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AN ASSESSMENT OF THE TMPORTANT RADIONUCLIDES IN NUCLEAR WASTE

by
J. F. Kerrisk

ABSTRACT

The relative importance of the varicus radio-
nuclides contained in nuclear waste has been
assessed by consideration of (1) the quantity of
Protection Agency's re1ease 11mits for.radio-
nuclides, (3) how retardation processes such as
solubi11ty and sorption affert radionuclide -
transport, and (4) the phys1ca1 and chemical forms
of rad1onuc11des in the waste.: Three types of:
waste were reviewed: spent fue] high-level waste,
and defense -high-level waste.: Cond1t1ons specific
to the Nevada Nuclear Waste Storage Invest1gat1ons
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 urgentIy ‘needed. Other
important uaste elements were 1dent1f1ed as Sr,
Cs, C, N1, Zr, Tc, Th, ‘Ra, and Sn. Under some
cond1t1ons, rad1onuc11des of three elements (C,

Tc, and I) may have high solubility and negligible
serpt1on. 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. INTKUDUCTION

A program to build and 1icense a nuclear waste repository must consider
the type of waste to be stored and, in particular, the rad1onucl1de composition
of the waste over time after storage begins. This 1nformat1on s needed to
assess how well the proposed repos1tory w11l contain the uaste over a long
time. Presently, there are several different types of uaste that m1ght be




stored at potential repository sites being studied by the Office of Civilian
Radioactive Waste Management of the Department of Energy. They include sp«nt
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 prob]éms 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
prablems should be given attention early 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 various radionucliides present in the waste,

2. the Environmental Protection Agency (EPA} release 1imits 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 radionuciides in the waste.
Because of the uncertainties about waste types, presenting a single l1ist of
radionuclides ordered by relative importance is impossible. However, this
report highlights radionuciides that may be important regardless of the waste
form and others that may be important under certain conditions.

II. REPOSITORY INVENTORY

Before an assessment can be made of the importance of the various radio-
nuclides in nuciear 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
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(PWR and BWR) produce waste (spent fuel and high-level waste) that 1s suffi-
clently similar to consider only PWR data in this analysis; conclusions drawn

for PWR waste generaily apply to BWR waste also. The PWR-waste data are for . . |

fuel that was 1rrad1ated at. 37 5 MN/MTHH to a burnup of 33 000 MHd/MTHM AThe
unit MTHM s metric ton of heavylmetal (uranium plus plutonium) or1gjne11y
charged to the reactor. The radicactivity content of the waste 1s repefted in
units of C1/1000 MTHM. The spent-fuel waste is composed of fuel, cladd1ng,
and structural material from the fuel assembly.] High-level waste comes
from reprocessed fuel from spent-fuel waste. 0During reprocessing, 99.5% of
the uranium and plutonium are assumed to be removed from the waste. Other
fisstion and activation products may also be i1solated at this time for separate
storage. For the analysis done here, i1t was assumed that a repository storing
high-level waste would also store fission products segregated dur1ng reproc-
essing along with cladding and structural wastes. Altho gh many of. these
wastes, cladding and structural wastes 1in particular, afewheually not - cons1d—
ered to be part of high-level waste, they represent h1gh1y radioactive mater1a1
generated 1n the fuel cycle that must be isolated from the env1roﬁmenf
Data for defense high-level waste were obtained fromwcalculat1ons by
J. R. Fowler and M. D. Boersma of the Waste Solidification Technology .Division
of Savannah River Laboratory, Aiken, South Carolina. The resuitsz~g1ve the
radionuclide inventory of Savannah River high-level waste from the future
Defense Waste Processing Facility. This facility 1s designed to process
alkaline waste sludge that has been stored for 5 years after d1scharge from a
reactor, mixed with cestum concentrate from soluble a]ka11ne waste that has
been stored for 15 years, into a borosilicate glass. The radionuclide inven-
tories are reported in terms of the activity or mass of radionuclides per
canister of glass (1480 kg). A conversion between the quantity of uaste in a
canister and the quantity of heavy metal originally charged to the reactor 1s
not available. For the analysis done here, 1t was assumed that the equivalent
loading of defense high-level waste canisters in MTHM/canister could be
estimated from the total activity (Ci/canister) of PWR high-level waste and
defense high-level waste canisters. PWR high-level waste canisters will
contain waste from about 2 HTHH3 with about 70 000 Ci/canister 100 years
after d1scharge.] Defense high-level waste canisters w11l contain about
16 000 Ci/canister 100 years after discharge. Based on an equivalence: of the
curte content, the loading of defense high-level waste canisters would be about

3




0.5 MTHM/canister. This assumption does not affect the relative importance of
rad1onuc]1des within a given waste type; 1t does. however, make comparisons
between PHR waste and defense waste someuhat uncerta1n

TRY" uastes. which contain alpha—emitting transuranic radlonuclides at
levels genera]ly 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 1in
TRU waste are generally also prasent in high-level waste; thus, no new
important radionuclides should be added from TRU waste. One important aspect
of TRU waste that may influence radionuclide transport 1s the presence of other
materlals such as organics.4 The effect of these other materlals on waste-
element speciation and soludility musi be investigated 1f a deciston 1s made
to store TRU wasta in a geologic repository.

Table I 1s a list of the total inventory in C1/1000 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 radionuciide transport. the inventory from PWR spent fuel 1s about an
order of magnitude larger than from PWR high-level waste. Thus, spent fuel
presents a more difficult containment problem.

Mere significant for identifying immortant radionuclides is the identity
of the radionuclides that centribute 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 137Cs. gOSr. 9ch. ]ZGSn. 13565. ]S]Sm,
795e, and their short-11ved daughters are fission products. The radio-

ruclide 93Zr ts both a fission product and PWR cladding activation product.
Other cladding activation products are 63N1 and 59N1. The radionuclide

14C comes primarily from activation of HN which 1s present in both PWR
fuel and cladding. The 14c content of defense high-level waste 1s insignif-
1cant.2 The fission product ]291 1s generally considered important, but

1t does not appear in Yables II, III, and IV because 1t does not contribute

significantly to the total inventory of the waste; '2°1 will be discussed
4



TABLE 1
REPOSITORY INVENTORY FOR VARIOUS TYPES OF NUCLEAR WASTE

C1/1000 HTHM for Various Decay T1mes
102 year 10 “year 0 !ea ’ year

PWR Spent Fuel

Activation products 3.2 x 10° 6.4 x 10° 6.4 x 10° 2.5 x 103

Actinides 6.8 x10° 1.7x10%  4.4x10° 3.9 x10*

Fission products 3.4x100 1exi0t rex0t 1.4 x0

Total a1 x10°  1.8x10®  47x10° 5.6 x 10t
PWR High-level Waste

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

Actinides 3.2x10°  8saxi0t  2.0x10t 2.5 x10°

Fission products 3.4x100 1ex1et 1ax0t 1.4 x 10t

Total 3.4x100 1ax10® asxit 1.9 x0t
Defense High-lLevel MWaste

Total 3.2 x 10 6.0 x 108 3.1 x10t 1.7 x0t

in Sec. VII because of 1ts high solubi1ity and poor sorption behavior. Scme
radionuclides 1isted 1n Tables II, III, and IV have relatively short half-11ves
and would not be important in a study of transpart mechan1sms 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 00U and 100 000 years, activation
products, fission products, and actinides are all important, although the
actinides are more important for spent fuel than for high-level waste.

III. EPA LIMITS

The total activity of the various radionuciides present is only part of
the measure of their importance. In response to the Nuclear Waste Policy Act,
the EPA 1s developing a standard for nuclear waste repos‘ltor‘les.5 In 1ts




TABLE 11
PRIMARY RADIONUCLIDES CONTRIBUTING TO
REPOSITORY INVENTORY FOR PWR SPENT FUEL

Radionuclide and Per cent of Total Activity for Various Decay Times
2 3 4 5

10" year 10~ year 10" year 10~ year
Wes 25 M an 5% 239, 51 239, a3
13Tmg, 2492 240p, 27 2405, 30y 997 17w

Vg 1% 239y 7% BV 3y S9Nt 4y
My qd 2430 0.9% A 1% 9y a3y
M0 oy 2390 0.9%° 2%, ¢ 93myy,  gyd
238y, gy By o0u7% LTI TV 234y ay
Mlpy N 0.3% 234y g.ax 242p, 3y
2405, gy 23y 9% 0 0.4% BT
239, 0.8x% Bze 0% 93myp 0. ayd 233p, ¢
63y1 0.8% 93Myp 0.1%d 2425, 0.4 2260, ouf
VSlgn 0.4% 2420, 0.1% 23Ty, 0.3% 230v, oy
3Short-11ved daughter of ]37CS.

b 90

Short-11ved daughter of “"Sr.
short-11ved daughter of 243Am.
dShort-Hved 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 226Ra decay products
are generally short l1ived.

present form, this standard 1imits the release of radionuciides to the
environment for 10 000 years after disposal. Cumulative release 1imits for
radionuclides are prescribed in the standard. Tabkle V 1ists these release
1imits as presently set. They cover all radioactive isotopes. A1l alpha-
emitting radionuclides except 230Th and 232Th have a release 1imit 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 ]40 and ]291, which
havae Tower release 1imits (100 C1/1000 MTHM) because of their biological
activity, and 2°Tc, which has a higher release 1imit (10 000 C1/MTHM).
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TABLE I1I

PRIMARY RADIONUCLLDES CONTRLBUTIMG TO
REPOSITORY *INVENTORY: FOR -PWR-H1GH-LEVEL WASTE

Radionuclide and Per cent of Total Activity foer Varlous Decay Times

102 _year 103 year 104 vear 105 year
37 3o 241 pm 30% My¢ 28 97¢ 5o
131mg,  2gy@ 243 143 2430 15% 1

05 0% 23 14%" 239, 15%¢ Bar 0
0y b 99¢ 1ax 91 10% Mgy gyd
6351 0.9% 2405, gy 239py gy 239, 3y
2Mam 0.5% S 240py sy 12650 o
5lsn 0.5% 23%y 2 Bar ax BTy
2385, 0.2x Bzr o 93myp, 4y 233p, @
28%em 0.1% 93Myp 2 Mo 2% 35
243am  0.05% e 1y 1265, oy Mse” 0.7%
239, 0.05% My 1% e x 233y 0.7%
3short-11ved daughter of ]3765.

bShort—Hved daughter of 903r.

CShort-1ived daughter of 2*3am.
dShort-l‘lved daughter of 93Zr.
€Short-11ved daughter of 237Np.

The EPA standard 1imits the total release of radioactivity to the
environment. The contribution of each radionuclide to the total release is
calculated from the ratio of the amount released to the EPA 1imit for that
radionuclide. Based on this foriulation, a measure of the relative importance
of the various radionuclides is the ratio of the radionuclide inventory in
C1/1000 MTHM to the EPA 1imit. Tables VI, VII, and VIII 1ist radionuclides
ordered by this ratlo along with values of the ratic for PWR spent fuel, PWR
high-level waste, and defense high-level waste, respectively. Radionuclides
near the top of the 11sts have larger values for the inventory/EPA 1imit ratio.

Thus, larger fractions of these radionuclides must be contained by the reposi-
tory te meet the EPA standard.




TABLE IV

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 year 104 year 109 year
05 25% 20 ik 239y aa% i R PO
0y o5 239, ae% 240p, 3y B 1w

Vs 2ax 2405, 16y Bre My 1%
137mg,  2oxP W e TR TR
238p, 3y ¥ ex Byr 238y, e
631 0.7% Byr 3w By 7xC 2¥py e
Vlsn 0.7% Nmyp  3xC 23, oy 2307, 4y
A pn 0.2% 234y V255, 0.8% 22p, gyl
285, 0.07% 238p,  y 195e 0.5% 3¢ 1w
239, 0.05% 631 0.6% 135¢s 0.5% 1265, 1y
240, 0.03% 1265, 0.4y 2307 0.a% Bse 0.4%

4Short-11ved daughter of 90Sr.
bShort-Hved daughter of ]37Cs.
CShort-1ived daughter of °°zr.

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

product also represents 4% of inventory. The 226Ra decay products
are generally short l1ived.

Compared with an ordering of radionuclides based on their inventory (see
Tables II, III, and 1IV), the orderings shown in Tables VI, VII, and VIII
Increase the importance of actinides because they are usually alpha emitters
and thus have lower EPA 1imits. 1In particular, 9ch, 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 radionuclides when ordered on the
inventory/EPA 1imit ratio (see Table VII).



TABLE V
EPA RELEASE LIMITS

Cumulative Release Limit

Radionuclide (C1/10004§Iﬂ!;
24]Am or 243Am ------------------------------------------ ]66
LS 100
]37Cs or ]35c$ __________________________________________ 1 000
‘291 ______ e mmmmmmmmm—————————————————————— 100
BT e 100
238Pu, 239Pu, 240Pu, Y Ly S —— 100
22D e 100
0 e 1 000
R 10 000°
230Th or 232Th ------------------------------------------ 10
126Sn --------------------------------------------------- 1 000
233U' 234U. 235U, 236U° or 238U _________________________ 100
Any other alpha-emitting radionuclide

with a half-1ife greater than 20 years —-v--cccecoaee- 100
Any other radionuclide with a half-11fe greater

than 20 years that does not emit alpha particles ----- 1 000

IV. EFFECTS OF SOLUBILITY

The previous discussions have not considered any specific repository site;
the orderings 11sted in Tables VI to VIII would be the same for any site ‘
storing the type of waste considered. However, solubi1ity, which dépéndsvdn:
water chemistry, has site-dependent effects. A simple model has been deve]pped
to assess the effects of solubility on element dissolution from solid waste at
the proposed Yucca Mountain repos1tory.6 Results from this model can be
used te rank radionuclides in terms of the ratio of the radionuclide dissolu-
tion rate (C1/1000 MTHM year) to the EPA 1imit (C1/1000 MTHM). This ratio
represents the fraction of the EPA 1imit of a given radionuclide that 1s
released from the solid waste each year. The ratto 1s large for radionuclides
with large dissolution rates (radionuclides that are not 1imited by solubility)
and with low EPA release 1imits.




TABLE VI
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. 04_year 105_year

241am 3.8 x 10* Mam 9.0 x 108 %y 2.4 x100 3%y 1.8 x10°
238p, 1.7 x 10t 240p, 4.8 x10° 0, 1.3 x10° B0 1.0 x10°
WBes 1.0 x 104 238y 3.0 x 10 ®an 61 x 10" BYY 1.6 x 10
13m0 x 109 M 16 x 102 BYY q9x 10" %2y 1.5 x 10
0 6.8 x 10° 2y 20 x10" %y 110" BTy 1.1 x 10!
By gax10%®  2%py 18 x10" By 17 x 10" 2p, 1.9 x 10"
2405, 5.3 x 10° 29%p 160 10'¢ By 2 x10' By 4,

23%,y 3.7 x 103 e 14 x10' By 6.9° 236y 4.0
2815y 1.0 x 103 23Ty 1.0 x 10" I 4.8 229y, 3.9

244cn 3.3 x 102 238p, 9.9 e 4.6 238, 4,

63n1 3.1 x 102 My 5.2 236, 3.5 My 2.2
28pm 1.7 x 102 238, 4, 238, 4.2 Bzr 1.9
3short-11ved daughter of '3'c
bShort—Hved daughter of 0Sr.

CShort-11ved daughter of 243A .

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 220Ra decay
products are generally short lived.

The model used in this analysis 1s based on the assumption that dissolu-
tlon rates are 1imited by diffusion of waste elements into water moving past
the solid waste or by bulk-waste dissolution, whichever rate 1s lower.6
Waste elements with large solubtl1tties 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
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TABLE V11
RADIONUCL1DES ‘ORDERED BY RATIO OF

““INVENTORY TO EPA LIMIT [OR
“PWR HIGH-LEVEL WASTE

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

102 year 103 year 104 year 105 year
Wes 1.0x100 Mag 1.8 x0d 3, 009?22, o
131y, 9.8 x10% 23 1.7 0102 P9y 4.0 x 10 23y 3.4
Vg g.8x100 280y 6.3 x10" 0y 2.4 x10" B0 24
Wy  g8x10® 2y 294100 By 61° M 2.2
Mam 2.0x100 2 16 x10C N s B2r 17
2Bpy 5.2x10° "¢ oraxw' M 4 93Myp 7.6
Mem 3.3 1102 O s 23yp 3.5 233y .2
Bn 3.1 %102 By 3 Br 1.8 223, 1 4f
am 172102 Bzr 1.8 93myp 4,79 1¢ 9.4 x 107!
Wlgy 1.7 x 102 My, 499 Ny 1.3 1265, 3.9 x 107!
240y g8 x 10" e 1.3 M 9.1 x1077 By 36 4 107!
2 2.0x10" M 1.2 1265, 73 x107"  233p, 3.4 51070

3Short-11ved daughter of '>'Cs,
bshort-11ved daughter of 0sr.
CShort-11ved daughter of 243am.
IShort-11ved daughter of 3zr.
®Short-11ved daughter of 23'Np.

foecay products of 229Th 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 229Th decay
products are generally short lived.
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TABLE V111
RADIONUCLLIDES ORDERED BY RATIO OF

INVENTORY TO EPA LIMLT FOR
DEFENSE HIGH-LEVEL WASTE

Rg_jonuc]1dg_§nd~(InVEntofy/EﬁA"L1m1t) for Various Decay Times

102'year 103 year 104 year 105_year
238p, a7 x 100 Mam 1.9 x102 %y 1.3 x102 20 7.5 x 10!
N5, 7.8x108 %y 1.7x102 240y 3.8 x 10 238, 1.9 x 10"
W0y 7.8x10% 0y 991" B4y 1.4x10 239py 9.7
B 7.4 x108 % q15x100 0% 1.3 %10 226p, 7.4d
13mg, 9.0 x 1080 238py 9,4 591 3.3 Bk 1.9
hn 7.8 x 102 v 3.5 Byr 2.0 93y 1.9¢
63n1 4.3 x 102 Br 2.0 93y 2,0° i 1.4
BSlsn 2.1 x 102 BMyp 2.0 226p, 9.7 x 10719 238y g 3 4 107!
2%y 1.7 x 102 B0 g2 236y g2 x10' By 2.6 x 107!
200, 1.0 x102 B% gox10' e 3.3 x 107! M¥1e 2.4 x10
2ATpy 2.4 x 10 ¥ye 3.ax10' By 2.7x10 B g 54107

3Short-11ved daughter of 90Sr.

bShort-l‘ived daughter of ]3705.

Cshort-1ived daughter of °Szr.

dDecay products of 226Ra are in secular equilibrium. Eack 21pha
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 11ved.

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



near the repository are required for the calculation. Table IX 11sts the
solubilities assumed for 16 waste elements in water from Yucca Mountain. These
elements were chosen for further analysis because their 1sotopes are prominent

in Tables VI to VIII. Some of the solubilities wereicaicu1ated some .
measured” and others were est1mated,{ The - so]ub111t1es 11st' masi]argexarefc
assumed to be. 1arge enough that bulk-waste- d1sso]ut1on and not so1ub111ty wou]df?»i
Tmit d1sso1ut1on rates under any: cond\t\ons 6 The solub111t1es of carbon 8
and 1odine are 1isted as large for PWR spent fuel but are ]ower for PHR h1gh—
level waste. This variable solubility reflects an uncerta1rty 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 bar1um ‘
iodate for PWR high-level waste. 4 The other parameters character1z1ng
dissolution are the same as described in Ref. 6 for PNR—waste except that the
1atest estimate of the maximum recharge rate at Yucca Hounta1n 1 mm/year was
used Sol1d waste sizes for defense h1gh level waste were taken from

Ref. 2.

Tables X, XI, and XII 11st radionuclides ordered: by the rat\o of d15so1u-
tion rate to EPA 1imit and values of this ratio for PWR spent fue] PH,ﬁh1gh—v
level waste, and defense high-level waste, respectively. Severa1 short 11ved
decay products of radionuclides listed 1n these tables have not been- 1nc1uded
because they would not exist long enough to provide so]ub111ty contro]s on -
dissolution (see table footnotes). If the activity of these rad1onuc11des
were counted with their parent radionuclides, the dissolution rate/EPA 11m1t
ratio of the parents would increase. How much 1ncrease would depend on the
number of decay products and their EPA 11m1ts As noted -above,- rad1onuc11des o
near the top of the 1ist are be1ng re]eased from the solid waste re]at1ve to
their EPA 1imits at a faster rate than rad1onuc]1des farther down the,11st |
Solubi11ty 1s not an effective retardation mechanism for”e1ements’near;the'top
of the 1ist. In particular, radionuclides of neptun1um, carbon technetium.' |
cesium, strontium, radium, and nickel have genera]]y moved up In Tab]es X ‘to-

XII relative to their positions in the tables ordered by 1nventory/EPA 11m1t
ratios (Tables VI to VIII). Radionuclides of thorium, tin, and z1rcon1um have”
moved down in Tables X to XII; these elements have sclubilities low enough to
significantly 1imit their dissolution rates.




Element

Np
U

Pu
Am
Cm
Th
Ra
Cs
Sr
Te
C

1

Sn
Nt
ir
Sm

WASTE ELEMENT SOLUBILITIES IN WATER
FROM YUCCA MOUNTAIN

TABLE IX

Solubility (meles/e)

PWR_Spent Fuel

1073

1073
1073
1078
107°
1072
X 10'7
large
8 x 107*
large
large
large

D = e e = e
»x X X X x X

In addition to the standards impesed

PWR_High-Level Waste

1073

10”3
1073
1078
1078
1079
X 10'7
large

8 x 107
large

x 10
1073

107

1072

16-10

1079

W = e e = e -
x X X X X X

-4

N = = = N b
® X X X X

Defense

High-Level Waste

1073
1073
1073
10°%
1076
1079

x 1077
large

8 x 107"
large

not present
large

1 x 10”7

C) b d e et =
X X X X »x X
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by the EPA, the Nuclear Requlatory

Commission (MRC) has developed technical criteria for geologic repos1tor1es.10
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 radto-
nucl1ide present at 1000 years following permanent closure of the repository.
This release 1imit does not apply to radionuclides released at less than one
part in 10B per year of the total inventory at 1000 years (about

1.7 x ]0'5 Ci/KRTHM vear). If dissclution from the solid waste as calculated
by the dissoluticn model described above 1s 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
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TABLE X

RADJONUCLIDES ORDERED BY RATIO OF
DISSHLUTION RATE TO EPA LIMIT FOR PWR
SPENT FUELQ

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

102 year 103 year 104 vyear 105_year

3es 1.0 x 10! We 14102 M oaex10d By 10 %1078
NV g.7x107" Han a5 x10° BTy 1251078 2, 4 x 107 -4
80 3.3 x 1072 0py 1y x10 %y 79510 By 4.5 x 1074

Ue 15x102 By q0x108 20y g x10t 355 3.4 %007
i 1.0 x10% 2y g9 x 107t "¢ 3ax0t 1 30 4107t
20n 5.4 x 1078 3% 35010t pm 3ax10t e 9.4 x107°
238py 2.3 x 10 19p 3 x0t ¥ aox0t P 7.3 x07
20 2.0 x107° M 1 w0t T st M2y 39 x 107
Mep 13 %1070 Bre 13 x10t e 1510t By 40 x0078

00, 11 x1078 Mp 78x10 0 B raxi0t BY o9 w1078
2%, 57 x10t  P2%n 32x10°  B% 1a4x10° B8y 584 100

3short-11ved daughters of ]37Cs (]37mﬂa), 90Sr (goY). 243Am (239Np),
and short-1ived decay products of 226Ra 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 discharge from the reactbr baSed on this calculat1on . 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 re]ease
is not being 1imited by solubility. This 1s a very conservat1ve.calculat16n~
because i1t ignores the features of the engineered barrier system excepf Qéste—
element solubility and solid-waste dissolution. It does h1gh1ight those
radionuclides that may require low solid-waste dissolution 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 WASTEA

Radionuclide and Cissolution Rate/EPA Limit (yr)-1_for Various Decay Times

102_year 103_year 104_year 105_year

3¢5 1.0 240p, 135107 %y gex10t By 5.7 x 107t
WV 6.7 x107" Mam 6.2 x 107t 240y 4 x107 By 3.4 x 107
4 3.3 %102 %y a3 x10t By oasx0t By 2410
2385, 1.1 x102 By as5x100t Mg 26 x10t Y 9.4 x1070
831 g x100 M 23x10t B 1z x0t P o5.9 %1070
2%2cn 2.0x 1070 Y 21 %107 O q2x07t By 36 %1070
Mn 17 x107 P oraax0t Mo 73 x100 M¥%¢ 3.3 1070
2400, 14 x103 e rax0t By 4ex0® 190 39 51078
23en 1.3 x 100 BYy 47 x10° 1% 3.4 x10 2, o4 w1070
2%, 3.5 x 0t M8 350100 181 530 x0d By 7.9 x 1070
B 3.2 x10Y Pp 3.2x100 B 510 By 3544100
3short-11ved daughters of ]3765 (]37mBa), 905r (QOY), 243Am (zagﬁp).

and swort-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 repos1fory and
moving toward the environment. Sorption will affect ihe 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-1i1fe of the
radlonuclide, 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

16



TABLE XII

RADIONUCLIDES ORDERED BY RATIO OF
DISSOLUTIGN RATE TO EPA LIMIT FOR
DEFENSE HIGH-LEVEL NASTEa

Radionuclide and Dissolution Rate/EPA Limit (yr)fl for_Various ugggg;11gg§

102 year 103 vear 104 vear 195*}85
0. 76x107"  Mam 1.9xi0? 2y 5375108 By g7 510t
Wee 7.4 %107 2%y 545103 20y 170107 By 95 ¢ 107
8y 2ax107' M0y 32510 By 24108 2 7.4 4107t
M 35 x102 BY 12x1w0? ¥ osaxwt B oaaxae
831 2.1 x10% P a5 w0t 20, g7 x 100 2y 5.3 4 9073
2%y a.6x10% By 23xr0t By 524100 By 26001073
40p, 2.9 %10 28y 545100 Y 3.3 %107 ,ggft"2;4?2110“5;
2y g9 x1et e 3ax10 By 275105 138 1.5 x 1070
Moy a0t B 326107 1 15 x108 B8y 300070
By 3.6 x107t Bp 2.7 x10% B8y 34105 By 4341078
236y 5.0x100 "5 15x1070 My g6 x10% B 7.9 %1070

137 137m 90 90 243

3Short-11ved daughters of '°'Cs ('°'™ga), *“sr (*°Y),

am (*¥np),
and short-1ived decay pioducts of 226

Ra have not been included.

radionuclide originally released to the water that is finally released t5 the
environment.

Transport and sorption are very complex processes that depend on deta1ls
of the hydrology, water chemistry, and m1neralogy along transport paths For
th1s analysis, which 1s aimed only at assessing the relative 1mportance of
various radionuciides for site characterization, a much simpler mode] uas used.‘
It was assumed that water transport from the repos1tcry to the env1ronment
could be characterized by a travel time (t ) and that each element could be
assigned a retardation factor (R ) that def1nes the ratio of water veloc1ty
to waste-element transport ve]oc1ty n From-these. two parameters. the
element travel time from the repository to the env1ronment 1s (R ) Tﬂe*‘
fraction of that radionuclide left from simple decay (u1th ha]f 11fe )
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TABLE XIII
RADIORUCLIDES NOT MEETING THE

: ‘NRC TECHNICAL CRITERION .ON
RELEASE IF ONLY DISSOLUTION LIMITS RELEASE3

Radionuclide Identity at Various Decay Times

103 year 104 year 105 year
Spent fuel ¢ 8¢ 237ND
237Np 237Np 59N1
9 N4 B¢
99Tc gch ]3505
]35cs ]3505 226Ra
]291 ]291 ]291
High-level waste ]4C 23-’Np 237Np
237Np 59N1 59"1
59N1 gch 9ch
99Tc ]3505 ]35(:s
]35cs 240Pu 239Pu
240Pu 239Pu
239Pu
Defense high-level waste > M s 1
631 R a1
99Tc 234U 234U
234U 239Pu 226Ra
24]Am 240Pu
239Pu
240Pu
238Pu

3pissolution 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 10-5 C1/MTHM year.
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after a time (t) 1s exp(-0.693t/th) (Ref. 12). Thus, for the time required
te transport the radionuclide from the repository to the environment, the
fraction remaining would be

f = exp(-0.693R.t /t.) . (1)
The effect of sorption can be combined with the effect of solubility by
defining the quantity

Re = (dissolution rate/EPA 11m1t)exp(-0.693thw/th) , (2)
where the (dissolution rate/EPA 1imit) ratios have been 11sted previously in
Tables X to XII. The quantity Re is a measure of the release rate of a
radionuciide to the environment relative to 1ts EPA release limit, where the
geochemical processes of solubility and sorption are the only retéfd§{10n
mechanisms considered. This release would start at a time (thw) after
waste dissolution starts.

Equation (1), which assesses the effects of sorption on radionuclide
transport, 1is only an approximation. 1Its main deficlency is that 1t 1s based
on simple radioactive decay. This assumption is generally adeqdate for
activation products, fission products, and many actinides. However, several
actinides that are part of long-1ived decay chains can be produced along the
transport path as precursors decay. A primary example 1is 226Ra. a decay
product of 230Th. These calculations also ignore the effects of dispersion
during transport. Although such a simple modé] 1s 1nadeguateﬁfbr attﬁéi
transport calculations, 1t 1s acceptable for the asséSsmént‘be1ng 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
Hounta1n.]] Table 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 tfaVel—t1mes
from the repository to the environment have not yet been determined for Yucca
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TABLE X1V
WASTE-ELEMENT RETARDATION FACTORS

Element Retardation Factord
Np 50
u 25
Pu 500
Am 1000
Cm 100
Th 500
Ra 1000
Cs 1000
Sr 700
Tc 1
C 1
I 1
Sn 1000
NA 20
Ir 100
Sm 1000

dpetardation 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 cr1’cer1a.]0
Radlonuclide travel time and Re were calculated for water travei 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 inittal value of Re as defined 1n Eq. (2) for PWR spent fuel, PWR high-
level waste, and defense high-level waste, respectively. Radionuclides that
are near tie top of the 1ists have shorter travel times because they are not
sorbed well, and solubil1ty 1s not 1imiting their concentrations. Because of
the exponential term in Eq. (2), radionuclides with short half-11ves compared
with the water travel time decay before release no matter how well they are
sorbed. Radionuclides with longer half-1ives decay 1f their half-1ives are
short compared with the product R_.t ; thus, thelr decay depends on retar-

fw
dation by sorption. Other waste elements have long-11ved isotopes that are
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TABLE XV

RADIONUCLIDES ORDERED BY TRAVEL TIME
AND “INITIAL RELEASE RATE-(Kg) FOR
" PWR SPENT FUEL

Water Travel Time = 1000 year Water Travel Time = 20 Oﬂdggggr
Radionuclide Iniz::i Radionuclide Initial
Travel Time Re Travel Time Re
Radionuclide _ (vear; (yr)-] Radionuclide (year) (yr)-]
4, 1 x 103 1.4 x 1072 4. 2x 10t 1.ax103
129, 1 x 103 2 w107t 129 2x10*  3.2x10t
B 1 x10° 1.3 x 107* e 2x 10 1.2x10
S 2 x 0t 1.4 x 1074 I 4x10° 43x10°8
234, 2.5 x 108 1.0x100 By 5x10° 2.7 x10°°
238, 2.5 x 10 2.2x10% 23 5x10° 2.2 x 107 -6
23, 2.5 x 10 1.8x10® 23y 5x10° 1.8 x,}p,f
235 2.5 x 100 12x107 23y 5x10° 1.2 x107
233, 2.5 x 108 1axw0? 3y 5 x10° 1.3 x'10"°
27 5 ¢ 10t a0 x 107t By 1x10%  3.0x107t
Ny 1 x10° 5.2 x 10014 93 2x10® 2.2x107"
2425, 54100 1.5 x 1078 242, 1x10  3.7x10°
2301, 54100 3.0 x 107 135 2x10 3.1 x10°
238y 5x10° 3.8 x 10710
¥es 1 x10° 2.7 x 1074
1265, 7 x 108 7.1 x 10713

not strongly sorbed but do have low solubilities; zirconium 1s one example.

The same radionuclides head the 1ists for all three types of fuel; an éxception
exists for defense high-level waste where ]46 and 129I are not present 1n‘b
significant amounts. The same radionuclides are also present for water tfave]
times of 1000 and 20 000 years; with the longer water travel time, the rdd!o-
nuclide travel time is longer and the values of Re are smaller.

VI. EFFECTS OF PHYSICAL AND CHEMICAL FORMS OF THE WASTE

As noted earlier, considerable uncertainty sti11 exists about the type of
waste to be stored in the proposed repositories. For many waste e]ements. 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 Radionucliide Initial:
Travel Time Re Travel Time Re
Radionuclide _ (year) (yr)-] Radionuclide (year) (vr)-]

¢ 1 x 10° 2.1 x 107° 1 2 x 10t 1.2 x 07t
99+, 1 x 108 1.3 x 107! 129, 2x10" 3.2 x108
129, 1 x 10° 3.2 x 1072 4, 2 x 10" 2. x107
59y 2 x 10? 1.1 x 107" T 4x10° 3.3 x10°
234 2.5 x 10 2.6 x 107° 234, 5 x10° 6.7 x 10°°
238, 2.5 x 10 1.6 x 107® 238y, 5x10° 1.6 x 107°
236, 2.5 x 10 1.3 x10°® 236y 5x10° 1.3 x10°
233, 2.5 x 10" 1.2 x 107! 235 5x10° 8.6 x 1078
235 2.5 x 10 8.6 x 1078 233, 5x10° 1.6 x 1078
231y, 5 x 10% 3.1 x 107° 23y 1x10% 2.3 x10t
Byr 1 x10° 4.0 x 1074 oty 2x10® 1.7 x10 M
242p,, 5 x 10° 7.6 x 1077 242p, 1x100 1.9 x107™
230y, 5 x 10° 2.5 x 1079 135¢s 2x100 3.1 x107!
239Pu 5 X 105 2.0 x 10’]0

135¢ 1 x 108 2.7 x 1077
1264, 1 x 108 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 ''C (as carbon dioxide) and '2°1 could be
released 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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Water Travel Time = 1000 year

TABLE XVl1l

RADIONUCLIDES ORDERED BY TRAVEL TIME
AND INITIAL RELEASE RATE (Reg) FOR

DEFENSE HIGH-LEVEL WASTE

Radionuclide Initial
Travel Time Re
Radionuclide _(year) (yr)-]

97c 1 x 10° 3.4 x 107
59y 2 x 104 3.0 x 107*
234, 2.5 x 10 9.2 x 107t
236, 2.5 x 10" 5.0 x107°
238, 2.5 x 108 1.3 %07
235 2.5 x 10 2.3 x 10"
233, 2.5 x 108 2.9 x 108
231y, 5 x 10 1.7 x 107°
gy 1 x 10° 2.3 x 107"
2450 1 x 10° 5.9 x 10712
2460, 1 x 10° 3.2 x 10713
241y, 1 x10° 1.2 x 1073
2480, 1 x 1¢5 1.0 x 10719
1474 2 x 10° 1.1 x 10713
242Pu 5 X 105 1.6 x 10'6
230y, 5 x 10° 2.1 x 1078
239p, 5 x 10 2.6 x 1077
135¢¢ 1 x 10° 1.2 x 107°
1264, 1 x 10° 4.8 x 1072

solids, gases probably will not

be released.
could exchange with gaseous carbon dioxide in the unsaturated zone.

Water Tfaveleime = 20 OOOngar>

Rad1§nuc]1de

Initial

Travel Time Re
Radionuclide (vear) (yry-1
997¢ 2 x 10 3.2x107d
S ax10° 8.8x10®
234, 5x10° 2.4 x 107}
236y, 5x10° 5.0 x 1070
238, 5x10° 1.3 x 107
235 5x10°  2.3x10°
233, 5 x 10° 3.3 x 1072
23Typ 1x10° 1ax0?
Byr 2x10% 9.7 x107"?
24y 2 x10° 1.1 x1071
248, 2x10® 6.4 x 107V
242, 1x100 a0xi107H
]35CS 2 x 107 1.4 x 10'7
Wy 2x100 1.1 x10°"3
14

However,

question of gaseous transport and its relation to aqueous-phase transport
remains to be investigated.

A long-Tived isotope of nickel,

59

Ni, 1s prominent in the tables

C as aqueous carbonate
The entire

presented here. For PWR waste, this isotope comes from subassembly structural
material in the form of stainless steel. The solubility of nickel was based

23




on N10 and N1c03. which give similar solubilitles 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
releasé rates of nickel based on solubility are probably appropriate in this
case.

VII. [IMPORTANT RADIONUCLIDES
Which racionuclides 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 their 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
solub111ty 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 pese release p:roblems?
This question can be addressed by performance assessment calculations
using estimated solubilities and sorption coefficients. A simplified
analysis in tis report determined how solubiT1ity 1imits dissolution
rates and how sorption 1imits transport. The results of this analysis
highlight radionucliides 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. MWhich radionuclides might reguire special consideration because of
the physical or chem1ca1 form of the waste? These are radionuclides
that may exhibit unique source-term or transport behavior. They are
also mportant because they may require special data or assessment
techniques for performance-assessment calculations. As solid-waste
forms become better defined, other radlonuclides may be added to this
category.
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The radionuclides present in large quantities relative to their EPA
release 1imits are a functton of waste type and storage time. Early in the
and Cs) are 1mportant (see Tab]es VI VII and VIII) However, the waste
packaqe must contain wastes for at 1east 300 years]0 1} that under expected
conditions, these short-1ived :radionuclides would decay before- significant
release occurred. Solubility and sorption behavior of these elements for
assessing the short-1ived isotope transport would be important 1f the waste-
package fatled early. Solubility and scrption 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 still s{gniffeiﬁt;
amounts over the same period. Although current estimates of 5610b111ttes for
many of these elements may be lew (see Table IX) or estimates of retardation
factors may be high (see Table XIV), data used for transport calcu15t1ons will
have to be supported by an extensive data base.

How solubi1ity influences radionuclide dissolution rates i1s summarized in
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 element solubilities and sorption coefficients.
Three elements with large solubilities and small sorption coefficients that
have s1gn1f1cant quant1t1es of some isotopes 1in most types of waste are C, Tc,
and 1. Gther elements with moderately high solubilities and intermediate
sorption coefficients are Ni, 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 Mcuntain site
should have 11ttle problem meeting the EPA release standard.5 Hdwever; water
travel times shorter than 10 000 year could result in release of some of the
radicnuclides with high solubilities and 11ttle or no sorption during the
period covered by the EPA standard. Some consideration should be given to
better containment of these radionuclides.

A11 considerations of tmportant radionuclides so far have assumed the
normal mechanisms of waste dissolution and transport in water passing 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*YQc£a=ﬂgﬁnfa1n. In particular, 'Yc and 21 release from spent

fuel §ﬁ6uidl6e 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 iqueous phase and carbon dioxide in the vapor
phase should be examined for 1ts significance. Release of Ni isotopes from

PWR wastes may be much less than estimate< here based on solubility considera-
tions if the N1 1s stored as stainless steel; however, N1 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 solubiliity and sorption data base for the elements Sr, Cs,
C, NA, Zr, T¢, Ra, and Sn.

3. Study how elements with high solubility and low sorption (C, Tc, and
1) 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 calculattions to assure containment of gaseous radio-
nuclides if transport 1- significant 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 Alamos. " Others, such as the
so]ub1]1ty of Cs-or. Tc, (under .ox1d1zing conditions), may:-not-be-experimentally:
determ1ned but may be assumed tffhave worst- case va]ues (no solubility
Timits). Dec1sions concerning the 1eve1 of exper1menta1 effort requ1red to
provide a data base for these important waste elements will be made as the
site-characterization program develops.
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