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Effects of Actinide Burning on Waste Disposal at Yucca Mountain

by

Jessica Hirschfelder

Abstract

Release rat.es of !5 radionuclides from waste packages expected to result from par-

titioning and transmutation o:r Light-Water Reactor (LWR) and Actinide-Burning

Liquid-Metal Reactor (ALMR) spent fuel are cah:ulated and compared to release

rates from standard LWR spent fuel packages. The release rates are input to a

model for radionuclide transport from the proposed geologic repository at Yucca

hlountain to the water table. Discharge rates at the water table arc calculated and

0 used in a model for transport to the accessible environment, defined to be five kilo-

meters from the repository edge. Concentrations and dose rw:es at the accessible

environment from spent fuel and wastes from reprocessing, with partitioning and

transmuta.tion, are calculated.

Partitionil. 2 and transmutation of LWR and ALMR spent fuel reduces the inven-

tories of uranium, neptunium, plutonium, americium and curium in the high-level

waste by factors of 40 to 500. However, because release rates of all of the actinides

except curium are l'imited by solubility and are independent of package inventory,

they are not reduced corresponding'.,. Only for curium is the repository release

rate nmch lower for reprocessing wastes.

The only actinides that rea.eh the water table are U-234, U-238, Np-237, and Pu-

242. Their discharge raters at the water table from spent fuel are only about one to

six times higtler than tllose from reprocessing wastes, due mainly to radionuclide

ph_cement, in a larger mmfl,>er of spent fuel packages. 'The discharge rates at the

water table of Tc-99 and 1-129, from both spent tirol and reprocessing wastes, are
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about 10'_ rimes higher than those of the actinides with the highest discharge rates.

Dose rates of Tc-99 and 1-129 at the accessible environment are about 105 times

higher than the dose rates of these actinides. The Tc-99 and I-i29 peak dose

rates from spent fiiel are about two and one times higher, respectively, than those

from reprocessing wastes. This is due to a combination of factors including their

inventories, waste forms, and waste package types, which differ for spent fuel and

reprocessing wastes.
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Chapter 1

Introduction

1.1 Tile Yucca Mountain Project

For over 40 years, the United States has been stockpiling radioactive wastes from

commercial nuclear power reactors, defense _ctivities and research institutions.

Since the first U. S. commercial nuclear power plant began opera, tion in 1957,

radioactive spent fuel has been stored in pools and dry casks at nuclear plant sites

across the country. Spent fuel accounts for over 90% of the radioa,ctivity of stored

nuclear wastes. 1

By the end of 1991, these storage facilites will contain approximately 23,400 Mg

of spent fuel. 2 One Mg of spent fuel refers to one Mg of initial heavy metal fu-

eled to the react, or. By the year 2000, the U. S. spent fuel inventory is expected

to exceed 40,000 Mg. 2 By then there is also expect.cd to be about 3.5x105 m a of

defense high-level wastes (be%re processing for disposal). 2 Defense nuclear wastes

are currently stored primarily at three U. S. Department of Energy (DOE) facili-

ties: the Sa.vannah River Site in South Carolina, the Idaho National Engineering

Laboratory, and the Hanford Site in Washington State.

Much of these wastes consists of long-lived, highly toxic species which pose a direct

threat to human health. The DOE has chosen deep geologic disposal as its method

of isolating these wastes from humans. Radioactive waste will be packaged in

special containers designed to resist corrosion for 300 to 1000 years, a and will then

be buried in an underground repository. The wastes to be emplaced are commercial

spent fuell defense high-level wastes, and a small amount of commercial high-level

waste. Radionuclides that are released from the containers can migrate into the

flowing groundwater in the surrounding rock, becoming diluted and eventually

reaching human living areas. The combined barriers of the waste package, backfill
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t filler material which may k_eplaced between the waste packag'' "' '_':and tile surroun<ting

rock)i and the rock itself, are expected to contain radionuclides for thousands of

years, preventing them from reaching humans until after t.hey have decayed to safe.

levels.

In 1982, Congress established the Nuclear Waste Policy Act, which assigned to DOE

the responsibility for locating, building, and operating a nuclear waste repository.

In 1983, DOE selected nine locations in six states for consideration as poten.tial

repository sites. After preliminary studies of all nine sites, three were selected

f,..r intensive site characterization: the Hanford Reservation; Deaf Smith County,

Texas; and Yucca Mountain, Nevada. In December 1987, Congress amended the

Nuclear Waste Policy Act to designate Yucca Mountain a.s the only site for study. If

Yucca Moun;ain is found suitable, DOE will recommend the site to the president.

If the site recieves presidential approval, DOE will then seek a, license from the

N ,uclear Regulatory Commission (NRC) to begin construction of the repository. If

Yucca hlountain is found unsuitable, it, will be restored to its natural condition

and a new site will be found.

Yucca Mountain is located in Nye County in southern Nevada, about 160 km

northwestofLas Vegas.The siteissituatedon threefederallands,theNellisAir

ForceRange, the Nevada TestSite,and landsmanaged by the Bureau of Land

Management. FigureI.Ishows thelocationoftheproposedrepository.It.liesin

an aridregionwithlittlerainfall,sparsevegetationand sparsepopulation.

Yucca Mountain consists of layers of tuff', a dense from of compacted volcanic ash.

The proposed, repository horizon is located in the Topopah Spring IvIember, a part

of the Pa.intbrush Tuff rock formation. It, lies in the unsaturated zone, about 300

m below the land surface and 200 m above t,he wat,er table. Figure 1.2 shows a

cross-section of the repository and the rock layers of Yucca Mountain. Because

rainfa.ll is very low (about six inches per year 4) and the evaporation rate is high,

little water is expected to percolate downward from the ground surface and contact

2



Figure 1.1. Location of Proposed Repository at: Yucca Mountain, from Ref. 4





the waste packages.

\Vater that does flow downward through the rock layers can dissolve radiontlclides in

the wastes and carry them away from the repository. The water is expected to travel

primarily in the rock matrix and to take thousands of years to reach the water table.

Water in the saturated zone is believed to flow horizontally through fractures, at a

much faster rate than in the unsat'arated zone. Eventually, :ontaminated water can

reach the "accessible environment," any area where it could be used by huma_.s.

DOE defines the accessible environment as all locations at least 5 km from the

repository perimeter.

The NR.C a has specified for each radionuclide its maximum allowable release rate

at the waste surface. The Environmental Protection Agency (EPA) 5 has set limits

on th e allowable cumulative radionuclide releases at the accessible environment in

10,000 years. In this thesis, release rates and cumulative releases of radionuclides

in a variety of wastes are calculaced and compared with the NRC and EPA limits.

1.2 The ALMR Program

Partitioning the actinides in spent fuel and tr_lsmuting them in actinide-burning

liquid-metal reactors (ALMRs) has been proposed as a method of reducing the

public risks from geologic disposal of nuclear waste. 6 Spent fuel can be reprocessed,

and the actinides can be recovered and then transmuted into stable or short-lived

isotopes by bombardment with neutrons. Actinide burning refers to the concept of

using ALMRs fueled with the actinides recovered from light-water reactor (LWR,)

spent fuel to generate electricity as well as perform transmutation. Transmuting

the actinides in particle accelerators has also been proposed. 7

A detailed history of partitioning and transmutation concepts is given by Croft. s He

states that Steinburg 9 first suggested transmutation as a waste management option

in 1964. Subsequent U. S. and international studies l°-14 in the 1970_s and early

1980's generally concluded that, while technologically feasiMe, actinide burning

offered little iniprovement in the safety of a geologic repository and would be very

5



LI, , , Iii, hl ,

costly to in_l_h,ment,. For example, Burkholder 1° fl.mnd that removal of actinides

from high-level waste placed in a geologic repository did not appreciably reduce the

radiation doses to fut_lre humans. Croft et al.12 found no cost or safety incentives

fl_r partitioning and transmuting actinides for waste management purposes.

Interest in actinide burning waned after the mid-1980's but in the past few years has

been renewed for a number of reasons. New pyrochemicM reprocessing techniques

designed to recover up to 99.999% ot the actinides in spent fuel are being explored

at Argonne National Laboratory (ANL). Improved conventional aqueous processes

are also expected to achieve this high actinide recovery rate. Earlier studies 12

concluded that the increase in short-term doses to reprocessing facility workers,

and to the public from release of gaseous radionuclides during reprocessing, would

equal or exceed the long-term dose reduction from removal of actinides from high-

level wastes. However, advances in robotics and remote-handling methods, and

new technologies for trapping and storing gasses, could decrease short-term doses.

Ottler reasons for the renewed interest in actinide "ourn.ing include the availability

of an accelerator at Los Alamos National Laboratory which may be suitable for

transmuting nuclear waste, and increased public and political opposition to the

Yucca Mountain repository. It has been suggested that public acceptance of the

repository will be easier to obtain if most of the actinides are removed from the

wastes. It has also been suggested that site characterization and repository licens-

ing would be simplified, and that the waste forms resulting from reproc.essing would

be less reactive than spent fuel in the oxidizing environment of Yucca Mountain.

The proposed DOE ALMR program specifies treating I.,WR spent fuel with either

an aqueous or pyrochemical process in which 99.9% to 99.999% of the actinides

wouhl be removed and fabricated into ALMR fuel. This fllel would support the

annual introduction of 1.4 GWe of ALMRs, beginning sometime between 2005 and

2012. Spent ALMR fuel wouht also be reprocessed and the recovered actinides

would be recycled into more ALMR fuel. Wastes from reprocessing LWR and

6



:\L_IR spent, fuel would be placed in the repository. By the year 2045, ali of

the LWR fuel now destined for the repository would be reprocessed. Profits f,'om

the sale of electricity produced by the ALMRs would be used to pay for their

construction and for the reprocessing plant(s).

A variation of tile program includes separation of strontium and cesium, the pri-

inary heat producers in the wastes from reprocessing both LWR and ALMR spent

fuel. With this option, strontium and cesium would be separated from the other

reprocessing wastes and stored above ground for 200-300 years. The remaining

wastes would be placed irl the repository. After tile heat-producing Sr-90 and C,s-
/

137 have decayed, the remaining long-lived Cs-13,5 would also be emplaced in the

repository.

The General Electric Company's PRISM (Power Reactor, Innovative Small Mod-

ule) actinide burner, along with the Integral Fast Reactor (IFR) metal fuel pyro-

process being developed at ANL, is the reference DOE ALIvIR program. 15'1_ One

PRISM consists of nine modules organized in three identical 465 MWe power blocks

for an overall electrical production of 1395 MWe. The reactor uses as fuel uranium

and plutonium, as well as the minor actinides neptunium, americium and curium.

Because only a small fraction of the uraaium recovered from LWR spent fuel can be

used in an ALMR, some plan for dealing with the excess uranium must be devised.

An ALMR may be operated as a burner, in which it, consumes more actinides

than it produces_ or a breeder, in which it supports a net production of actinides

which can. be used to repeatedly fuel itself or other ALMRs. Development of the .

PRISM began prior to renewed interest in actinide burning as a waste management

strategy; the design includes features unrelated to waste management, such as

modular construction, improved fuel economy, and passive safety features.

The ALIVIR program is currently highly controversial. A few of its suggested bene-

fits are mentioned above. Proposed drawbacks of the program include its projected

high cost, TM increased risks from reprocessing facilites, and nuclear proliferation

7



iss:::'s,The desirabilityofstrontiumand (:(:si:::::separationisalsodisp::ted,lt

has bee:: suggested t.hat the reduced heat generation rates :nay :'educe technical

uncertainty about the performance of the repository, 19'2° and would allow greater

areM loading of wastes, thus eliminating the need for a second repository. How-

ever, decay heat from emplaced wastes is expected to keep tile surrounding rock

at temperatures above the boiling point of water for over one thousand years, 21,22

thereby preventing liquid water from contacting and corroding the waste packages

during this time. A number of papers 8':8'2a'2'_ discuss in more detail the many

issues involved with the ALMR program.

1.a Basis for this Study

Studies conducted in the mid-1980's and earlier, which found little benefit to waste

disposal from partitioning and transmutation, addressed only uranium and pluto-

nium recycle. At least two recent studies 25'28 have investigated the effects on long-

term radiation doses to humarls of recovering other actinides as well. }Iowever, the

effec% of actinide removal on wastes buried in the Yucca Mountain repository have

not been fully analyzed. In this study, we compare the radiation doses to future

l:umans resulting from burial at Yucca Mountain of LWR spent fuel and of wastes

from reprocessing, with actinide recycle, both LWR and ALMR spent fuel.

Two waste disposal schemes are considered. In each, the heat generation rate

of the wastes at emplacement is 1.1x 10s watts, the maximum for the repository.

Existing information about the Yucca Mountain site indicates that 2,095 acres

would be available for underground waste emplacement, and current plans call for

using 1,380 acres. 4 We assume that for economic considerations, the entire available

area will be used. With a heat generation limit of 57 kW/aere, 4 the repository can

hold wastes generating 1.1xl08 watts. \¥e assume that wastes in both disposal

schemes are ten years old _t emplacement.

In the first disposal scheme, the repository contair_s only unreprocessed LWR spent

fuel. q_n year old spent fuel from a pressurized water reactor (PWi[) with a burnup

8



of 33,000 5I\Vd/Mg ggenerates 1.14×103 W/Mg, 27 so the repository will contain

96,500 Mg. This is 38 percent greater than the current legal limit of 70,000 Mg.

However, this limit was not established from any technical limitatioli of the site,

so it, is reasonable to _suine that it may be changed. We also note that, because

a substantial amount of the spe_lt fuel currently stored at reactor sites is already

ten to twenty years old, by the time the repository is constructed the average age

of U. S. spent fuel will probably be greater than ten years. If the repository were

filled with thirty year old spent fuel, which generates 723 W/Mg, 27 it could contMn

1.52×105 Mg. Although only the 96,500 Mg case is investigated, it will be shown

later that radionuclide release rates and radiation dose rates from spent fuel are

approximately proportional to the number of Mg placed in the repository.

Iii the second disposal scheme, all current U. S. LWRs operate for 40 year lifetimes,

producing a total of 84,000 Mg of LWR spent fuel. No additional EWRs are built;

instead we assume that ALMRs are then used to produce electricity indefinitely.

The LWR spent fuel is treated using the ANL pyrochemical process: 98.4% of

the U and 99.8% of the Np, Pu, Am, and Cm 2s are extracted and fabricated

into ALMR fuel, with the reprocessing wastes destined ibr the repository. Spent

ALMR fuel is also pyrochemically reprocessed: 99.8% of the actinides is recovered

and recycled into ALMR fuel, and the wastes are placed in the repository. Thus in

the second scheme, the repository contains wastes from reprocessing 84,000 Mg of

LWR spent fuel, plus the maximum amount of ALMR reprocessing wastes allowed

in the repository, based on its heat generation limit. We consider the wastes that

would be emplaced both with and without strontium and cesium separation.

Figure 1.3 illustrates the two disposal schemes. In both schemes we ignore defense

wastes, which inust also be placed in the repository. For each scheme, we calculate

release rates from the repository for 15 radionuclides, listed in Table 1.1. These

species have been chosen due to their roles in the actinide burning process and/or

their importance to waste disposal. We then calculate mass discharge rates at the

water taMe, and concentrations and dose rates at the accessible environment. The

9
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results provide a comparison of the risks to future lmnlarls fronl disposal at Yucca

Mountain of unreprocessed spent, fuel and of wastes resulting from a program of

a,ct,inide partitioning and transmutation in ALMRs.

"3 21_Ia,ble 1,1, Itadionuclides Included in this Study (Dat_ from Ref. 2)
................. n li lH

Species Half Life Decay Constant Specific Activity

(years) (per year) (Ci/g)
li i

Tc-99 2.13 x l05 3.25 x 10-'6 1.695 x 10-2
, ,, .... ,., ,, .,, ,

1-129 1.57 xl0 r 4.41 x 10 -s 1.765 x 10-'*
,, , . ,..., ,. ,,,, ,,

Cs-135 3.0 x l06 2,3 x 10.7 1.151 x 10-a
....

Ra-226 1,600 xl03 4.332 x 10-4 9.887 x 10-1
, ,,,,,,,

Th-230 7.54 X 10 4 9,19 x 10"-6 2.109 × 10 -2
,,, , ,

U-234 2.454 x].05 '2.824 x 10.6 6.248 x 10 -3

U-238 4.468 xl09 1.551 x 10-1° 3.362 x 10 -7
, , ....... ,,,, ,, ,,

Np-237 2.140 x l06 3.239 x 10-7 7.049 x ].0.4
, ....

Pu-239 2.411 xl04 2.874 x 10-5 6.216 x 10-2
...............

Pu-240 6.563 x 103 1.056 × 10 ..4 2.279 x 10-1
, ,,

Pu-242 3.763 x l05 1.842 x ].0-6 3,818 x 10 -a
, , ,, , , ,,, ,,

Am-241 4.327 x l0 '2 1.601 x 10.3 3.432
L ......... ,

Am-243 7,380 x l0 a 9,392 x 10-5 1.993 x 10-1

C,m-245 8.5 xl0 a 8.1 x 10-5 1,717 x 10 -1
............. ,

Cm-246 4.73 x 10a 1.46 X 10 -4 3.072 x 10-1

An ALMR can be fueled in many ways with recycled LWR, and ALMR actinides.

We assume that transuranics (TRU) recovered from LWR spent fuel will be used

for the initial load and first two reloads of the ALMR. If the ALMR is operated as

a breeder, with a breeding ratio of at least unity, the transuranics for subsequent

reloads will be those recycled from discharged ALMR core and blanket fuel. If the

ALMR is operated as a burner, transurmdcs from LWR spent fuel will be needed
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for partied makeup of subsequent reloads.

Pigford and Ctioi 2_atabulate, for ALMRs with capacity factor 0.8 and various

breeding ratios, the lengttl of a refueling cycle, the net transuranic depletiori rate,

and the transuranic inventory in the reactor and fuel cycle, approximately equal

to the t.ransuranics needed for startup aad the first two reloads. Here the breeding

ratio is defined as the ra.tio of Pu-239,241 production to Pu-239,241 destruction. A

breeding ra.tio of 0.22 corresponds to no production of _ew transuranics, and 0.96

corresponds to no net production or depletion of transuranics. The net transuranic

depletion rate, the difference between the refueling aad discharge rates at steady

state, is the transuranics needed from LWR spent fuel for one reactor cycle. The

tot.al aniount of LWR transuranics needed to fuel one ALMR, is the amount needed

for sta.rtup and the first two reloads, plus nlakeup for the rest of its 40 year life.

With one Mg of LWR, spent fuel proving 9.72 kg transuranics, we may also calculate

t.lie number of ALMIls needed to burn 84,000 Mg of LWR spent fuel. These data

are given in Table 1.2,

The U. S, DOE prefers a breeding ratio of 0,62, a° although, lower fuel cycle costs are

found %r breeding ratios near unity, al A breeding ratio of at least 0.76 is needed

to preserve the passive sa%ty features of the PRISM design. The composition of

ALMF{. reprocessing wastes does not change appreciably with different breeding

ratios. Since the amount of reprocessing wastes placed in the repository is deter-

mined orlly by their heat generatiori rates, it is not necessary to specify a breeding

ratio for this study. However, in Chapter 2 we elaborate on the number and type

of ALMRs that might be used with our reprocessing scheme.

Lee ct. al, a_ calculate release rates of technetium and plutonium from waste pack-

ages using a comparison basis proposed by Pigford aa in which the wastes from both

disposal schenies have resulted f ,in the production of the same amount of electri-

cal energy. ()ne scheine involves disposal of LWR spent fuel. In the other scheme,

the 63,000 MK of LWR spent fuel currently planned for the first repository a4 is re-

12



Table 1.2. ALMR Characteristics by Breeding Ratio (Data from Ref. 29)
i

Cycle TRU Net TRU Total No. ALMRs

Breeding Time Needed Depletior. TRU to Burn

Ratio (yr) Startup +2 Reloads Rate Needed 84,000 Mg

(kg) (kg/yr) (kg) LWR S.F.
i i iii ,_

1.11 _ 1.88 27,200 -115 27,200 30
,, ,, , ,.

0.96 _ 1.61 19,400 0 19,400 42

0.76 u 1.88 27,600 250 36,700 22
, ,, , ,,.,,,. ,,,

0.62 _ 1.16 14,400 373 28,500 29

0.40 b 1.25 20,,200 487 38,500 21

0.22 ¢ 0.700 34,900 1090 77,000 11
Illl I ' II Illll |1 II ml "

Data for a PRISM with core and blanket.

b Data for a PRISM with a homogeneous core and no blanketl

c Data for an Argonne 450 MWe IFR with no blanket and core charged entirely,,d ,,

with transuranics, scaled to 1395 MWe. Discharged IFR fuel is cooled two years

before reprocessing, but reprocessing time is ignored.

processed and used to fuel 40-year ALMRs. The number of ALMRs needed to use

up the 63,000 Mg depends on their capacity factor and breeding ratio. Lee ct. al.

choose 0.8 and 0.76, so that 16 ALMRs are needed. These ALMRs would produce

a total of 9.1x10 _ MWe-yr. In the reprocessing scheme, the repository contains

the wastes from reprocessing 63,000 Mg LWR spent fuel and from reprocessing

the spent, fuel from 16 ALMRs. In the spent fuel scheme then, the repository will

contain 63,000 Mg LWR spent fuel, plus the amount of spent fuel that would result

from the production of an a,dditional 9.1x 105 MWe-yr. This amount is 25,400 Mg,

so in the spent fuel scheme the repository contains 88,400 Mg.

This basis of comparison also ignores the repository's current legal limit of 70,000

Mg. The spent fuel inventory in the spent fuel scheme is close for both comparison
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b_,ses. However, it will be shown in Chapter 2 that the number of ALMRs, with

capacity factor 0.8 and breeding ratio 0.76, used in the reprocessing scheme con-

sidered in this thesis is 43, over twice the number used by Lee et. al. Thus in their

reprocessing scheme tile wattage of reprocessing wastes is substantially below that

allowed at Yuc,:a MountMn.

In the equal-energy comptu'ison basis, the amount of waste in the repository in both

schemes depends on the type of ALMR chosen. The reprocessing scheme used by

Lee et,. al. ignores the in-reactor transuranics left over after the 16 ALMRs have

ceased operation. However, it is possible that the breeding ratios of later ALMRs

will be higher than those of the ALMRs first built, in order to burn up the actinides

left in the reactors at the'end of their operation. In fact, Pig-ford and Choi 29 show

that it will be necessary to operate ALMRs for hundreds of years to achieve an

appreciable reduction in the transuranic inventory in the ALMR, its fuel cycle, and

the wastes from reprocessing LWR and ALMR spent fuel.

With the heat-generation comparison basis, the amount of wastes in the repository

depends on the storage time of the wastes before emplacement, which is not yet

known. In addition, the 57 kW/acre site limit is not established and maybe conser-

vatively low. Neither comparison basis addresses the need for a second repository,

which is implicit in the heat-generation basis' assumption that ALMR operation

continue indefinitely. A second repository would be needed in the equal-energy ba-

sis if operation of current LWRs is not to be ended prematurely, or if it is decided

that nuclear energy production continue beyond iust burning up the transuranics

in LWR spent fuel.

14



Chapter 2

Release Rates from the Repository

2.1 Release Rate Model

Radionuclide release rates in both disposal schemes are calculated using the wet-
_,

drip water-contact mode model, aS'a_ According to current repository design, each

cylindrical, vertically ernplaced waste package is expected to be surrounded by an

air gap. The air ga,p prevents any diffusive release of dissolved radionuclides from

the waste packages. Goundwater from rock above drips onto the waste packages

and penetrates cracks or holes in a failed container. Radionuclides in the waste form

dissolve into the water as it accumulates in the container's void volume and even-

tually fills the container. At this point the contaminated water overflows through

the cracks in the top of the waste pa,&age and drips onto the rock below. Water

in tile container is assumed to always be well mixed due to diffusion and thermal

convection. Overflow occurs only at the top of the container, and we assume that

all waste packages fail 1000 years after emplacement. This model conservatively

neglects water evaporation, which would limit water Contact with tile waste. The

volumetric flow rate into (and out of) the container is the product of the ground-

water flux and the cross-sectional area of the container. The time from container

failure to overflow depends on the volumetric flow rate and the void volume inside

the contmner. The groundwater Darcy velocity at Yucca Mountain is estimated

to be about 0.5 mm/year or less. a4 For all calculations, the value 0.5 mm/year is

used.

Radionuclide dissolution inside the waste package occurs via three different mech-

anisms: solubility-limited dissolution, alteration of the waste form, and immediate

dissolution of readily soluble species. For solubility-limited species, we assume the

waste form constituents are in chemical solubility equilibrium with the water that
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has accunmlated in the container. The concentration of each dissolved element is

at a maximum given by the solubility of that element, until all of the element is

dissolved and fl'esh water continues to dilute the container contents. The release

rate of a solubility-limited element is given by tile product of its solubility, the

groundwater flux, and the cross sectional area of the waste package. The release

rate of an individual radionuclide is given by the product of the elemental release

rate and tile time-dependent isotopic fraction of that species in the waste, For all

calculations, we ignore aay isotopes, such. a.s U-235 and U-236, that are present

in the waste but not included in the study. The solubility.-limited release rates of

radionuclides in a chain are calculated assuming that the release rate of the first

member is limited by its elernental solubility and the daughters dissolve congruently

with the first member. Here the only chain of interest is U-234_Th-230_Ra-226.

Ali other decay chains are ignored.

Dissolution of alteration-controlled species occurs simultaneously with the reaction

of the waste matrix with the water in the container, and is controlled by the

alteration rate of the specific waste form.

For readily soluble species in certain waste forms, some or ali of the inventory can

immediately dissolve as soon as water enters the con.tainer and contacts the waste.

_['he dis,_'olved radionuclides remain in the water accumulating in the container until

it overflows. The inventory fraction that is not instantly dissolved may dissolve via

other mechanisms in the time between first water contact and overflow. Although

it would be impossible to distinguish the processes upon overflow, release rates

may be calculated separately for each mechanism aad summed to obtain the total.

release rate from the container.

Yor a given species for given parameters, when more than one type of release is

occurring at once, the rn(,chanisn: that results in the lowest release rate is adopted

as the rate-controlling mechanism for that species. Analytic expressions for the

release rates of each type of species are given in Sadeghi ct. al. aa
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2.2 Waste Packages and Inventories

In the first scheme, the repository contains only spent fuel waste packages. In. the

second scheme, pyrochemical reprocessing of both EWR ,:rod ALMR spent fuel re-

sults irl a v_iety of waste streams. In this section the waste forms, waste packages,

radionuclide inventories, and release mechanisms are described for both disposal

schemes.

2.2.1 Spent Fuel

The reference spent fuel packa.ge zT'a4 contains three PWR spent fuel assemblies.

Since each assembly contains 0.5 Mg, each container holds 1.5 Mg of initial uranium.

A repository filled with 96,500 Mg contains 64,333 packages. The spent fuel package

characteristics are given in 'Fable 2.1. Per-package and repository inventories are

given in Table 2.2.

Table 2.1. Spent Fuel Container Ch,_acteristics (Data from Ref.s 27 and 34)
L.' _ L , .... _,, ILII[' I

Container height (m) 4.76
j,,,

Container radius (m) 0.33
,,,, , ,,,,, ,, , ,,

' , ' (m 2) 0.342Cross-sectmnal area
, ,, i ,

\_,Taste volume (m 3) .155
• ,,, ,,,,, ,, i i ,,,,, ,

InternM void volume (m a) 1..48

Volumetric flow rate (m:_/yr) 1.71x10 -4
....................... l ' Jl . ii I ' ' .Iii -

Time to fill container (year) 8650
PBR . I II ..J L

The dissolution of spent fuel in water from the J-13 exploratory well at Yucca

Mountain has been studied in the laboratory aT'as and with geochemical simulation

codes. 39 The fl-actional a,lteration rate of spent fllel is estimated h'om these exper-

iments to be 10 -a per year. 4° In spent fuel the soluble technetium, iodine, and

cesium that exist in the fuel-cladding gap, fuel plenum, and grain boundaries are

treated as instant-dissol_tion species. It is assumed that two percent of these fission
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Table 2.2. Spent Fuel Radionuclide Inventories
i i i t i l , ii i ii ii i iiiii iii i

Package Inventory Repository Inventory

Species at 10 Years at 1000 Years

(g) (Ci)
l i i i

Tc-99 1.16 x 10a 1.25x106

1-129 2.67 x 102 3.04x103
.,,,, , , ,,

Cs-135 4.50 X 10 2 3.33x104

Ra-226 5.60x10 -7 3.01x102
..... ,. ,, .., , ,,,

Th-230 9.48 x 10-a 1.66 x 10a
, ,,, , ,, , ,, , ,, ,,,,,

U-234 2.86x 102 1.96 x 10 '_

U-238 1.42x 106 3.06x 10't

Np-237 6.71x 102 9.65 x 104
,, , , , , , , ,, ,,,, ,,,.

Pu-239 7.55x 10a 2.95 x 107
,,. , ................

Pu-240 3.47x 10a 4.61 x 107

• Pu.-242 6.77 x 102 1.66 x 10'_
, ,, , ,,, , ,, , , , ,, ,,,

Arn-241 7.41X 10 2 8.62x 107
, .,,, . | ,, ,, , L

Am-243 1.29x 102 1.51 x 106
_,1 , , _,,,,,., ,,. ,,,, , , ,,,

Cm-245 1.28 1.31x104

Cm-246 1.52 x 10-1 2.61 x 103
.... . ii ' " "'

products will dissolve immediately when water contacts the waste. 4° The rest is

alteration-controlled. The release rate of curium, the only readily soluble actinide

investigated, is lower when calculated as an alteration-controlled release rate than

as a solubility-limited release rate. Curium is thus treated as alteration-controlled,

but with no instant-release fraction.

Solubilities of urani_lm, neI)tunium, plutonium, and americium are obtained from

experimental da.ta 3s and listed in Table 2.3. Solubility is the rate-controlling mech-

anism for these actinides. Th-230 and Ra-226 are assumed to dissolve congruently
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Table 2.3. Solubilities of Actinides in Spent Fuel

Species Elemental Solubility

(g/m a)
i i i i i ii i i

U-234 0.3

U-238 0.3

Np-237 3.0," I0 -4

Pu-239 9.5 x 10 .4

Pu-240 9.5 x 10 -4

Pu-242 9.5 x 10 -4

Am-241 3.8 x I0 -'5

Am-243 3.8 x 10-5

Cm-245 not used

Cm-246 not used
i mu- : " :

with U-234, so their solubilities are not used ia the release rate calculations.
1

'li

2 .....2 Reprocessing Wastes

Thompson and Taylor 2_ have specified the waste forms, waste packages, and ra-

dionuclide inventories in wastes from reprocessing one unit each of LWR and ALMR

spent fuel. One unit is defined to be the amount of spent fuel generated by the

production of 1011 kWh of electricity. I%r a PWR, this corresponds to 420.9 Mg

of initial uranium; for an ALMR, it corresponds to 51 Mg of initial actinides (fuel

assemblies only). The waste packages have been modified by Wilems and Danna, 41

and a few are further revised here. Waste stream constituents are given 2s for pro-

cess step transuranic recoveries of 99% and 99.9%; for this study we choose tile

higher recovery. In this section we describe the waste streams and waste packages,

calculate the number of packages in the repository from each stream, and calculate

the per-package and repository inventories.

Figures 2.1 and 2.2 show the steps involved in the LWR and ALMR pyroprocesse,_.
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LWR Spent (U02) Fuel

A1-1

Disassembly Non-Fuel Hardware

H2, 02, Crucibles

i L_ .i A 1-2
Mechanical Decladding [__Fuel Hardware

and Oxidation ...._A 1-3

Ca, Salt, Cu.-Mg _ Gaseous Fission

......... Products

i ---i i ii iiii

I Oxide Reduction _i_ Al-4..... Reduction Salt Waste

Salt, Cd-Mg..... AI -5

Salt Transport, _ Transport Salt Waste

TRU and U Separation _ AI-6

Cd, Salt,i Crucibles _ Transport Metal Waste
ii -- AI-.-7

-TRU Electrorefining, _ER Salt Waste

Cathode Processing,

Alloying &Slug Casting _A1-8
iiiiiii i .

ER Metal Waste
II I

Actinides for LMR Fuel Ji . _ i i_

Figure 2.1. LWR Spent Fuel Pyroprocess Flowsheet, from Ref. 28
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i

LMR Spent Metal Fuel
and Blanket Assemblies

i i i i i

I III

_ A3-1
Disassembly Non--Fuel Hardware

ill 1

L .... A3--2

_Fuel Hardware
Chopping and Retorting

-I--i_A3 _ 3
LI____

Cd, Salt, Crucibles J Fission Gases

A3'-4

Electrorefining, _ER Salt Waste
Cathode Processing,

Alloying & Slug Casting __...I_A3- 5

Ill 1 ER Metal Waste

I Minor__,i2t_,i2e_eSUPrPol:La2[Fue1jii i

Figure 2.2. AI_,MR Spent Fuel Pyroprocess Flowsheet, from Ref. 28
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The LWR pyroprocess is called A1 mid produces eight waste streams, A1-]. to AI.-

8. The ALMR pyroproeess is called A3 and produces five waste streams, A3-1

to A3-5. For each process for one unit, the waste volume, waste form, wattage,

and radionuclide inventories irl each waste stream are given. 28 Not all of the waste

streams are placed in the repository and not all of them contain nuclides that are

included in this study.

The first step in the LWR, pyroprocess consists of mechanical disassembly (separat-

ing the grid spacers and end fittings from tile spent fuel assemblies). The resulting

waste is lab,'led A1-1, non-fuel hardware waste. This stream is assumed to con-

tain no radionuclides. The second process step separates the UO2 fuel from. the

cladding. This produces two waste streams, fuel hardware (A1-2) and gaseous fis-

sion products (A1-3). The fuel hardware contains Tc-99 and actinides. During the

second step, 0.1(78of tile actinides are lost to the waste; thus stream A1-2 contains

0.1% of the actinides in LWR spent fuel. Streams A1-1 and A1-2 are combined into

one stream, A1-1,2 (non-fuel and fuel hardware). 41 The contents of this st,ream are

to be placed directly into waste packages with no immobilization matrix.

The gaseous fission products (Al-3) are mainly }1-3, 1-129, C-14, krypton, and

xenon. The Kt-85 (half-life 10.7 yrs) and Xe-131m (half-life 12 days) are collected

cryogenically and packaged in high pressure cylinders. Wilems and Danna assigned

these to the repository due to their high pressure inside the waste package. We

assume they can instead be packaged into more containers at low pressures and

stored in 1Gw-level facilities. Thus these wastes are not placed in the repository in
e

the reprocessing scheme.

The tt-a is collected as tritiated water absorbed in a molecular sieve, the 1-129 is

collected as AgI on silver-impregnated zeolite, and C-14 is precipitated as calcium

carbonate. Wilems and Da,nna package ali three together and assign the packages

to the repository. We assume the tritium can be packaged separately and stored at

a low-level site since its half-life is only 12 years. We also assume that the CaCOa
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can be packaged separately, and that the iodine can be separated from the zeolite

and packaged as AgI, chosen for its low solubility. 42 Both wastes contain long-lived

species amd must be placed in the repository.

The third[step in tile LWR pyroprocess, termed oxide reduction, converts the UO2

fuel fragments into metal, by combining them with a calcium salt. This produces

waste stream Al-4, reduction salt waste. The salt is combined with a zeolite

ceramic to immobilize the fission products. The only radionuclide included in this

study that :appears in this waste stream is Cs-135.

The fourth s_ep in the LWR pyroprocess separates the Np, Pu, Am, and Cm from

the noble m_'l:,_dfission products and the excess uranium metal. This produces two

waste stream:,_, transport salt waste (AI-5) and transport metal waste (AI-6). The

transport saltdoes not contain any radionuclides included in this study. However,

since it contains Sm-151 (half-life 90 years) we assume it will be placed in the

repository. Th.erefore we take into account its heat generation rate when deter-

mini{.lg the amo,unts of waste to be placed in the repository, but, do not otherwise

deal with it in this study. The transport metal waste contains Tc-99 and uranium

immobilized in a copper matrix. The portion of uranium lost, to the wastes in this

step is 1.4%.

The final step in the LWR pyroprocess further purifies the actinides by removing

most of the rare earth elements. Two waste streams are produced: electrorefining
I

salt (Al-T) and electrorefining metal (A1-8). The electrorefining salt is immobilized

in zeolite. The only radionuclide included in this study that appears in this stream

is Cs-135. The electrorefining metal contains Tc-99 and actinides. During this

step, 0.1% of the actinides are lost to the waste; thus stream A1-8 contains 0.1% of

the actinides in LWR spent fuel. The LWR reprocessing wastes will thus contain

0.2% of the transuranics, 1.6% of the uranium, and all of the fission products (since

no fission products are recovered).

The first step of the ALMR pyroprocess is mechanical disassembly, which produces
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non-fuel hardware waste {A3-1), This is designated }_yWilems and Danna as

appropriate for disposal in a low-level waste facility and is not assigned to the

repository. The second step of the ALMR pyroprocess is fuel chopping and bond

' sodium recovery. This produces the fuel hardware (A3-2/and fission gases (A3-3)

waste streams. The fuel hardware contains Tc-99 _md 0.1% of the actinides. The

fission g_-ksesare tritium, krypton, and xenon. We assume they can be processed

as in Al-3 and stored in a low-level facility.

The fin_d step of the ALMR pyroprocess is electrorefining, cathode processing, and

alloying and slug casting. Two waste streams are produced: electrorefining salt

(A3-4) and electrorefining metal (A3-5). The electrorefining salt contains 1-129

and Cs-135 and is immobilized in zeolite. The electrorefining metal, which contains

Tc-99 and 0.1% of the actinides, is combined with the fuel hardware to form waste

stream A3-2,5. Bofll A3-4 and A3-2,5 wastes are assigned to the repository. The

ALMR reprocessing wastes tht_s contain 0.2% of the actinides and all of the fission

products from ALMR spent fuel.

Next we c_dculate the number of packages from each waste stream in the repository,

with and without strontium and cesium separation. In both cases 84,000 Mg (200

units) of LWR spent fuel are reprocessed. The heat generation rates of the resulting

w_kstes are summed and subtracted from the repository wattage limit of 1.1x10 a

watts to obtain the maximum wattage allowed for ALMR reprocessing wastes.

'Fable 2.4 gives the total wattages of each reprocessing waste stream, with and

without Sr and Cs separation. Without Sr/Cs separation, the total thermal power

of LWR wastes is 7.65x107 watts, so 3.35x 107 watts of ALMR waste can be placed

in the repository. This corresponds to about 167 units of ALMI-{ waste without

Sr/Cs separation.

With Sr/Cs separation, strontium and cesium are removed from both tile LWR, and

ALMR reprocessing wastes and are stored above ground until the Sr-90 and Cs-137

have decayed. Their short-liw_d daughters Y-90 and Ba-137m are also rernow_._din
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Table 2.4, Waste Stream Heat Genera, ton Rates at 10 Years
, ,,, .... iii i ii,

Waste Stream Without Sr/Cs Separation With Sr/Cs Separation
• , , , ,

W/unit _ W in repository W/unit '_ W in repository
[ i ii ii i i ii

A1--1 _ 1.60x104 3 20x106 1.60x104 3.20x 10(_
' 'i ' ' '" '

A1-3 (C-14) 8.38x 10-2 1.68x 101 8.38x10 -_ 1.68x 101

Al-3 (I-129) 6,34x 10-4 1.27 6.34x 10-4 1.27
_ .., , , ,..

A1-4 3.41x105 6.82x107 1.87x104 3.74x10 _

A.1-5 1.12x10 a 2,24x 105 1.12x10 a 2.24x105

A1-6 3.09x10 a 6.18x10 s 3.09x10 a 6.18x105

A1-7 3.45x10 a 6.90x105 1.89x102 3.78x104

AI:S 1.77x104 3.54x 106 1.77x104 3,54x106

Total LWR 3,82x 105 7,65x 10T 5.68x 104 1.13x 10r
,,

A3-4 1.88x105 3.14x10 r 8.62x10 a 3.97x107
i

A3-2,5 1.28x104 2.14x106 1.28x104 5.90x10 r

Total ALMR 2.01x105 3.35x I07 2.14x104 9.87x107
...... ii li ii i i

'_ Orie unit of waste is defined to be the amount of waste obtained from reprocessing

one unit of spent fuel, which is the amount of spent fuel generated by the production

of 1011 k\Vh of electricity.

this process. The remaining Cs-135 is then placed in the repository. The only

w_te streams that contain strontium and cesium are A1-4, A1-7, and A3-4; only

for these streams are the waste heat generation rates different with and without

Sr/Cs separation. With removal of Sr-90 and Cs-137, the total thermal power of

L\VR wastes is 1.13×107 watts. Thus a total of 9.87x10 r watts, or 4610 units, of
L

ALMr{ waste can be placed in the repository.

With one unit of AI, MR waste resulting from the production of 1011 kWh of elec-

tricity, the total electrical production of ALMRs without and with and Sr/Cs

set.'_)ai"atlon' is 1.9 x 106 MWe-yr and 5.2x 107 MWe-yr, respectively. Since one 40-
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year ALMR. oi)crated a,t 80% ca,pacity prodllces a totM of 4.46x10 'l MWe-yr, the

nuntber of ALMRs used in the tw() (:ases is 43 and 1166. Since Sr-90, Y-90, Cs-137

a,nd Ba-137m together account for about 95% of the heat generation of the waste

streams in whictl they occur, their removal makes it possible to place a substantially

h.igher anlount of ALMI1, waste in the repository,

The way in which the reprocessed LWR, spent fuel is used in the reactors depends
r

onthe t,ype(s)()f #_,LM1R.choseI1, As an example, we consider an ALMR with

ca,pa,city factor 0.S'a,rid breeding ratio 0.76, without Sr/Cs separation. The LWR
i

transura, nics wo,,tld !;:{':depleted after operation of 22 ALMRs, Wastes from 21

additional ALMI:_,s ca,n be placed in the repository; however, these reactors will need

makeup tr,:ansuram.cs which must be obtained either from the fuel cycle inventories

of'rc-tire(i[' reactors or from additional breeders whose wastes would be placed in a

second repository. The left,over inventory from a retired ALMR iv taken to be the

inventory in the reactor an(t fuel cycle, given in Table 1.2. Twenty-two ALMRs with

1).tc(.-,dlllg',_'ratio 0.76 wouict prt)duce a total of 6.07 x 1()'_kg of leftover traalsuranics,

which can fuel 16 more ALIVIRs, which in turn can fuel 12 more.

Waste packa,ge,s fi)r th.e reprocessing schemes are specified by Wilems and Danna 41

a.nd are limited tc) a heat generation rate of 2.5 kW per package. Ali packages

consist of a partially-filled waste container placed inside an outer canister. With

the exception of waste stream A1-3, we use Wilems and Danna package types 5

and 6. Packages for the C-14 in waste stream A1-3 and for waste stream A1-5

are not specified since these isotopes are not being considered. Table 2.5 gives the

waste package characteristics, Package type 6a is specified here for use with waste

stream A1-.3, as descril)ed below. The BG packages are used for the borosilicate

. e" • ' "glass ()ption, d:sc.tll)ed in section 2.4. The number of packages needed for one

unit of waste is simply the waste volume divided by the volume available in one

w_uste package, accolmting fl:)r a void volume of typica,lly 15% of the inner container

volume, Ta.t)l_,2.6 gives the waste volumes, and number and type of waste packages

for each wa,ste stream, for one unit of waste and for the whole repository. The
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volume of radiormclides removed from the wastes in the Sr/Cs separation scheme

is negligible.

Table 2.5. Reprocessing Waste Package Characteristics
m, ,,,,, , ' i

Package Type 5 6 6a BC
|j i i lm,li ii

Inner height (m) 5,0 5,0 5.0 3.0_

Inner radius (m) 0.2 ,295 ,295 ,305
, ,

Inner cross-sec, area (m 2) .126 ,273 ,273 .292
,,

Waste volume (%) 85 85 83 85
,

Waste volume (ma) . .534 1,16 1,13 ,745
,,,

Outer height (m) 5.22 5.22 5,22 3,28

Outer radius (m) .235 ,33 .33 .33

Outer cross-see, area (m 2) ,173 ,342 ,342 ,342

Total void volume (m a) .371 .624 .656 .377

Volumetric flow rate (ma /yr) 8.65x10 -5 1.71x10 -4 1.71x10 -4 1.71x10 -4

Time to fill container (year) 4290 3650 3890 2200
i ii , ,

\Ve fornmlate our own waste packages for the I-!29 in stream Al-3. One unit of

this waste contains 13.3 Ci of 1-129, so the whole repository will contain 2.66x103

Ci, or 1.51x107 g. However, stable iodine will also be present. The weight ratio

of 1-127 to 1-129 produced in a PWR is 0.167, 4a so the repository will contain

2.53x106 g of 1-127, and a total of 1.76x107 g of iodine. All of this iodine will be ,

packaged as AgI. Using the molecular weights of 1-127, 1-129, and AgI, we calculate

a total of 3.21x 107 g of AgI to emplace in the repository.

The AgI a-phase density is 5.683 g/10 -6 naa, giving a total waste volume of 5.65m a.

This can be distributed equally in five type-6 packages if each package has a slightly

smaller waste volume of 1.13 m a (83% of the inner container volume instead of

85%). Each package will thus contain 6.42x10 _ g of AgI, of which 3.02x10 _*g =
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Table 2.6. Reprocessing Waste Packages

Waste Pac'kag, I, Unit No. Pkgs No. Pkgs in No. Pkgs in

Stream Type Volume per Unit Rep, (Without, Rep. iWith

(m a) Sr/Cs Sep.) Sr/Cs Sep.)
_

AI- 1 o 6 32 0 28 5600 5600• _i..._
, , ,,,,

AI-3 6a * * 5 5

AI-4 5 88.0 165 33,000 33,000
'' ' 'I '" '

AI-6 6 18.2 16 3200 3200
- , .,,,, ,,,

AI-7 6 13.2 Ii 2200 2200
,.,.

AI-8 5 5.5 I0 2000 2000
,, ,, ,,,, ,, ,

A3-4 6, 114."7 99 16,533 456,390

A3-2,5 6 40.1 35 5845 161,350
, , . i , ,.,.,

* Not calculated separately.

532 ¢Ji is 1-129. We call this package type 6a. The container void volume is .656

,m 3 .

Radionuclide per-package and repository inventories are calculated using data in

Appendix B of Thompson and Taylor. 2s Tables 2.7 through 2.1.1 list these invento-

ries for each waste stream. Except for Th-230 and Ra-226, the 1000-year inventories

do not account for any radionuclide growth. The repository inventories ibr each

stream are summed to obtain the total repository inventories in Table 2.12.

A comparison of the radionuclide inventories in tile LWR reprocessing wastes and

in 84,000 Mg of unreprocessed LWR spent fuel provides a direct verification of the

actinide recovery rate for the LWR spent fuel pyroprocess. Table 2.13 lists these

inventories, along with the calculated inventory reduction factors. As expected, the

reduction factors for the fission products are all unity, because no fission products

are recovered during reprocessing. The reduction factors for the transuranics are

all near 500, since 0.2% of the transuraaics are lost to the wastes. Reduction factors
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Table 2.7, 1000-Year Inventories: Waste Stream A1-1,2

Package Repository

Sp ecies Inventory Inven tory

(g/pkg) (Ci)
li ....... i

Tc-99 8,40x 10-1 7.97 x 101

Ra-226 3,22x 10-5 1,78x 10-1

Th. 230 8,04x 10-a 9,49x 10-1

U-234 2,86 9.991x101

U-238 1.43 x 104 2,69 x 101

Np-237 6.82 2,69x101

Pu-239 7.35 x 101 2.56 x 104

Pu.-240 3.11 x 101 3,97 x 104 .
, ,,

Pu-242 6.84 1.46x102

Am-241 1.56 3.00x104

Am'243 1,17 1,31x103
..

Cm-245 1,21x 10.2 1.16 x 101

Cm-246 1,27x10 -3 2.18
i rill II III

'['able 2.8. 1000-Year Inventories: Iodine and Cesium Waste Streams
i| ,

Waste Species Package Repository Inventory

Stream Inventory (Ci)

(g/pkg) Without Sr/Cs Sep. With Sr/Cs Sep,
III I J iwl

A1-3 1-129 3.02x106 2.66x10 a 2.66x10 a

A1-4 Cs-135 7.57x102 2.88x10 _ 2.88x104
,

A1-7 Cs-135 1.18x102 3.00x102 3.00x102

A3-4 1-129 8.07x102 2.35x10 a 6.50x104

A3-4 Cs-135 4.49xi0 a 8.55xi04 2.36xi06

for uranium are near 500 if the losses in waste stream AI-6 are excluded; the overall
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Table 2,9. 1000-Year Inventories: Waste Stream A1-6
,11 H ....... ii ii

Package Repository

Species Inventory Inventory

(g/pkg) (Ci)
' ' i I i i ii i I i

Tc-99 2,00x 104 1.08x 106

Ra-226 1.29 x 10-a 4.09
, L i , i , ,

Th-230 3.23x 10-1 2.18x 101
. ........... i , , . ,u

U-234 1,15 x 102 2.29x 103

U-238 5.75 x l0 s 6.19x 102
.::: • .... :-.'?-- :' _'.. : . '...... iii

Table 2.10. 1000-Year Inventories: Waste Stream A1-8
,. ,, .,, w

Package Repository

Sp ecies In vent ory Inventory

(g/pkg) (Ci)
't' ii i i i iii i _,1 iii

Tc-99 3.23 x 102 1.09 x 104
• • i 1

t:1.a-226 9.01 x 10-'_ 1.78x 10-1
-- ,, , , ,, ,, ,,,, ,, , ,, ,,,, ,,,, i,, :

Th-230 2.25 x 10--2 9.49x 10-1
, ,,, J , , ,, ,,. , , , ,

U-234 7.99 9.99x 101
_,,, ,, ,,,, ,,., , .,

U-238 4.01 x 10't 2.69x 101
, ,,, J__. ,,,. ,,

Np-.237 1.91 x 101 2.69x 101
i_, ,,J .....

Pu-239 2.06 x 102 2.56 x 104

Pu-240 8.71 x 101 3.97 × 104
t _ , , ,,. L .........

Pu-242 1.91 x 101 1.46 x 102
, ,

Am-241 4.37 3.00x10 '_

Am-243 3.28 1,31.x 10a
: , , , , ,t JJ, ,,,,, ,,, ,, , ..........

Cm-245 3.38 x 10-2' 1.16 x 101
, , , ,, iL,,,,,,, , ,,, , ,

Cm-246 3.55 x 10"'3 2.18

uranium reduction factors are near 40.
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Table 2.11. 1000--Year Inventories: Waste Stream A3-2,5
,,,, ,,,,, ,, ,, , , ,,, , ' i ii,

Package Repository Inventory

Species Iaventory (Ci) . .

(g/pkg) Without Sr/Cs Sep. With Sr/Cs Sep.
i ii i ,,,1 i i i i

Tc-99 7.05 x 10a 6.99x 105 1.93x 107
i, ,, ,,, L - -

Ra-226 5.25x10 -_ 3.03x10 -1 8.38
, , , , , , ,,,, ,, ,

Th-230 1.31x10 -2 1.62 4.46x101
, ,,., , t., , ,,

U- 234 4.66 1.70 x 102 4.70 x 103
, , , , ,,, ,, ,

U- 238 5.40 x 103 1.06 x 101 2.93 x 102

Np-237 9.72 4.01 x 101 1.11 x 103 _

Pu-239 6.30x 102 2.29x 105 6.32x 106
: , ,.............. ,, ,

Pu-240 2.03x102 2.71x105 7.46x106
, t , ...... , , ,1

Pu-242 2.60x101 5.80x102 1.60x104

Am-241 5.33 1.07 x 10S 2.95 x 106
' ' ' ' ' I ' ' ' ' " '" ' ' ' ' " '1 ' "'

Am-243 8.27 9.63 x 103 2.66 x 105
. ., , J ,, ,, ,,,,. ........ ., , ,., ,, ,,,, ,, ,,.1.

Cm-245 5.18x10 '-1 5.20x102 1.43x104
,..,., ,., ,,,, , , ,,, , .

QCm-,.46 9.14x 10-_ 1.64x 102 4 53x10 a
I I I I I lll I I I I H

The reprocessing waste forms and radionuclide rele_se mechanisms are summarized

in Tables 2.14 and 2.15. In all cases where the actinides are solubility-limited, the

solubilities for spent fuel are used. In stream Al-l,2, all of the technetium and

curium are assumed to dissolve insl;antly because there is no waste matrix. The

other actinides are solubility-limited. In stream A1-3, release of 1-129 is controlled

by the dissolution of silver iodide. The solubility of AgI is 9.1x10 -9 moles/liter,

or 2.13x 10-a g/m :_. The salt/zeolite waste form of streams A1-4, A1-7, and A3-4

is expected to be highly soluble; 44 therefore it is assumed that all of the 1-129 and

Cs-135 dissolves instantly when water enters the waste container.

Wastes from streams Al-6, A.1-8, and A3 -o ",.,o axe immobilized in copper. Release
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Table 2.1'2. Repository Inventories at 1000 Years, Reprocessing Schemes

Species Without Sr/Cs Sep. With Sr/C,s Sep.

(Ci) (Ci)
i iii i II II1||1

Tc-99 1.79x 10_ 2.04x 107

1-129 5.01 x 10a 6.77x 104

Cs- 135 1.15 x l0 s 2.39x 106

Ra-226 4.75 1.28x101

Th-230 2.53x 101 6.83x 101

U-234 2.66 x 103 7.19x 10a

U-238 6.83 × 102 9.66 x 102

Np-237 9.39x 101 1.16 x 103

Pu-239 2.80 x 105 6.37 x 106

Pu-240 3.50x 105 7.54x 106

Pu-242 8.72x 102 1.63x 104

Am-241 1.67 x 10s 3.01 x 106
,,

Am-243 1.22x 104 2.69x l0 s

Cm-245 5.43x 102 1.43x 10 4

Cm-246 1.68x 102 4.53x 103

of Tc-99 and curium is assumed to be alteration controlled, and the actinides are

solubility-limited. To estimate the fractional alteration rate of the copper matrix

waste form, we use data from experiments 45 in which a 99.9% copper alloy was .

immersed in Gatun Lake for 16 years. The metal was found to corrode at a rate

of approximately 5 g/(m2-yr).

The copper content in one package for waste streams A1-6 and Al-8 is calculated to

be 9.57x10 a g and 1.65x106 g, respectively. We assume that the waste is packaged

so as to leave the entire void volume at the top of the container, so that the area of

waste in contact with water is constant and equal to the cross-sectional a,rea of the
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Table 2.13. Reduction Factors of Reprocessed Ii,VR Spent Fuel at 10 Years

Spent Fuel LWR Reprocessing Reduction

Species Inventory Waste Inventory Factor

(Ci/84,000 Mg) (Ci/84,000 Mg)

Tc-99 1.1xl06 1.1xl06 1
,, , ,

1-129 2.65 x 10a 2.66 x 10a 1
, i

Cs- 135 2.90x 104 2.91 x 104 1

U-234 9.99 x 104 2.50 x 10a 40.0
,,,, ,,, , ,,,,,,,,, ,, ,,,

U- 238 2.66 x 104 6.72 x 102 39.6
,,,,

Np-237 2.65 x 104 5.38 x 10-I 493
, .,,, ,,.. , ,,,

Pu-239 2.63 x 107 5.26 x 104 500
,.., , ,,,, ,

Pu-240 4.80 x 107 8.82 x 104 544
, . ,,,,

Pu-242 1.44 x I0 _ 2.93 x 102 491
, ,,, , , i , ,, ,,, ,

Am-241 1.48x10 _ 2.97x105 498
........ , ,

• Am-243 1.44x106 2.87x10 a 502
, , ,,,,,

Cm-245 1.23 x 104 2.52 x 101 488
,,

Cm-246 2.62x 10a 5.05 519

inner container. We assume the total reaction surface _ea, due to internal cracks, is

ten times the waste surface area. We thus calculate copper matrix alteration rates

for waste streams A1-6 and A1-8 of 1.4x10 -6 and 3.8x10 -_ per year. Stream

A3-2,5 consists of stream A3-2, which has no matrix, and stream A3-5, which has

a copper matrix. We assume the streams are combined as is, with no extra copper

added beyond what is specified for the A3-5 streaan. The A3-2,5 paclmge thus

contains 1.79x10 _ g of copper, leading to a fractional alteration rate of 7.6x10 -6

per year.
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Table 2.14. Reprocessing Waste Forms
, ,,,

Waste Stream Species Description Waste Matrix
i i i i'l i

Ai-1,..'_ Tc-99, actinides Non-fuel and none

fuel hardware

A1-3 1-129 Gases silver iodide
,, ,,,

A1-4 Cs-135 Reduction salt zeolite
, ,,

A1-6 Tc-99, U Transport metal copper
,,

A 1--7 Cs- 135 Electrorefining salt zeolite
..... ,, , ,,

A1-8 Tc-99, actinides Electrorefining metal copper

A3-4 1-129, Cs-135 Electrorefining salt zeolite
...... ,, ,

A3-2,5 Tc-99, actinides Fuel hardware and copper

electrorefining met al
.... Diii [ iii

Table 2.15. Reprocessing Waste Release Mechanisms
i ........... ,, ,

Waste Species Release Mechanism Alteration II ate

Stream (yr- 1)
Jl | ilill

A1-1,2 Tc-99, Cm instant dissolution

actinides solubility-limited
.....

A1-3 I- 129 solubility-limited

A1-4 Cs- 135 instant dissolution
.... 1 ...... 1

A1-6 Tc-99 alteration-cont rolled 1.4 x 10.6

U solubility-lin,ited
,,, ,,,

Al-7 Cs-135 instant dissolution
,,, , .........

A1-8 Tc-99, Cm alteration-controlled 3.8x 10 .6

actinides solubility-.limited

A3-4 1-129, Cs-135 instant dissolution
..... ,,,,,,,,,

A3-2,5 Tc-99, Cm alteration- cont rolled 7.6x 10 -6

actinides solubility-limited
'' lH i i__ Ill
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2.3 Radionuclide Release Rates

Radionuclide release rates from individual packages and for the whole repository

are calculated for both spent fuel. and reprocessing wastes. In ali cases, release

rates _re calculated for the first 105 years. The repository release rates in the

two disposal schemes are compared with each other and with the NRC maximum

allowable release rates.

2.3.1 Normalized Per-Package Release Rates

Radionuclide release rates from individual spent tirol packages, normalized to their

1000-year package inventories, have been calculated by Sadeghi ct. al.4° for all of

the species included here except curium. They are shown, along with the normal-

ized release rates of curium, in Figures 2.3 through 2.6. Since water contact is

assumed to begin at 1000 years and it takes 8650 years to fill the contaiger, all

releases from spent fuel packages begin at 9650 years.

Release rates for alteration-controlled species are shown in Figure 2.3. Alteration

of spent fuel ends well before the container overflows. Because we have assumed

that the water in tile container is always well mixed, the release rates of alteration-

controlled species are the same as if they were instantly dissolved. The normalized

release rates of curium are lower than those of the fission products because curium

decays much more rapidly than the fission products.

Release rates of the solubility-limited species are shown in Figures 2.4 through 2.6.

The solubilities of all the species investigated here are so low that their elemental

release rates are constant beyond 105 years. The release rate of an individual

isotope is determined by its time-dependent fraction in the waste. I%r example,

as Pu-240 decays, the fractions of Pu-239 and Pu-242 in the waste increase. 'This

increases the release rate of Pu-239 until about 60,000 years, when its own decay

is sut:ficient to cause its release rate to decrease. The release rate of Pu-242, the

longest-lived isotope, always increases as long as plutonium is solubility-.limited.
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Figure 2.4. Normalized Release Rates of Uranium and Np-.237 from Spent Fuel
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Uralfium and anleric.ium displ_y the same b_flmvior. As U-234 dec_tys, the release,

rate of U-238 increases. However, since the initial mass of U-238 in each package

is over 1000 times greater than the initial U-.234 mass, this increase is n_:;gligible.

Similarly, because Am-241 decays significantly before release begins, its release rate

is much lower than that of Am-243. Np-237 is the only neptunium isotope, so its

release rate is constant.

Release rates from individual reprocessing waste packages, normalized to their

1000-yea, r package inventories, are shown in Figures 2.7 through 2.14. Releases

from type-5 packages begin at 5290 years, releases from type-6 packages begin _t

4650 years, and releases ft'ore type-6a packages begin at 3890 years.

Tc-99 in waste stream Al-l,2 is instantly dissolved. Tc-99 .release from streams

Al-6, A1-8, and A3-2,5 is "alteration-controlled. Alteration of the copper matrix

continues beyond 10 '5 years in all three streams.

Iodine and cesium in waste streams A1-4, Al-7, aa-ld A3-4 are instantly dissoved

upon water contact with the waste. As in spent fuel, in waste streams Al-7 and

A3-4 the normalized release rates of these two species are nearly equal. Container

ovei_ow in stre_un Al-4 occurs 640 years hLter than in the other two streams, so the

release rate curve is shifted later in time. Release of 1-129 in stream Al-3 is limited

by the relatively low solubility of silver iodide, so the release rate is constant until

all of the silver iodide is dissolved, which occurs much later than 10 '_ years.

As in spent fuel, curium in reprocessing wastes behaves similarly to technetium, but

its normalized release rates are lower due to its faster decay. The other actinides

in reprocessing wastes are solubility-limited. Their release rates in reprocessing

waste packages are all qu_.ditatively similar to those in spent fuel. Because we

assumed the same solubilities as for spent fl_el, elemental release rates from type-

6 packages are the same t_s those from spent fllel packages, because they have

the same volumetric flow rate. Only the starting times are different, because the

void volumes in the packages are different. This is illustrated in Figure 2.15, which
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Figure 2.12. Normalized Release R,ates of Plutonium from t't.eprocessing Wastes
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Figure 2.14, Normalized Relea,se Rates of Curium from Reprocessing Wastes
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shows tile per-package release rates of uranium for both spent fuel and reprocessing

wastes. Spent fuel packages and packages for streams A1-1,2, A1-6, and A3-2,5 all

have the same volumetric flow rate, and the release rate of U-238 is the same in all

of them. Tile release rate of U-234 from A3-2,5 packages is higher than that from

spent filel, A1-1,2, and A1-6 packages because the fraction of U-234 in ALMR waste

is higher than that in LWR waste. However, the mass of U-234 in each package is

still much less than the mass of U-238, so the change in the U-238 release rate is

negligible.

2.3.2 Repository Release Rates

Repository release rates for reprocessing wastes in tile disposal scheme without

Sr/Cs separation are compared with those for spent fuel in Figures 2.16 through

2.22. For spent fuel, the per-package release rates are multiplied by the number of

packages to obtain the total repository release rates. Thus, as stated in Chapter

1, as long as the same 1.5 Mg packages are used, the repository release rates will.

be proportional to the number of Mg placed in the repository. This approach

is conservative; a more realistic method of obtaining the repository release rates

would be by convolution with the time-distributed water-contact time. 46

For reprocessing wastes, per-package release rates are multiplied by the number of

packages in each waste stream to obtain the total release rate for that stream. The

totals are then summed to obtain the entire release rate for the repository. Release

rates from reprocessing wastes all increase sharply at 5290 years, when releases

from the type-5 packages begin. Repository release rates for the strontium/cesium

separation case are shown only for neptunium, as an. illustrative example. Reposi-

tory release rates are _dways much higher in the Sr/Cs separation case because the

repository contains many more ALMR reprocessing waste containers.

Although the repository inventory of fission products is higher in the reprocessing

scheme than in the spent fuel scheme, the total release rate of Tc-99 is lower in the

reprocessing scheme. The Tc-99 inventory in stream A1-1,2, the stream 'with the
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highest, normalized release rate, is very small compared to the inventory in the

other streams, so it does not contribute appreciably to the repository release rate.

Release of most of the Tc-99 in the reprocessing scheme is limited by the expected

slow alteration rate of the copper matrix in the other streams.

The release rate of Cs-1.35 at early time is higher in. the reprocessing scheme than

in the spent fuel scheme, because its inventory in the reprocessing scheme is higher.

At later time when most of the Cs-135 in reprocessing wastes has been released,

the spent fuel release rate is higher. Although the 1-129 inventory is also Mgher in

the reprocessing scheme, about half of it is contained in A1-3 packages and released

very slowly. For the first 10'_ years, the release rate of 1-129 in the reprocessing

scheme is due mainly to the instantly dissolved 1-129 in A3-4 packages. Shortly

before 105 years, the 1-129 release rate levels off due to the contribution from the

A 1-3 packages.

The inventories of the solubility-limited actinides do not affect their release rates;

however, their release rates in the reprocessing scheme without Sr/Cs separation are

all lower than in the spent fuel scheme. Because the per-package elemental release

rate of a solubility-limited species in the wet-drip water-contact mode is propor-

tional to the top area of the package, the total repository elemental release rate is

proportional to the combined top area of all the packages containing the element.

Table 2.16 lists the total top areas of waste packages containing solubility-limited

species. Without Sr/Cs separation, the reprocessing waste total areas are about

four to five times lower than the spent fuel total area, and the elemental release

rates are correspondingly lower. However, with Sr/Cs separation, the reprocessing

waste total areas are over twice the spent fuel totM areas, due to the la.rger number

of ALMFI waste packages in the repository. As a result, the release rate of Np-237

in the Sr/Cs separation scheme is over twice that in the spent fuel scheme, and

about ten times that in the reprocessing scheme without Sr/Cs separation. Al-

though not explicitly sho,vn, elemental release rates of the other solubility-limited

species are also highest in the Sr/Cs separation scheme. Relative release rates of
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Table 2.16. Total Top Areas of Waste Packages Containing

Solubility-Limited Species
.......

i ,,, , ,, ,

Disposal Scheme Species Total Top Area

(m )
. t ii i i.i i u i i i i i

Spent Fuel ali 2.20x 104
, , , ,,,, , ,,,, i

Reprocessing Wastes U,Th,Ra 5.35 x 103

(No Sr/Cs Separation) Np,Pu,Arn 4.26×103
, , ,,, , ,

Reprocessing Wastes U,Th,Ra 5.85 x 104

(Sr/Cs Separation) Np,Pu,Am 5.74x 104
- i i

individual isotopes differ due to their different fractions in the wastes.

Curium release rates in tile reprocessing scheme are lower than in the spent fuel

scheme due to both its lower inventory and its immobilization in copper. The

masses of ctrrium in strearns Al-l,2 and Al-8 are nearly equal. At early time the

repository release rate in the reprocessing scheme is dominated by the relatively

high A1-1,2 release rate; at later time it is due mainly to releases from the other

streams.

Table 2.17 lists for spent fuel the peak repository release rates and NRC maximum

allowable release rates, a For low-inventory species, those which constitute less than

0.1 percent of the total curie inventory at 1000 years, the allowable annual release

is 10-8 of the total curie inventory in the repository at 1000 years. For PWR fuel

of 33,000 MWd/Mg burnup, the total 1000-yea1" inventory is 1.74x 103 Ci/Ivlg, so

the maximum allowable release rate for low-inventory species is 1.68 Ci/yr. For

high-inventory species, the maximum allowable release rate is 10-s per year of the

1000-ye;_r inventory of that species.

Only Tc-99 and Cs-135 exceed their NRC release rate limits. The release rate of Cs-

135 drops below its NRC limit at about 16,000 years, and the Tc-99 release rate does

so at about 29,000 years. Release rates of' the solubility-limited species are ali well

= 59



'Fable 2.17. Peak Release Rates from Spent Fuel in 105 Years
,, , ,,,,, ,

Peak Repository NRC Allowable

Species Release Rate Release Rate

(Ci/yr) (Ci/yr)
i ii i I i iii i l llml i

Tc-99 1.26 x 102 1.25 x 101
, ,, , , , i ,, i ,,,,

1-129 3.14x10 -1 1.6
: - ,,,, , , ,,

Cs-135 3.43 1.68
t ,,, , , , i ,

Ra- 226 2.20 x 10-6 1.68
, ,m.,,, , , , .. ,

Th-230 2.24 x 10-6 1.68

U-234 4.10 x 10-6 1.96
,., ,,, ,,, ,,.

U-238 1.11 × 10 -6 1.68
,,, , , , , ,,,, ,,,,, , ,t,

Np-237 2.33 x 10-6 1.68

Pu-239 5.21 x 10-4 2.95x 102
, ,, , ,,ml, , ,

Pu-240 4.17 × 10-4 4.61 × 102

Pu-242 2.26×10 -5 1.68
, ,,, , , L

Am-241 3.98 × 10-9 8.62× 102
,,, ,, , ,l,, ,

Am-243 8.33× 10-5 1.51× 101
, ....

Cm-245 7.55×10 -l 1.68
• ,,, , , ,,, , , ,

Cm-246 9.35 x 10-2 1.68
............... :lJJi i i

below their NRC limits for the first 10'_years. Although the release rate of Pu-242 is

still increasing at that time, it ca,n never exceed 4x 10 -5 Ci/yr, the solubility-limited

release rate of plutonium. Release rates of Ra-226 and Th-230 are also increasing

_t 105 years; however, they also cannot exceed their solubility limits. Solubilities

of Ra-226 and Th-230, given in the Yucca Mountain Site Characterization Plan 34

(SCP), are 6.8x10 -2 g/m 3 and 2.3×10 -4 g/m a, respectively. These values lead to

maximmn repository release rates of 0.74 and 5.34x 10-_ Ci/yr, both of which are

below NRC limits.
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Table 2.18 lists for the reprocessing scheme without Sr/Cs separation the peak

repository release rates and NRC maximum allowable release rates. The tot,al

1000-year inventory in this scheme is 4.24x107 curies, so the maximum allowable

release rate for low-inventory species is 4.24×10 -1 Ci/yr. A few radionuclides have

different status in this reprocessing scheme: Cs-135 is a high-inventory species, and

U-234 and Am-243 are low-inventory species.

Table 2.18. Peak Release Rates from Reprocessing Wastes

in 10_ Years, Without Sr/Cs Separation
,,,, ........ ,,.

Peak Repository NRC Allowable

Species Release Rate Release Rate

(Ci/yr) (Ci/yr)

Tc-99 6.42 1.79x101
, .,,,, ,, ,,.,

1-129 6.4x10 -1 4.24x10 -1

Cs-135 2.64x101 1.15
,, ., ........

Ra-226 1.17 x 10-6 4.24x 10 -1
,, , , , ,...,

Th-230 1.19x 10-6 4.24x 10-1
,, ......

U-234 2.22x 10-6 4.24x 10-1

U-238 2.70x 10-7 4.24x 10-1
. .......

Np-237 4.51x 10-7 4.24x 10-1
'' " '' "'° - '"" " - " t

Pu-239 1.06 x 10-4 2.80

Pu-240 9.20x10 -5 3.50
.... ,, ,, . ,.m. __ .

Pu-242 3.65 x 10-6 4.24 x 10-1
......... ,,,,, ,,,,,,, , , ....

Am-241 1.02x10 -6 1.67

Am-243 1.61 x 10-5 4.24× 10-1
,,| ........

Cm-245 3.84 x 10-3 4.24 × 10-1
, ,,,,, ,,,

Cm-246 7.17x 10-4 4.24x 10-1

In the reprocessing scheme, 1-129 and Cs-135 exceed their NRC limits. 1-129 ex-
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ceeds its limit only very briefly at tile beginning of release. The Cs-135 release rate

exceeds its limit for about 17,000 years. However, we have conservatively assumed

these species to be instantly dissolved in all waste packages, leading to very high

initiM release rates. In reality, the waste form will present some mass transfer re-

sistance, and they may not exceed their limits. Release rates of the actinides are

again well below their NRC limits.

The cumulative mass release M in the first T years after emplacement is defined

as

M(T) ;S(t)dt

where A_f(t) is the time dependent release rate at the repository (M/t). Table 2.19

lists tile cumulative releases from spent fuel and reprocessing wastes in the first

105 years. Only for Cs-135 and Am-241 are the cumulative releases greater in

the reprocessing scheme. In, both schemes, essentially all of the Cs-135 is released

by 105 years. The cumulative release of Cs-135 is thus higher in the reprocessing

scheme due to its higher inventory. However, the Am-241 inventory is 500 times

smaller in the reprocessing scheme than in the spent fuel scheme. Its cumulative

release is higher in the reprocessing scheme because release begins much earlier.

At 5290 years after emplacement, release from all reprocessing waste packages has

begun. By 9650 years, when release from spent fuel packages begins, ahnost all of

the Am-24I has already decayed.

2.4 The Borosilicate Glass Option

We have assumed that the salt/zeolite waste form used in the reprocessing scheme

is so highly soluble that the iodine and cesium in these wastes are completely dis-

solved upon water' contact. As a result, their release rates are very high soon after

release begins. In the reprocessing scheme without Sr/Cs separation, the 1-129

and Cs-135 peak release rates are 1.5 and 23 times higher, respectively, than their

NRC limits. However, the instant-dissolution assumption is very conservative and

may not accurately represent radionuclide behavior in this type of waste. It has
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Table 2.19. Cumulative Releases from Spent Fuel and Reprocessing Wastes

Without Sr/Cs Separation, in 1()_ Years
__ --.

, ,..

Spent Fuel Reprocessing Wastes

Species Cumulative Release Cumulative Release

in--- iii ii ii i i

Tc-99 1.06 x 106 5.41 x 105
, _ ,,,,,, , ,,, ,

1-129 2.73x 103 2.35 ×10 _
,,,

Cs-135 2.97 x 104 1.14x 10_
,,,, , , , , ,,, , ,

Ra-226 .129 6.90x10 -2
, ,,,.,

Th-230 .134 7.20x10 -2
, ,,L__ '" .......

U-234 .326 1.84 x !0-1
, ,,,,,, ,,,,

U-238 9.98x 10.2 2.55 x 10.2
,,, i , , , ,,

Np-237 .209 4.26x10 -2

Pu-239 3.96 x 101 8.83
, ,, ....

Pu-240 5.68 1.35

Pu-242 1.06 1.66x10 -1
, ,,,,, ___

Am-241 3.12x10 -6 7.77x10 -4
......... ,, ,,,,,

Am-243 7.50 1,53
,,

Cm-245 4.22x 103 3.93 x 101

Cm-246 4.11 x 102 5.01
i ' "' '

been suggested 41 that the salt/zeolite wastes be converted to a more stable waste

form such as bocJsilicate glass. In this section, we investigate the effects of ira-

mobilizing the radionuclides in waste streams A1--4, A1-7, and A3-4 in borosilicate

glass instead of zeolite. Release rates of 1-129 and Cs-135 from borosilicate glass

packages are calculated and compared to their release rates in the sa,lt/zeolite pack-

ages. Repository release rates are calculated for the reprocessing scheme without

= Sr/Cs separation. The analysis of the borosilicate glass option ends here; dischaxge

rates at the water table and concentrations at, the accessible environment are not
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calculated for borosilicate glass packages.

We assume that ali the radionuclides can be separated from the salt and placed into

borosilicate glass instead of zeolite. In formulating the borosilicate glass waste pack-

ages, we adopt a thermal limit of 2.5 kW per package. 41 The standard defense waste

package, 27'a4 referred to here as type BG, contains 1660 kg glass. The container

characteristics are listed in Table 2.6. Release of 1-129 and Cs-135 from borosili-

cate glass is alteration-controlled, and the fractional alteration rate is 2x 10-_ per

year.40,47

We assume that radionuclides from each waste stream are packaged separately. Ta-

ble 2.20 lists, along with the 1-129 and Cs-135per-package inventories, the number

of packages needed for each stream in order to achieve heat generation rates of

at most 2.5 kW per package. In all packages the radionuclide volume is a small

fraction of the glass volume.

Table 2.20. Borosilicate Glass Per-Package Inventories at 1000 Years,

Without Sr/Cs Separation
,..... ,, .... ,,, ....

Waste No. Pkgs I.-129 Inv. Cs-135 Inv.

Stream irl Rep. (Ci) (Ci)
Ii I I I I _. Ii I I III '" ___

AI-4 27,280 0 1.05
,,,, ,,

Al-7 276 0 1.09
--- ,,, ,, ,, ,,, ,, ,,

A3-4 12,560 1.87 x 10 -1 6.81

The normalized release rates of 1-129 and Cs-135 from borosilicate glass and salt/

zeolite wastes are compared in Figure 2.23. Alteration of glass begins at 1000 years

and continues for 5x104 years. Release begins at 4890 years and drops off rapidly

after alteration ends. Because the half-lives of 1-129 and Cs-135 are both much

longer than the alteration time, their normalized release rates are essentially the

same. The alteration-controlled release rates are lower than tile instant-dissolution

release rates only for about tile first 20,.000 years. Notre is a.s low as the release
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ra.te from silver iodide (A.1-3), in which 1-129 is solubility-limited. Figure 2.24

shows the repository release rates for borosilicate glass mid salt/zeolite wastes in

t,he reprocessing scheme without Sr/Cs separation.
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Figure 2.24. Repository Release Rates of 1-129 and Cs-135 in Borosilicate Glass

and SMt/Zeolite Wastes, Without Sr/Cs Separation
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Chapter 3

Transport in the Unsaturated Zone

In this chapter, radionuclide release rates from the repository are used to calculate

mass discharge rates at the water table. Discharge rates resulting from repository

releases during the first 10s years after emplacement are cMculated. Discha'ge

rates are calculated for spent fuel a.nd for the reprocessing scheme without Sr/Cs

separation. The Sr/Cs separation scheme and the borosilicate glass option are not

further investigated.

3.1 Transport Model

At Yucca Mountain, a small fraction of the local precipitation infiltrates through

the ground surface and into the unsaturated zone. Groundwater is expected to per-

colate downward past tile repository horizon and eventually reach the water table.

Radionuclides which escape from the waste containers are carried downward with

the groundwater until they reach the saturated zone, where they are transported

horizontally along with the faster moving water. In the unsaturated zone, water

flow is expected to occur mainly in the rock matrix, a'i

Radionuclide transport from the repository to the water table is analyzed using a

one-dimensional model in which the repository is represented as an infinite plane

source at the emplacement horizon, and radionuclides migrate by diffusion and

advection to the water table. The mass release rate, specified as the repository

release rate calculated in Chapter 2, is assumed to be uniformly distributed across

the plane source. Because the repository area is much greater than the distance

to the water table, the repository is well approximated by an infinite plane. The

unsaturated zone is considered a uniform porous medium without differentiation

of layers. Figure 3.1 illustrates the transport model.
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Figure 3,1,. Unsaturated Zone Radionuclide Transport Model

For radionuclides without precuraors, the governing equation for one-.dimensional

transport is

J

D 02N(z't) - II,, ON(z't) K ON(z't) = AKN(z,t)- M(t)5(z)
Oz2 Oz Ot cea (3,1)

t >0, --oo< z < c_

where

N(z,t) is the radionuclide concentration (M/La),

z is the distance from the repository (L),

A is the radionuclide decay constant (l/t),

D is the diffusion/dispersion coefficient (L2/t),
4

K is the retardation coefticient,

Vu is the pore velocity in the unsaturated zone (L/t),

e is the porosity,

- _Dis the saturation,

A is the repository area (L2),

2Q(t) is the time dependent release rate at the repository (M/t).
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We assume an infinite domain with tile concentration equal to zero initially and

ai z equal to infinity for ali time. This assumption does not allow for a boundary

condition at the water table. In reality, fast-moving water at the water table will

quickly carry radionuclides away from the area directly beneath the repository.

Tires the discharge rates may be greater than predicted here due to an increased

concentration gradient at the water table.

The governing equation may be rewritten as

0 )_ + _ X(z t) + v_.°N(*'*) o_x(,,t) _)z(t)6(z)
' Oz DK Oz 2 = eeAK (3.2)

t >0, --cx_ < z < e_

with

D
D/_" .=m

K (a.a)
v,,
K

The solution to this equation, subject to the initiM and boundary conditions

N(_,o)= 0
(a.4)

N(:t:oo,t) = 0

in

' ¢I(,)_-z('-_)N(z, t) j_z:22 a(_ - yK(t- _),t - ,)d,
. (3.5)

e-z2/4DKt

G(z, t) = v/_lrrDh.t

For an impulse release,

_1(t) = Z_5(t .- t_) (3.6)

where tp is the time of the impulse release, Ip = Joe -'Atp is the inventory at tp (the

amount released during the pulse), and Io is the inventory at emplacement (t = 0).
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Thus the solution simplifies to

N(z, t) = I_'e-_('-"_)G(z- -e,,),t , (a.7)

The flux ¢(z, t) is calculated as the sum of an advective and a diffusive term:

ON(z,t)
¢(z,t) = _,/,I_V_N( _,t) - _¢KD_. 57z "

(z + VK(t--tp)\
= Ipe-a(t-tP)G(z - VK(t- tp) t-rp) \--__(t --t7 i ) (a,s)

A ' '

The discharge rate _ID(z, t) is simply the flux multiplied by the area:

' t - rv) '

Equation 3,9 is used to calculate the discharge rates at the water table for ali

radionuclides without precursors. For each species, the time-dependent repository

release rate calculated in Chapter 2 is estimated as a series of impulse releases

= occurring at 1000-year time intervals. The contribution to the discharge rate from

release between times ti and ti+l is given by (3.9) with

*p=*_

tv = _ ti+I +tj)

where li is the amount released between tl and ti+l. For each output time t, the

contributions to the discharge rate from all impulse releases Iv(tr), tp < t, are

= summed to obtain the total discharge rate.

The governing equation for the one-dimensional transport of a radionuclide decay

chain through isotropic porous media is derived and solved by Harada et. ai.4s

: Solutions of the equation for a variety of radionuclide release modes 'have been

implemented in the widely used computer code UCB-NE-10.4 (originally called
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MIGRAT03). 4s'49 Here a, modification of UCB-NE-I0.4 is used to calculate dis-

charge rates at the water taMe for the U-234_Th-230_Ra-226 chain.

The one-dimensional transport equation with an infinite plane source boundary

condition is

ON (z,t) ON (z,t)
[-)2Ni(z't) t_ -- K,-- = AiKiNi(z t)D .... Oz2 Oz Ot '

(3.11)

t>O, -oo< z < c_

where

i = 1,2,3...

Ni(z,t) is the concentration of radionuclide i (M/La),

z is the distance from the repository (L),

,li is the decay constant of radionuclide i (l/t),

D is the ct_ffusion/dispersion coefficient (L2/t),

Ki i,' the retardation coefficient of radionuclide i,

Vu is the pore velocity in the unsaturated zone (L/t),

N*(t) = Ni(O,t)is the concentration of radionuclide i at the repository (M/La).

A "band release" from a waste form occurs when radionuclides dissolve uniformly

for a finite time into the water flowing past the waste. If diffusionM transport

of dissolved radionuclides in the vicinity of the waste material is neglected, the

concentration at the repository (z = 0) is given by

Ni(O,t) = ........ (3.12)

where f/i(t) is the rate of radionuclide dissolution (M/t) and Q is the volmnetric

flow rate oi' water pa:_t the waste (La/t). Here Q is the flow rate for the entire

repository, equal to the product of the groundwater Darcy velocity and the repos-

itory area,. If the entire radionuclide inventory in the waste is dissolved within a
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leach time T, the initial concentration at this location is then

_v,(0,0i 'M'°;?-_ (3.13)

where ,_I? is the irfitial inventory of radionuclide i in the waste (M). Using the

Bateman equation for radioactive decay, the prescribed concentration at the source

becomes

3

N*(t) = E BiJ e)''t (3.14)
j=l

where the Bateman coefficient Bij is defined as

J o i

N_ I-I_:__ (3.15)Bij
"---",x_[I,_,,,,_._i(,x_- ,xi)m'-- 1

The solution to the tranport equation for the band release mode, subject to the

initial and boundary conditions

N_(z,O)=0
(31G)

N_(+_, t) =0

is given by equations 5.29-5.35 in Harada ct. ai. and implemented irl UCB-NE-

10.4. We represent the time-dependent release rate from the repository as a series

of band releases of duration T = 1000 years. The initial amount present at the

start of each band release is taken to be the entire amount released during the

1000-year interval. For each band, the flux and discharge rate are calculated as

in (3.8) and (3.9). Again, the contributions to the discharge rate from each band

release are summed to obtain the total discharge ra't_._.

The source condition for the band release mode specifies a radionuclide concentra-

tion at the repository that changes, due to growth and decay, (.luring the time of

the band release. This rate of change will not correspond exactly with the actual

release rate during that, time interval. For example, the relcase rate of U-234 is
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controlled by the decay rates of both itself and U-238. Decay of U-234 decreases its

release rate, but decay of U-238 allows a larger portion of the uranium solubility

limit to be taken up by U-234. However, because U.-238 does not decay significantly

during the first 105 years, the duration of release, the release rate of U-234 is close

to an expormntially decaying release rate.

Approximating an exponentially decaying release rate with a series of short decay-

ing band release rates also introduces error. Because we take the total amount

released during each time interval to be the initial amount present at tile start of

each band release, the total amount released during the band will be less than the

actual amount released during that interval, due to decay during the band release.

However, this error is very small for U-234 since its half-life is much longer than

1000 years.

Tile boundary concentration of Th 230 and Ra.-226 in the band release mode also

does not correspond with the release rates given in Chapter 2. However, it will be

shown later that all Th-230 and Ra-226 released from the repository completely

decays before reaching the water table. Therefore, their discharge rates are due

entirely to decay of U-234 during transport. Because the Th-230 and Ra-226 that

leave the repository travel in the ground for some time bcfor._ e decaying, they affect

_he diffusive transport of the Th-230 and Ra-226 that are produced later. However,

errors in the Th-2:;0 and Ra-226 discharge rates introduced by the band series

approximation should be small.

3.2 Discussion of Parameters

Data, on the hydrologic and geologic conditions at Yucca Mountain are taken from

the SCP. The Darcy velocity (I@)of 0.5 mm/year is taken as constant throughout

tlm distance ft'ore the reI)ository to the water table. The two main tuff units lying

between the repository horizon and the water table, the Topopah Springs and,,

Calico ttills units, are divided for site characterization purposes into six layers.

Values of the saturation (t/,), porosity (e), and dry bulk density (p) (mass of rock
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divided by volume of rock and pores) are given in the SCP for each of these layers.

Only about 32% of the top layer, denoted in the SCP as TSw2, is underneath the

repository. Table 3.1 lists tile properties of the tuff layers. The values of porosity,

satuation, and density are weighted by the layer thicknesses to obtain the average

values e¢ = 0.25 and p = 1.76 g/cre 3. Tlfis leads to a volumetric flow rate Q of

4230 mS/yr. The pore velocity (lip = VD/e¢) is 2X10 -3 m/yr. The water travel

time for the total distance of 218 m from the repository to the water table is 1.09

× 105 years.

Table 3.1. Properties of Yucca Mountain Tuff Layers (Data from Ref. 34)
, , ,,,, , i i i

Tuff Layer * Thickness Porosity Saturation Dry Bulk Density

(m) (g/cre _)
__ iiii i i i . i inil i ii iiiii

r _rSw. 42** 12 .65 2.24
_,,,, , , , , ,, • , ,

TSw3 18 .04 .65 2.29
, , ,,,, , , ,,,, •

CHnlv 126 .36 .90 1.50

CHnlz together .33 .91 1.61

CHn2z 16 9.,,9 1.0 1.80
.............

CHn3z 16 .36 1.0 1.54
_

..... i L

• SCP convention for naming Yucca Mountain tuff layers'

TS = Topopah Springs unit

CH = Calico Hills unit

w = welded tuff, n = non-welded tuff

v = vitric, z = zeolitic

•* Thickness under the repository hoIizon (32% of total thickness).

The diffusion coefficient of cesium iri moisture present in intact tuff has been de-

termined experimentally 5° to be 9.5 xl0 -3 m2/yr, de Marsily 51 observes that

compilations of published dispersivities have r<,vealed average values of order one

tenth the distance traveled. Recent a,nalyses 52 of unsaturated zone transport at
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Yucca Mountain considered transport separately for 20 tuff layers and assumed dis-

persivity values (c_) of ten percent of the layer thickness. An average dispersivity

of 10 In was obtained. Here we consider only one layer, so we take the dispersivity

to be one tenth of the distance traveled, or 22 m. Both values are within the range

of uncertainty for this parameter. An effective diffusion/dispersion coefficient is

calculated using

D = Dm + c_V_ (3.17)

where Dm is the coefficient of molecular diffusion and Vu is the groundwater pore

velocity. 51 This gives D = 0.05 m 2/yr.

Retardation coefficients for all radionuclides except iodine, thorium and curium are

obtained from experimental sorption ratios in the SCP. Table 3.2 lists the sorption

ratios for the two tuff units between the repository and the water table. Average

sorption ratios for each unit are calculated and weighted by the thicknesses of the

units to obtain the sorption ratios K D used here. The thicknesses of the Topopah

Springs and Calico Hills tufts are 60m and 158m, respectively. The sorption ratio

:,f iodine is assumed to be zero. Remaining sorption ratios are compiled by Sinnock

et. ai. 53

Table 3.2. SCP Unsaturated Zone Sorption Experiment Data: KD in ml/g
:=- .........

llllll III i J i

Tuff Unit Tc Cs Ra U Np Pu Arn
..

i iii illl i . ii i iii __ _ iiii Illl I I I

Topopah .3 290 1500 1.8 7.0 64 1200

Spring 0 350 0 2.7 360 1100

.03 430 0 5.0 290 1800

855 2.5 120 i80

Calico Hills - 7800 0 2.7 66 1700

63,300 20.0
i iii _Ji,_- i i mmmm_[ - .

Assuming local chemical equilibrium between a species in the pore liquid and that
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same species sorbed on the rock, the sorption retardation coefficient K is given by

K = 1+ eP--_KD, (3.18)
i

, .) .:/"i.Table 3 3 lists the average sorption ratios Zt'/) and the calculated retardation eocr-

'. ' ficients.
,:, , / /

Table 3,3. Unsaturated Zone Retardation Parameters
,,,, ......

,= ,,

Element Sorption ratio (ml/g) Retardation coefficient
I,Inl I ............. III

Technetium .11 1.8
,.,, ,, .. , , ,.,,.,, i,,

Iodine 0 1
, ..... .., , .......

Cesi um 25,900 182,000
,, ...... ., ,,,,. , .,, ,,

Radium 1500 10,500
.. ... i, ....

Thorium 580 4000

: Uranium 7.6 54

Neptunium 3.3 24
- , , ,, ,, ,,,,. , -

Plutonium 106 740
----L .. ,,, ,,, .... ,,

A meri cium 1530 10,700
--- ,,. , , , ,,., -

Curium 180 1200
_ i ,,,,, j,,, = _

3.3 Discharge Rates at the Water Table

Figures 3.2 tkrough 3.5 show the discharge rates at the water table for Tc-99, 1-

129, U-234 and daughters, U-238, Np-237, and Pu-242. The remaining nuclides

are so retarded during transpdrt that t',hey decay before reaching the water table.

If there were no diffusional transport, the expected radionuclide travel time from

the repository to the water table would be the water travel time nmltiplied by the

retardation coefficient. The expected travel times are listed in Table 3.4. Nuclides

that decay in this time do not arrive at the water table. The travel times for Ra-226

and Th-230 are longer than the times for them to decay, so their discharge rates

rates result entirely ft'ore decay of U-234 during transport.
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Figure 3.4. U-234 and Daughters Discharge Rates at the Water Table for Spent
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80



T - .....' --' ' " ' '_" I '_ ' ' ' " ' I'""'1 .... ' '- ' '

10-30 _
J__._.__=-- , .. ,......, , , = , , I .... i , , _-_.._J._ ,_ _ , _-

10 5 10 6 10 7

| Time, years

Figure 3.5. Np-._37 and Pu-242 Discharge Rates at the Wa,ter Table for Spent F_el

and Reprocessing Wastes

= 81



Table 3.4, Radionuclide Travel Times to the Water Table

Expect.ed Travel Time Time to Decay to 10-1°

Species (yea's) of Original Amount

(years)
j i i i I m,lt_ 00,

T c-99 1.96 x 105 7.08 x 108

I- 129 1.09 x 105 5.22 x 10s
0.

Cs- 135 1.98 x 1010 1.00 x 10s

Ra-226 1.14x 109 5.32x 104
,, ._ , _ ,,,,, _, , __

Th-230 4.36 x 10s 2.51 x 106
,, , _ ,,

U-234 5.89x 106 8.15 x 106

U-238 5.89x 106 1.48x 1011

Np-237 2.62x 106 7.11x 107

Pu-239 8.07 x 107 8.01 x 105

Pu-240 8.07x 107 2.18x 105

Pu-242 8.07 x 107 1.25 x 107

Am-241 1.17 x 109 1.44x104

Am-243 1.17 x 109 2.45x105

Cm-245 1.31 x l0 s 2.84x105

Cm-246 1.31 x 10s 1.58x105

Diffusion causes all radionuclides to arrive at the water table earlier than their

expected times. For example, the discharge rate of Tc-99 from spent fuel has

reached 10-s of its peak value at 2.8x104 years. However, diffusion does not

decrease the radionuclide travel times enough for m_y more nuclides to appear.

For each radionuclide that arrives at the water table, discharge from reprocess-

ing wastes begins earlier than discharge from spent fuel, l-ecause release from the

° repository starts earlier for reprocessing wastes. However, some of the graphs do

not show the discharge rates at times early enough for this to be apparent. For

Tc-99, the spent fuel discharge rate is substantially higher only for early times, eor-
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responding to its higher release rate from the repository. At later times when the

Tc-99 spent fuel release rate rapidly decreases, its discharge rate approa, ches that

of the reprocessing wastes. A comparison of the 1-129 disch_xrge r_tes h'om spent

fuel aad borosilicate glass would yield a similar relationship. Also corresponding to

the repository release rates, the 1-129 discharge rates are almost the samae in both

schemes. In the spent fuel scheme the peak discharge rate of Tc-99 is about twice

that of the reprocessing scheme, and for 1-129 it is about ten percent higher.

The discharge rates of urtmium, Np-237, and Pu-242 also correspond closely to their

release rates from the repositoryl For example, the Np.237 release rate (constant

with time) and peak discharge rate are both about five times higher in the spent

fuel scheme. Discharge rates of Th-230 and Ra-226 are higher in the spent fuel

scheme because the release rate of U-234 is higher,
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Chapter 4

_'ansport in the Saturated Zone

In this chapter, discharge rates at the water table are used to calculate time-

dependent concentrat, ions at the accessible environment. The concentrations are

then converted to dose rates using dose conversion factors.

4.1 Transport Model

At and below the water table, the saturation _bis equal to unity, and groundwater

is assumed to flow horizontally to the southeast, a4 Radionuclides which reach the

water table are transported downstream toward a hypothetical well which is located

at the accessible environment, defined by the EPA to be 5 km from the repository

perilneter. Water from the saturated zone is extracted from the well and used by

future humans for drinking and agriculture.

We assume that all radionuclides that reach the water table do so within an area

directly beneath the repository. In reality, they will be spread beyond this area

due to transverse diffusion and dispersion. The time-dependent discharge rate at

the water table is represented as a time-dependent release from an array of point

sources located at the water table, within an area directly beneath the repository.

Radionuclides released from the point sources migrate by diffusion and advection

toward the well. We assume that the well does not perturb the aquifer.

The time-dependent concentration at the point where the well drillhole intersects

the water table is calculated using a three-dimensional transport model. Radionu-

clides emitted from the point sources diffuse and disperse horizontMly and down-

ward. We ignore any transport back up into the unsaturated zone. Figure 4.1

shows the transport model. Figure 4.2 shows the array of point sources chosen to

represent the area of the repository, superimposed on a top view of the repository.
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The concentration at the output point is the sum of the concentrations resulting

from releases from all of the point sources.

groundsurface

well

L i ,,, , .... repository

X3 Vs _
array of point sources (NOT TO SCALE)

Figure 4.1. Saturated Zone Radionuclide Transport Model

Flow in the saturated zone is assumed to occur mainly in fra,ctures. 34 However, for

these calculations the saturat-d zone is treated as an isotropic porous medium with

porosity given by the bulk effective fracture porosity. This is sufficient' because the

fractures at Yucca Mountain are extremely small compared to the distance over

which flow is being analyzed. It is thus possible to represent the saturated zone as

a porous medium without sacrificing much accuracy.

The governing equation for radionuclide transport from a point source in porous

media is solved by Chambr_ ct. al._4 The governing equation for a radionuclide

without precursors is

K ON ON ON ON = D1 02 N 02 N 0 2N
Ot + Va _X l + V2_ -_"Va Ox-'-_a _ + D2 "0-_2 zr D30x_ ,\KN

t > 0, -_ < zi < oo, i= 1,2,3 (4.1)
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repository perimeter

well
(NOT EXACTLY TO SCALE)

X
1

Figure 4.2. Source Point Locations for the Saturated Zone Transport Model

where

N(xl,x2,x3,t) is the radionuclide concentration (M/Iri),

xi,x2,:r3 are the distances from the point source in each direction (L),

A is the radionuclide decay coixst_lt (l/t),

D1, D2, D3 are the diffusion/dispersion coefficients in each direction (L2/t),

K is the retardation coefficient,

V1, V2, V:3 are the pore velocities in the saturated zone (L/t).

The solution to (4.1), subject to the initial, and boundary conditions

N(xl,x2,x3,0)--O
(4.2)

N(=t:_, -4-oo,:i=,_,t) = 0

due to a point source j located at (x_,x_,x_) and with a mass release rate Mj(r),
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is

f' II t- ,)titA:(z 1.,.v.,_,,r3, t) = _.N.

i=1 (4.3) ,
1 -[(_ - _' ')---v;(, .- ,-)]_

C'_(xi,t - r) = _/4_rni(t - r) e _"('-')

where e is the porosity of the medium.

We take 21 to be the direction of water flow (horizontal). We take ._?_to be the

horizontal direction perpendicular to water flow, and 23 is the vertical downward

direction. The velocity in the saturated zone is denoted V,,; thus Va = Vs and

V2 = 1/3 = 0. We also assume the transverse dispersion coefficients are equal:

D_ = D3.

Ten source points are chosen, located so as to approximate the area of tim repos-

itory. The origin is located near the middle of the repository. The output point

is located 5 km downstream from the repository edge, at (6250 m,0,0). The

source points are listed in Table 4.1. With these source points and output point,

x3 = xg = 0 alwa3"s.

The solution to the transport equation allows for ditthsion and dispersion both

upward and downward. [Ising this solutio_::_half of the radionuclides released from

each point source will migrate above the plane of the array and hal.f will migrate

below. However, because ra,dionuclides are continuously traveling down through

the unsaturated zone, the high concentration of radionuclides above the water

table will prevent much diffusive transport back up toward the repository. To

adjust the solution so that all of the radionuclides emitted from each point source

travel downward, we simply douMe 5"li(r) in the expression for the concentration.

If the discharge rate to the water table is evenly distributed among the ten point

sources, the mass release rate from each. point source is 2_Ij(r) = .'_2_lD(r), where

P=10 is the number of point sovrces. With these parameters the solution for the
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Table 4.1. Source Points for tile Saturated Zone Tr_msport Model
L

Source Location (z 1, x 2, x 3 )

Point (Distances in Meters)
ii1 i [ i i iii

A (-,780,-860,0)
' ' ' ' ' ' , ,,,., .1 -

B (-580,220,0)

C (-i I0,-360,0)
,,L ,,,,

D (310,-910,0)

E (- 110,970,0)

F (330,470,0)

G (360,-220,0)

H (910,-330,0)_

I (890,670,0)
, , ,,,j

J (830, 600,0)
i iii i

concentration arising fl'om a point source at (x_', x_, 0) simplifies to

2 t MD(r)
N(xl,x2.,x3,t)= T6 eK -e Cidr

i=1

1 - [(_i- _.)- _',(,--,-)1_
TbiZT:;3

C,(x,,t- r)= v/_D,( t _ r)
(4,4)

c2(z2,t- ¢)= J4 z) (t -
1

C3(za,t- T) = V/.47rD2(t _ r) '

For each radionuclide that reachea the water table, Equation 4.4 is used to calculate

the concentration at the well due to release each point source. These contributions

are summed to obtain the total time-dependent concentration. Because the water

travel time from the area underneath the repository to the well is only a,bout 100

years, it is reasonable to neglect ga'owth of Th-230 mad Ra-226 during transport i,-,
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the saturated zone.

4.2 Discussion of Parameters

Data on the hydrogeologic conditions in the saturated zone are taken from the

SCP. Because the layers of tuff under the repository are tilted with respect to the

horizontal, water at the top of the saturated zone flows through both the Calico

Hills and Topopah Spring Units. For 3000 meters downstream from the repository

perimeter, the water table is in the Calico Hills unit; for the next 2000 meters it

intersects the Topopah Springs unit. The porosity of the saturated zone is taken to

be the average bulk effective fracture porosity in these two units. Saturated zone

hydrologic parameters for these units a,re given in Table 4.2. The average fracture

porosity is 1.4x10 -3, and the average pore velocity is 65 m/yr.

Table 4,2. Saturated Zone Hydrologic Parameters (Data from Ref. 34)

Parameter Calico Hills Topopah Spring

Unit Unit
I i i

]

path length (m) 3000 2000

bulk effective 4× 10-4 2.8× 10-3

fracture porosity
, ,, , ,,,, , L , =

pore velocity (m/yr) 100 14
, i I _L Illllll li .... -- li

The longitudinal dispersion coefficient for the saturated zone is taken to be Di -- 50

rn 2/:yr, '_5 Molecular diffusion is negligible compared to dispersion mad is ignored.

The transverse dispersion coefflceints are estimated to be one tenth of the longitu-

dinal dispersion coemcient: D2 = Da = 5 m.2/yr.

Retardation coefficients for a,ll radionuclides except iodine and thorium are obtained

, from experimental sorption ratios in the SCP. Table 4.3 lists the sorption ratios for

the three main tuff units t llat make up the saturated zone: the Prow Pass, Bullfrog,

and Tram units. Their thicknesses are 145 m, 135 m, and 121 m, respectively.
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Average sorption ratios for each unit are calc_flated and weighted by the thicknesses

of the units to obtain the sorption ratios .KD used here. The sorption ratio of iodine

is assumed to be zero. The sorption ratio of thorium is a,ssunled to be the same as

that in tile unsaturated zone. Sorption ratios for radionuclides that do not reach

the water table are not included.

Table 4.3. SCP Saturated Zone Sorption Experiment Data: KD in ml/g

Tuff Unit Tc Ra U Np Pu
i l l, lr, Iu li I - li

Prow Pass .15 - - 6.4 77

,21 9,0 230
J

Bullfrog 4.2 46,000 1.3 - 80

540 2.2 110
• t.... , , , , ,, ,, ,,,, ,, ,,,

Tram - -- 4.6 24 400
' ' '" ""' '" ' "" "" i , '

Retardation coefficients for the saturated zone are calculated by taking into account

its fracture characteristics. The retardation coefficient K in fractured media is

given by

K= 1+--_
(4.5)

K/ = KDS

where

K/ is the the sorption distribution coefficient (L),

b is the average fracture half-width (L),

S is the mass per surface area of the medium (M/L2).

The value of the fracture half-width used here, 10--5 m, is characteristic of reported

values. 56 The mass per surface area is 10.6 g/cm2. 5a TM)Ie 4.4 gives tile average

sorption ratios and the calculated retardation coefficients.

Dose conversion factors are used to convert the time-dependent concentrations at

the well into dose rates to individuals. Charles and Smith 57 have calculated dose
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Table 4.4. Saturated Zone Retardation Parameters
,,,_,..... i , .....

Element I£D (ml/g) ICf (cre) K
Illl |l I [ ]li III li I I

Teclmetium 2.1 2,1 x 10-6 1.0
,, ., , _,_. , ,,

Iodine 0 0 1.0
..... , ,,, ,,, ,. , , ,,,, ,, ,

Radium 23,200 2.3 x 10-2 24
.... , ,, , . , , , .,, _, _ ==

Thorimn 580 5.8 x 10-4 1.5
. ,,, , ,.,,, , , ,, ,

Uranium 3.1 3.]. x 10-6 1.0
,,,,

Neptunium 15 1.5 x 10-5 1.0
.... u

Plutonium 210 2.1 x 10-4 1.2
.,, .,,, ,,, ...... . ....

conversion factors for a hypothetical well which supplies water for land irrigation,

livestock feeding, and human consumption. The exposure pathways considered are

external irradiation from contaminated irrigated land, inhalation of resuspended

soil, und consumption of crops and livestock grown on the irrigated land. Conver-

sion factors for the radionuclides that reach the accessible environment are listed

in Table 4.5.

'Fable 4.5. Radionuclide Dose Conversion Factors (Data from Ref. 56)
_ _ :_ -- ,...............

Species Dose Conversion Factor

- - iiii i i _ [

Tc-99 2.1xlO3

1-129 3.9 xl05
,, ..... ,,, ,, ,

Ra-226 4.0 xl06

Th-230 1.1 xl06
.,, , , ,,, ,,,

U-234 3.7 x 105
..... , ,,, ., . ,

U-238 3.6 xl0 r_
- ., , ,, i. , .,. J , .._

Np-237 2.6 xl06
,., , ,,, ,.,,,, ., , , L ,

Pu-242 3.5 xl06
.... ,,,
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4.3 Concentrations at the Accessible Environment

Concentrations and dose rates at the accessible environment, for both disposal

schemes, are shown in Figures 4.3 through 4.10. The relative concentrations of

individual species in the two disposal schemes closely parallel their relative dis-

charge rates at the water table. Concentrations of the fission products Tc-99 and

1-129 are both about 106 times higher than those of any of the actinides. This is a

direct result of their correspondingly higher release rates from the repository, the

reasons for which are explained in detail in Chapter 2. Dose conversion, factors

for all species except Tc-99 are within an order of magnitude of each other; thus,

their releative (lose rates also correspond roughly to their relative discharge rates.

The dose conversion factor of Tc-99 is about 100 times lower than those of tile

other species. However, it is nowhere near low enough for the Tc-99 dose rate to

be comparable to that of any of the actinides. These results are consistent with

earlier studies a5,58 which found that doses from the fission products are among the

most significant concerns about geologic disposal of nuclear waste.

For no species investigated is the peak dose rate at the accessible environment more

than seven times lower in the reprocessing scheme than in the spent fuel scheme.

Again, this is due to the relative release rates from the repository in these two

schemes. The reasons for the closeness of the Tc-99 and 1-129 dose rates in the

two schemes thus lie mainly in their chosen packaging, as described in Chapter 2.

The dominant factor in the determination of the dose rate of a solubility-limited

actinide is not its repository inventory, but the number of waste packages among

which this inventory is distributed. In the reprocessing scheme investigated here,

inventory reduction is coupled with actinide distribution in a smaller number of

packages than in the spent tirol scheme. The resulting actinide dose rates are thus

lower, roughly in proportion to the lower total top area of the packages in the

repository. Pigford 59 has anticipated this result by noting that risk h'om actinides

is only proportional to inventory when the per-package inventory of actinides is

reduced so much that their release is no longer solubility-limited but is instead
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congruent with the alteration of the waste form.

The EPA 5 has set limits on the allowable cumulative radionuclide releases at thc

accessible environment in the first 10,000 years. The criteria for determining these

limits for va,rious types of repositories result in different release limits for the

spent fuel and reprocessing waste disposal schemes. However, with the parameters

adopted for this study, no radionuclides from either scheme reac?t the accessible

environment before that time.

Neither NRC or EPA has established an individual dose limit for a U. S. repository;

however, the International Commission on Radiological Protection (ICRP) has

recommended that individuals subject to prolonged exposure (more than 10 years)

receive no more than 0.1 rem/year, a° In this study, no radionuclides exceed this

dose rate. Tile highest peak dose rate, that of 1-129 in the spent fuel scheme, is

about 25 times below this limit.

Although dose rate calculations were not carried out for the case of reprocessing

with strontium and tesiam separation, or for the borosilicate glass option, it is

possible to predict qualitatively the dose rates for radionuclides in these disposal.

Schemes by using knowledge of their release rates. Dose rates of the actinide ele-

ments in the Sr/Cs separation scheme will be about 2.6 times higher t.han those

in the spent fuel scheme, since the total top area of all waste packages containing

actinides in this scheme is about 2.6 times higher thai in the spent fuel scheme.

However, this number wiU differ for individual isotopes because in the Sr/Cs sep-

aration scheme the repository contains many extra AI,MR packages, which con-

tain wastes with a different isotopic composition than LWR spent fuel. The dose

rate of Tc-99, which in the plain reprocessing scheme arises almost entirely from

alteration-controlled release from 1.1x104 packages, is expected t,._ be roughly 15

times higher with the addition of almost 1.6x105 extra packages in the Sr/Cs sep-

aration scheme. Similarly, 4.4x105 extra packages containing instantly-dissolved

1-129 will make this species' dose rate in the Sr/Cs separation scheme about 27
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times higher than that in the plain, reprocessing scheme. With the borosilicate

glass option, however, the 1-129 dose rate should be substantially lower than with

the plain reprocessing scheme, corresponding to its lower release rate from the

repository.

Since it was assumed in the transport model that the well does not perturb the

aquifer, the concentrations and dose rates calculated here are those that would

exist at the well location if there were no appreciable draw-off of water from the

weil. If the well were to supply large amounts of water to a sizable population, it

would disturb the groundwater flow and result in a lower concentration of radionu-

clides in the well effluent. However, this would not affect the relationships between

individual radionuclide dose rates, or between dose rates from spent fuel and from

actinide-burning reprocessing wastes.
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Chapter 5

Conclusions

Three possible disposal schemes for the proposed Yucca Mountain repository are

described. They are: disposal of 96,500 Mg LWR spent fuel; disposal of wastes from

reprocessing 84,000 Mg LWR spent fuel and from reprocessing 8517 Mg ALMR

spent fuel; and disposal of wastes from reprocessing 84,000 Mg LWR spent fuel

and from reprocessing 235,110 Mg ALMR spent fuel. In the first reprocessing

scheme, reprocessing involves removal of 99.8% of the Np, Pu, Am, and Cm and

98.4% of the U from LWR spent fuel, and removal of 99.8% of the actinides from

ALMR spent fuel. Irl the second reprocessing scheme, reprocessing involves this

same actinide removal, along with 100% removal of Sr-90 and Cs-137 and their

decay products from LWR, and ALMR spent fuel. In all d_sposal schemes the heat

generation rate of the wastes at emplacement is 1.1 x 10s watts.

Waste forrns, packages, and radionuclide inventories are specified 2s for tile three

disposal schemes. Per-package and repository release rates are calculated for the

spent fuel scheme mid the reprocessing scheme without Sr/Cs separation. Per-

package release rates in the two reprocessing schemes are the same because the same

types of packages are used. Repository release rates of Np-237 are calculated for all

three disposal schemes. Per-package and repository release rates of 1-129 and Cs-

135 are calculated for an additional disposal scheme, identical to the reprocessing ,

scheme without Sr/Cs separation, but in which all salt/zeolite waste forms are

replaced with borosilicate glass.

With the wet-drip model used to calculate release rates, assumptions about the

waste forms strongly affect release rates. Release rates for soluble fission products in

salt/zeolite wastes are calculated assuming rh.at the waste form is unstable and has

no ability to contain radionuclides. As a result, these release rates are initially very
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high and drop off rapidly, as most of the inventory is released shortly after water

contact. This approach is extremely conservative. In reality, the waste form will

probably prevent instant dissolution of the entire package inventory. Reprocessing

waste forms are not yet established and may be changed from those adopted here

if an actinide burning program is undertaken. If the soluble fission products are

immobilized in borosilicate glass instead, their release rates are much lower than

the early-time release rates from instant-dissolution waste packages.

The release rate of a solubility-limited species from a waste package does not de-

pend on its inventory in the package, The most important parameter for such a

species is its elemental solubility. Here it is assumed, somewhat arbitrarily, that

the solubilities of actinides in reprocessing wastes are the same as those in spent

fuel. Solubility data for reprocessing waste forms are needed if an accurate com-

parison of spent fllel and reprocessing waste release rates is to be made. These data

are also needed to evaluate potential waste forms. However, as long as dissolution

of an actinide is lirnited by its solubility, its package inventory will not affect its

release rate.

With the wet-drip water-contact release rate model, the release rate of a solubility-

limited species is proportional to the top area of the vertically emplaced container.

Although the inventories of solubility-limited actinides in reprocessing waste pack-

ages adopted here are up to 100 times lower than in the spent fuel packages, the

per-package release rates from waste containers with the same top area are equal.

Total repository release rates of actinides are only a few times lower for our actinide-

burning reprocessing scheme, because the total top area of all of the packages irl

this scheme is lower.

Curium is the only soluble actinide, and thus the only one for which decreasing tile

package inventory decreases the release rate. The release rates of curium in the

reprocessing scheme without Sr/Cs separation are about 100 times lower than in

the spent fuel scheme. This is due both to its lower inventory and to the placement
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of a portion of the repository inventory in waste packages containing copper, which

is expected to corrode very slowly.

If strontium and cesium arc separated from the reprocessing wastes before disposal,

the reduced heat generation rate of the wastes allows a greater loading of waste

in the repository. If the additional waste packages placed in the repository are

the same type as the original packages, release rates from the repository increase

proportionately to tile number of extra packages in the repository. With the repos-

itory loadings adopted here, the release rate of Np-237 in the Sr/Cs separation

scheme is about ten times higher than that in the reprocessing scheme without

Sr/Cs separation.

Radionuclide discharge rates at the water table, and concentrations and dose rates

at the accessible environment are calculated for the spent fuel scheme and the

reprocessing scheme without Sr/Cs separation. With the geologic and hydrologic

parameters adopted here, the only actinides which reach the wat,er table are U-

234, U-238, Np.-237, and Pu-242. Their discharge rates from spent fuel are only

about one to six times higher than those from reprocessing wastes, corresponding to

their higher repository release rates. Curium, the only actinide for which reducing

the waste inventory reduces the release rate, decays before reaching the water

table. The fission products Tc-99 and I-129 are highly mobile, and in both disposal

schemes their discharge rates at the water table peak well before those of any of

the actinides. The Tc-99 and 1-129 discharge rates are also much higher tha.n those

of the actinides, because their repository release rates are much higher. Cs-135

decays before reaching the water table.

Relative radionuclide concentrations at the accessible enviror_nent approximately

correspond to their relative discharge rates at the water t.able, and thus also with

their release rates from the repository. Dose conversion factors for all species except

Tc-99 are within an order of magnitude of each other; their relative dose rates also

correspond roughly to their relative repository release rates. As a result, dose rates
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of both fission products and actinides are only a few times lower in the reprocessing

scheme than in the spent fuel scheme. In both schemes, dose rates of Tc-99 and

1-129 are 10_ to 10is times higher than those of the actinides.

Because release of actinides from spent fuel and reprocessing wastes is limited by

their solubilities and unaffected by their per-package inventories, their removal from

spent fuel before placement in the Yucca Mountain repository does not appreciably

reduce the risks to future individuals from groundwater contamination. The fission

products 'rc-99 and 1-129 pose a much higher risk than do any of the actinides.

However, this study does not consider risk from the above-ground reprocessing

plmlts, from.repository releases of gasoous radionuclides such as C-14, or from

human in erusion into the repository. A recent study of the Auriat repository site

in France 61 extimated risks from human intrusion to be 10 to 100 times lower than

risks from groundwater contamination, for spent fuel and high-level wastes.

In addition to radionuclide inventories, a number of other factors affect risk to

future humans. These include the waste form, package geometry, and radionu-

clide transport characteristics. This leads to the possibility of using tectmiques

other than, or in addition to, inventory reduction to limit radionuclide releases

fl'om waste packages. For example, since the total release rate of a solubility-

limited species is proportional to the number of packages (assuming the same type

of packages), the total release rate from a given amount of solubility-limited ra-

dionuclide can be minimized by storage in as few packages as possible. For soluble

species, immobilization in a stable waste form can decrease the release rate.

As discussed in Chapter 1, the DOE actinide burning program has a number of

possible benefits and drawbacks not all of which are related to risk reduction. A

complete evaluation of the program will consider many additional issues before a

decision on whether to implement actinide burning in the United States is made.
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