is the number of strips chosen to represent the area of the RCF. Thus,

7.9%107%, Ci/sec 12
Q = 3 = 6.6x10 QB/n, Ci/m-sec.,

1.2x10 n
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The solution of

y _ (2
je 20; dy
-Y

ig obtained from the table of normal probability function for each value of Oy.

We assumed that (1) the exposed public was located 1 km downwind from the
nearest edge of the RCF, (2) the average wind velocity over 50 y was 3.5 mph,
and (3) the average Pasquill stability category was "D" or neutral. These are
congervative values., Higher wind velocity or more instability in the lower

atmosphere will lower the 50-y dose commitment for & given source term.

Setting n equal to 50, we obtain

6.6 x 10712

o' = 50

Q -
B 1.3 x 10 13QB' Ci/m-gsec .

The solution of

Y 2

32 (F )
(e3¢} ) € 20
zy 4 ¥

yielded a value

3.35 x 1072, o1,

Therefore, from equation HS,

13

1.3 x 107 Qg Ci/m-sec 2 -1
X = n{1.56) m/sec (3.35 x 10 Im
x =8.9x10 %0, cim® .

Since a person will inhale 20 ma/d, the intake rate, Io, is

14

- . -2
I, = 1.8 x 107 Q  Ci/d or 1.8 x 107~ Q_ pCi/d .
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From the AERIN Code, the intake rate, Io' of 10-um AMAD particles of
39
Pu aerosol for 50 y to give a maximum dose-rate of 5 mrem/y to the bone
-2
is 3.3 x 10 ~ pCi/d. (The bone receives the highest dose rate and total

dose from long-term chronic exposure.)

Equating the two expressions for 1'0, and solving for QB, we obtain:

-2
. R 3
gy = 23220 - 1.8 uci/en’ .
1,8 x 10
Table H2 lists values of QB' the concentration of 2:‘ml?u in the waste at

time of burial, to give 5 mrem/y at various distances downwind from the edge

of the RCF. A particle size of 50 um AMAD is also shown.

TABLE H2. Values of QB' in uCi/ch, that will give a dose rate of

5 mrem/y to the bone after 50 y of inhalation of contaminated dust.

Distance downwind 10 ym AMAD 50 pym AMAD
1 km 1.8 2.8

1 1

10 km 5.2 x 10 7.7 x 10

3 4

100 km 7 x 10 1.0 x 10

RECLAMATION SCENARIO

Another potential occurrence we considered is the reclamation of the burial
facility site after institutional control is removed. For this case, workers
are considered to be exposed to radioactively contaminated dust while moving
earth at the site. The following assumptions are used in the calculations:
® The working atmosphere to which workers are exposed contains 2 mg/m3
of dust.
® The workers spend an average of 1 mo working at the site, and they do
not reside there. Consequently, a 176-hr exposure time is used.
The respiratory rate is 20 1/min.
The maximum allowable organ dose is 0.5 rem/y.
The LLW is assumed to be diluted by a factor of 3 by earth during
burial.
e The average interface level concentration is 1/10 the maximum

concentration of radiocactivity in the wastes at time of burial.
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At a respiration rate of 20 1/min, a worker will inhale approximately 10 m3

in an B-hr work day. At a dust loading of 2 mg/m3, 20 mg of contaminated
dust will be inhaled each day.

The dust is contaminated with radioactivity at a concentration 1/30 that of
the peak concentration of activity in the waste container when it was buried
100 to 300 y earlier. The amount of radioactivity inhaled by the worker per
day, Io' in relationship to the concentration in the container at burial

given by

- Q
; - 20E-03g/d 32 , uci/a

o Py 0 ’
where
ps = density of the soil in g/(:m3
QB = concentration in the waste container at burial in uCi/cm3.
Since
Py =2 g/cm3
I, = 3.33 B-04 QB uciza . (H6)

After contact with the soil for 100 or more years, the radioactive nuclides,
particularly with heavy alpha emitters, will be Firmly attached to the dust
particles., Therefore, a reasonably conservative particle AMAD for this
contaminated dust would be 10 um. We can also assume that the radioactive
material would be relatively insoluble in the body.

239,

The AERIN Code was run for inhalation of Pu at a daily intake for 30 d.

Particle sizes of 1, 5, 10, and 50um AMAD were analyzed.
Table H3 lists the results of these calculations, It shows the value of Io

in uCi inhaled each day for 30 d that would result in a maximum dose of
0.5 rem/y for the lung and bone.
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239
TABLE H3. Calculated inhalation rate, I, in uci/a of Pu inhaled for

30 @ to give 0.5 rem/y maximum dose to worker at site ("Y" class).

Particle size (AMAD), um

Organ 1 5 10 50
Lung 1.3 E~04 2.6 E-04 3.8 E-04 1.0 E-03
Bone 1.2 E-03 1.9 E-03 2.5 E-03 3.7 E-03

In this scenaric the lung is the critical organ and, for 0.5 rem/y exposure,
the maximum permissible inhalation rate is 3.8 E-04 uCi/d for 10pm AMAD

particles.
From equation (H4) and the calculated value of Io we get

3.33 E-04 QB = 3.8 E-04
or
3 &
QB = 1,1 uCi/cm .
3
This quantity is the maximum permissible concentration of Pu in the
waste. Values for other isotopes can be found by taking the ratio of their

239
respective MPC in air with 3 Pu and multiplying by the value of AB above.

Comparing the three scenarios on inhalation, we see that the most restrictive
one is that of reclaiming the burial site 100 to 300 y after institutiomal

control is removed.

]
Note that 1.1 uCi/cm3 in a waste contailner will end up averaging
3
approximately 18 nCi/g of soill (p = 2 g/cm”). This is comparable to the
10 nCi/g currently used to define TRU waste.
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APPENDIX I
CALCULATIONS FOR WATERBORNE RELEASES

INTRODUCTION

Migration of radionuclides from their burial site through the geosphere
represents an important «xposure pathway to the environment. This migration
should be considered in any environmental assessment of nuclear waste
management alternatives. Several processes influence migration rates and
change the rates at which nuclides are released to water systems in the
environment. Among them are erosion and suspension of waste particles in
surface water flows, leaching of the buried inventory (the process wherein.the
nuclide is taken up from its original form and becomes suspended or dicsolved
in water}, and conhvection (nuclide movement caused by gross water movement).
Others are dispersion (nuclide movement caused by the nuclide concentration
gradient), ion exchange between the nuclides in the water and the matrix

through which the water flows, and radicactive decay.

The present analysis does not consider the effect of ingrowth of a particular
nuclide from decay of a parent. The effects of radioactive decay have been

included to show the decrease in amount of radiocactivity with time.
This appendix describes the processes and parameters that we evaluated in this

investigation. Also described are a parametric sensitivity analysis and the

results of base cases for several nuclides.
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LEACHING MODEL

Leaching is the process by which buried materials are dissolved and enter the

groundwater. The rate, in Ci/y, of addition of a nuclide to water is given by:

o,
G Mp A e [- O ¢+ rAgt]

o
where MI is the initial inventory, Al is the leach constant, and

o
Ad is the decay constant.

The inventory, in Ci, remaining in the burial location at any time is
described by:
= 5 |- + .
Mo(6) =M exr[()‘l Ad)t]
(e}
values of leach rates for the several nuclides considered in this study are
obtained using data from drill cores taken in soil below actual LIW disposal
sites at INEL.Il We assume that any concentrations of a given nuclide below
the pit or pond result from leaching. Thus, by integrating the concentration
over the contaminated depth, correcting for radioactive decay, and knowing the

burial and sample times, we get an order-of-magnitude estimate for the leach

rates.
NUCLIDE MIGRATION

Nuclide migration is determined from a second-order differential mass-balance
equation that considers longitudinal dispersion, convection, sorption, and
radioactive decay. Based on a one-dimensional homogeneous medium, this

equation describes the concentration as a Function of space and time. 12

2
3°c aC ac ., 3
D axz -V % " K T Adc =0 Ci/m y ,



where C is the nuclide concentration, D is the dispersion coefficient, V is
the groundwater velocity, and K is the retardation factor. The first term in
the eqguation represents longitudinal dispersion. FPor conservatism and
simplicity, lateral c¢ispersion has been ignored, The second term represents
convection, the third term sorption processes, and the fourth term radioactive

decay.

Using Laplace transform techniques on the abave equation with boundary

conditions characterized by a series of unit step functions, the soluticn is:

N
vx ., 3
Cix,t) = 1/2 exp <2D)[ E Cj f(t - Tj) U (t -~ Tj)] Ci/m” ,

31

where N is the number of steps in the boundary condition, Tj is the time

at whicl the jth step "turns on," Y is the unit step function, and

a - 2b(t - T,)
f(t - 1) = fexp (-ab) erfc [——-——J—]+

2((-.-1.)1/2
b]
a+ 2b {t - 1.}
exp fab) efrc [
2t - 1?2
J
with
2= (87 &
T A\D
and
b-(zz_@q)“z
“\aK X
and
, 0 2
erfc (8) = 1 - —= e ™ az

VT o

The sorption processes are characterized by the equilibrium sorption
coefficient, or time transformation factor, K.I3 which is also expressed as

a relative nuclide velocity, i.e.,
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- v water

nuclide
Alternately, K is related to the distribution coefficient (the ratio of the
concentration of the nuclide in the soil to the concentration of the nuclide

in the water) by the equation

where Kd is the distribution coefficient, p is the soil density, and ¢

is soil porosity.

The time of arrival of the contamination front is given approximately by

¢ = KL

a vwater

where L is the length of the aguifer.

SOIL AND SITE CHARACTERISTICS

In this study, the soil has been characterized by the dispersion coefficient,
2,12

D, and the eguilibrium sorption coefficient, K. The value of D is 0.42 m /y ,

and the values of K for the various nuclides are shown in Table Il.

TABLE Il. Nuclide-specific parameters and values.

Initial Sorption Leach
Nuclide inventory, Ci coefficient rate, y_l
905, 24000 100 1x 102
129, 0.73 1 1% 1072
1eq 35000 1000 1x 1072
™ 12000 100 6 x 10
239, 65000 10000 6 x 2074
2l 65000 1000 6 x 1078

Source: Ref, I5.
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Other parameters characterizing soils have been implicitly assumed in the
selection of groundwater velocities.]:2 Included are permeability, porosity,

and water pressure gradient.

As has been noted elsewhere,” the information is available about the
sorption coefficient for soils. The values of Table Il are for a typical

western desert soil. 5

The parameters representative of the RCF are site area, number of pits,
distance from pit bottoms to aquifer, aguifer flow area, aquifer velocity,
distance from site to nearest surface waters, and rain rate. Table I2 shows

their values,.

TABLE T12. Site-specifiq parameters and values.

Parameter, units Value
Site plan area, m2 2 x 106
Number of pits 100
Distance between pit and aquifer, m 10
Water velocity from pit to aquifer, m/y 10
Rain rate, m/y 0.5 x 1072
Aquifer flow area, m2 1000
Distance from site to surface water, m 1000
Aquifer water velocity, m/y 1190
Dispersion coefficient, mz/y D.42
River volume flow rate at nuclide inlet, m3/sec 2550
River volume flow rate at nuclide outlet, m>/sec 3790
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BASE CASES

Table I3 rontains the results of the base case analysis. Strontium-90,
137Cs, and the 241Am initially present do not appear at the aquifer

outlet, because the initial inventories essentially have decayed completely
before they reach the aquifer outlet. The effects of ingrowth of radioactive
daughter products may be important,IG but they have not been considered.
Matching calculations performed by The Analytic Sciences Corp. are also given

in Table I3.
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TABLE I13.

Preliminary dose calculations.

BASE CASE model

Isotope Burial Burial Average Arrival Time Peak Fraction Activity into Average Total
facility facility burial of contamina- of original river per year individual popula-
inventory, inventory, facility tion front, inventory after arrival 50~y body tion
kg 1 activity, y (half~lives) released to of contamination dose, rem dose,
ci/m3 river, y~1 front, Ci/y man-rem
50 y
2%, 1060 6.5 x 10° 0.11 10° (1.1 2.0 x 1077 1.3 x 1072 1.2 x 1077 8.9 x 1072
AL, 1908 6.5 x 105 11.0 10° (22) - - - -
B 172 x 200 1.2 x 10 2.1 x 1072 10° (4.7 x 1074 6.0 x 1076 7.2 x 1072 1.1 x 1078 8.8 x 107t
129, 4.2 0.73 1.3 x 1078 10 (6.3 x 107 9.0 x 1073 6.6 x 10~ 9.9 x 1078 7.9 x 1072
B w0 3.5 x 108 6.2 10% (31 - - - -
90ge v 2.4 x 10° 4.2 10% (35 - - - -
TASC model
39 - - _ -
2%, 1060 6.5 x 10° 0.11 1.3 x 10° (5.3) 1.8 x 1078 1.1 x 1072 1.0 x 1078 8.0 x 107
37 _ _ - - _ _—
B 172 x 10 1.2 x 100 2.1 x 1072 10° (4.7 x 10°Y 6 x 10°% 7.2 x 1072 1.1 x 1078 .8 x 107t
129 - - _ - - -
T 4.2 0.73 1.3x 1008 17 (1.1 x 1075 1072 7.3 x 1073 1.1x 1077 8.8 x 1072




EROSION

It is conservative to assume that future confinement facilities will not be
sited in areas wherr: substantial erosion is likely to occur. Nontheless, some
contamination would ultimately be released to surface waters or dispersed into
the atmosphere if the RCF were located in an area where wind or water erosion
were occurring. Design features, such as covering the filled burial area with
pebbles through which grass vegetation could.be established, would tend to

minimize erosion processes.

To determine whether erosion may pose a substantial health risk, we performed
a simplistic yet conservative calculation based on a representative erosion
rate, A number of site-specific parameters influence erosion rates. Among
them are surface slope, amount of precipitation, distances to watercourses,
distances from peaks, amount and type of vegetation, and soil properties. A
typical sheet erosion rate is 6 tons of soil per acre per year.17 Using

this rate, the RCF pit surface area of 50 acres, and a soil density of 2 g/cm3,
one determines that 1500 y are needed for a surface covered 1 m thick to he
eroded away before erosion of the buried wastes begins. The concentration in
the eroded material that will give guideline doses to maximum individuals and
populations can be determined if three assumptions are made: (1) a dilution
factor of 3 accounts for the mixing of the wastes with soil during burial, (2)
a factor of 10 accounts for the difference between the interface and average
concentrations of activity in the waste, and (3) dilution and holdup of ercded

material between the pits and the river are ignored.

If all of the eroded material goes directly into the river (with a volumetric
flow rate of 2550 m3/sec), and if sedimentation is neglected, it would take

239Pu to give a

an initial waste concentrat:ion of 105 uci/cm3 of
maximum individual dose of 9.5 rem/y. This calculation presumes that the
erosion takes place uniformly over the total surface and ttat gullying and
preferential erosion @ not occur, For the erosion case, where potentially
large populations may be involved, guideline doses of 5 mrem/y to maximum
individuals may be more appropriate. This would allow concentrations of

239Pu in the wastes of 1000 uCi/cm3.
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It is evident that, even with overly conservative assumptions, erosion does
not give the most restrictive limitation of concentration. Factors such as
estahlishment of a dense vegetative cover over the bhuried wastes and siting
the containment facility where sheet erosion does not occur would reduce even

further any possible consequences of erosion.
PARAMETRIC VARIATIONS

Figure Il shows the effect of variation of the leach constant, Ay, hence the
aM

leach rate, EEE' on the concentration at the pit bottom. As the value of the

leach rate decreases significantly below the decay rate, the decay rate

becames more dominant in determining the rate at which the concentration

changes. The converse is also true. Figure Il demonstrates also that the

concentration increases as the leach rate increases.

The influence of the dispersion coefficient, D, on the response at the aquifer
outlet is shown in Fig. I2. As the dispersion of the pulse increases (i.e.,
as the dispersion coefficient increases), the pulse becomes broader and is

reduced in magnitude.

Figure I3 shows that, as the hypothetical pulse boundary condition is
decreased in duration (but not in magnitude) with a constant dispersion
coefficient, the magnitude of the concentration at the aquifer outlet is
accordingly decreased. That is, as the pulse is shortened, the output has
less time to equilibrate, and it achieves a smaller fraction of equilibrium

concentration.

Figure I4 shows the effect on individual doses of varying the volumetric flow
rate of the stream into which the wastes flow. This study used a base case of
a rather large flow typical of the Columbia River. As long as the relative
uses of water along the stream remain constant, the population doses do not

depend v the specific volumetric flow rate.
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Solubility = 6 x 10°5 Ci/i
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FIG. Il1. Concentration at pit hottom for Pu vs time,

with leach constant as a parameter.
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FIG, I2. Concentration at aquifer outlet vs time with dispersion

coefficient as a parameter for

2391,“.
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FIG., I3, Concentration at aquifer outlet vs time for 2391='u

with boundary condition pulse length as a parameter.
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FIG. I4, Effects of water volumetric flow rate in stream

on maximum individual doses.
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DRILLED WELL SCENARIO

In this scenario, we assume that institutional control of the waste burial

site is removed 100 y after burial operations have ceased. A well is drilled
some time later into the aquifer under the RCF, and individuals then drink the
water continually for 50 y. The question then is: What concentration of 239Pu
could be allowed in the burie® waste such that persons drinking the
contaminated water at the maximum concentration continually for S50 y would
accumulate just enough 2399u in the body to produce an internal dose of 0.5

rem/y?

Based on the work of Isaacson et al.I8 on the trangport of s0il moisture, it
is unlikely that any radionuclides will reach the aquifer if the radioactive
burial site is properly located in an arid region. We shall assume for this
scenario, however, that water percolates slowly from the surface through the
buried waste into the aquifer. The transport processes include leaching of
the material from the site of burial and downward movement through the soil,
where the nuclide is sorbed and desorbed, reaching the aquifer where the
concentration increases to a maximum depending on the various parameters used

in the transport equation.

The following assumptions are used in the calculations:
e Average annual rainfall is 0.1 m/y.
® The fraction of precipitation that percolates through the buried waste
is 0.001. The remainder goes to surface runoff, evaporation, and
plant evapotranspirat::l.on.I8
The surface area of the RCF is 1.2 x 106 mz.
The volume of the waste burial pits is 6 x 105 m3.
The dilution factor of the waste with the soil is 3.
The average concentration of the waste at burial is 1/10 of the peak

concentration limit imposed.

® The depth of the adsorbing medium between the waste and the aquifer is
10 m.

) Tht; ax;erage static volume of the aquifer directly under the RCF is
10 m™,
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@ The annual fluw of water in the aquifer entering the region directly
under the RCF from adjacent areas is ].l x 106 ma/y (based on a
flow rate of 100 m/y and a cross sectional area of the aquifer of
q
10

® Due to the effects of temperature, evaporation, and capillary action,

mz).

the net effective downward transport velocity of the moisture is

1/3 m/y.

Since we are interested in finding only the maximum concentration of the
nuclide in the aquifer, we shall ignore the effects of dispersion and
convection as the nuclide passes through the adsorbing soil. This approach
reduces the calculating effort, but it overestimates the value of the maximum

concentration. The error introduced is on the conservative side, however.

The adsorhing medium slows up or delays the tranrsport of the nuclide through
the medium. As shown previously, the transit time for any given molecule of

the nuclide through the medium is given by

KL
a2V
w
where
=1+ £
K ] c Kd B
and

L = thickness of the adsorbing medium

<
"

average net transport velocity of the water through the medium

p = Jdensity of the medium

[y
1

porosity

=
[

distribution coefficient,
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Eventually all the nuclides will pass through the adsorbing medium into the
aquifer except for what is lost by radiocactive decay during the delayed
transit time. Since we have ignored the effects of dispersion and convection,
the rate of flow of the nuclide into the aquifer will be equal to the rate of
flow of the nuclide into the adsorbing medium, except that radioactive decay

during the delay will appropriately reduce the gquantity.

We shall assume a two-compar tment model, with a delay line between the two, to
describe the transport between the burial pits and the aquifer. If we let
Q, be the quantity, in Ci, of any radionuclide in the aquifer at any time t,

the rate of change in QA per unit time is given by the equation

4aQ
A = - -~ -
Tl )‘LQg exp -{\ + )‘ﬂ,)t exp ( )\ta) (A +we, .
where
)‘2. = leach constant (fraction/y}

A = radiocactive decay constant (y-l)

turnover rate in the aquifer resulting from inflowing water (y'l)

=
un

fraction of precipitation entering the aquifer (m3/y)

f:'r =
f.a = aquifer flow from adjacent area (m3/y)
Vg = static volume of the aquifer (m3)
- KL
ta = =
W

Oy = total quantity, in Ci, of the nuclide in the burial
ground at t = 0.

Substituting the value of ta and applying the boundary condition that
QA = 0 at t = 0, the solution of the differential equation is
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Q,/Qg

kL
X£QB € Vw

g, = —2 {e—()d)\l)t_e—()\ﬂj)t] ) (1)

H=A

)

One must remember that QA' as given in the above eguation, is the guantity
of the radionuclide in the aquifer at a time t + %—E . For any given molecule
W

containing the radiocactive atoms entering the adsorbing medium from the burial

pit, a delay of %—E y occurs before that molecule moves into the aquifer.

W
After the delay time, the value of QA will increase to a maximum some time
later depending on the parameters used in the equation. Figure I5 is a plot

of QA/QB vs time after arrival of 23%u at the aquifer. In the scenario we

23
used, one sees that the guantity of 9Pu in the aquifer attains its maximum

23
about 45 y after the 9Pu first reaches the layer.
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1077

FIG. IS. QA/QB vs time for 239pu.
o]
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The concentration of the radionuclide in the well water equals the

concentration in the aquifer, It is given by

c - -A (12)

If we now set CA equal to the MPC (maximum permissible concentration in
w
water} that will result in a dose equivalent of 0.5 rem/y after people have

been drinking such water for 50 y and solve for QB , we get the amount
o

or total inventory of the specific nuclide that can be permitted in the

burial ground.

Equation Il can be solved for the ratio QA/QB . Since
3

Q

A
Q, = x Q ’
A0y B,

o
and since we want to set MPCw = CA' we can solve for QB as follows:
o

MPCw x vs
Q =, (13)
BO (QA/QBO)

The peak concentration, Cc, permitted in the waste container at the time of

burial is given by

B
Cc = " x 30 ,
b
or
MPC x v_ x 30 ¢
C =2 5 ___ (14)
c (QA/QB ) x v b
o
where v, = original volume of the buried waste (assumed to be 6 x 10S m3) .

b
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With the previous assumptions, we substituted the following values in

Eq. (I10) and Eq. (Il4) to get the value of Cc for the 239Pu:
A=2.84 x 1070y "L MPC_ = 1.7 x 1078 ci/m’
A = 6 x 1074yt v,=1x10 n°
A+dy =63 x 107y v, =6 x 10° o’
K=1x 104
p+d=1Lx10tyl u=1.1x10 byt
-4
exp [-A K L] = 1.99 x 10
v
w

Xo/(u - Ag) = 5.4 x 10”3

With these values, we calculate QA/QB = 1.04 x 10_6, which is the
o

maximum value occurring 45 y after first arrival in the aquifer. Therefore,

we see that the concentration, Cc' of 239

Pu permitted in the waste

container at the time of burial is 820 uCi/cm3 in the well-water scenario,
using the parameters we have assumed. The most critical parameter in the
equations is the value of vw, the net average velocity of the water ir. the
soil, As mentioned previously, the work of Isaacson et al.IB would indicate
that the value of v is equal to or very near zero for an arid region when
the site is properly located. If so, the radioactive nuclides would never

reach the level of the aguifer.
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APPENDIX J
APPLICATION OF THE NELATIVE HAZARD INDEX (RHI)
CONCEPT FOR INDIVIDUAL NUCLIDES AND MIXTURES

Let Cl, Cz, C3, e Cn = the concentration of various nuclides in the
waste., For a single nuclide, we have by definition

CK

RHL = gpe~ »
a

where

C = concentration in uCi/ml

_ dust loading
soil density

MPC_ = maximum permissible concentration in air.

For any mixture of nuclides, the total hazard index is given by the sum of the

individual RHIs for each nuclide; that is,
(RHI)T = (RHI)1 + (RHI)2 + (RHI)3 + v (RHI)n

The (RHI)T must not exceed the interface value of 1.7 x 104 as shown in
Fig. 9. ({An activity-weighted average half~life could be used to increase th:
acceptable total RHI. If the average half-life cannot be reasonably

4

e..tablished, one should assume that it is long enough to give 1.7 x 10" for

the total RHI.) Rewriting the above equation,

! 20 G K G
(RHI}, = ¥pe~ * MBC. * MpC. ' MBC. *°° tal)
1 2 3 n
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The interface concentration, here designated by CI, is found by solving for
C when given K and RHIT.

. LB uec,
I K 32

Rearranging terms in Eg. (J1) yields

c, c, K c, K c. X
1 + 2 + 3 + n =1 (33)
WEC, WAL, * WEC, RAI, & WBC, RAI[ MBC, RAI,

Substituting Eg. (J2) into Eg. (J3) gives

e, ¢, ¢ c
el T e BT R (38)
Il I2 I3 In

Therefore, if the sum of the left-hand side of Eq. (J4) is :l, the material
may be considered low-level waste. For example, if the waste contains the

following mixture of nuclides,

905: 2.3 x 102 uCi/ml
90Y 3 x 102 HCi/ml
137Cs 8.8 x 103 pCi/ml
2%, a2 x 107t uci/ml

is the material low-level waste?

Using Eq. J6 with the values of CI calculated from values in Table 9 yields:

3 1

2.3 x 0% 2.3 x 10% | B.B x 107 | 4.2 x 10~
3+ + +

-4
2 % 10 2 x 10° 4 x 107 1.0

y = 0.76, which is less than 1. The answer to the above question is yes; the

material is low-level waste.
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