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RADIOISOTOPE INVENTORY FOR 'I'SPA-SR 

'I'he total system perforinance assessment for site 
recoiiimendatioii' ('ISPA-SK), on Yucca Mountain, as a 
site (if suitable) for disposal of radioactive waste, consists 
of several models. 'The Waste Form Degradation Model 
(i.e., source term) of tlie TSPA-SR, i n  turn, consists of 
several co~nponen t s .~ ,~  The Inventory Component, 
discussed here, delines the inventory of 26 radioisotopes 
for  three representative waste categories': ( I  coinmercial 
spent nuclear fuel (CSNF), ( 2 )  U.S. Department of Energy 
(DOE) spent nuclear fuel (DSNF), and (3) high-level waste 
(1iI.W). 'I'hese three categories are contained and disposed 
ot in two types of waste packages (WPs)-CSNF WPs and 
co-disposal WPs, with the latter containing both DSNF and 
H L W . ~  'rhree topics are summarized in  this paper: First, 
the transport of radioisotopes evaluated in  the past; second, 
tlie tlevelopiiient o f  tlie invcntory for  the two WP types and 
third, the selection ol' the aiost iinportant radioisotopes to 
track in ?'SPA-SR. 

PHEVIOCIS INVENI'OHY ES'I'IMA'I'ES A N D  S C R E E N I N G  
OF WADIOISOI'OPES 

Assessments of Yucca Mountain in the early l99(ls 
based the inventory for HLW and CSNF6 on the DOE 
Characteristic Data Base (CDB) o f  1987', which was 
developed about the time of the 1988 Site Characterization 
P I ~ ~ I I . ~  In 109 I, 39 radioisotopes were identified as 
potel1tiiilly iniportant based only on CSNF for 'ISPA-9 I .8,' 

All 39 radioisotopes were included in the human-inlrusion 
(or  direct release) and volcanism scenarios; however, only 
nine radioisotopes thought to be the major contributors to 
releases were iiicluded in the groundwater (GW) release 
scenario, since more complicated models were used in this 
scenario. 

In the TSPA conducted in 1993 by Sandia National 
I.aboratories (TSPA-93-SNL),'" 43 radioisotopes were 
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identilied as potentially inlpoIti~iiI hased on whzther the 
inventory of Iwth CSNF aiid 111.W-normalized to h e  
release limits established by tlie U S .  Environmental 
Protection Agency (EPA) in 4 0  CFR 191 "+ontributed at 
least soiiie traction of the total cumulative release over the 
period tioin lo3 to lo6 years. AII 43 radioisotopes were 
included i n  the human-intrusion und volcanism scenarios; 
Iiowever, only eight radioisotopes were included in tlie 
groundwater scenario. In the 'I'SI'A contluc~ed i n  1903 by 
Iiitera (now h i k e  Engineering Services) (TSPA-93- 
Duke)," the CDB of 1992" was used for CSNF inventory. 
I n  'rSPA-93-Duke," both 40 CFK 191 (based on 
population dose) and individual dose were used to 
determitie tlie potential contribution ol' each radioisotope 
over a period up to io6 yr. For ttiesc calculations, a simple 
spreadsheet was used to evaluate rat1ii)isgtope escape, 
di lut ion,  and ingest ion. Any rad ioisotope that contr i h t d  
tiiorc ~ l i i t i i  0.005% 10 tlic total dose was incliitletl. A told 

of' 37 radioisotopes wci-e sclectcd and used in  all hrec 
basic scenarios (since siinple niodels were used in all 
sceiiarios). 'rhe total contri lxit ion to tlosr froi i i  

radioisotopcs tliiit were excluded was 0.01 R. 

1'SPA-951J used tlie CD13 of' t993I5 for CSNF where 
the weiglited average burnup was slightly lower than the 
Cl3B o f  I992 (36.666 versus 39,075 MWd/Ml'HM [mega 
waits day per metric tonnes o f  heavy metal]") but still 
used the CDB of 1987 for 14LW. For selecting 
radioisotopes, a procedure iiiiiliir to that used for 1SPA- 
93-Duke was used; 39 radioimtopcs were selected and 
used i n  all three basic scenarios. Also i n  1995. the 1J.S. 
Nuclear Regulatory Conituission (NKC) perforiried an 
Iteralive I'erl'orinanoct Asscssiiiciil ( IPA).I6 A radioihotope 
was retained in  the IPA i f  it coiitrihuted more Ihan 1% o f  
the I T A  release liiiiit fo r  that radioisotope froin 40 CFK 
I91 . ' I  'I'he screening analysis i i l s o  checked the maxiiiiuiii 
dose to a fariii family t o  deterriiine whether any of  the 
radioisotopcs that might have been screened out o n  the 
basis of cutiiulative release should have been retained on 
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the basis o f  inilivitlual dose; 19 radioisotopes were selected 
('Iahle 1). 

For the TSPA conducted for the viability assessment, 
(TSI'A-VA)17.1x a radioisotope was included if il had: ( I )  a 
high solubility, (2) a low sorption affinity, (3) a significant 
inventory, (4) a high dose conversion Factor, (5) a long 
half-life, and (6) potential for colloidal transport. The same 
39 radioisotopes used in  ?'SPA-95 were available in the 
source term, but only nine radioisotopes were tracked in 
the groundwater scenario because more complicated 
transport models were once again used in the unsaturated 
and saturated zones (Table I). In addition, two sensitivity 
studies examined the influence of (a) Pu disposition 
wastes" and (b) 1 I DSNF types.l""' 

niore tlran 250 distinL1 types o f  spent fuel, with 
radioisotope inveiitories tliat vary widely, depending on 
tlie reactor history of the fuel." 'Ihe DSNF waste forin 
will be packaged in three types of canisters (consisting o f  
oee multi-canister overpack for N-Reactor SNF and two 
caniskrs of different lengths") belore tliey are shipped to 
the potential repository for disposal. For evalualing the 
activity of DSNF in TSPA-SI<, ill1 aveIagc radioisotope 
activity for the DSNF waste forrii  was calculated by usin 
the estimated activity for each o f  1111: three canister types. 
For radioisotope screening discussed below, the total 
inventory of all -250 waste types was used to deterinine an 
average and the inventory for  virgin SNF was used to 
represent a hound (Figure 2). 

f 

INVENI'OHY FOR 'ISPA-SR 

'ISPA calculations for the site recommendation and 
proposed new regulations for Yucca Mountain by NllC 
and W A "  have proiiipted a new evaluation o f  irnporlant 
radioisotopes to monitor as discussed below. 

As curreiitly projected, about 230,000 CSNP 
assetirblies will be disposed in  the potential repository at 
Yucca Mountain.' Average isotopic compositions were 
developed using the most up-to-date historical data from 
utility companies o n  assembly discharges from their 
reactors through December 1995. The utilities have also 
provided a forecast tor the assembly discharges over the 
next Tive reloading cycles, which occur about every 1.5 
years (-June 2002). This CSNF data includes the trend 
toward burning the fuel for longer periods in the reactor. 
Based on  the information, average and bounding 
radioisotope activities per assembly were estimated, and 
the W P  that could accommodate the asseinbly based on a 
criticality criterion was determined. The result was a 
grouping of the CSNF assemblies into five WP groups. 
The inventory for TSPA-SR, was then calculated based on 
the estimated number of packages for each group. The two 
largest groups out of  the five were 4500 packages 
containing 2 I assemblies of pressurized water reactor 
(PWR) fuel and 3000 packages containing 44 assemldies 
of boiling water reactor (BWR) fuel (Figure I). For 
selecting radioisotopes to track i n  tlie 'IWA-SR, the 
activity per assembly o f  four  assemblies (an average and 
bounding PWR and an average an bound BWK) was used 
i n  the screening procedure described in the next major 
section. 

HLW in borosilicate glass is currently produced and 
stored at tlie Savannah River Site (SKS), Soulh Carolina. 
Production of l1l.W glass is also anticipated to start at tlie 
Ilanford Site, Washington, and tile ldaho National 
Engineering and Environmentnl 1-aboratory (INEEL), 
Idaho. Finally, a sinall anitmiit o f  tlLW glass was 
produced at West Valley (WV),  New YorL, hut tlie exact 
arnouitt to be disposed lras not  been l i n a l i d .  lhese 
generiitor sites provided radioisotope inventories for the 
I1l.W representative o f  their vitrification process. 'This 
inforinalion. sunitiiarized i n  the dralt environmental impact 
statement (DEIS) on Yucca Mountain," was used to 
calculate an average radioisotope inventory for the short 
and long H1.W canisters. The inventory of  excess 
plutoniuni waste wits also included in the 11I.W (Figure 2). 
For radioisotope screening discussed below, the total 
inventory of all HLW canisters was used to determine an 
average and the inventory for  SKS was used l o  represent u 
bound. 

RAI)IOISO'IOPE SCREENING FOR 'L'SPA-SH 

The radioisotopes for the eight wasie categories 
(average and bounding, PWR, BWR, DSNF, and HLW) 
was screened to identify radioisotopes that nigh1 inake 
significant contril)utions to the expectccd annual dose 
without depending o n  past TSI'A results. Similarly to 
'I'SPA-95, tlie relative importance was determined using a 
simple spreadsheet. 'Ihe screening considered the 
foilowing t ime faclors': ( I  relntive inventory i n  any one 
period (radioisotope initial inventory and longevity or 
production); (2) dose conversion lactor (contribution to 
both ingestion o r  'inhalation tlose); and (3) transport 

Husisfiw DSNF I t i v e ~ o ~  a The canisters niay also be of diflereni diaiiictcrs. but this variation was 
not considered iniiially. 

'l'lie Naval spent nuclear fuel (SNF) will be placed in two types ot' "he TSPA-SR an updated inventory 
cal+.ters (co,+.ling <,f two lengths) a,ld ,,laced in a waste 

l h e  DSNF waste form category encoinpasses without any II1.W. Analysis of Naval SNF is discussed elsewhere.' 
I)SNF,".Z I .?? 
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sorption affinity'. I n  considering the sorption affinity of a 
radioisotope, factor 3 the radioisotopes were divided up 
into three groups: (a) high sorption (thus release via 
colloidal transport necessitated, (b) moderate sorption 
( thus  release via fraction flow dominates), and (c) low 
sorption (thus release not constrained except by solubility). 
The iniportance of radioisotopes was then evaluated 
separately. Those radioisotopes that made up 95% of the 
total dose when considering factors I &2 for the vulcanism 
scenario, and the union of  factors, 1,2&3a, 1,2&3b, and 
1,2&3c for the huiiiaii-iritrusion and GW scenario for two 
periods ( I O 4  and IO6 yr) were included. A total of 23 
radioisotopes was selected (Table I) .  

This initial list ot radioisotopes was then augmented to 
account for in-growth o f  the actinide decay chains. For 
exaniple, for the period o f  I O 6  yr, 'j5U was added to the list 
because "7Ac, which is potentially important to dose, is 
one o f  its daughters. I n  addition, 228Ra and its precursor, 

Th, were added because of their relevance to the 
groundwater protection requirement i n  tlie EPA proposed 
standard." These adjustinents expanded the list to 26 
radioisotopes tor the 'I'SI'A-SK (Table I). 

232 

Ihll'I.EhlEN'L'A'L'ION IN 'L'SPA-SR 

The compiiter implementation of the inventory 
abstraction is a simple table look-up of the quantity of 
radioisotopes at the tiine of waste emplacement for the 
CSNI: and co-disposal WI's. An overall average 
radioisotope inventory for a11 the CSNF WPs was 
coniputed by weighting by the estimated number of 
piickuges i n  each o f  the five WI' groups to reach 63,000 
M'I'IIM (90% of  70,000 M'IIIM r e p ~ s i t o r y ) ~ ~ . * ~  (Figure I ). 
The average inventory tor a co-disposal package was also 
developed from average inventory for the six co-disposal 
configurations to reach 2333 MTHM of DSNF (3.3%) and 
4667 MTHM HLW (6.7%) (Figure 2) .  As currently 
niotleled, there are 7860 CSNF WPs and 39 IO co-disposal 
WI'S~. l ~ ~ e s e  activities are adjusted for tlecay, in-growtli, 
and release from tlie waste form during the 'rSPA-SK 
simulations. 

While most radioisotopes in the CSNF waste are 
bound in the U 0 2  Ii>iitrix, some fission product gases such 
as Cs  and "'1 are known t o  migrate to the gap between 
the matrix and cladding wliite in  the reactor. Furthermore, 
niany radioisotopes can migrate from tlie matrix to the 
cooler grain boundary. 'I'his migration process is 
iinportant because these radioisotopes are released much 
fiistcr than those bound in the fuel matrix. To account for 

137 

A fourth factor, eleinentd SottJbility ( i t . ,  low solubility 
for  Ani, Cm, Zr, Th, Nb, Pa and Sn) was also considered 
but the union of 1,2,&4 with 1,2,&3 did not add any 
adtlitionul radioisotopes. 

distinct release rates, the inventory for tlie CSNF waste 
Ibrni is divided into two parts: ( I )  matrix and (2) fa51 
release. The fast release inventory is the suni of  tlie gap 
inventory and grain boundary inventory. l h e  grain 
boundary inventory is assumed to be the total inventory of 
each radioisotope times a fraction sampled from a uniform 
distribution between 0 and 0.004. 'rhe distribution is based 
on the fractions of radioisotopes observed to be released in 
short-term tests (less than 200 days) and extrapolated to 5 
years. 3*27,28 The gap inventory is an atlditioiial 0.042 and 
1/3 x 0.042 of the inventory of IJ7C5 and I") 1, rebpec t ivel y . 

lJNCERTAlNl'Y AND VAKIABll,I'I'Y OF INVENI'OHY 

The radioisotope inventory used in  TSPA-SK is 
deterministic and does not  inclutle statistical distributions 
to express duta iinccrtainty or  variability. 'Hie principal 
source of uncertainty and viiriahility i n  the current 
inventory analysis is in the projections o f  lirial waste form 
inventories. The actual waste streanis may differ with 
respect to fuel burn-up, fuel age, fuel enrichment, and 
reactor efficiency. tlowever, of the 230,0(x) CSNF 
assemblies modeled in the TSPA-SR, the activity o f  
important radioisotopes vary only by an order of 
niagnitude. More importantly, the variation of activity i n  
the CSNF packages is niucli less than the variation in  oilier 
components (e.g., CSNF cladding uwipping rates have a 
three-orders-of-iii~gnilude ~ar ia t ion ' . '~~ '~) .  The range in 
the co-disposal packages varies more (the range i n  the 
€1LW canisters varies by two orders of magnitude and i n  
the I X N F  canisters by live orders of niagnitude), h i i t  tlie 
total inventory is so rnucli siiialler i n  the co-disposal 
packages. As shown in Figure 3 a i d  the total ntiiiiher o f  
WPs of each type, the total inventory o f  *j7Np and "'l'c i n  
co-disposal packages is niore than an order of niagnitude 
less than in CSNF packages. Heiice, the CSNF packages 
have much greater inlluence on the dose, provided the 
release rates are siinilar-wliich they a r ~ . ~ . ~  Furtheriiiore, 
DSNF contributes only 2% o f  tlie 237Np and *'Tc inventory 
i n  the co-disposal packages (Figure 3). Hence, variability 
o f  the inventory in the cn-disposal packages and especially 
DSNF can be niuch grcater and still not inlluence the total 
1lose. 

The current inventory analysis l o r  TSPA-SK is more 
detailed and flexit)lc rlian those done for previous TSPAs. 
With regard to the selection o f  important radioisotopes, the 
radioisotope screening procedure is considered sutlicieiitly 
conservative in  that i t  identifies a larger set of 
radioisotopes than' I would actually be ncetlcd to 
appropriately deteriiiine the expected annual dose. 
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'Table I .  Radioisotopes transported in 1'SPA-SK scenarios and ~ J S I  ~lnalyses 
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Spent MOX Fuel 
Assemblies Assemblies 

Spent PWR Fuel 

All of the CSNF Inventory used to develop average (84,000 MTHM) 

Grouping based on thermal load and critically potential 

Average Average Average 
inventory per inventory per inventory per 
assembly for assembly for assembly for 
Group 1 Group 2 Group 3 

Average AVCI ' I ~ C  
Inventory per I I I vt: I 1 t o f  y 1 )e r 
assembly for ~ l s ~ e l l ~ l ~ l y  for 
Group 4 G l ( J t l [ j  5 

b 

9 
fi 

X 21 assemblies X 2lassemblies X 12assernblies x 4 4 a s s e m ~ e s  x 24d>:,~iiii~1~::, 

Inventory for Inventory for Inventory for 
group 1 group 2 group 3 

inventory for lwei  \ to ry  l o r  
group 4 iJ I 0 1  I 1  ) !> 

- - ' . $  '. ' * . <  - :i \ 1 
Average CSNF inventory per 
package in TSPA-SR for 
70,000 MTHM repository 

Figure 1. Radioisotope activity in CSNF packages based on average iiiventory developed for live groups 
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Entire High-level Waste 
Inventory (-9840 MTHM 

equivalents) used to develop 
canister average 

Entire DOE Spent Nuclear Fuel 
Inventory (-2380 MTHM) used 
to develop canister average 

Figure 2. Radioisotope activity iii co-disposal packages hased oil average inventory in several groups 
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Figure 3. Highest percentage of radioisotopes reside in CSNF packages 
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