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EXECUTIVE SUMMARY

,,b

The potential health and environmental risk-related impacts of actinide burning for

high-level waste disposal were evaluated. Actinide burning, also called waste partitioning-..

transmutation, is an advanced method for radioactive waste management based on the idea

of destroying the most toxic components in the waste. It consists of two steps: (1) selective

removal of the most toxic radionuclides from high-level/spent fuel waste and (2) conversion

of those radionuclides into less toxic radioactive materials and/or stable elements. Risk, as

used in this report, is defined as the probability of a failure times its consequence.

Actinide burning has two potential health an J environmental impacts on waste

management. Risks and the magnitude of high-consequence repository failure scenarios are

decreased by inventory reduction of the long-term radioacti ,ity in the repository. (What does

not exist cannot create risk or uncertainty.) Risk may also be reduced by the changes in the

waste characteristics, resulting from selection of waste forms after processing, that are

• superior to spent fuel and which lower the potential of transport of radionuclides from waste

a , form to accessible environment. There are no negative health or environmental impacts to

the repository from actinide burning; however, there may be such impacts elsewhere in the

fuel cycle.

The following specific conclusions can be made with respect to repository risk and

actinide burning:

(1.) The most widely accepted measure of repository performance in the scientific

community is risk (probability times consequences) as determined by a comprehensive

, probabilistic risk analysis (PRA).

| 1.1 The PRA should account for:

'I - the slow-leach and migration (SLAM) scenario, including potential

i adverse factors such as climatic change, colloids, and complexing
agents;

- low-probability, high-consequence expuisive events such as volcanoes;

and

- deliberate and inadvertent human intrusion.

i"
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1.2 A comprehensive PRA requires an extensive data base and is both complex

and time-consuming to complete.

(2.) Existing performance analyses of generic repositories indicate that the r:isk is small

compared with other generally accepted risks and risks from the rest of the nuclear

fuel cycle, but such analyses are not available for the proposed United States

repository site at Yucca Mountain.

(3.) Actinide removal per se is not expected to significantly reduce the risk from the

SLAM sce.'-..,rio under currently expected reference conditions. Removal or improved

containment (waste forms) of nonactinides may reduce the risk from nonactinides.

(4.) Easily calculable surrogate measures of risk are available, but ali of them have

significant limitations as compared with a comprehensive PRA.

4.1 Short of a comprehensive PRA, a surrogate measure that expresses risk in

terms of multiples of the cumulative repository release limits given in the EPA

standard 40 CFR 191 is preferred over other surrogate measures.

(5.) Actinide burning (i.e., removal of actinides from repository wastes) may provide a

number of long-term risk-related benefits to the repository:

5.1 Removal of the actinides may reduce the uncertainty in long-term risk by

decreasing the maximum consequences from a variety of release scenarios

(expulsive events, human intrusion) by about a f'actor of 1000 from 103 to 105

years after disposal.

5.2 Actinide burning may eliminate the potential adverse effects of actinide

transport by colloids or complexes because the actinides are not in the

repository.

5.3 Actinide burning reduces risk from the expulsive release scenario by about a

factor of 100, based on results from existing studies (not specific to the

candidate Yucca Mountain site).

5.4 Actinide burning may reduce the risks from human intrusion after several

hundred years by (a) reducing by a factor of 1000 the consequences from

waste material brought to the surfe.ce; and (b) reducing the probability of

deliberate intrusion by eliminating the plutonium that may provide the

incentive for doing so.
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5.5 Actinide burning may decrease reliance on long-term predictions of

" engineered-barrier performance by greatly reducing the effective life of the

waste.

(6.) Actinide burning requires processing of spent fuel. The processing of spent fuel may

provide a number of other long-term risk-related benefits to the repository.

6.1 Actinide burning allows selection of a waste form (borosilicate glass or

equivalent) that may not disintegrate under oxidizing repository conditions and

which has a much lower release rate for ali radionuclides contained in it, as

compared with spent fuel. This reduces risk from the SLAM and human

intrusion scenarios.

6.2 Actinide burning may allow for improved management of troublesome

nonactinides (e.g., 14C, 99Tc, and 129I)by either incorporating them into

improved waste forms or making them available for transmutation.

(7.) Actinide burning, for the reasons stated previously, may facilitate repository licensing

by reducing risk and uncertainty, which should make demonstrating compliance with

" applicable regulations easier.

ix



1. INTRODUUrION

Actinide burning, also called waste partitioning-transmutation, is an advanced method

for radioactive waste management based on the idea of destroying the most toxic components

in radioactive waste. Actinide burning consists of two steps: (1) selective removal of toxic

radionuclides from spent fuel or high-level waste, and (2) conversion of those radionuclides

into less toxic radioactive materials and/or stable nuclides.

Actinide burning is the nuclear equivalent of incineration of hazardous chemical

wastes. Incineration destroys many hazardous chemicals and eliminates many long-term risks;

however, some hazardous materials such as lead and mercury cannot be destroyed. Like

incineration, actinide burning reduces the long-term risks of waste disposal, but not ali

radionuclides can be destroyed.

The objective of this paper is to identify and discuss one aspect of actinide burning:

its risk-related impactsto the high-level waste repository, including various ways to measure

that risk. Identification and discussion of risk-related impacts include development of a

" methodology--an approach--to address these impacts. The analysis presented herein is based

on existing information in the literature; thus, most results are qualitative rather than

quantitative. Reductions in risk by actinide burning are also dependent upon decisions of

which radionuclides to remove from spent fuel and selection of waste form for disposal of

remaining radioactive materials after processing.

A number of assumptions will be used in this paper. Hazard and risk will be

evaluated on the basis of 10,000 Metric Tons Initial Heavy Metal (MTIHM) of Pressurized

Water Reactor (PWR) spent fuel with an average burnup of 33,000 MWd per ton. The

choice of fuel or reactor type does not change the conclusions. The analysis considers issues

associated with ali repositories but focuses on issues specific to repositories in dry (not water-

saturated) geologies with oxidizing chemical environments. The proposed repository site at

Yucca Mountain in the United States is an example of such a repository site. Last, only long-

term repository performance after repository closure (end of waste placement) is considered.
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2. REPOSrrORY RISK: THEORY AND BACKGROUND
,,,t

2.1 OBJECTIVE OF REPOSITORY OPERATION--STORE UNTIL
" NONHAZARDOUS

The basic objective of a repository is to store radioactive wastes deep underground

until the radioactive materials decay to inconsequential levels. Some radioactive materials

remain hazardous for thousands of years; thus, very long storage times are required. No

surface facility could be expected to survive for such a long time because of erosion, climate

change (ice ages), and other factors. In contrast, typical rocks underground exist for millions

of years without change.

To accomplish the objective, most repository designs [FORSBERG 1991] use a

multibarrier concept with manmade and natural barriers to prevent release of radionuclides

to the biosphere (Fig. 1). The manmade barriers may include special waste forms, waste

packages, overpacks, and repository backfill materials. Each of these creates a barrier to the

release of radionuclides to the local geology. Natural barriers may include small groundwater

. flow and geochemical conditions that reduce solubility and enhance retardation of

radionuclides.

2.2 ANALYSIS OF LONG-TERM REPOSITORY PERFORMANCE

In scientific and regulatory circles, it is generally accepted that the long-term

performance of a repository (i.e., how well it meets the objective stated previously) should

be measured by the risk that it represents. Risk is "the potential for realization of unwanted,

negative consequences of an event" [ROWE 1977]. It is technically defined in the scientific

community as the probability of an event occurring times its consequences. In the context

of this paper, the risk is imposed on the general population th;ough the following biospheric

pathways:

(1.) drinking water containing radionuclides released from the repository,

(2.) eating foods that contain radionuclides taken from soil or using water

containing radionuclides released from the repository, and

" (3.) breathing air containing suspended radionuclide particulates released from the

repository.





A repository could fail by many different mechanisms, ranging from dissolution and

" transport of radionuclides by groundwater to a volcano penetrating the repository. Many

failure modes are extremely unlikely, but there is the need [HUNTER 1986] to quantify the

risk of all potentially significant failure modes to ensure that the repository is safe and that

it meets legally defined standards of safety.

An entire set of specific circumstances (e.g., radionuclide inventory, release rate,

migration rate, uptake rate) that define the impact of radionuclide releases on the general

public is called a scenario. Many scenarios must be analyzed to determine the risk

repr._sented by the repository.

2.2.1 Determinants of Repository Risk

Because of the widely varying likelihood oi' various potential radionuclide release

mechanisms, determination of risk must consider both the consequences of a particular

scenario, as well as the probability that the scenario will occur [ROWE 1977]. Consequences

are typically measured in units of health effects (cancer and genetic damage from

radioactivity) and probability as inverse time (e.g., the probability of Scenario X is 1 per

10,000 years).

Based on this, repository risk is defined as the expected consequences to the general

public from ali radionuclides in the repository, considering ali scenarios, rJ

The risk for a single Sccnario i is defined as:

Ri = PixC i, (1)

where

R i = risk (health effccts/yr) from Scenario i,

Pi = probability of Scenario _i(1 per ycar),

C i =consequenccs of a Scenario _i(health effects).

If Scenario i would result in 100 hcalth effects (HE) in the public but the failure

probability of Scenario i failure is 1 in 100 ycars, the 100-year risk from operation of the

repository would be 1 HE. If a large number of repositories were built, 99 out of 100

repositories would have no HEs duc to this failure mode. One in I00 repositories would have
m,

100 HEs.

|
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In real repositories, there are multiple potential radionuclide release scenarios (e.g.,

leaching migration, human intrusion, volcanism). Total risk (R) must include ali of these as

follows:

R = S Ri = £ (Pix Ci). (2)

The consequences(C)of Scenarioi,anysinglerepositoryfailuremode, can be determined

with simplified pathway model represented by the equation

Ci = Si x E i x Mi x Ti x Hi , (3)

where

S = source term or inventory, the quantity of the radioactivity in the repository
(Ci), which is assumed to be constant for ali scenarios;

E i = escape fraction of radionuclides from the waste package to the host rock;

M i = migration fraction of radionuclides through the host rock to the biosphere;

T i = transport fraction of radionuclides from where radionuclides enter the
biosphere to man;

H i "- health effects on man per unit of radionuclide received by man (HE/Ci).

The consequences must be calculated for each radionuclide i in the repository and summed

because different radionuclides have different source terms escape fractions, migration

fractions, transport fractions, and health effect values. Also, some radionuclides decay to

other radionuclides and these must also be followed.

Combining Eqs. 2 and 3 vields the final simplified equation for calculating the risks

of a repository.

R = _ (Pi ._ _ [Si x Ei,j x Mi,j x Ti,j x H_jI), (4)
i j

where

i = release scenario i,

j = radionuclide j.

2.2.2 Application of Repository Risk Analysis Techniques

Comprehensive application of Eq. 4 (including time dependent changes in several

parameters) is called repository performance assessment or PRA. Such application requires

characterization of the behavior of many radionuclides in multiple scenarios along with the

il
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probability of each scenario. Acquisition of the data required to support this analysis is very

time consuming and complex. While development of performance assessment techniques and

data acquisition for the Yucca Mountain site are under way [RAMSPOTr 1992], results are

not yet available. Further, initial performance analyses are expected to be highly uncertain

because our understanding of the site will be unfolding over many years.

As a result, the remainder of this paper will focus on the qualitative analysis of Eq. 4,

first in general and then in the context of the impacts of actinide burning.

2.3 CLASSES OF REPOSITORY SCENARIOS

For the purposes of this paper, radionuclide release scenarios will be considered in

three classes--slow-leach-and-migration (SLAM), expulsive release, and human intrusion.

2.3.1 SLAM Scenario

The expected ultimate repository failure mode [NAS 1983; HILL 1,980] is leaching of

radionucfides from the waste form by groundwater in the repository followed by flow of the

groundwater with dissolved radionuclides in solution to the biosphere. The risk from this

SLAM scenario primarily depends on the inventory of radionuclides and the escape and

migration fractions (E and M) of each radionuclide from waste package to the environment.

If the time for escape and migration of a radionuclide to the biosphere is long compared with

the radionuclide half-life, the radionuclide will have decayed to a nonradioactive speci'_s and

the amount released will be inconsequential.

• Following is an outline of the general steps constituting the SLAM scenario.

• Groundwater must infiltrate the repository area and contact the waste

package.

• The water must penetrate the waste package and contact the waste form.

Virtually ali planned repositories will use a waste package designed to last

several hundred ycars or more. Any radionuclide with a half-life t_fdecades

(e.g., 9°Sr and 137Cs)or less will decay away before expected package failure.

• The groundwater must flow past the waste surface to provide the water to

dissolve the radionuclides and transport the radionuclides from the waste

package. Backfill materials are often placed around the waste to minimize

!



package. Backfill materials are often placed around the waste to minimize

flow of water. Furthermore, repository sites are chosen where low water flow

is expected.

• The groundwater must dissolve the radionuclides. Some elements such as

iodine are potentially highly soluble. Other elements have low solubility. For

elements with low solubility, large volumes of water (possibly over the long

term) are required to dissolve them. Many waste forms such as glass are

designed to incorporate the radionuclides in a low-solubility matrix material.

In such cases, the matrix material, such as SiO2, must dissolve before the

water can dissolve the radionuclides.

• The radionuclides must remain in solution as the water travels from waste to

open environment. As dissolved radionuclides travel from waste through

waste package materials and through the host rock, the chemical environment

changes. Many radionuclides are absorbed on waste package backfill materials

and on the host rock, retarding their migration and ultimate release to the

biosphere.

• The water must travel from waste package to the biosphere in a time that is

short, compared with radionuclide lifetimes. Repository locations are typically

chosen for long groundwater travel time to the environment.

The only important radionuclides in the SLAM scenario are those that have the

following characteristics--long half-life, relatively soluble in water, and low absorption on rock.

Chemical characteristics determine which radionuclides meet the last two conditions and, thus,

determine which longer-lived nuclides may leak out. In most studies, the key radionuclides

of concern are 14C,13SCs,237Np, 99Tc, and 129I.At very long times (> 107 years), uranium and

daughter products are the dominant radionuclides because most other radionuclides have

decayed to nonradioactive elements.

2.3.2 Expulsivc Release Scenario

In the cxpulsive release scenario, it is assumed that a major force impacts the

repository (volcano, etc.). The result of this force is that some fraction of the waste is



assumed to be physically moved to the surface in a f:)rm that is amenable to dispersion and

dissolution.

The basic effect of an expulsive release is to greatly increase the fraction of the

inventory that reaches the surface (E i times M i in Eq. 4) by bypassing the waste package

degradation, waste form dissolution, slow water movement, and radionuclide retardation

barriers to radionuclide release that are present in the SLAM scenario. As a result, the

potential consequences of this scenario are expected to be relatively large. However, the

probability is expected to be relatively small compared to other repository failure modes.

2.3.3 Human Intrusion Scenario

The essence cff the human intrusion scenario is that the repository is penetrated by

the actions of humans on the surface. This scenario might result from two causes. The first

cause being inadvertent intrusion. Here, it is assumed that institutional memory concerning

the repository is lost and humans drill through the repository searching tbr resources (e.g.,

water, petroleum, natural minerals). The second cause is deliberate intrusion, where the

intruder is assumed to be aware of the repository contents and is actually seeking them (e.g.,

noble metals, plutonium).

In either case, there can be two deletcrious effects on repository performance. The

first is to provide a potential "short circuit" pathway for water to enter or exit the repository

[CHANNELL 1991, EPA 1982b, EPA 1985a]. The second deleterious effect is that some

amount of waste material could be physically brought to the surface as drilling residuals,

similar to what occurs in the cxpulsive scenario.

2.4 STATUS OF REPOSITORY PERFORMANCE ASSESSMENT

2.4.1 Performance Assessment of the Yucca Mountain Site

Performance assessment studies are under way on the proposed repository site at

Yucca Mountain in Nevada. These studies are not complete, and insufficient information

currently exists to evaluate potential repository performance.

The site is different from any other site that has been considered worldwide, as it is

. a dry site with the water table below the repository disposal depth. This offers the potential
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advantage (assuming no change in water table levels) of very low water flow through the site,

yielding reduced radionuclide release to the environment by the expected dominant repository

release mechanism for most repositories--the SLAM scenario. Limited water flow through

the site in a vertical direction may occur through migration of water drops by gravity to the

water table. Preliminary analysis [APTED 1991, PIGFORD 1990b, RAMSPOTF 1992] of

water leach scenarios for Yucca Mountain have emphasized the significance of the same

radionuclides (99Tc, 13SCs,l_I, and 237Np) that are important in other repository sites, based

on limited information that these isotopes will be key isotopes of interest at Yucca Mountain.

The region around Yucca Mountain has several sets of relatively young, small, volcanic

cinder cones; thus, expuisivc repository failure modes may be a significant consideration in

the performance analysis. One study [LINK 1982] evaluated the consequence of specific

types of volcanic activity on a repository at Yucca Mountain with either spent fuel (SF) or

high-level waste (HLW). The HLW contained the radionuclides less most of the uranium and

plutonium. This study assumed th_.q the neptunium, americium, and curium remained with

the HLW. For airborne particulate releases, the HEs for HLW were about one-third of

those for SF for eruption at 100 years and about one-fourth for eruption at 10,0(_ years. For

nonairborne releases, the cumulative number of HEs for HLW is about one-fourth of that

for SF.

2.4.2 Generic SI,AM Scenario Assessment

There have been numerous studies of repositories and possible mechanisms for

repository failure [EPA 1985a, EPA 1982b, SAKERHET 19"78, NAS 1983]. These studies

have evaluated different geologies, different waste forms, and different repository designs.

The analytical studies have been supported by laboratory and field experiments in some cases.

While the quantitative numbers from these studies depend on repository geology and other

factors, most of the studies provide a relatively consistent qualitative perspective on possible

repository failure modes. However, it is noteworthy that these studies are heavily focused on

the SLAM scenario with minimal consideration of the low-probability, high-consequence

scenarios.

The Nuclear Regulatory Commission (NRC) [GOTCHY 1987, NRC 1986] estimated

the potential health risks in mortality to the total U.S. population from radioactive waste

|
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management using assumed generic facilities with representative geological characteristics to

" be 0.004 HEs per GW(e)-year of electricity produced from nuclear power. These health risk

estimates are for health impacts over a 1000-year time period, during which the engineered

barriers are major contributors to repository performance. Ali of the risks are small

compared with typical risks from the nuclear fuel cycle (about 1 HE/GW(c) per year, which

are, in turn, small compared with other generally accepted risks by society.

2.4.3 Generic Expulsive Release Scenario Assessment

Expulsive events as they relate to repository performance have not been extensively

studied. This is largely so because the probability of these events at most repository sites is

thought to be so small that the resultant risk is neg!igible.

The repository risk evaluation performed for the decade-old evaluation of partitioning-

transmutation [LOGAN 1980] included an analysis of expulsive scenarios, with both a volcano

and a meteorite. The results indicated that the risk from these events was estimated to be

< 1% of that from the SLAM scenario. The primary assumptions were that 7.5% of the

" material present at the time of the event was transported to the surfac,_, and the probability

of an expulsive release was once every 100 billion years.

The consequences (probability = 1.0) of the expulsive scenario for standard HLW was

a factor of 10 to 100 greater than those of the SLAM scenario. Removal of the minor

ac'.inides from the HLW reduced the consequences of the expulsive scenario by at least an

order of magnitude. The consequences from an expulsive scenario with SF compared to

HLW are an order of magnitude larger bccause of the plutonium inventory. Isotopes of

= plutonium and americium dominate the risk for events occurring from 1,000 to 10,000 years.

Beyond 10,000 years, radium and thorium decay products are dominant. These results are

consistent with the earlier conclusions of [CLAIBORNE 1974].

There has been some analysis of expulsive events such as Mount St. Helens volcanic

eruption through a waste repository [BROWN 1982]. Conclusicms from this work for

expulsive releases occurring merc than 1000 years after closure are as follows:

. (1.) The actinides are the dominant contributor to the risk with americium and

plutonium, dominating risks to l0 s years with actinide daughter products

. radium and thorium controlling risks between 105 and 10 6 years.

v
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(2.) For HLW (99.5% removal of uranium and plutonium), the hazard of the

natural radioactivity in the rock exceeds the hazard of the waste beyond 2000

years after reactor discharge.

(3) The doses from the no,actinides are less than those from the natural

radioactivity in the volcanic rock.

These results appear to be consistent with those in [LOGAN 1980].

Although mentioned in the EPA report [EPA 1985a], risk from a volcano is not

presented in the results. However, combining the fraction expelled and probability that are

given in the text with calculated results given in another EPA report [EPA 1982b] yields a

value of about 0.9 HE from volcanoes over 10,000 years for the generic tuff repository.

Isotopes of americium and plutonium dominate the calculated consequences from this

scenario.

While much additional risk assessment work is required to provide quantitative risk

numbers, the limited work tt_ date supports the conclusion that the actinides dominate risks

for expulsive failure scenarios for a repository at Yucca Mountain. The actual risk of such

events is thought to be low due to the expected low probability of expulsive volcanic activity,

but there are large uncertainties in estimates of the probabirities of volcanic events.

2.4.4 Genetic Human Intrusion Scenario

Significant efforts to analyze human intrusion scenarios are under way domestically

and internationally [NEA, 1989], but only limited results from several early studies are

available [EPA 1982b, EPA 1985a]. As in the cxpulsive release scenario, human intrusion

has the net effect of potentially increasing the fraction of the inventory transported to the

biosphere and the rate at which it is transported. Addressing this scenario is difficult because

of the need to predict the likelihood of human actions in the distant future, as well as

predicting the consequences of their actions.

Inadvertent intrusion involves drilling a well into or through the repository,

presumably in search of natural resources. There are three mechanisms by which inadvertent

intrusion can increase repository risk [EPA 1985a]--intersecting a waste canister and bringing

radioactive material to the surface, bringing groundwater containing dissolved radionuclides

to the surface, and providing a "short circuit" for groundwater to infiltrate the repository and

then to flow to the environment.
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The first mechanism is expected to dominate this scenario for an unsaturated

" repository horizon. The risk from this mechanism was estimated to be 0.44 HE over 10,000

years [EPA 1985a], and this results from isotopes of plutonium and americium. The second

mechanism is expected to be negligible for an unsaturated repository because very little

contaminated water could exist to be removed to the surface. The third mechanism has been

found to be negligible in ali cases simply because it does not represent enough of a pathway

to make a significant contribution.

The SLAM scenario was found to be negligible, as compared with the inadvertent

human intrusion scenario for a generic tuff repository. Inadvertent human intrusion was

found to be about one-sixth the risk from faulting, which was the scenario with the highest

calculated risk. Soluble radionuclides dominate the faulting scenario.

Deliberate intrusion could have more severe repercussions than inadvertent intrusion.

Deliberately seeking out the SF for its constituents would bring much larger amounts of

debris to the surface and would probably involve many penetrations that may provide a

significant shortening of the water migration pathway (possibly even a circulating loop).

" Estimates of the risk from deliberate intrusion are not available.

2.5 ISSUES IN REPOSITORY PERFORMANCE ASSESSMENT

2.5.1 SI,AM Scenario

The baseline SLAM scenario will constitute the expected behavior of the repository.

This is because the repository is known (or must be assumed) to be infiltrated by water, the

waste packages are degraded at some rate, and a small fraction of the radionuclides are

transported to the biosphere. This class of scenarios is emphasized in most repository

performance assessments, often to the exclusion of other scenario classes.

The general issue in the SLAM scenario is the probability of other factors that would

significantly increase the consequences of this baseline SLAM scenario. The following

sections identify the primary factors beneficially and adversely affecting the repository-related

parameters in Eq. 4. The existence of the adverse factors would tend to favor the processing

of SF with removal of radionuclides such as the actinides 99Tc, and 129I from the fuel and/or

use of better waste forms.

_m _ II I II IIIII
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2.5.1.1 Escape of Radionuclides from Waste Package

Escape (E) of radionuclides from the waste package is expected to be slow because

there is relatively little groundwater to penetrate the package and transport radionuclides in

an unsaturated rock. However, there are other factors that _'ould adversely impact these

beneficial conditions. These factors include:

(1.) The potential for climate change, resulting in greatly increased water

infiltration rates. An example of the impacts of increased water flow is given

in Fig. 2 [EPA i985a].

Some radionuclides (such as 14C) are believed to be present in significant

quantities on the surface of the nuclear fuel and will be released relatb,ely

quickly upon contact with water.

(2.) The presence of oxidizing conditions that are detrimental to the integrity of

spent oxide nuclear fuels relative to other waste forms.

(3.) Difficulties in predicting the behavior of engineered barriers (e.g., metal

alloys) for thousands of years.

2.5.1.2 Migration of Radionuclides to the Biosphere

Migration (M) of radionuclides from the waste package to the biosphere is expected

to be slow because of low water velocity, low water volume, and the retardation of many

radionuclides by sorption on the host rock. Factors that would negatively impact migration

include:

(1.) the potential for climate change resulting in greatly increased water velocity

and volume (Fig. 2);

(2.) the potential for "short circuit" water migration pathways resulting from

fractures;

(3.) oxidizing conditions that result in a few radionuclides being in chemical forms

thought not to be retarded relative to the groundwater movement [AHN

1992]; and

(4.) the potential presence of physicochemical phenomena (e.g., colloids,

complexants) that negate the beneficial effects of retardation for most

radionuclides.
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Colloids can suspend microscopic particles that would otherwise be insoluble and allew

them to be transported by moving water [NUTTALL 1991]. The actinides have a significant

affinity for forming colloids. The enhanced transportability of the particles may be offset by

the size of the colloid, which could be too large to move through the fractures and pores of

the host rock.

The solubility of many radionuclides, including the actinides, can be greatly increased

by complexing with other chemical species. Both organic and inorganic complexes can be

formed and result in a true solution that may migrate much more readily than the

radionuclide alone.

2.5.2 Expulsive Scenario

Although there are many issues associated with expulsive scenarios, two are expected

to be dominant. The first is the probability of the scenario occurring. In LOGAN (1980),

an expulsive event was assumed to occur about every 100 billion years in the reference salt

repository. A value of one event every 33 million years was used in EPA 1985a. To the

extent that this probability is increased or decreased, the risk from expulsive events will

change in proportion.

The second major issue is the fraction of the waste expelled to the surface. The

previous study [LOGAN 1980] assumed 7.5% of the waste material present at the time of the

event was instantly transported to the biosphere. The EPA [EPA 1985a] used a value of

0.04%. The consequences and risk of the expulsive scenario are directly proportional to this

value which is highly sensitive to the type of volcanic activity.

i 2.5.3 Human Intrusion Scenario

The major issue concerning human intrusion is determining the probability that a

_ particular scenario (i.e., how many penetrations, deliberate or inadvertent, how much material

i is brought to the surface) occurs. This determination is not amenable to analysis using
physical laws but must rely on assumptions and beliefs concerning the motives of potential

intruders and the efficacy of institutional controls.
B
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2.5.4 Uncertainties

" Uncertainties in the prediction of repository performance are a direct result of the

very long time frames of repository operation and the inherent inability to completely
i,,

characterize the site geology without compromising its function. As a recent National

Academy of Science [NAS 1990a] report stated about predicting repository performance, the

geologic hazards "will remain uncertain no matter how much additional information is

gathered."

The essence of uncertainty is that no matter how much information acquisition and

analysis is undertaken, it will always be necessary to allow for the fact that the results could

seriously be in error because of the occurrence of the unexpected (e.g., a low-probability

event actually occurs) or the unknown (e.g., an unknown chemical reaction results in greatly

increased risks).

Uncertainty can be incorporated into a performance assessment by assuming that the

input parameters are represented by distribution functions rather than single values. For

example, the expected retardation factor for plutonium may be 1000, but the calculation

- would use values ranging from 100 to 10,000, with the extremes of the range having a much

lower probability than the expected value. Thus, probabilities are associated with the overall
d

scenario, as well as with each parameter characterizing the scenario.

: The central issue is whether the uncertainty is too great, and, if so, how can it be

reduced to acceptable levels? Stated another way, the issue is whether having a small but

significant probability of extremely large impacts from the repository is acceptable. Societies

have shown strong preferences for avoiding high-consequence failures in any kind of

enterprise [HONENEMSER 1990]. Regulatory authorities [EPA 1985c] have also reflected

this preference of society, as evident in the environmental standards for waste disposal, which

_" require decreasing probabilities of occurrence for failure modes with higher consequences.

In previous sections, some of the adverse factors that could potentially cause significant
_

uncertainty are discussed. In most cases, the uncertainty would result from the adverse

factors allowing the most toxic components of the waste--the actinides--to be released in much

larger amounts than expected. Thus, in the present context, the issue becomes whether it is

desirable or necessary to remove the actinides to cap the uncertainty in repository risk at a
I

. more acceptable level.

I
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2.6 CONCLUSIONS

(1.) The preferred measure of repository performance is risk as determined by a

comprehensive PRA on a specific repository site. The analysis should account for:

The SLAM scenario, including potential adverse factors (e.g., climatic change,

colloids, complexing agents);

- low-probability, high-consequence expulsive events (e.g., volcanoes); and

- human intrusion, both inadvertent and deliberate.

(2.) Existing performance analyses indicate that the risk from a repository is very small,

but such analyses are not available for the Yucca Mountain candidate repository site.

- The risk from the nuclear fuel cycle is small compared with other generally

accepted risks by society, and the risk from the repository is expected to be

less than 1% of the fuel cycle risk over 1000 years. Longer term risks are,

expected to be equivalent or less than the uranium ore deposits mined for the

original fuel.

- Pertbrmance assessment studies for generic ard site-specific r,.positories have

been performed in the past, but none encompass the specific parameters of

the Yucca Mountain site.

- Performance analysis of the Yucca Mountain candidate repository site is

under way. Some scenarios have been analyzed based on existing limited data

[RAMSPOTT 1992]. Final results are years away because of the need for

much more site-specific data.

(3.) The following factors were identified as having the potential to adversely affect the

long-term performance of the Yucca Mountain site:

potential adverse hydrologic conditions such as substantially increased water

infiltration rates at:-d "short circuit" water migration pathways (na_turaily

occurring or result ng from intrusion),

detrimental effects of oxidizing conditions on the integrity of spent nuclear

fuel,

- presence of 14C on the surface of spent nuclear fuel assemblies and the high

solubility and low retardation of other radionuclides under oxidizing

conditions,
P
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- reduced actinide retardation resulting from the effects of colloids and

" complexes,

difficulty in predicting the behavior of engineered materials for long time

periods,

expulsive release scenarios which might be a significant contributor to the

total risk because of the volcanic origins of the site, and

- potential human intrusion into the repository for recovery of plutonium in the

SF.

(4.) Uncertainty in long-term repository performance is inescapable, and the upper range

of reasonable uncertainty may be the point at which acceptability is determined.

i
| E

i'



3. SURROGATE MEASURES OF REPOSITORY RISK

For studies on advanced waste management options such as actinide burning, there

is a need to measure the risk-related benefits for any repository. Because a PRA-based

analysis is very complex and demands extensive site-specific data, surrogate measures of risk

are typically used. Many such mcasurcs have been proposed [POSTON 1978, VOSS 1979,

SMITH 1980]. Ideally, such surrogate measures of risk should be broadly applicable to ali

repositories and based on current knowledge. Preferred surrogate measures of risk are

discussed herein.

3.1 ALTERNATIVE SCALES

Four different scales have bcen used historically as surrogate measurcs of repository

risk for different radionuclides in SF/HLW. As surrogate measures of risk, each scale

excludes those components of risk that are specific to a particular rcpository site. As such,

they provide a generic approach to evaluate risk-related impacts of actinide burning to

" repositories independent of specific sites. The site-specific factors that are ignored include

(1) the probability of repository failure by each failure mode (P) and (2) the escape and

migration fractions (E and M) for each radionuclide from the repository to the environment.

These site-specific factors are often of critical importance. Most of these surrogate measures

of risk are more or less proportional to thc consequenccs of direct release of radioactive

materials to the biosphere by different pathways (i.e., toxicity). The scales are:

(1.) radioactivity (curies),

(2.) quantity of water necessary to dilute radionuclides down to the concentration of

the radionuclides allowed in water to bc discharged to the environment (cubic

meters of watcr),

(3.) quantity of air necessary to dilute radionuclides down to thc concentration of the

radionuclides allowed in air to be discharged to the environment (cubic meters

of air), and

(4.) allowable rclcasc of radionuclidcs from a waste repository as a multiple of the
tl,

EPA limits for radionuclide releases (dimensionless).
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The four graphs in Fig. 3 show the hazards of spent fuel (SF) versus time as measured

with the four scales described previously. The data were calculated using the ORIGEN2 code .

[CROFF 1980]. In each graph, the hazard of the SF is broken into three fractions--fission

products, actinides, and activation products. The actinides include U, Np, Pu, Am, Cm, and

daughter products. The activation products are radioactive wastes generated I_5,activation of

nonradioactive materials in the nuclear reactor. Because the analysis addresses repository

issues, SF hazards are not shown until several decades after reactor discharge. At shorter

times, fission products, many with short half-lives, are the dominant hazard, as measured by

most scales. Appendix A provides additional detail.

3.1.1 Radioactivity

The simplest measure of the relative hazards of radionuclides is the curies of each

radionuclide. This is a direct measure of instantaneous Source (S) term in the risk equation

for repositories. This unit of measure is easy to understand, involves few assumptionr,, and

is directly related to other properties of radioactive materials such as heat generation. In the

first 100+ years, the dominant hazards measured in curies are from the fission products 9°Sr

and 137Cs. Thereafter, the actinides are the dominant hazard. Americium-241 is the dominant

hazard to 1000+ years with the longer-term hazard controlled by 239pu and :'4°Pu.

3.1.2 Maximum Allowable Radionuclide Concentrations in Water

ttistorically, the most commonly used measure of relative hazards of radionuclides is the

quantity of water needed to dilute each radionuclide to the maximum allowable

concentrations in water released to the environment [NRC 1975]. This is a health-based

approach in which the quantity of radionuclides allowed in the water depends on the

biological effects from direct ingestion of a soluble species. With SF 9°Sr and 137Cs are the

dominant hazards for the decades with 24_Amthe dominant hazard from a few hundred years

to 1000+ years. Beyond this timcframe, _9pu and 24°Pu are the dominant hazards.

As a surrogate measure of repository risk, this scale accounts for the repository source

term (S), health effects to man (H) assuming that radionuclides reach man in drinking water,
o

and one mode of transport (T) of radionuclides in the environment, lt does not account for

repository-specific performance factors (P, E, M). Most performance assessments of

-NI
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repository risk [NAS 1983] from the SLAM scenario differ significantly from this surrogate

measure of risk in that such repository assessments do not show 241Am and 239pu as •

radionuclides of concern. Such detailed models of repository performance show decay of

these radionuclides before reaching the biosphere because of adsorption on rock from

groundwater. This measure is better for radionuclides with very long half-lives and chemistry,

such as 237Np, that result in a lower retardation on rock surfaces.

3.1.3 Maximum Allowable Radionuclide Concentrations in Air

An alternative measure of relative hazards of radionuclides is the quantity of air needed

to dilute each radionuclide to the maximum allowable concentrations accepted in breathable

air [NRC 1975]. This approach is equivalent to the previously mentioned water standards,

except that the radioactivity enters the body via the lungs rather than the stomach. With this

measure, the actinides are the dominant hazards at ali times of interest. For most of the first

1000 years, 24_Amis the dominant risk; at longer time frames, 239pu iS the primary isotope of

concern.

As a surrogate measure of repository risk, this scale accounts for the repository source ,

term (S) and health effects to man (H) assuming that radionuclides enter the environment

in the air. lt does not account for repository specific performance factors (P, E, M). This

surrogate measure of risk identifies the same radionuclides of concern as specific detailed

repository models of "unexpected" repository failure modes (volcano, drilling) because

"unexpected" repository failure modes transport particles of waste to the surface where

resuspension in the air can be an important pathway.

3.1.4 EPA Repository Standards

The fourth and newest surrogate measure of risk is based on the EPA limits on

allowable releases from a repository [EPA 1985c]. Surrogate risk is measured as a multiple

of allowable EPA releases from a repository over a period of 10,000 years. EPA's approach

[EPA 1985a, EPA 1985b] to creating this standard was first to define acceptable risks from

the repository. With the defined levels of safety, allowable releases of radionuclides were

calculated for three major pathways: (1) air (volcanic activity), (2) land surface (drilling fines

" brought to earth's surface), and (3) groundwater. For each major pathway, there are many

1
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specific pathways of which EPA studied 30. For example, the groundwater pathways from

• repository to man included uptake of radioactivity by man via (1) drinking water; (2) eating

fish; (3) eating three types of foods grown by irrigation: surface crops, milk, and beef; (4)

breathing air contaminated by resuspension after irrigation; and (5) standing on ground

contaminated by irrigation.

For each of the above pathways, EPA calculated how much of each radionuclide would

have to be released to the accessible environment (air, ground, or water) to cause the

equivalent of 1000 prematu),: deaths over 10,000 years. Using the most restrictive cases, this

modeling approach determined the numerical release limits for each radionuclide from thc

repository. Release of multiple radionuclides is taken into account through the sum of the

fractions rule in which

Ql + Q2 + Q3 +... <1,
Al A2 A3

where

Qi = cumulative predicted releases to the accessible environrnent of radionuclide j,

• Ai = allowable releases to the accessible environment of radionuclide j.

This methodology parallels how risk is determined for a repository except that ali site-specific

- information (P, E, M) is excluded. Table 1 shows the allowable releases. Figures 4 and 5

[CROFF 1990] show the results of using this measure on spent PWR fuel and wastes from

the reprocessing of this fuel with rcmoval of most of the actinides (see Chapter 4).

Based on this measure, the risk-dominant near-term hazards are z37Cs, 9°Sr, and 241Am.

Between 100 and 1000 years, 24_Amcontrols the hazard. For longer time periods, 239puand

24°pu are the dominant hazards.

' 3.2 COMPARISON OF SCALES

lt is important to understand the dit'l'crent assumptions and beliefs that undcrlic these

scales [NAS 1990b] and potential implications for actinide burning. Each of these scales was

constructed for a particular set of conditions: water standards where water contamination is

a concern, air standards where air contaminaticm is a concern, and repository standards where

" waste management failures are a concern.
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Table 1. Cumula_.iveallowable EPA release limits from a HLW/SF
repository for 10,000 years after disposala

I

Allowable releases per
1000 MTIHM in SF

or HLW equivalent t'
Radionuclides (Ci)

Americium-241 or-243 100
Carbon-14 100
Cesium-135 or -137 1,000

Iodine-129 100
Neptunium-237 100
Plutonium-238, -239, -240, or -242 100

Radium-226 100
Strontium-90 1,000
Technetium-99 10,000

lm

Thorium-230 or -232 10 .
Tin-126 1,000
Uranium-233, -234, -235, -236, or -238 100

Any other alpha-emitting radionuclide with 100
half-life greater than 20 years

Any other radionuclide with a half-life 1,000
greater than 20 years that does not
emit alpha particles.

a Ref. [1985c].
b For mixture of radionuclides, "sum of the fractions rule" is used with the above numerical

limits. With this rule, it is necessary to determine the sum of fractions by dividing the
quantity of each radionuclide released to the accessible environment over the first 10,000
years per 1000 MTIHM by the appropriate limit and adding the resulting values. Example:
assume total calculated releases are 500 curies of 9°Srand 40 curies of 241Amover a period
of 10,000 years per 1000 MTIHM. For the 9°Sr fraction, 500/1000 = 0.5; tbr the 241Am •
fractions, 40/100 = 0.4; thus, the sum of the fractions is 0.9. Because the sum is less than
1.0, the repository meets EPA allowable release criteria. q
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There is a time dimension to radioactive waste management. Radioactivity is an

_' instantaneous measure of hazard. The scales, based on air and water, integrate risk or hazard

from a particular radionuclide pathway to man cwer the lifetime of an individual. Both scales

have built into them the idea that a person can ingest water and breath air over a lifetime

without significant health risk if radionuclide concentrations in air and water are below these

standards. Although the repository standard is more complex, it is a multigenerational

standard, considering HEs over a period of 10,000 years and multiple generations.

There is a population (community) dimension to waste management. Air and water

standards are designed to protect individuals and limit their lifetime risk, below some defined

level. They were not designed to consider low-radiation exposures to large numbers of

individuals. The EPA standard is a communit_ (population) standard, having been writtcn

to limit total health impact to the community over time. Its derivation considered the possible

impact of relatively small radiation doses to vcry large numbers of people, lt is this

consideration that leads to the regulatory format of limits on cumulative releases over 10,000

years rather than yearly release limits.

b Last, repositories have multiple failure modes. The first three scales have limited

applicability in defining repc_sitory risk because each focuscs c_nmeasuring hazard in a single

dimension. The EPA standard is stronger because it addresscs multiple possible modes of

repository failure and release of radionuclides to the environment. At the same time, it has

a limitation, lt is a regulatory standard to define maximum allowable releases to the

environment for _ repository. The development of the standard made no assumption about

which repository failure modes dominate. The radionuclides of concern are identical for many

repository failure modes, which makes the standard stronger; however, the standard may

underestimate the real risks from those radionuclides that would bc released if the repository

operated exactly as cxpected (129I, 99Tc, 237Np).

3.3 ANALYSIS

For waste management purposes, including actinide burning, the EPA standard for waste

management is the prcferrcd surrogate measure of risk because:

(1.) lt is the only surrogate measure designed for waste managcment, and its

. derivation explicitly accounts for the specific unique issues in waste management"
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very long time frames (10,000 years and beyond),

community (versus individual) radiation exposures, and _,

multiple (versus single) repository failuremodes.

(2.) It is the legal stan.'dardof acceptable repository risk. If the hazard of the waste

is reduced, the legal requirements for the performance of the repository are

reduced and repository licensing is simplified, it will be easier to demonstrate

regulatory compliance.

This surrogate measure of risk is not preferred in relation to a comprehensive risk

assessment, which is the ultimate measure of repository performance.
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4. POTENTIAL IMPACTS OF" AC HNIDE BURNING ON REPOSITORY RISK

This section will evaluate the potential impacts that actinide burning (i.e., removal of
,i

actinides from repository wastes) will have on post-closure repository risk. Additionally, other

long-term repository-related benefits will be considered in this section. These impacts will be

considered in the context of the issues identified in Sect. 2.6, Item 3.

For the purposes of this analysis, it will be assumed that 0.1% of the actinides originally

in the SF report to the repository as waste. At this point, the toxicity of the nonactinide

components of SF are more significant than the actinides (see Sect. 3).

4.1 ACq]NIDE BURNING MAY REDUCE UNCERTAINTY IN LONG-TERM RISK

Actinide burning removes and destroys selected long-lived radionuclides decreasing

repository risk by reduction of the source term (S). When technically and economically

feasible, reduction of source term is the preferred waste management optic_n over other

disposal options because it eliminates long-term risks. What does not exist cannot create risk

or uncertainty. This has been the basis of general EPA policies [RITI'MEYER 1991]. This

reduction is independent of repository characteristics (P,E,M).
q

The degree to which uncertainty is reduced depends on the importance of the actinides

as a determinant of uncertainty. If it is assumed that the upper boundary of uncertainty is

defined by the maximum potential consequences that might result from a repository release,

then actinide burning can reduce this uncertainty by about a factor of 1000 (Fig. 4). This

occurs because the actinides are the most toxic long-lived component of the SF and, thus,

define the maximum consequences of a release. Reduction c)f uncertainty is proportional to

reduction in actinide inventory up to the point where the nonactinides dominate, which is

approximately a factor of 1000 for times after disposal between 10 3 and l0 s years.

Despite the reduction in uncertainty, actinide removal per se is not expected to
i

significantly decrease the SLAM scenario risk when currently expected reference conditions

are employed. The small volumes of water and low actinide solubility would effectively

contain the actinides within the repository under these conditions. Risk under expected

conditions may be reduced by either removing and transmuting radionuclides, such as 99Tc and

129I, or by placing them in a special leach-resistant matrix.

31
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4.2 ACHNIDE BURNING MAY PRODUCE IMPROVED WASTE FORMS THAT

HAVE LOWER RELEASE RATES ,,

The current waste form for the U.S. repository is SF. Actinide burning implies

reprocessing and the option of choosing the waste form to optimize waste performance

[PIGFORD 1990a, PIGFORD 1990b, MEANS 1987]. This can reduce the escape fraction

(E) of radionuclides for many repository failure modes by orders of magnitude. This

improvement in repository performance reduces the risk of release for all radionuclides in the

repository, not just actinides. Improved waste forms reduce escape fractions by several

mechanisms:

(1.) For most _:epositories, the water leach failure mode (SLAM) is the dominant

contributor to risk. A key step in the SLAM scenario is dissolution of the waste.

With le_;ssoluble waste forms, the waste dissolution rate is much lower.

(2.) Waste forms can be chosen to avoid creation of small particles, which reduces

pote_atial releases of radioactivity by transport of colloids.

(3.) For expulsive events, high-integrity waste forms imply fewer fine particles with

less transport in the environment.

Better waste forms is a potential advantage of actinide burning; but, it is also possible
P

to gain the:,e advantages by other waste processing technologies. There are multiple

mechanisrr._s by which improved waste-tbrm performance is obtained.

(1.) The geometric form of HLW is superior to that of SF. Nuclear fuel has a high

surface-to-volume ratio to maximize heat transfer in the reactor from nuclear

fuel to reactor coolant. Furthermore, some fission products will have escaped

the fuel matrix and concentrated in the gap between fuel pellets and clad

[PIGFORD 1990a]. The high surface-to-volume ratio SF maximizes mass

transfer of radionuclides to the groundwater and, hence, to the environment.

In comparison, HLW has a low surface-to-volume ratio.

(2.) HLW (borosilicate glass or an equivalent from pyrochemical processing) is

chemically more compatible in chemically oxidizing environments, such as exist

at the proposed Yucca Mountain repository, than is SF and has a lower

dissolution rate than SF in water. With any waste form, radionuclides are

embedded in a matrix material. If the matrix material is slow to dissolve or
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disintegrate (congruent dissolution), release of radionuclides will be slow. In an

" oxidizing environment, the UO 2 in light-water reactor SF converts to W30 s

[APTED 1990, EINZIGER 1991, RAaMSPOTT 1992, LUTZE 1988], which is

a lower-density form of uranium. This slow chemical conversion disintegrates

the UOp_(which encapsulates most of the fission products and actinides) into a

fine powder, which allows easier release of various radionuclides to air or water

[WILSON 1989, WILSON 1990]. HLW, in comparison, provides a relatively

high integrity waste form [STRACHAN 1990]. Ali of the currently proposed

HLW forms contain silica. Almost ali types of groundwater are saturated in

silica. Experiments in water leaching of various waste forms show the

radionuclide leach rate dropping rapidly with time because of the formation of

a radionuclide-depicted silica layer around each HLW picce or particle [NAS

1983]. This acts as a barrier against further radionuclide release. (Note: in

repositories with chemically reducing environments, SF is stable against chemical

attack.)

• (3.) HLW is a more concentrated waste form with the waste per unit of electricity

produced in fewer packages. For very low solubility radionuclides, the release

rate of radionuclides from the waste is proportional to water flow by the waste

[HIRSCHFELDER, 1991]. The higher the concentrations of radionucl)ides in

the waste, the more water (and more time) before any fixed fraction of the

radionuclides arc released from the waste.

4.3 ACTINIDE BURNING MAY ALLOW FOR IMPROVED MANAGEMENT OF
TROUBLESOME NONACq3NIDES

The reprocessing of SF ttlat is an inherent part of actinide burning allows for improved

management of troublesome nonactinides (i.e., soluble, nonabsorbed, or both) in two ways.

First, for certain troublesome radionuclides (_4C, 9°Tc, 13SCs, and _--'9I),specific chemical

compounds can bc used as waste forms with very low water solubility [NAS 1983]. The

improvements possible in waste performance arc a function of the chemistry of thc

" radionuclide. For some radionuclides, such as !_I, waste performance (leach rate) can be

i
!

1
=1

J
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improved by as much as five orders of magnitude [PIGFORD 1990b]. For other

radionuclides, the gains are less [PIGFORD 1990a, NAS 1983] but still significant (Table 2).

Second, some of the troublesome non-actinides are made available through reprocessing

for transmutation. In particular, 99Tc and _zgIcan be separated from the waste streams and _'

transmuted to essentially non-toxic species. These nuclides typically dominate the risks from

the SLAM scenario [PIGFORD 1990b, LOGAN 1980, APTED 1990, NAS 1983], and their

destruction may significantly reduce repository risk (by eliminating the dominant expected

contributors) and uncertainty (by eliminating significant components of the inventory).

4.4 ACTINIDE BURNING MAY GREATLY REDUCE THE POTENTIAL
ADVERSE IMPACTS OF COLLOIDS AND COMPLEXES

By definition, actinide burning results in essentially no actinides reporting to the

repository. As a result, the colloids and complexes that might form with the actinides and

transport them to the biosphere more rapidly simply cannot exist. This is another

manifestation of the approach stated in Sect. 4.1: What does not exist cannot create risk or

uncertainty.

4.5 ACTINIDE BURNING MAY REDUCE THE RISK FROM POTENTIAL _,
ADVERSE HYDROLOGIC CONDITIONS

Two different types of adverse hydrologic conditions might occur at a potential

repository site such as Yucca Mountain. The first is substantially increased water infiltration

rates. Such an increase could be produced by changes in surface activities, changes in

subsurface water flow patterns, or increased prccipitation resulting from climatic changes. In

this case, the increased volume of water allows more actinides (which are solubility limited)

to be dissolved and transported to the biosphere.

The second kind of adverse hydrologic condition is one in which the subsurface water

flow rate is significantly increased. This might occur because of greater-than-expected

amounts of water flow through fractures (as opposed to the rock matrix) or hydrologic "short

circuits" caused by human intrusion or seismic activity. A decrease in the time it takes

radionuclide-bearing water to reach the biosphere mcans that nuclides that would have bccn
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Table 2. Potential improvements in waste isolation
by use of high-performance, special waste forms compared

" to typical HLW glass waste form.

Isotope Improvement Waste form
factor

14C 500 CaCO3

1291 8 x 10s AgI

13SCs 104 SYNROC

1. Ref. [NAS 1983], p. 269.
2. Improvements compared to HLW with congruent dissolution in repository. For _4C and

129I,assume special waste form with only named radionuclide in high concentration. For
135Cs,assume cesium with other radionuclides. Improvements would be greater compared
to SF.
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expected to be retarded to the point that they would decay during migration now reach the

biosphere, impacting humans.

Actinide burning may reduce the risk from this effect by (a) eliminating many of the

nuclides from the repository inventory so that they cannot impact humans, and (b) producing

superior waste forms that limit the solubilization of radionuclides.

4.6 AC1]]qIDE BURNING MAY REDUCE THE RISK FROM THE EXPUL_IVE
RELEASE SCENARIO

According to available information, the actinides dominate the consequences of the

expulsive release scenario by about a factor of 100. Removal of the actinides during

reprocessing will reduce the consequences from this scenario by the same factor.

The extent to which this reduces the overall risk depends heavily on the probability of

the expulsive event. The value used by LOGAN [1980], which was an expected expulsive

event every 100 billion years, should be considered to be a minimum because the bedded salt

assumed in that study is found in regions of low tectonic activity. The probability of such an

event at the Yucca Mountain site will almost certainly be much greater than this becausc of

the volcanic origins of the site and higher regional seismicity.

4.7 A_E BURNING MAY REDUCE THE RISKS FROM HUMAN
INTRUSION

The risks from human intrusion are rcduced because:

(1.) the actinides that dominate the consequences from material brought to the

surface are reduced by a factor of 1000,

(2.) the improved waste form leachability reduces the adverse effects of a

hydrologic "short circuit" that may be caused by drilling.

(3.) the waste in the repository has essentially no fissile material, and other

valuable metals can also be removed during reprocessing. This effectively

eliminates the motive for a deliberate intruder to penetrate the repository to

mine valuable constituents of the SF.

d,

|
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4.8 ACF[NIDE BURNING MAY DECREASE RELIANCE ON LONG-TERM
, PREDICTION OF ENGINEERED BARRIER PERFORMANCE

Actinide burning removes a majorportion, if not essentially all, of the significant long-

' lived constituents of SF for alternative disposition. As a result, the HLW is relatively short-

lived and decays to inconsequential levels much more quickly. In particular, the HLW is just

20 to 40 times the EPA release limits at a decay time of 1000 years, based on inventory

considerations alone. The SF is nearly 1000 times this value. As a result of the lower

inventories of hazardous materials, the perfbrmance level that might be required of the

engineered barrier system beyond 1000 years is substantially reduced. This may justify

reevaluation of NRC waste package requirements based on the reduced toxicity of the waste.

4.9 ACTINIDE BURNING MAY FACR,ITATE SHOWING COMPLIANCE wrHt
REGULATIONS

The potential reductions in risk and uncertainty listed previously should make providing

reasonable assurance of compliance with applicable regulations, especially the EPA standard,

much easier. The most graphic example of this is Fig. 4, in which it is shown that

radionuclide inventory reduction alone will result in about a thousand-fold reduction in the

. extent to which the repository inventory exceeds the release limits. Other benefits of actinide

burning (e.g., the improved waste form, potential elimination of soluble radionuclides that

dominate the SLAM scenario) are expected to be equally important but cannot be easily

quantified.

I
!
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5. CONCLUSIONS

(I.)The most widelyacceptedmeasureof repositoryperformanceisrisk(probabilitytimes
J

consequences)asdeterminedby a comprehensivePRA.

1.1 The PRA should account for:

the SLAM scenario, including potential adverse factors such as climatic

change, colloids, and complexing agents;

- low-probability, high-consequence expulsive events such as volcanoes; and

- deliberate and inadvertent human intrusion.

1.2 A comprehensive PRA requires an extensive data base and is both complex and

time-consuming.

(2.) Existing performance analyses indicate that the risk from the repository is small

compared with other generally accepted risks by society and the rest of the nuclear fucl

cycle, but such analyses are not available for the Yucca Mountain candidate repository

site.

- (3.) Actinide removal per se is not expected to significantly reduce the risk from the SLAM

scenario under currently expected reference conditions.
#,

(4.) Easily calculable surrogate measures of risk are available, but ali of them have significant

limitations, as compared with a comprehensive PRA.

4.1 Short of a comprehensive PRA, a surrogate measure that expresses risk in terms

of multiples of the cumulative repository release limits given in the EPA

standard 40 CFR 191 is preferred over other surrogate measures.

(5.) Actinide burning (i.e., removal of actinides from repository wastes) may provide a

number of long-term risk-related benefits to the repository:

5.1 Removal of the actinides may reduce the uncertainty in long-term risk by

reducing the maximum consequences from a variety of release scenarios

(expulsive events, human intrusion) by about a factor of 1PM) from 103 to 105

years after disposal.

5.2 Actinide burning may eliminate the potential adverse effects of actinide transport

by colloids or complexes because the actinides are not in the repository.
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5.3 Actinide burning reduces risk from the expulsive release scenario by about a

factor of 100 based on results from existing studies (not specific to the Yucca

Mountain site).

5.4 Actinide burning may reduce the risks from human intrusion by (a) reducing the

consequences from waste material brought to the surface by a factor of 1000,

and (b) reducing the probability of deliberate intrusion by eliminating the

plutonium that may provide the impetus for doing so.

5.5 Actinide burning may reduce the risk from potential adverse hydrologic factors

by eliminating many nuclides from the repository inventory so that they cannot

be transported to the biosphere.

5.6 Actinide burning may decrease reliance on long-term predictions of engineered

barrier performance by greatly reducing the effective life of the waste and

providing a basis for reducing the required containment time from 1000 to 300

years.

(6.) Actinide burning requires processing of SF. The processing of spent fuel may pi'ovide

a number of other long-term risk-related benefits to the repository compared to direct

SF disposal.

6.1 Actinide burning allows selection of a waste form (borosilicate glass or

equivalent) that may not degrade under oxidizing repository conditions such as

expected at the candidate Yucca Mountain site. With these conditions, glass has

a much lower release rate for ali radionuclides contained in it compared with SF.

This reduces risk from the SLAM scenario and other scenarios for ali

radionuclides.

6.2 Actinide burning may allow for improved management of troublesome

nonactinides (e.g., 14C,99Tc, and 129I)by either incorporating them into irnprcwed

waste forms or making them available lhr transmutation.

(7.) Actinide burning may facilitate licensing by reducillg risk and uncertainty, which should

make demonstrating compliance with applicable regulations easier.

,q

,
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- APPENDIX A: NUMERICAL SURROGATE MEASURES OF RISK

" Chapter 3 discussed surrogate measures of risk. This appendix provides the numerical

values generated in calculating these measures of risk. These tables list all radionuclides

which create 1% or more of the risk using any of the four surrogate measures of repository

risk.
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Table A.1 Radioactivity (curies) of one metric ton of pressurized
water reactor spent fuel versus time

,,m

Time (years)

.0e+._ 1.0e+4 1.0e+5 1.0c+6Isotopes 1.0e+l 1.0e+2 1 _ "

Activation Products
H-3 1,5e-02 0.96 1.1e-22 0 0 0
CL-14 1.5 1.4 1,3 0.44 8.1e-06 0
CL-36 0.011 0.011 0.011 0.011 0.0091 0,0011
FE-55 3.7e+02 1.4e-08 0 0 0 0
CO-60 3.1e+03 0.023 0 0 0 0
NI-59 3.9 3.9 3.9 3.6 1.6 0.00067
NI-63 6.1e+02 3.1e+02 0.35 1.2e-30 0 0
ZR-93 0.26 0.26 0.26 0.26 0.25 0.17

NB-93M 0.11 0.25 0.25 , 0.25 0.24 0.16
NB-94 1.3 1.3 1.3 0.92 0.043 1.9e-15
MO-93 0.024 0.024 0.02 0.0033 6.0e- 11 0
SB-125 1.2e+02 2.0e-08 0 0 0 0
SUMTOT 4.4e + 03 3.2e + 02 7.3 5.4 2.2 0.32
TOTAL 4.4e + 03 3.2e + 02 7.3 5.4 2.2 0.32

Actinides
PB-209 1,2e-07 9.6e-07 0.00013 0.01.7 0.39 0.94
PB-210 4.5e-08 0.000014 0.0031 0.13 1.1 0.46
PB-214 3.6e-07 0.000026 0.0031 0.13 1.1 0.46 "
BI-210 4.5e-08 0.000014 0.0031 0.13 1.1 0.46
BI-213 1.2e-07 9.6e-07 0.00013 0.017 0.39 0.94
BI-214 3.6e-07 0.000026 0.0031 0.13 l. 1 0.46
PO-210 4.5e-08 0.000014 0.0031 0.13 1.1 0.46

PO-213 1.2e-07 9.4e-07 0.00013 0,017 0.38 0.92
PO-214 3.6c-07 0.000026 0,0031 0.13 I. 1 0.46
PO-218 3.6e-07 0.000026 0.0031 0.13 1.1 0.46
AT-217 1.2e-07 9,6e-07 0,00013 0.017 0.39 0.94
RN-219 5.0e-06 0.000039 0.00036 0.0034 0,022 0.028
RN-222 3.6e-07 0.000026 0.0031 0.13 1.1 0.46
FR-221 1.2e-07 9.6e-07 0.00013 0.017 0.39 0.94
RA-225 1.2e-07 9.6e-07 0.0001.3 0.017 0.39 0.94
RA-226 3.6e-07 0.000026 0,0031 0.13 1.1 0.46
AC-225 1.2e-07 9.6e-07 0.00013 0.017 0.39 0.94
TH-229 1.2e-07 9.6e-07 0.00013 0.017 0.39 0.94
TH-230 0.00013 0.0013 0.017 0,17 1.1 0.46
TH-234 0.32 0.32 0.32 0.32 0.32 0.32 ,

PA-233 0.34 0.44 1 1.2 1.2 0.89
-" PA-234M 0.32 0.32 0.32 0.32 0.32 0.32
• U-233 0.000027 0.00018 0.0034 0.05 0.42 0.94 -

U-234 1.2 1.6 2 2 1.6 0,42
U-236 0.26 0.26 0.27 0.35 0.39 0.38
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Table A.1. Radioactivity (curies) of one metric ton of pressurized
water reactor spent fuel versus time (continued)

D

Time (years)

Isotopes 1.0e+l 1.0c+2 1.0e+3 1.0e+4 1.0e+5 1.0e+6

U-238 0.32 0.32 0.32 0.32 0.32 0.32
NP-237 0.34 0.44 1 1.2 1.2 0.89
NP-239 18 18 17 7.1 0.0015 8.4e-08
PU-238 2.4c +03 1.2e+03 1.3 4.7e-19 0 0
PU-239 3.3c+02 3.3e+02 3.2e+02 2.5e+02 19 8.4e-08
PU-240 4.8c+02 4.8e+02 4.4e+02 1.7e+02 0.012 4.6e-07
PU-241 7.9e +04 1.0e+03 0.15 0.071 0.000046 6.1e-37
PU-242 1.8 1.8 1.8 1.7 1.5 0.29
AM-241 1.7c+03 3.8c +03 9.1e+02 0.071 0.000046 6.4e-37
AM-243 18 18 17 7.1 0.0015 8.4e-08
CM-244 1.5e+03 47 5 2e-14 0 0 0
SUMTOT 8.6c+04 7.0e+03 1.7e4.03 4.4,e+02 40 17
TOTAL 8.6c+04 7.0e+03 1.7e+03 4.4e+02 40 17

Fission products
SE-79 0.41 0.41 0.4 0.37 0.14 9.5e-06
KR-85 4.9c + 03 14 7.7c-25 0 0 0
SR-90 5.7e +04 6.7c +03 3.4c-06 0 0 0

" Y-90 5.8e+04 6.8e+03 3.4e-06 0 0 0
ZR-93 1.8 1.8 1.8 1.8 1.7 1.2
NB-93M 0.77 1.7 1.7 1.7 1.6 1.1
TC-99 13 13 13 13 9.5 0.51
PD-107 0.11 0.11 0.11 0.11 0.11 0.1
SN- 126 0.76 I).76 0.75 0.71 0.38 0.00074
SB-126 0.11 0.11 0.11 0.099 0.053 0.0001
SB- 126M I).76 0.76 0.75 0.71 0.38 0.00074
1-129 0.031 0.031 0.031 0.031 0.031 0.03
CS- 134 5.5c +03 4.0c- 10 0 0 0 0
CS- 135 0.36 (I.36 0.36 (I.36 0.35 0.27
CS-137 8.2e+04 1.0e+04 9.6e-06 0 0 0
BA-137M 7.8c+04 9.7e+03 9.0e-06 0 0 0
CE-142 0.000027 0.000027 0.000027 0.000027 0.0017)027 0.000027
PM- 147 9.4c + 03 4.4e-07 0 0 0 0
EU-154 4.1e+03 2.9 9.1e-32 0 0 0
SUMTOT 3.0c + 05 3.4c + 04 19 19 14 3.2

.. TOTAL 3.0c + 05 3.4e + 04 19 19 14 3.2

m
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Table A.2. Air hazard (cubic meters) of one metric ton

of pressurized water reactor spent _'uelversus time
q

Time (years)

Isotope 1.0e + 1 1.0e + 2 1.0e + 3 1.0e + 4 1.fie+ 5 1.0e + 6

Activation products
H-3 7.5e+08 4.8e+06 5.5e-16 0 0 0
C-14 1.5e+07 1.4e+07 1.3e+07 4.4e+06 81 0
CL-36 1.4e+07 1.4e+07 1.4e+07 1.4e+07 1.lc+07 1.4c+06
FE-55 1.2e+ 10 0.47 0 0 0 0
CO-60 1.0e+ 13 7.5e+07 0 0 0 0
NI-59 1.9e + 08 1.9e + 08 1.9e + 08 1.8e + 08 8.2c + 07 3.4e + 04
NI-63 3.0e+ll 1.5e+ll 1.7e+08 6.2e-22 0 0
ZR-93 6.5e+07 6.5e+07 6.5e+07 6.5e+07 6.2e+07 4.1e+07
NB-93M 2.7¢+07 6.1e+07 6.2c+07 6.1e+07 5.9c+07 3.9c+07
NB-94 1.3e+10 1.3e+10 1.3e+10 9.2e+09 4.3c+08 0.000019
MO-93 2.4e+08 2.4e+08 2.0e+08 3.3e+07 0.6 0
SB-125 1.4e+ll 23 0 0 0 0
SUMTOT 1.1c+13 1.7e+ll 1.3c+10 9.6e+09 6.4e+08 8.3e+07
TOTAL 1.1e+13 1.7e+ll 1.3c+10 9.6e+09 6.4e+08 8.3e+07

Actinides
PB-209 0.62 4.8 6.6e + 02 8.6c + 04 1.9e + 06 4.7e +06 .
PB-210 1.1e+04 3.6e+06 7.7e+08 3.3e+10 2.7e+11 1.2e+li
PB-214 36 2.6e +03 3.1e+05 1.3e+07 1.lc+08 4.6e+07
BI-210 2.2c + 02 7.le +04 1.5e-e 07 6.7e + 08 5.3e + 09 2.3e + 09 "
BI-213 31 2.4e+02 3,3e+04 4.3c+06 9.7c+07 2.4c+08
BI-214 36 2.6e+03 3.1c+05 1.3e+07 1.1c+08 4.6c+07
PO-210 _,.4e+03 2.0e+06 4.4e+08 1.9e+10 1.5e+ll 6.6e+10
PO-213 1.2e-08 9.4e-08 0.000013 0.0017 0.038 0.092
PO-214 1.8e-06 0.00013 0.015 0.67 5.3 2.3
PO-218 3.6 2.6e+02 3.1c+04 1.3e+06 1.1c+07 4.6c+06
AT-217 0.0014 0.011 1.5 1.9e+02 4.3e +03 1.0e+04
RN-219 2.5e+08 2.0e+09 1.8e+10 1.7e+l 1 l.le+12 1.4e+12
RN-222 1.2e+02 8.7c+03 1.0c+06 4.5e+07 3.5c+08 1.5c+08
FR-221 1.2 9.6 1.3c+03 1.7e+05 3.9c+06 9.4c +06
RA-225 2.5e+03 1.9e+04 2.6c+06 3.4e+08 7.7c+09 1.9c+10
RA-226 1.8e+05 1.3e+07 1.5e+09 6.7e+10 5.3e+11 2.3e+11
AC-225 1.2e+04 9.6e+04 1.3c+07 1.7e+09 3.9e+10 9.4c+10
TH-229 6.2e +06 4.8e +07 6.6c +09 8.6e+ 11 1.9e+ 13 4.7e+ 13
TH-230 1.6e+09 1.6e+10 2.1c+11 2.1e+12 1.3c+13 5.8e+12
TH-234 3.2e+08 3.2e+08 3.2e+08 3.2e+08 3.2e+08 3.2e+08
PA-233 5.6e+07 7.3e+07 1.7e+08 2.0e+08 2.0e+08 1.5e+08 ,,
PA-234M 7.9e +04 7.9e +04 7.9e +04 7.9e + 04 7.9c +04 7.9e +04
U-233 6.6e+06 4.5e+07 8.4c+08 1.2e+10 1.1c+ll 2.3c+11
U-234 2.9e + 11 4.0e + 11 5. lc + 11 5.0c + 11 4.0e + 11 1.0e + 11 -
U-236 6.4e+10 6.5e+10 6.8e+10 8.6e+ 10 9.8c+10 9.5c+10
,, -,-,o l.lc+ll !.!c+!! !.!e+!! 1 le+ll l.le+ll 1.1e+ll

1
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Table A.2. Air hazard (cubic meters) of one metric ton
of pressurized water reactor spent fuel versus time (continued)

i,

" Time (years)
Isotope 1.0e+ 1 1.0e + 2 1.0e + 3 1.0e + 4 1.0e + 5 1.0e+6

NP-237 3.4e+12 4.4e+12 1.0e+13 1.2e+13 1.2e+13 8.9e+12
NP-239 9.1e+08 9.1e+08 8.3e+08 3.6e+08 7.6e+04 4.2
PU-238 3.5e+16 1.7e+16 1.8e+13 6.7e-06 0 0
PU-239 5.4e+15 5.4e+15 5,3e+15 4.1e+15 3.1e+14 1.4e+06
PU-240 8.1e+15 8.0e+15 7.3e+15 2.8e+15 2.0e+11 7.6e+06
PU-241 2.6e+ 16 3.5e+ 14 4,9e+ 10 2.4e+ 10 1.5e +07 2.0e-25
PU-242 2.9e+13 2.9e+13 2.9e+13 2.9e+13 2.5e+13 4.9e+12
AM-241 8.7e+15 1.9e+16 4.6e+15 3.6e+11 2.3e+08 3.2e-24
AM-243 9.1e+13 9.1e+13 8.3e+13 3.6e+13 7.6c+09 4.2e+05
CM-244 4.9e + 15 1.6e + 14 0.17 0 0 0
SUMTOT 8.8e+16 5.0e+16 1.7e+16 7.0c+15 3.9e+14 7.0e+13
TOTAL 8.8e+16 5.0e+16 1.7e+16 7.0c+15 3.9e+14 7.0e+13

Fission products
SE-79 4.1e+09 4.1e+09 4.0c+09 3.7e+09 1.4e+09 9.5e+04

- KR-85 1.6e+ 10 4.8e +07 2.6e-18 0 0 0
SR-90 1.9e+15 2.2e+14 1.le+05 0 0 0
Y-90 1.9e+13 2.2e+12 1.le+03 0 0 0
ZR-93 4.5e+08 4.5e+08 4.5c+08 4.5c+08 4.3e+08 2.9e+08
NB-93M 1.9e+08 4.3e+08 4.3e+08 4.3e+08 4.1e+08 2.7e+08
TC-99 6.6e +09 6.6e +09 6.6e +09 6.4e +09 4.8e +09 2.5e +08
PD-107 1.le+09 1.lc+09 1.lc+09 1.lc+09 1.le+09 1.0e+09
SN-126 7.6e+09 7.6e+09 7.5e+09 7.1e+09 3.8e+09 7.4e+06
SB-126 1.le+09 1.1e+09 1.1e+09 9.9e+08 5.3e+08 1.0e+06
SB-126M 2.5e+07 2.5e+07 2.5e+07 2.4e+07 1.3e+07 2.5e+04
1-129 1.6e + 09 1.6e + 09 1.6e + 09 1.6e + 09 1.6e + 09 1.5e +09
CS-134 1.4e+ 13 0.99 0 0 0 0
CS-135 1.2e+08 1.2e+08 1.2e+08 1.2e+08 1.2e+08 8.9e+07
CS-137 1.6e+14 2.1e+13 1.9e+04 0 0 0
BA-137M 2.6e+12 3.2e+11 3.0c+02 0 0 0
CE- 142 1.4e + 09 1.4e + 09 1.4e + 09 1.4e + 09 1.4e + 09 1.4e + 09
PM-147 4.'7e+12 2.2e+02 0 0 0 0
EU-154 4.1e+13 2.9e+10 9.1e-22 0 0 0
SUMTOT 2.2c+15 2.5e+14 2.4e+10 2.3c+10 1.5e+10 4.8e+09
TOTAL 2.2e+15 2.5e+14 2.4e+10 2.3e+10 1.5c+10 4.8e+09
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Table A.3. Water hazard (cubic meters) of one metric ton of

pressurized water reactor spen! fuel versus time

Time (years)

Isotope 1.0e+1 1.0e+2 1.0e+3 1.0e+4 1.0e+5 1.0e+6

Activation products
H-3 5.0e+04 3.2e+02 3.7e-20 0 0 0
C-14 18.e+03 1.8e+03 1.6e+03 5.4e+02 0.01 0
CL-36 1.9e+02 1.9e+02 1.9e+02 1.9e+02 1.5e+02 19
FE-55 4.6e +05 0.000017 0 0 0 0
CO-60 1.0e+08 7.5e+02 0 0 0 0
NI-59 1.9e+04 1.9e+04 1.9e+04 1.8e+04 8.2e+03 3.4
NI-63 ZOe + 07 1.0e + 07 1.2e + 04 4.1e-26 0 0
ZR-93 3.2e+02 3.2e+02 3.2e+02 3.2e+02 3.1e+02 2.1e+02
NB-93M 2.7e+02 6.1e+02 6.2e+02 6.1e+02 5.9e+02 3.9e+02
NB-94 4.3e+05 4.3e+05 4.2e+05 3.1e+05 1.4e+04 6.4e-10
M0-93 8.0e+03 7.9e+03 6.6e+03 1.lc+03 0.(XX)02 0
SB- 125 1.2e + 06 0.0002 0 0 0 0
SUMTOT 1.3e+08 1.le+07 4.6e+05 3.3e+05 2.3e+04 6.2e+02
TOTAL 1.3e+08 1.1e+07 4.6e+05 3.3e+05 2.3e+04 6.2e+02

Actinides
PB-209 0.000041 0.00032 0.044 5.7 1.3e +02 3.1e+02
PB-210 0.45 1.4e+02 3.1e+04 1.3c+06 1.lc+07 4.6e+06 "
PB-214 0.00072 0.052 6.2 2.7e+02 2.1e+03 9.3e+02
BI-210 0.0011 1).36 77 3.3e+03 2.7e+04 1.2e+04
BI-213 0.00025 0.0019 0.26 34 7.7e +1")2 1.9e + 03
BI-214 0.1")006 0.043 5.2 2.2e+02 1.8e+03 7.7e+02
PO-210 0.064 20 4.4e+03 1.9e+05 1.5e+06 6.6e+05
PO-213 4.0e-13 3.1e-12 4.3e-10 5.6e-08 1.3e-06 3.1e-06
PO-214 5.1e- 11 3.7e-09 4.4e-07 0.1')00019 0.00015 0.000066
PO-218 0.00()09 0.1')065 0.77 33 2.7e+02 1.2e+02
AT-217 2.1 e-07 1.6e-06 0.00022 0.029 1').65 1.6
RN-219 1.7e+02 1.3e+03 1.2e+04 1.lc+05 7.5e+05 9.3e+05
RN-222 3.6e-07 0.000026 1").0031 0.13 1.1 0.46
FR-221 0.00015 0.0012 0.16 21 4.8e+02 1.2e+03
RA-225 0.25 1.9 2.6e+02 3.4c+04 7.7e+05 1.9e+06
RA-226 12 8.7e+02 1.0e+05 4.5e+06 3.5e+07 1.5e+07
AC-225 0.025 0.19 26 3.4e+03 7.7e+04 1.9e+05
TH-229 0.31 2.4 3.3e+02 4.3e+04 9.7e+05 2.4e+06
TH-230 64 6.3e+02 8.6e+03 8.6e+04 5.3e+05 2.3e+05 .
TH-234 1.6e +04 1.6e +04 1.6e +04 1.6e +04 1.6e +04 1.6e +04
PA-233 3.4e+03 4.4e+03 1.0e+04 1.2e+04 1.2e+04 8.9c+03
PA-234M 16 16 16 16 16 16 -
U-233 0.88 5.9 l.le+02 1.7e+03 1.4e+04 3.1e+04
U-234 3.8e+04 5.3e+04 6.7e+04 6.6e+04 5.4e+04 1.4e+04

_1 ,,
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Table A.3. Water hazard (cubic meters) of one metric ton of
pressurized water reactor spent fuel versus time (continued)

" Time (years)

Isotope 1.0e+ 1 1.0e+2 1.0e+3 1.0e+4 1.0e+5 1.0e+6

U-236 8.6e+03 8.0e+03 9.0e+03 1.2e+04 1.3e+04 1.3e+04
U-238 7.9e+03 7.9e+03 7.9e+03 7.9e+03 7.9e+03 7.9e+03
NP-237 1.1e+05 1.5e+05 3.5e+05 4.1e+05 3.9e+05 "_.0e+05
NP-239 1.8e+05 1.8e+05 1.7e+05 7.1e+04 15 0.00084
PU-238 4.8e+08 2.4e+08 2.5e+05 9.3e-14 0 0
PU-239 6.5e+07 6.5e+07 6.4e+07 5.0e+07 3.8e+06 0.017
PU-240 9.7e+07 9.7e+07 8.8e+07 3.4e+07 2.4e+03 0.091
PU-241 4.0e+08 5.2e+06 7.4e+02 3.5e+02 0.23 3.0e-33
PU-242 3.5e+05 3.5e+05 3.5e+05 3.5e+05 3.0e+05 5.9e+04
AM-241 4.4e+08 9.6e+08 2.3e+08 1.8e+04 11 1.6e-31
AM-243 4.6e+06 4.5e+06 4.2e+06 1.8e+06 3.8e+02 0.021
CM-244 2.1e+08 6.7e+06 7.4e-09 0 0 0
SUMTOT 1.7e+09 1.4e+09 3.9e+08 9.2e+07 5.5e+07 2.7e+07
TOTAL 1.7e+09 1.4c+09 3.9e+08 9.2e+07 5.5e+07 2.7e+07

Fission products
" SE-79 1.4e + 05 1.4e + 05 1.3e + 05 1.2e + 05 4.7e + 04 3.2

KR-85 4.9e+03 14 7.7c-25 0 0 0
SR-90 1.9e+ll 2.2e+ 10 11 0 0 0
Y-90 2.9e+09 3.4e+08 0.17 0 0 0
ZR-93 2.3e+03 2.3c+03 2.3e+03 2.3e+03 2.2c+03 1.4e+03
NB-93M 1.9e+03 4.3e+03 4.3e+03 4.3e+03 4.1e+03 2.7e+03
TC-99 6.6e+04 6.6e+04 6.6e+04 6.4c+04 4.8e+04 2.5e+03
PD-107 3.7e+04 3.7e+04 3.7e+04 3.7e+04 3.7c+04 3.3e+04
SN-126 2.5e+05 2.5e+05 2.5e+05 2.4e+05 1.3e+05 2.5e+02
SB-126 3.5e+04 3.5e+04 3.5e+04 3.3e+04 1.8e+04 35
SB- 126M 0.76 0.76 0.75 0.71 0.38 0.00074
1-129 5.2e+05 5.2e+05 5.2e+05 5.2e+05 5.2e+05 5.0e+05
CS-134 6.1e+08 0.000044 0 0 0 0
CS-135 3.6e+03 3.6e+03 3.6e+03 3.6e+03 3.5e+03 2.7e+03
CS-137 4.1e+09 5.1e+08 0.48 0 0 0
BA-137M 7.8e+04 9.7e+03 9.0e-06 0 0 0
CE-142 9.0e+02 9.0e+02 9.0e+02 9.0e+02 9.0e+02 9.0e+02
PM-147 4.7e+07 0.0022 0 0 0 0

" EU-154 2.0e+08 1.4e+05 4.5e-27 0 0 0
SUMTOT 2.0e+ 11 2.3e+ 10 1.le+06 1.0e +06 8.1e+05 5.4e +05

. TOTAL 2.0e+ll 2.3e+10 1.1e+06 1.0e+06 8.1e+05 5.4e+05

!



54

Table A.4. EPA hazard (multiples of EPA release limits) of one
metric ton of pressurized water reactor spent fuel versus time

Time (years)
Isotope 1.0e+l 1.0e+2 1.0e+3 1.0e+4 1.0e+5 1.0e+6

Activation products
H-3 0 0 0 0 0 0
C-14 15 14 13 4.4 0.000081 0
CL-36 0 0 0 0 0 0
FE-55 0 0 0 0 0 0
CO -60 0 0 0 0 0 0
NI-59 3.9 3.9 3.9 3.6 1.6 0.00067
NI-63 6.1e+02 3.1e+02 0.35 1.2e-30 0 0
ZR-93 0.26 0.26 0.26 0.26 0.25 0.17
NB-93M 0 0 0 0 0 0
NB-94 1.3 1.3 1.3 0.92 0.043 1.9e-I 5
MO-93 0 0 0 0 0 0
SB-125 0 0 0 0 0 0
SUMTOT 6.3e+02 3.3e+02 19 9.1 1.9 0.17
TOTAL 6.3e+02 3.3e+02 19 9.1 1.9 0.17

Actinides

PB-209 0 0 0 0 0 0
PB-210 4.5e-08 0.000014 0.0031 0.13 1.1 0.46
PB-214 0 0 0 0 0 0 "
BI-210 0 0 0 0 0 0
BI-213 0 0 0 0 0 0
BI-214 0 0 0 0 0 0

I PO-210 0 0 0 0 0 0
PO-213 0 0 0 0 0 0

_ PO-214 0 0 0 0 0 0
PO-218 0 0 0 0 0 0
AT-217 0 0 0 0 0 0
RN-219 0 0 0 0 0 0
RN-222 0 0 0 0 0 0
FR-221 0 0 0 0 0 0

i RA-225 0 0 0 0 0 0

RA-226 3.6e-06 0.00026 0.031 1.3 11 4.6
AC-225 0 0 0 0 0 0
'I7-1-229 1.2e-06 9.6c-06 0.0013 0.17 3.9 9.4
TH-230 0.013 0.13 1.7 17 1.le+02 46

TH-234 0 0 0 0 0 0
PA-233 0 0 0 0 0 0
PA-234M 0 0 0 0 0 0
U-233 0.00027 0.00 l8 0.034 0.5 4.2 9.4 "
U-234 12 16 20 20 16 4.2
U-236 2.6 2.6 2.7 3.5 3.9 3.8
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Table A.4. EPA hazard (multiples of EPA release limits) of one
metric ton of pressurized water reactor spent fuel versus time (continued)

0,

Time (years)
Isotope 1.0e+l 1.0e+2 1.0e+3 1.0e+4 1.0e+5 1.0e+6

U-238 3.2 3.2 3.2 3.2 3.2 3.2
NP-237 3.4 4.4 10 12 12 8.9
NP-239 0 0 0 0 0 0
PU-238 2.4e+04 1.2e+04 13 4.7e-18 0 0

PU-239 3.3e+03 3.3e+03 3.2e+03 2.5e+03 1.9e+02 8.4e-07
PU-240 4.8e+03 4.8e+03 4.4e+03 1.7e+03 0.12 4.6e-06
PU-241 0 0 0 0 0 0
PU-242 18 18 18 17 15 2.9
AM-241 1.7e+04 3.8e+04 9.1e+03 0.71 0.00046 6.4e-36
AM-243 1.8e+02 1.8e+02 1.7e+02 71 0.015 8.4c-07
CM-244 0 0 0 0 0 0
SUMTOT 5.0e+04 5.9e+04 1.7e+04 4.3e+03 3.6c+02 93
TOTAL 5.0e+04 5.9e+04 1.7e+04 4.3e+03 3.6e+02 93

. Fission products
SE-79 0 0 0 0 0 0
KR-85 0 0 0 0 0 0

.J

SR-90 5.7e + 04 6.7e + 03 3.4c-06 0 0 0
Y-90 0 0 0 0 0 0
ZR-93 1.8 1.8 1.8 1.8 1.7 1.2
NB-93M 0 0 0 0 0 0
TC-99 1.3 1.3 1.3 1.3 0.95 0.051
PD-107 0 0 0 0 0 0
SN- 126 0.76 0.76 0.75 0.71 0.38 0.00074
SB-126 0 0 0 0 0 0
SB-126M 0 0 0 0 0 0

1-129 0.31 0.31 0.31 0.31 0.31 0.3
CS-134 0 0 0 0 0 0

CS- 135 0.36 0.36 0.36 0.36 0.35 0.27
CS-137 8.2e+04 le+04 9.6e-06 0 0 0
BA-137M 0 0 0 0 0 0
CE-142 0 0 0 0 0 0
PM-147 0 0 0 0 0 0
EU-154 0 0 0 0 0 0
SUMTOT 1.4e+05 1.7e +04 4.6 4.5 3.7 1.8
TOTAL 1.4e + 05 1.7e + 04 4.6 4.5 3.7 1.8

I
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