o R R R R R RS

s i RN M"w v; T 1 . T ;-_'_A:

PERNE AR, ATALIRTR o T - w :
T T N
LA-10414-MS S ETTTTEL o

CIC-14 REPORT COLLECTION

C-% REFRODUCTION
COPY |

fy ——

Los Alamos National Laboratory is operated by the Umversuf{ Bt California for théﬁ;:'t;a—éix;t;; Depar(rnhe;t 6E;ergy under contract W.7405-. ENG 36

ll

LIBS.

di!

3 9338 00306 1495

LOS ALAMOS NATL. LAB

l

IR

|

|
|
|

O,
) VLTI SR - AT Ty
. . R . T ST
ARl _l. DTt T DL ancewms il Lol el

m.;{ ww“ix:.:*wj

B AT T e SR e LN

TIEETHRILL S
“ @S A @ 'ﬂfagma'mos:Natlonal Laboratory
IS | SAIamos NewMexuco87545 .



An Affirmative Action/Equal Opportunity Employer

Prepared by Nevada Nuclear Waste Storage Investigations (NNWSI) Project
participants as part of the Civilian Radioactive Waste Management Program
(CRWM). The NNWSI Project is managed by the Waste Management Project
Office (WMPO) of the US Department of Energy, Nevada Operations Office
(DOE/NV). NNWSI Project work is sponsored by the Office of Geologic Re-
positories (OGR) of the DOE Office of Civilian Radioactive Waste Management
(OCRWM).

Prepared by Rose Martinez, Group WX-4

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness,
or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or reflect those of the United States
Government or any agency thereof.



vt oA . C I ™ >

T e RN S I

P RRTER PSR O -~ J&A{_L. Y. b

PO S EE A . : uc 70
B - B A i

An Assessment of the
Important Radionuclides in Nuclear Waste

J. F. Kerrisk

P

© LAt041ams

Issued: October 1985

L@S AH @m :)S Los Alamos National Laboratory

Los Alamos New Mexico 87545

-
1T
noox

@t v



ABOUT THIS REPORT
This official electronic version was created by scanning 
the best available paper or microfiche copy of the 
original report at a 300 dpi resolution.  Original 
color illustrations appear as black and white images.

For additional information or comments, contact: 
Library Without Walls Project 
Los Alamos National Laboratory Research Library
Los Alamos, NM 87544 
Phone: (505)667-4448 
E-mail: lwwp@lanl.gov



R I N S S S R P S ST L
: by - . , . T
o R e R L s
PERUIRREL L b 8RNI E T n T
SRR NS o KA P
LR R TER %y 0 o | R
VRTINS T b7 ¥

L . - _

by
LSS SO IR0 SRR S
J. F. Kerrisk

ABSTRACT

The relative importance of the various radio-
nuclides contained in nuclear waste has been
assessed by consideration of (1) the quantity of
each radionuclide present, (2) the Environmental
Protection Agency's release limits for radio-
nuclides, (3) how retardation processes such as
solubility and sorption affect radionuclide
transport, and (4) the physical and chemical forms
of radionuclides in the waste. Three types of
waste were reviewed: spent fuel, high-level waste,
and defense high-level waste. Conditions specific
to the Nevada Nuclear Waste Storage Investigations
project potential site at Yucca Mountain were
used to describe radionuclide transport. The
actinides Am, Pu, Np, and U were identified as
the waste elements for which solubility and sorp-
tion data were most urgently needed. Other
important waste elements were identified as Sr,
Cs, C, Ny, Zr, Tc, Th, Ra, and Sn. Under some
conditions, radionuclides of three elements (C,
Tc, and I) may have high solubility and negligible
sorption. The potential for transport of some
waste elements (C and I) in the gas phase must
also be evaluated for the Yucca Mountain Site.

I. INTKODUCTION

AN ASSESSMENT OF THE IMPORTANT RADIONUCLIDES IN NUCLEAR WASTE

A program to build and 11céh§é.a'hdéTééF waﬁté repos1tory'must consider

the type of waste to be stored and, in particular, the radionuclide composition

of the waste over time after storage begins.

This information is needed to

assess how well the proposed rebosft&fy wi]]mconta{n the waéte over a long

time.

Presently, there are several different types of waste that might be
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stored at potential repository sites being studied by the Office of Civilian
Radiocactive Waste Management of the Department of Energy. They include spent
fuel from boiling water reactors (BWR) or pressurized water reactors (PWR),
high-level waste obtained from reprocessing BWR or PWR spent fuel, defense
high-level waste, and transuranic (TRU) waste. The different physical forms
and radionuclide compositions of these wastes create different probliems in
site characterization and performance assessment.

The Nevada Nuclear Waste Storage Investigations project is studying a
site at Yucca Mountain in southern Nevada as a potential nuclear waste reposi-
tory. As part of the geochemical site characterization of Yucca Mountain being
done at Los Alamos National Laboratory, questions concerning the relative
importance of various radionuclides have arisen in the context of studies of
how solubility and sorption on local minerals affect radionuclide transport.
In assessing the suitability of the site, those radionuclides that are present
in large quantities, that must be contained well, or that present special
problems should be given attention eariy in the program.

This report presents an assessment of the relative importance of radio-
nuclides in various types of nuclear waste. Four factors are considered in
this assessment:

1. the quantity of vartous radionuclides present in the waste,

2. the Environmental Protection Agency (EPA) release limits for the

radionuclides,

3. how different retardation processes such as solubility and sorption

might affect radionuclide transport, and

4. the physical and chemical forms of the radionuclides in the waste.
Because of the uncertainties about waste types, presenting a single 1ist of
radionuclides ordered by relative importance is impossible. However, this
report highlights radionuclides that may be important regardliess of the waste
form and others that may be important under certain condittons.

II. REPOSITORY INVENTORY

Before an assessment can be made of the importance of the various radio-
nuclides in nuclear waste, it is necessary to know the radionuclide composition
of the waste. For waste from civilian reactors, data from the compilation of
Croff and A]exander] were used. The two common types of light-water reactors

2
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(PWR and BWR) produce waste (spent fuel and h1gh level waste) that is suffi-
ciently similar to consider only PWR data in this anmalysis; conclusions drawn
for PWR waste generally apply o BWR waste also. The PWR-waste data are for
fuel that was irradiated at 37.5 MW/MTHM to a burnup of 33 000 MWd/MTHM. The
unit MTHM is metric ton of heavy metal (uranium plus plutonium) originally
charged to the reactor. The radioactivity content of the waste is reported in
units of C1/1000 MTHM. The spent-fuel waste is composed of fuel, cladding,
and structural material from the fuel assemb]y.] High-level waste comes
from reprocessed fuel from spent-fuel waste. During reprocessing, 99.5% of
the uranium and plutonium are assumed to be removed from the waste. Other
fission and activation products may also be isolated at this time for separate
storage. For the analysis done here, it was assumed that a repository storing
high-level waste would also store fission products segregated during reproc-
essing along with cladding and structura] wastes. Although many of these
wastes, cladding and structural wastes in part1cu1ar are usually not consid-
ered to be part of high-level waste, they represent highly rad10act1ve material
generated in the fuel cycle thdt mdst be 1so]ated from the environment.

Data for defense high- 1evvl waste were obtained from calculations by
J. R. Fowler and M. D. Boersma of the Waste Solidification Technology Division
of Savannah River Laboratory, Aiken South Caro]ina The resu]ts give the
radionuclide inventory of Savannah R1ver high level waste from the future
Defense Waste Processing Fac1]|ty Th1s fac111ty 1s designed to process
alkaline waste sludge that has been stored for 5 years after d1scharge from a
reactor, mixed with cesium conuentrate from so]ub]e a1ka11ne waste that has
been stored for 15 years, into a boros111cate g]ass The radionuclide inven-
tories are reported in terms o1 the act1v1ty or mass of rad10nuc11des per
canister of glass (1480 kg). A conversion between the quantity of waste in a
canister and the quantity of heavy metal or1g1na11y charged to the reactor is
not available. For the ana]ysis done here it was assumed that the equivalent
loading of defense high-level waste canisters 1n MTHM/can1ster could be
estimated from the total act1vlty (Ci/canister) of PWR high-level waste and
defense high-level waste caniszers. PWR high-level waste canisters will
contain waste from about 2 MTHM3 with about 70 000 Ci/canister 100 years
after d1scharge.] Defense h1gh—1eve1 waste canisters will contain about
16 000 Ci/canister 100 years atter:dtscharge. Based on an equivalence of the
curie content, the loading of defense high-level waste canisters would be about



0.5 MTHM/canister. This assumption does not affect the relative importance of
radionuclides within a given waste type; it does, however, make comparisons
between PWR waste and defense waste somewhat uncertain.

TRU wastes, which contain alpha-emitting transuranic radionuclides at
levels generally lower than high-level waste, may also be stored in a geologic
repository, but they were not specifically considered in this analysis.
Presently, the amount of TRU waste that might be stored in a repository and
the radionuclide inventory of that waste are uncertain. The radionuclides in
TRU waste are generally also present in high-level waste; thus, no new
important radionuciides should be added from TRU waste. One important aspect
of TRU waste that may influence radionuclide transport is the presence of other
materials such as organ1cs.4 The effect of these other materials on waste-
element speciation and solubility must be investigated if a decision is made
to store TRU waste in a geologic repository.

Table I is a 1ist of the total inventory in Ci/1000 MTHM for the various
types of waste considered here. The inventory is divided into activation
products, fission products, and actinides for civilian waste.] Throughout
an important period (1000 to 10000 years) for the effects of geochemical proc-
esses on radionuclide transport, the inventory from PWR spent fuel is about an
order of magnitude larger than from PWR high-level waste. Thus, spent fuel
presents a more difficult containment problem.

More significant for identifying important radionuclides is the identity
of the radionuclides that contribute most to the inventory over time.

Tables II, III, and IV 1ist the primary radionuclides and the amounts they
contribute to the total inventory of the waste for PWR spent fuel, PWR high-
level waste, and defense high-level waste, respectively. The actinides and
their decay products are represented by isotopes of Np, U, Pu, Am, Cm, Th,
Ra, and Pa. The radionuclides ]3705, 90Sr, 9ch, ]265n, ]35Cs. ]SISm,
79Se. and their short-1ived daughters are fission products. The radio-
nuclide 93Zr is both a fission product and PWR cladding activation product.
Other cladding activation products are 63N1 and 59N1. The radionuclide
140 comes primarily from activation of 14N, which is present in both PWR
fuel and cladding. The ]4c content of defense high-level waste is insignif-
1cant.2 The fission product ]291 is generally considered important, but
it does not appear in Tables II, III, and IV because it does not contribute
significantly to the total inventory of the waste; ]291 will be discussed

4
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REPOSITORY INVENTORY FOR VARIOUS TYPES OF NUCLEAR WASTE

J”*3ﬁ7ﬁﬁﬁbﬁﬁ¥ﬁﬂ"fé?‘Var1buS Decay Times

193 year ]03 year 'IO4 year 105 year

PWR Spent Fuel j

Activation products 3.2 % 105 8.4 x 103 6.4 % 103 2.5 x ]03

Actinides 6.6 x10°  1.7x10%  a.ax10® 3.9 x10t

Fission products 3.4x100  1.9x10t 1ex0t 1.4 x 10t

Total 21 x107  1.8x10%  a7x10° 5.6 x10°
PWR High-Level Waste

Activation products 3.2 x10° 8.4x10°  6.4x10° 2.5 x 10

Actinides 3.2 x 10° 8.3 x 10% 2.0 x 0% 2.5 x 108

Fission products 3.4 x 107 1.9 x 104 1.9 x 104 1.4 x 104

Total 3.4 x 10 1.1 x10° 45x100 1.9 x 10t
Defense High-Level Waste

Total 3.2.x100 e.0x10* 3 x10t 1.7 x 104

in Sec. VII because of its h1éh éo]u5111ty.and‘p06r sorption behavior. Some
radionuclides 1isted in Tables II, III, and”IV have relatively short half-1ives
and would not be important in a study of transport mechanisms. At 100 years
after discharge, ]37Cs, 90Sr. and their short-1ived daughters dominate the
inventory for all types of waste. By 1000 years after discharge, the actinides
are the predominant radionuclides. At 10 000 and 100 000 years, activation
products, fission products, and act1n1des are all 1mportant a]though the
actinides are more important for spent fuel than for high-level waste.

III. EPA LIMITS

The total activity of thé'Variqus‘rad{anuc11des present is only part of
the measure of their importance. 1In réspoﬁsé to thé Nuclear Waste Policy Act,
the EPA is developing a standard for nuclear waste repos1tor1es.5 In its

1
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TABLE I1

PRIMARY RADIONUCLIDES CONTR1IBUTING TO
REPOSITORY INVENTORY FOR PWR SPENT FUEL

Radionuciide and Per cent of Total Activity for Various Decay Times

102 year 103 year 104 year 105 year
3¢5 25% Mam  51% 239y 51y 3%, 33
137Mmg, 2492 240, 2% 240p, a9y Bre 17w

Vg 7% 239y 17y B¥re 3w i 4y
Wy b 2430 0.9% 230 1% Brr
1, o 239y o gyC 289y, qy¢ 9y
238, gy e 0.7% T 1 AT
Ay o SNt 0.3% 234, 0.4y 242p, 3y
240p, 1y 234y 9.y Br 0.4u BTy, o
239, 0.8% B 0.1% 93Myp 0. 4% 233ps g8
53N 0.8% 93y 0. 1% 242p,  0.4% 226ps  ouf
5l 0.4% 242y 0.1% 23np  0.3% 2305, o
3Short-11ved daughter of 'S'Cs.
bShort-Hved daughter of 90Sr.
CShort-11ved daughter of 243Am.
dShort—]‘lved daughter of 93Zr.
€Short-11ved daughter of 237Np.

fpecay products of 226Ra are in secular equilibrium; each decay

product also represents 2% of inventory. The 22bRa decay products

are generally short lived.
present form, this standard 1imits the release of radionuclides to the
environment for 10 000 years after disposal. Cumulative release limits for
radionuclides are prescribed in the standard. Table V 1ists these release
1imits as presently set. They cover all radioactive isotopes. A1l alpha-
emitting radionuclides except 230Th and 232Th have a release limit of
100 C1/1000 MTHM. Most radionuclides that do not emit alpha particles have a
release 1imit of 1000 C1/1000 MTHM; the exceptions are ]4C and ]291, which
have lower release 1imits (100 Ci/1000 MTHM) because of their biological
activity, and °%Tc, which has a higher release 1imit (10 000 C1/MTHM).

6
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Radionuclide and Per cent of Tota] Act1v1ty for Various Decay Times

102 year 103 year 104 year 109 year
137¢s 30y 281 pm 39% 99y¢ 28y M1 som
137Mg,  ogy2 2483pm 143 243pm 15% S TR P

05 20 239np 149 239p 15%° Bzr  10u
B0y poyb ¢ 1 Nt 0% 93Myp  gyd
6351 0.9% 240p, 5y 239p, gy 23%py a3y
241 am 0.5% ST 240p, oy 1265n 2
Slsm 0.5% 233y Bzr 4y 2T o
2385, g.2% Bor wm 93Myp, 499 233py  oy®
2hem 0.1% 93Myp 2% b 2% 3¢5 2
243pm  0.05% e 1265, oy e 0.7%
239, 0.05% Mo 1% T4y 233y 0.7%
3Short-1ived daughter of '3'Cs.
BShort-11ved daughter of 30sr.
CShort-1ived daughter of 243Am.
dShort-11ved daughter of 33zr.
€Short-11ved daughter of 237No.

The EPA
environment.

standard 1imits the total release of radioactivity to the

The contribution of each rad1onuc11de to the total release 1is

calculated from the ratio of the amount re]eased to the EPA Timit for that

radionuciide.

Based on this formu]ation, a measure of the relative 1mportance
of the various radionuclides 1s the rat1o of the rad1onuc11de inventory in
C1/1000 MTHM to the EPA 1imit.

Tab]es Vi,

VII, and VIII list radionuclides
ordered by this ratio along with values of the ratio for PWR spent fuel, PWR
high-level waste, and defense high-level waste, respectively. Radionuclides
near the top of the Tists have 1arger va]qgs for_the inventory/EPA 1imit ratio.
Thus, larger fractions of theéé‘raﬂionuc11des must be contained by the reposi-
tory to meet the EPA standard.




TABLE 1V

PRIMARY RADIONUCLIDES CONTRIBUTING TO
REPOSITORY INVENTORY FOR DEFENSE HIGH-LEVEL WASTE

Radionuclide and Per cent of Total Activity for Various Decay Times

102 year 103 _vyear 104 year 105 year
s 25% Mam 3% 239y 43y Bre ey
W0y oyd 239, gy 2400, q3y Bzr Ny

WBes oay 240p, 16y MV Ry 11xC
137mg,  20yd O e % ST
238p, gy M1 ey Brr TR
63y1 0.7% Bzr a3y By 7xC 2% ey
WSsm 0.7% Ny 3y’ 24y oy 230, 4y
24 am 0.2% 234, oy 12650 0.8y 226p, 4y
2410, 0.07% 238p, 1y s5e 0.5% 135¢s 1%
2335, 0.05% 5381 0.6% 13505 0.5% 1265n 1y
240p,  0.03% 1265, 0.4y 2307, .4y Bse 0.4%
3Short-11ved daughter of 90Sr.
bShort—Hved daughter of ]37Cs.

CShort-1ived daughter of 93Zr.

dpecay products of 226Ra are in secular equilibrium; each decay
product also represents 4% of inventory. The 22b6Ra decay products
are generally short lived.

Compared with an ordering of radionuclides based on their inventory (see
Tables II, III, and IV), the orderings shown in Tables VI, VII, and VIIIL
increase the importance of actinides because they are usually alpha emitters
and thus have lower EPA 1imits. In particular, gch, which has the highest
release 1imit of any radionuclide, is reduced from being the major contributor
to the inventory of PWR high-level waste at 10 000 and 100 000 years (see
Table III) to a level below many other radionucliides when ordered on the
inventory/EPA 1imit ratio (see Table V1I).
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EPA RELEASE LIMITS

3
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Cumu]a 1yg Release Limit
Radionuclide T %cf/1060 MTHM)
24]Am or 243Am ----------- P S 100
U e 100
]37Cs or ]35Cs ------------------------------------------ 1 000
L 100
23T e O 100
238Pu, 239Pu, 240Pu, or 242Pu -------------------------- 100
22D e e 100
0 e 1 000
O e 10 000
830y, o B2y, e 10
L e 1 000
233, 234 235, 236y 238, 100

Any other alpha-emitting radionuclide o
with a half-1ife greater than 20 years --——-cceeeen 100

Any other radionuclide with a half-1ife greater
than 20 years that does not emit alpha particles --—--- 1 000

IV. EFFECTS OF SOLUBILITY
The previous d1scuss1onsvhave notyconszgred any specific repository site;
the orderings listed in Tables VI to ViII would be the same for any site
storing the type of waste considered. However, solubility, which depends on
water chemistry, has site-dependent effects. A simple model has been developed
to assess the effects of so]ub111ty on element dissolution from solid waste at
the proposed Yucca Mountain repository. 6 Results from this model can be
used to rank radionuclides 1n‘terms of the ratio of the radionuclide dissolu-
tion rate (C1/1000 MTHM year) to the EPA 1imit (Ci1/1000 MTHM). This ratio
represents the fraction of theé EPA 1imit of a g1ven radionuclide that is
released from the solid waste each year. The ratio is large for radionuclides
with large dissolution rates (radionuclides that are not T1imited by solubility)
and with low EPA release limits.

PR



TABLE V1
RADIONUCLIDES ORDERED BY RATIO OF

INVENTORY TO EPA LIMIT FOR
PWR SPENT FUEL

Radionuclide and (Inventory/EPA Limit) for Various Decay Times

102_year 103_year 104 _year 105_year
2$1am 3.8 x 10* lam 9.0 x 103 %y 2.4 x 100 2%y 1.8 x 102
238py 1.1 x 0% 2805y 4.8 x10° M0y 1835108 207, .04 10°
137¢s 1.0 x 10* 2%y 3.1 x10° Phn g1 x10" 234 16 410!
137Mg, 9.8 x 1033 2% 1.6 x 102 234y 1.9 410 2425, 1.5 x 10
905 6.8 x 103 234y 20 x 10" %y 1.7 x10] 237 1.1 x 10!
NVy 6.8 x10% 2%y g 5100 0y 74900 26p, 4. 107¢
240p, 5.3 x 103 2Bp 1.6 x 101 BTy 1.2 x 10 233y 4.
23%, 3.1 x 10° e qaax0t By, 6.9C 236y 4.0
2415, 1.0 x 103 23T\p 1.0 x 10 1 4.8 2231y, 3.9
24em 3.3 x 102 238p, 9.7 T4 4.6 238 3.,
63y1 3.1 x 10° i 5.2 236y 5 g i 2.2
283am 1.7 x 10° 238, 3., 238, 3., B2r 1.9
3Short-11ved daughter of ]3705.
bShort—ﬁved daughter of 90Sr.
“Short-1ived daughter of 2*3am.

dpecay products of 226Ra are in secular equilibrium. Each alpha
emitter in the decay chain has the same inventory/EPA 1imit ratio;
others have an order of magnitude lower ratio. The 226Ra decay
products are generally short lived.

The model used in this analysis is based on the assumption that dissolu-
tion rates are limited by diffusion of waste elements into water moving past
the solid waste or by bulk-waste dissolution, whichever rate is lower.6
Waste elements with large solubilities or that are present in very small
quantities will dissolve at the bulk-waste dissolution rate; elements with low
solubilities will dissolve more slowly. The bulk-waste fractional dissolution
rate used in these calculations was 1 x 10'4/yr except for Cs, Sr, C, and I

in spent fuel, where 1 x 10—3/yr was used to account for migration of these

10
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RADIONUCLIDES ORDERED BY RATIO OF
INVENTORY TO EPA LIMIT FOR
PWR HIGH- LEVEL WASTE

N b ewme L m

ABLE VIL

Radionuclide and (Inventory/EPA Limit) for Various Decay Times

102 year 103 year 104 year 105_year

Wiee 1.0x10Y Man 18x100 M 16 x 102 2% 50

13MMg, 9.8 x 1098 283an 1.7 x 102 2%y a0x10' Pap 3.4

s, 6.8 x 100 280y 6.3 x 10" 20py 2.4 x 10 230y, 5.4

Wy 6.8x10% 2%y 2.9 x100 Py 6.7° NN 2.2

am 2.0x 108 B 16 x 10" i a8 Br 1.7

238p, 5.2 x 102 ¢ 1.4 x10t Yo a6 Rmyy .69
2Men 3.3 w100 O s 23Ty 3.5 233y 4.2

8351 3.0 x102 By 3. Bz 1.8 229 ¢ 4f
28m 1.7 x 102 Bzr 1.8 93y 1.7 ¢ 9.4 x 107!
Wlgn 1.7 x 102 9y, 449 Y1 1.3 1265, 3.9 y 107!
2405, 6.8 x 10 B¥7c 1.3 M 9.1 x10Y B% 3.6 x 107!
242cn 2.0 x 100 Mt 1.2 126q, 7.3 x 107" 233 3.4 x107'®
aShort-]‘lved daughter of ]37Cs
bShort-Hved daughter of 90Sr.
CShort-11ved daughter of 2*3am.
dShort-11ved daughter of 23zr.
eShort—Hved daughter of 237Np.

fpecay products of 229Th are in secular equilibrium. Each alpha
emitter in the decay chain has the same inventory/EPA limit ratio;
others have an order of magnitude lower ratio. The 229Th decay
products are generally short lived.

11



TABLE VIII
RADIONUCLIDES ORDERED BY RATIO OF

INVENTORY TO EPA LIMIT FOR
DEFENSE HIGH-LEVEL WASTE

Radionuclide and (Inventory/EPA Limit) for Various Decay Times

102 year 103 year 104 year 105_year

238p, 8.7 x 100 Man 1.9 x102 By 1.3 x102 B0 7.5 x 10!
Vs 7.8 x10° %y 1.7 x102 0y 3.8 x 10 234, 3.1 x 10!
0y  ;.8x10%@ 240, g9 4 10 234y 1.4 x 10 2395, 9.9

Wles 7.8 x108 2% 1.5 x 10! 2301, 7.3 x 10 2260,  7.4d
13mg, 7.0 x 10%° 238py 54 M 3.3 Bzr 1.9

2Man 7.8 x 10° TN By 2.0 I3y 1.9¢

63n1 4.3 x 102 B 2.0 93myp 2.0° N 1.4

WBlem 2.1 x 10 My 2.0 226pa 9.7 x 10710 236y g 3 4 107!
239, 1.7 x 102 B0y 4 236y s.2x 107" By 2.6 x 107!
2400y 1.1 %102 B8 goxi0' Y 3ax0' e 2.4 x 107
2815y 2.4 x 10 Bre zax10! By 2751077 B8 45 4 107!
3Short-11ved daughter of 20sr.

bShort-Hved daughter of ]37CS.

Cshort-11ved daughter of 93Zr.

dDecay products of 226Ra are in secular equilibrium. Each alpha
emitter in the decay chain has the same inventory/EPA 1imit ratio;
others have an order of magnitude lower ratio. The 226Ra decay

products are generally short Tived.

radionuclides to regions of greater access during irradiation. This may be
higher than dissolution rates that are ultimately achieved. If lower bulk-
waste dissolution rates can be achieved for long times, dissolution rates would
be lower than calculated here and solubility would be less important. The
model does not account for effects of engineered barriers; in this respect,

the model 1s also very conservative. Estimates of waste-element solubilities
and a number of parameters that characterize the solid waste and water flow

12
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near the repository are requ1red tot'tﬁe tafeo]at1on. Teble IX 1ists the
solubilities assumed for 16 waste elements in water from Yucca Mcuntain. These
elements were chosen for further ana]ys1s because their 1sotopes are prominent
in Tables VI to VIII. Some of the solubilities were calculated, 7 some
measured.8 and others were estimated. The solubilities listed as large are
assumed to be large enough that bulk-waste dissolution and not sclubility would
1imit dissolution rates under any cond1t1ons.6 The solubilities of carbon

and 1odine are 1isted as large for PWR spent fuel but are lower for PWR high-
level waste. This variable solubility reflects an uncertainty about the
physical form and release mechanisms of these elements from spent fuel compared
with their separation and storage as calcium or barium carbonate and barium
1odate for PWR high-level waste.4 The other parameters characterizing
dissolution are the same as described in Ref. 6 for PWR waste, except that the
latest estimate of the maximur recharge rate at Yucca Mountain, 1 mm/year, was
used.g Solid waste sizes for defense high-level waste were takern from

Ref. 2.

Tables X, XI, and XII 11st radionuclides ordered by the ratio of dissolu-
tion rate to EPA 1imit and values of this ratio for PWR spent fuel, PWR high-
level waste, and defense high-level waste, respectively. Several short-1ived
decay products of radionuclides 1isted in these tables have not been included
because they would not exist 1ong enough to provide solubility controls on
dissolution (see table footnotes) If the act1v1ty of these radionuc11des
were counted with their parent radionuclides, the dissolution rate/EPA limit
ratio of the parents would increase. How much increase would depend on the
number of decay products and their EPA 1imits. As noted above, radionuclides
near the top of the 1ist are being released from the solid waste relative to
their EPA 1imits at a faster rate than radionuclides farther down the list.
Solubi11ty 1s not an effective retardation mechanism for elements near the top
of the Tist. In particular, radionuclides of neptunium, carbon, technetium,
cesium, strontium, radium, and nickel have generally moved up in Tables X to
XII relative to their positions in the tables ordered by inventory/EPA limit
ratlos (Tables VI to VIII). Rad1onuc11des of thor1um, tin, and Zirconium have
moved downh in Tables X to XII; these eiements have so]ub111t1es Tow enough to
significantly 11mit thelr dissolution rates.

13



TABLE IX

WASTE ELEMENT SOLUBILITIES IN WATER
FROM YUCCA MOUNTAIN

Solubility (moles/%)

Element PWR Spent Fuel PWR High-Level Waste ﬂjgh?fzsgiewaste

Np 1 x 1073 1 x 1073 1 x 1073

u 4 x 1073 4 x 1073 4 x 1073

Pu 1x107° 1x 107 1 x 1070

Am 1 x10°® 1 x 1078 1 x 1078

cm 1 x 107® 1 x 107® 1 x 1078

Th 1 x 1072 1 x 1079 1x10°°

Ra 3 x 1077 3 x 1077 3 x 1077

Cs large large large

Sr 8 x 107° 8 x 107 8 x 107*

Tc large large large

c large 4 x 107% not present
large 2 x 1073 large

Sn 1x107° 1x 107° 1 x 1077

N 1 x 1072 1 x 1072 1 x 1072

zr 1 x 10710 1 x 10710 1 x 10710

sm 2 x 1077 2 x 1079 2 x 1077

In addition to the standards imposed by the EPA, the Nuclear Regulatory
Commission (NRC) has developed technical criteria for geologic repositories.
One criterion 1imits the release rate of radionuclides from the engineered
barrier system to one part in 105 per year of the inventory of that radio-
nuclide present at 1000 years following permanent closure of the repository.
This release 1imit does not apply to radionuclides released at less than one
part 1n 108 per year of the total inventory at 1000 years (about
1.7 x 10'5 C1/MTHM year). If dissolution from the solid waste as calculated
by the dissolution model described above is assumed to be the only mechanism
1imiting the release rate of radionuclides from the engineered barrier, the

dissolution rates can be used to determine which radionuclides do not meet

10
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% o4 TABLE X

RADIONQFLIDES ORDERED BY RATIO OF
DISSOLUTION RATE TO EPA LIMIT FOR PWR
o SPENT FUELa
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Radionuclide and Dissolution Rate/EPA Limit (yr)-1 for Various Decay Times

102_year 103 year 104 year 103 year
3¢5 1.0 x 10 Ve qax10? Mo oaex10® BTy 1.0 x1073
WV, g7 x107" Mg a5 x103 By 125107 2, 4.7 x 1074
2Mem 3.3 x102 20y 15107 %y 795107t %y 4.5 x 107
e 15x10? By 10x10® M0y 61 x 10t 138 3.4 x 107t
BN 1.0x10% 3%y 6.9 x 107t 13%s 3.4 x10t TP 39 x 107t
Mam s.ax10d W% 35 %107 P 3.4 x10t P 9.4 x 1075
238p, 2.3x 1070 1% 310t 1 34007t N 7.3 x 1070
28200 2.0 x 107 1 11 x 0t i rex 107t 22y 3.9 4 1078
em 1.3 x 1070 e 13 x10t 25 a3 w0t By 4 x 078
2800y w10 Mg 78 x100 P 1aax10t B 294108
238py 6.7 x 107t M2 325100 By g 4x10d By 5541078

1317 137m

3short-11ved daughters of '37cs (137Mgay, 90sr (90yy, 2435, 239y,
and short-1ived decay products of 2:)'G’Ra have not been included.

this NRC technical criterion. Table XIII 1ists radionuclides that do not meet
the NRC release criterion for the three types of waste at 1000, 10 000, and
100 000 years after d1scharge from the reactor based on this calculation. The
radionuclides on this 1ist are generally the same as those that head the 1ists
in Tables X, XI, and XII; that is, they are isotopes of elements whose release
is not being 1imited by solubi1ity. This is a very conservative calculation
because 1t ignores the featur;s-éf theneng1neered barrier system except waste-
element solubility and solid-waste d1ssolut1on It does highlight those
radionuclides that may require Tow solid-waste d1sso1ut1on rates or an
engineered barrier system to meet this NRC criterion.

15



TABLE XI
RADIONUCLIDES ORDERED BY RATIO OF

DISSOLUTION RATE TO EPA LIMIT FOR PWR
HIGH-LEVEL WASTEQ

Radionuciide and Dissolution Rate/EPA Limit (yr)-! for Various Decay Times

102_year 103_year 104 _year 103_year
Wes 1.0 240p, 1.3 x 1078 3%y e x 10t 2%y 5.1 x 107t
Vs 6.7 x107" Mam 6.2 x10t 20y 4.9 x 107 Byp 3.4 x 1070
24en 3.3 %1072 39y 43510 BNy asxr0t By g2 5107t
2Bpy 11 x10% Byp 35 x10t M 26 x 1070 ¢ 9.4 x 1075
83y 8.1 x10d Mp 23 x10t e 1ax107t Wi 5.7 x 1070
24200 2.0x10% Mo 2.0 x107t N 12 x 10t By 3.6 x 100
M am 1721072 BN 13 x10t Mo 7.3 x 100 3% 3.3 x 1070
2405, 7.4 %107 e rax107t By 46 x0T 3.9 x 1070
2Men 13 %108 By 470107 13¢s 3.8 w1070 226p; 5.4 ¢ 1075
239y 3.5 x 107 13¢5 3.5 x 1070 1291 3. x 10 4%y 7.9 x 1078
BTy, 3.2 x 1074 2en 3.2 x 107 233y 1545100 28y 3.5 4 1070

3Short-1ived daughters of '37cs (137Mgay, 905, (0y), 243p, (239,

and short-1ived decay products of 226Ra have not been included.

V. EFFECTS OF SORPTION

Section IV has outlined how solubility can influence dissolution rates of
radionuclides from solid waste. These dissolution rates provide a source term
for transport of radionuclides in water passing through the repository and
moving toward the environment. Sorption will affect the rate at which radio-
nuclides move with the water. Radionuclides that are strongly sorbed will move
more slowly than the average water velocity; radionuclides that are not sorbed
may move at about the same velocity as the water. During transport, radio-
nuclides will decay. If the time required to transport a radionuclide from
the repository to the environment 1s much longer than the half-1ife of the
radionuclide, release to the environment will be low. Based on this simplified
discussion, a measure of the effect of sorption would be the fraction of a
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RADICNUCLIDES ORDERED BY RATIO OF
DISSOLUTION RATE TO EPA LIMIT FOR

DEFENSE HIGH-LEVEL WASTEQ

Radionuclide and Dissolutlon Rate/EPA Limit (yr)-! for Various Decay Times

102 year 103 year 104 year 105 year

WVsr 7.6 x1077 Mam 1.9 x 1072 %y 5.7x10% %y 9.7 x 107
Wes 7.ax1070 2%y 500103 20y 175703 Y 954107t
238py 2.3 x 107t M0y 32 0103 B4y 5003 gy 74 4107t
Mam 3.5 x107° By q2x10% . W o33x10t %W 1.4 x 107t
Bn1 20 x10% W a5 x 10t %8a 97 x 1070 B8y 5.3 41070
29py 4.6 x 1073 28y paxi0t By 524100 By 2.6 x 1070
240y 2.9 x107 28y syx10® P 33x10° Ve 2.4 x 1078
B% g9.9x10" P sax10 By 2.7x10° Mg 1.5 x 1070
Moy gax10t By g2 x10® Mg 155100 28y 4 344078

36 x10t B 2ax100 BBy 3 w100 My 4.3 41075
238y 5.0x10 3¢ 15 x10% M2y g6 x 108 Yy 5.9 100
3short-11ved daughters of '>'cs ('°'Mga), 30sr (%), 243am (23%p),

and short-1ived decay products of 226Ra have not been included.

radionuclide originally released to the water that is finally released to the
environment.

Transport and sorption are very complex processes that depend on details
of the hydrology, water chemi%tf&, aha‘m1heraiogyralohg transport paths. For
this analysis, which 1s aimed only at assessing the relative tmportance of
various radionuclides for site characterization, a much simpler model was used.
It was assumed that water transport from the repository to the environment
could be characterized by a travel time (tw) and that each element could be
assigned a retardation factor (Rf) t??t defines the ratio of water velocity
to waste-element transport velocity. From these two parameters, the
element travel time from the repos1tory to the env1ronment is (R t ) The
fraction of that rad1onuc11de 1éft from simp]e decay (with half- 11fe th)
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TABLE XILI
RADIONUCLIDES NOT MEETING THE

NRC TECHNICAL CRITERION ON
RELEASE IF ONLY DISSOLUTION LIMITS RELEASEQ

Radionuclide Identity at Various Decay Times

103 year 104 year 105 _year
Spent fuel ]40 ]4C 237Np
237Np 237Np 59N1
N1 1 Py
gch 99TC 135CS
]3505 135CS 226Ra
129, 129I 129I
High-level waste ]4C 237Np 237Np
237Np 59N1 59N,l
T 9. 8 1
99TC 135cS 135CS
135cS 240Pu 239Pu
240Pu 239Pu
239Pu
Defense high-level waste SgNi 59N1 59N1
63n1 997¢ 91
99Tc 234U 234U
234U 239Pu 226Ra
241Am 240Pu
239Pu
240Pu
238Pu

dpissolution rates greater than one part in 105 per year of the
1000-year inventory of that radionuclide and dissolution rates greater
than 1.7 x 10-3 C1/MTHM year.

18



after a time (t) 1s exp(-0.693t/t ) (Ref. 12). Thus, for the time required
to transport the radionuclide from the repos1tory to the environment, the
fraction remaining would be | ) '

= - - N
P .\-»(v .

i

f - exp(-0.693R.t /t) . .‘,: o ’   : o
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The effect of sorption can be combined with the effect of so1ubﬁ]1ty by
defining the quantity

= (dissolution rate/EPA 11m1t)exp(-0.693thw/th) , (2)
where the (dissolution rate/EPA 1imit) ratios have been listed previously in
Tables X to XII. The quantity Re s a measure of the release rate of a
radionuciide to the environment relative to its EPA release 1imit, where the
geochemical processes of solubility and sorption are the only retardation
mechanisms considered. This release would start at a time (thw) after

waste dissolution starts.

Equation (1), which assesses the‘effegts of sorption on radionuclide
transport, is only an approx1m5t1on. its main deficiency is that it is based
on simple radioactive decay.'LTh[§_assumptjonb1s generally adequate for
activation products, fission'bFOduéfs; and dany actinides. However, several
actinides that are part of long-l1ived decay chains can be produced along the
transport path as precursors decay A pr1mary example is 226Ra a decay
product of 230Th. These calcilations also 1gnore the effects of dispersion
during transport. Although SJCh a simp1e mode] is 1nadequate for actual
transport calculations, it is acceptable for the e;gessment being done here.

Retardation factors for most of the waste elements examined here were
chosen from a compilation of sorption data measured on tuffs from Yucca
Mounta1n.1] Tabtle XIV 1ists the values used. The measurements have been
done on a variety of tuffs and retardation factors can vary significantly with
the type of mineral present in the tuff.]] The retardation factors used in
this analysis are generally near the average or median of the measurements.
Variations of an order of magnitude or more are possible. Data for carbon (as
carbonate), nickel, zirconium, and samarium were estimated. Water travel times
from the repository to the environment have not yet been determined for Yucca

19
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TABLE XIV
WASTE-ELEMENT RETARDATION FACTORS

Element Retardation Factor@
Np 50
U 25
Pu 500
Am 1000
Cm 100
Th 500
Ra 1000
Cs 1000
Sr 700
Tc 1
C 1
1 1
Sn 1000
N1 20
ir 100
Sm 1000

dRetardation factor 1s the ratio of water velocity to waste-element
velocity; see Ref. 11.

Mountain. Preliminary estimates that are consistent with 1 mm/year recharge
are in the range of 20 000 years or greater.9 Water travel times that are
greater than 1000 years are acceptable under the NRC's technical criteria.
Radionuclide travel time and Re were calculated for water travel times of
1000 and 20 000 years to assess the effect of this parameter on the identity
of the radionuclides released to the environment in significant quantities
relative to their EPA release 1imits.

Tables XV, XVI, and XVII 1ist radionuclides ordered by their travel time
and initial value of Re as defined in Eq. (2) for PWR spent fuel, PWR high-
level waste, and defense high-level waste, respectively. Radionuclides that
are near the top of the l1ists have shorter travel times because they are not
sorbed well, and solubility is not 1imiting their concentrations. Because of
the exponential term in Eq. (2), radionuclides with short half-1ives compared
with the water travel time decay before release no matter how well they are
sorbed. Radionuclides with longer half-1ives decay if their half-1ives are
short compared with the product thw; thus, their decay depends on retar-
dation by sorption. Other waste elements have long-l1ived isotopes that are

10
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RADIONUCLIDES ORDERED BY TRAVEL TIME
AND INITIAL RELEASE RATE (Re) FOR
PWR SPENT FUEL
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Water Travel Time = 1000 year Wéter ffavel Time = 20 000 year

Radionuclide Initial Radionuclide  Initial
Travel Time Re Travel Time . Re
Radionuclide _ (year) (yr)-! Radionuclide (year) (yr)-?
14¢ 1 x 108 1.4 x 1072 14¢ 2 x 10" 1.4 x1073
129, 1 x 10° 3.2 x 107t 129 2x 10t 3.2x10t
Mo 15108 1.3 x 107% 9re 2x 10" 1.2x707t
w2 x 10t 1.4 x 107* 9Ny 4x10°  4.3x10°
234 2.5 x 107 1.0 x 100 By 5x10° 2.7 x 10°°
238, 2.5 x 108 2.2x10% 238y 5x10° 2.2 x 1078
236, 2.5 x 10t 1.8 x10% 238 5 x10° 1.8 x 10°®
235 2.5 x 10 12 x0T 33y 5 x 10° 1.2 x 107
233, 2.5 x 107 1.1 x70? BYy 5x10° 1.3 x 100
BTy, 5 x 10 a1 x 107t By 1x10%  3.0x70?
By 1 x10° 5.2 x 10714 33 2x10®  2.2x07M
2425 5 x10° 1.5 x 1070 242y 1x100  3.7x10 M
2307 5 x 10° 3.1 x 1070 133 2x100 3.1 x10°®
239, 5 10° 3.8 x 107'°
135¢s 1 x 10° 2.1 x 1074
1265, 1 x 105 7.1 x 10713

not strongly sorbed but do have low solubiltities; zirconium is one example.

The same radionuclides head the 1ists for all three types of fuel; an exception
exists for defense high—level;dgstg:whgre 1ﬁpvgnd¢]2gl are not present in
significant amounts. The same radionuclides are also present for water travel
times of 1000 and 20 000 years; with the longer water travel time, the radio-

nuclide travel time is longer and the values of Re are smaller.

VI. EFFECTS OF PHYSICAL AND CAEMICAL FORMS OF THE WASTE
As noted earller, considerable uncertajpty stil11 exists about the type of
waste to be stored in the proposéd repositories. For many waste elements, the
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TABLE XVI

RADIONUCLIDES ORDERED BY TRAVEL TIME
AND INITIAL RELEASE RATE (Re) FOR
PWR HIGH-LEVEL WASTE

Water Travel Time = 1000 year Water Travel Time = 20 000 year
Radionuclide Initial Radionuclide Initial
Travel Time Re Travel Time Re
Radionuclide _ (year) (yr)-! Radionuclide (year) (yr)-}

4¢ 1 x 108 2.1 x 1074 997¢ 2x 10t 1.2 x07t
9%7¢ 1 x 10° 1.3 x 107* 129, 2 x 108 3.2 x107
129; 1 x 10° 3.2 x 107° 14¢ 2 x 10t 2.1 x107
594 2 x 10* 1.1 x 107° 9n4 4x10°  3.3x10°
234 2.5 x 10" 2.6 x 107° 234, 5x10° 6.7 x 10°°
238 2.5 x 10 1.6 x 10°® 238, 5x10° 1.6 x 107°
236, 2.5 x 108 1.3 x10°® 236, 5x 10° 1.3 x 107°
233y 2.5 x 108 1.2 x 107 235y 5 x 10° 8.6 x 1078
235y 2.5 x 100 8.6 x 1078 233, 5x10° 1.6 x 1078
237yp 5 x 10 3.1 x 107* 23Ty, 1x10® 2.3 x10*
Byr 1 x 10° 4.0 x 1074 Br 2x10% 1.7 %107
242, 5 x 10° 7.6 x 107/ 242p,, 1 x 10’ 1.9 x 10714
2307, 5 x 10° 2.5 x 107° 135¢¢ 2 x 10 3.1 x 1077
233, 5 x 10° 2.0 x 10710
135¢5 1 x 10° 2.7 x 107°
1264, 1 x 10° 5.5 x 10713

actual waste form will not strongly influence element dissolution rates or how
strongly elements are sorbed along flow paths. However, the physical and
chemical form of the waste can control release and transport of some radio-
nuclides. This is particularly true of the repository at Yucca Mountain, which
is currently proposed for the unsaturated zone, where vapor as well as aqueous
transport are possible. Both ]4c (as carbon dioxide) and 129I could be
reteased from spent fuel as gases. The analysis presented here assumed aqueous
transport. Thus, for spent fuel, a separate transport path may be important.
If both of these radionuclides are separated during reprocessing and stored as
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RADIONUCLIDES ORDERED BY TRAVEL TIME
AND INITIAL RELEASE RATE (Re) FOR
DEFENSE HIGH-LEVEL WASTE

vy aa L P L a Ve rTESY E . N . - un

Water Travel Time = 1000 year Water Travel Time = 20 000 year

Radionuclide  Initial Radionuclide  Initial
Travel Time ~ Re Travel Time Re
Radionuclide _(year) (yr)-1 Radionuclide {year) (yr)-1
e 1 x 10° 3.4 x 107° ¢ 2x 10t 3.2 %107
Iy 2 x 10 3.0 x 107* 3Ny 4 x10° 8.8 x10°®
234 2.5 x 100 g2 x0t By 5x10° 2.4 x 107
236 2.5 x 10t s.oxi0 238y 5x10° 5.0 x 1077
238 2.5 x 10t 1.3 x10? 238y 5x10° 1.3 x 1072
235 2.5 x 100 2.3 x10® 235 5x10° 2.3 x 1070
233, 2.5 x 10 2.9 x 108 233y 5 x10° 3.3 x 1079
237y, 5 x 10* 1.7 x 107 By, 1x10% 1.3 x1070
3zr 1 x 10° 2.3 x 107" By 2 x10% 9.7 x 10712
2450 1 x 10° 6.9 x 10712 24y 2x10% 1.1 x 10710
2460 1 x 10° 3.2 x 10710 248¢y 2 x10® 6.4 x 107V
240 1 x 10° 1.2 x 1070 242 1x10"  a0x107'?
2480 1 x 1¢° 1.0 x 10710 133 2x10 1.4 x107!
Wiy 2 x 10° 1.1 x 10718 Wy 2x10" 1. x10"3
242py 5 x 10° 1.6 x 107°
230qy, 5 x 10° 2.1 x 1078
233p,, 5 x 10° 2.6 x 1077
135¢s 1 x 10° 1.2 x 1079
1265, 1 x 108 4.8 x107'%

solids, gases probably will not be released. However, ]40 as aqueous carbonate
could exchange with gaseous carbon dioxide in the unsaturated zone. The entire
question of gaseous transport and 1ts relation to aqueous-phase transport
remains to be investigated. '

A Tong-1ived isotope of nickel, 59

Ni, is prominent in the tables
presented here. For PWR waste, this isotope comes from subassembly structural
material in the form of stainiess steel. The solubility of nickel was based
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on N10 and N1C03, which give similar solubiitties in water from Yucca Mountain.
This solubility 1s relatively high (see Table IX). If the stainless steel
passivates during storage, release rates of nickel from PWR waste may be much
lower than calculated here based on nickel solubility. For defense high-level
waste, nickel 1s in the borosilicate glass with the other waste elements. The
release rates of nickel based on solubility are probably appropriate in this
case.

VII. TIMPORTANT RADIONUCLIDES
Which radlonuclides are most important for a repository at Yucca Mountain?
Different answers arise from consideration of different time scales, transport
mechanisms, regulations, or waste types. Three aspects of this question are
addressed in this report.
1. Which radionuclides are present in waste in large quantities relative
to thelr EPA release 1imts? These are the radionuclides for which
the retardation processes of solubility and sorption must be most
effective. Such radionuclides are important because they must be
addressed during performance assessment, and thus, must have the
solubility and sorption data base for that analysis.
2. Which radionuclides are not retarded by solubility and sorption and
are present in large enough quantities to pose release problems?
This question can be addressed by performance assessment calculations
using estimated solubilities and sorption coefficients. A simplified
analysis in this report determined how solubility 1imits dissolution
rates and how sorption 1imits transport. The results of this analysis
highlight radionuciides that may require special consideration because
they are not retarded strongly. These radionuclides are important
because speclal design considerations or performance assessments may
be required to assure their containment.
3. Which radionuclides might require special consideration because of
the physical or chemical form of the waste? These are radionuclides
that may exhlbit unique source-term or transport behavior. They are
also important because they may require special data or assessment
techniques for performance-assessment calculations. As solid-waste
forms become better defined, other radionuclides may be added to this
category.
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The radionuclides present 1n-large quant1t1es relattve to their EPA
release 1imits are a function of waste txpe and storage ttme Early in the
storage period (0 to 500 years), two e]ements wtth short-1ived isotopes (Sr
and Cs) are important (see Tables VI, VII, and VIII). However, the waste
package must contain wastes for at least 300 years]0 so that under expected
conditions, these short-1lived radionuclides would decay before significant
release occurred. Solubility and sorption behavior of these elements for
assessing the short-lived isotope transport would be important if the waste-
package falled early. Solubility and sorption will be important retardation
mechanisms over 1000-10 000 years; the same radionuclides are present in large
quantities relative to their EPA release limits over that time for the three
types of waste considered here (see Tables VI, VII, and VIII). Isotopes of
Am, Pu, Th, Np, and U are the most important during that period. Isotopes of
C, N1, Zr, Tc, Ra, and Sn are present in smaller, but sti1l significant,
amounts over the same period. Although current estimates of solubilities for
many of these elements may be low (see Table IX) or estimates of retardation
factors may be high (see Table XI1V), data used for transport calculations will
have to be supported by an extensive data base.

How solubility influences radionuclide dissolution rates is summarized 1in
Tables X, XI, and XII; how sorption influences radionuclide release rates and
travel times is summarized in Tables XV, XVI, and XVII. These analyses were
based on estimates of waste elehent solubilities and sorption coefficients.
Three elements with large solubilities and small sorption coefficients that
have significant quantities of some isotopes in most types of waste are C, Tc,
and I. Other elements with moderately high solubilities and intermediate
sorption coefficients are N1, Np, and U. These elements have isotopes with
the shortest travel times and highest release rates in Tables XV, XVI, and
XVII. If water travel times from the repository to the environment are as
large as expected (20 000 year or more), the proposed Yucca Mountain site
should have 1ittle problem meet 1ng the EPA release standard 5 However, water
travel times shorter than 10 000 year coutdlresult in release of some of the
radionuciides with high so]ubt[jtles_apqujttt1e~or no sorption during the
period covered by the EPA standard. Some consideration should be given to
better containment of these radionuclides.

A1l considerations of 1mportant radtonuc]tdes Y] far have ass umed the
normal mechanisms of waste d1s<o]ut10n "and transport 1n water pass 1ng through
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the repository. However, some radionuclides may not move in that manner
because of the physical or chemical form of the waste. Radionuclides that can
be released as gases may have a special transport path through the unsaturated
zone at Yucca Mountain. In particular, ]4C and ]291 release from spent

fuel should be considered. These radionuclides will be separated from high-
level waste and should not pose the same problem in that case. Also, isotopic
exchange between carbonate in the aqueous phase and carbon dioxide in the vapor
phase should be examined for its significance. Release of Ni isotopes from
PWR wastes may be much less than estimated here based on solubility considera-
tions 1f the N1 1s stored as stainless steel; however, Ni in defense high-level
waste would not be constrained by stainless-steel dissolution.

VIII. CONCLUSIONS

Providing a single 1ist of important radionuclides and the work required
to assess their release and transport is a difficult task. Uncertainties as
to types of waste, transport pathways, and data needed for transport calcula-
tions create several problems of similar importance. Based on the assessment
done here, the following recommendations are made for solubility and sorption
data needs.

1. Provide a solubility and sorption data base for the elements Am, Pu,
Th, Np, and U.

2. Provide a solubility and sorption data base for the elements Sr, Cs,
¢, N1, Zr, Tc, Ra, and Sn.

3. Study how elements with high solubility and low sorption (C, Tc, and
I) could be better contained at Yucca Mountain. Recommend experi-
mental work, design changes, or calculations to assure their contain-
ment.

4, Study the potential for gaseous release and transport of radionuclides
from various types of wastes, including isotopic exchange between the
aqueous and vapor phases. Recommend experimental work, design
changes, or calculations to assure containment of gaseous radio-
nuclides if transport is stgnificant in this form.
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Many of the data needs mentioned in Items 1. and 2. above are currently being

supplied by the experimental program at Los A]amos ]1 Others, such as the

solubility of Cs or Tc (under ox1d1zing cond1t1ons), may not be experimentally
determined, but may be assumed to have worst-case values (no solubility
Mmits). Decisions concerning the level of experimental effort required to
provide a data base for these important waste elements will be made as the
site-characterization program develops.
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