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EVALUATION Q£ HEALTH AMD SAFETY JMEA£E§ 0£ DISPOSAL 0£ 
P m m HIGH-LEVEL WASTE li) g E Q L P W REPOSITORIES 

Ellen D. Smith 
David C. Kocher 

John P. Witherspoon 

ABSTRACT 

Pursuant to the requirement of the Nuclear Waste Policy Act of 1982 
that the President evaluate the use of commercial high-level waste 
repositories for the disposal of defense high-level waste?. a comparative 
assessment ha 15 been performed of the potential health and safety impacts 
of disposal of defense wastes in commercial or defense-only repositories. 
Simplified modols were used to make quantitative estimates of both long-
and short-term health and safety impacts of several options for defense 
high-level waste disposal. The results indicate that potential health 
and safety impacts are not likely to vary significantly among the 
different disposal options for defense wastes. Estimated long-term 
health and safety impacts from all defense-waste disposal options are 
somewhat leas than those from commercial waste disposal, while short-term 
health and safety impacts appear to be insensitive to the difference* 
between defense and commercial wastes. In all cases, potential health 
and safety impacts are small because of the need to meet stringent 
standards promulgated by the U.S. Environmental Protection Agency and the 
U.S. Nuclear Regulatory Commission. Ve conclude that health and safety 
impacts shonld not be a significant factor in the choice of a disposal 
option for defense high-level wastes. 



1. INTRODUCTION 

Tho Nuclear Waste Policy Act of 1982 (Public La> 97-425) requires 
the President to evaluate the use of one or more commercial high-level 
waste repositories for the disposal of high-level radioactive waste 
resulting from atomic energy defense activities. The evaluation is to 
take into acoount factors relating to cost efficiency, health and safety, 
regulation, transportation, public acceptability, and national security. 

As a part of this evaluation, the purpose of the present study is to 
evaluate the potential health and safety impacts of disposal of defense 
high-level radioactive wastes in geologic repositories. The evaluation 
is in the form of a comparison of the potential health and safety impacts 
of various disposal options for defense high-level waste; i.e., we have 
evaluated whether there are likely to be significant differences in 
health and safety impacts smong the different options. We would regard 
any evaluation of the absolute health and safety impacts (e.g., radio-
nuclide releases to the accessible environment over 10,000 years in the 
future, population dose, or number of fatal cancers) for any of the 
disposal options as highly uncertain, because of the many significant 
sources of uncertainty in predicting long-term repository performance 
(Kocher et al., 1983), but more confidence can be placed in relative 
comparisons of the impacts from different disposal options. 

A comparative evaluation of the health and safety impacts of 
different disposal options for defense high-le*/el waste was performed 
using a set of baseline assumptions which were provided by the U.S. 
Department of Energy (DOE). Brief descriptions of these assumptions 
follow. 

[1] The defense high-level wastes are to be placed either 
in a commercial repository or in a defense-only 
repository. 

[2] The commercial and defense-only repositories are to be 
located either in salt or in hard rock. The hard-rock 
medium is assumed to be either basalt or tuff. 
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[3] A commercial repository will have a total capacity of 
70,000 metric tons of uranium (MTU). 35,000 MTU is 
commercial high-level waste and 35,000 MTU is spent 
fuel, including both boiling-water reactor (BWR) and 
pressurized-water reactor (PWR) fuel in a specified 
proportion. For disposal of defenne high-level wastes 
in a commercial repository, up to 20,000 defense waste 
packages (equivalent to 10,000 MTU) are to be emplaced 
in the repository. 

[4] The charr.cte iatics of the commercial spent-fuel and 
high-level w m t e packages and of the defense high-level 
waste packages are those described by Westinghonse 
(1983a; 1983b) and Baxter (1981), respectively. 

[5] Two options for disposal of defense high-level wastes 
in a commercial repository are to be considered. In 
the first, commercial waste will be replaced by defense 
waste in order to maintain the 70,000 MTU limit for the 
repository. In the second, an additional disposal area 
for defense wastes will be constructed at the same 
site, so that the quantity of defense wastes emplaced 
in the repository will be in addition to the 70,000 MTU 
limit for commercial wastes. 

[6] Canisters containing defense high-level wastes are 
emplaced either without overpack or with an overpack 
fabricated from TiCode-12, a corrosion-resistant 
titanium alloy. 

[7] Disposal of defense high-level waste will in all cases 
meet the requirements of applicable standards of the 
U.S. Environmental Protection Agency (EPA) and the U.S. 
Nuclear Regulatory Commission (NRC). 

The assumption that all applicable standards will be met is very 
important for evaluating the health and safety aspects of any disposal 
option for defense high-level waste. This assumption means that any 
disposal option must conform with the requirements of the NRC's 10 CFR 20 
(U.S. Nuclear Regulatory Commission, 1982) and 10 CFR 60 (U.S. Nuclear 
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Regulatory Commission, 1983) and tie EPA's proposed 40 CFR 191 (U.S. 
Environmental Protection Agency, 1982a) during both the operational and 
the post-closure phases. It is particularly noteworthy that tho EPA 
standard lets a very low level of long-term incremental risk to the 
general publio from radioactive waste disposal. In addition, 10 CFR 60 
sets stringent criteria for the performance of engineered and natural 
elements of the waste-isolation system, and virtually any repository that 
meets these criteria would also meet the EPA standard. In light of these 
stringent standards, the most important question regarding long-term 
health and safety impaots of different disposal options for defense 
high-level waste may be whether it is likely to be significantly easier 
or harder to demonstrate that a particular disposal option complies with 
these standards. Similar considerations may also apply to occupational 
and off-site exposures during the short-term period of repository 
operations. 

The above discussion emphasizes our belief that the health and 
safety aspects of defense high-level waste disposal are intimately 
related to regulatory factors. It is also likely that health and safety 
is related to cost factors; i.e., given that applicable standards must be 
met for any disposal option, it may be significantly more costly to 
assure compliance with the standards with some options than with others. 

This report is concerned with evaluating the health and safety 
impacts of defense high-level waste disposal during both the operational 
and the post-closure phases. Section 2 of this report discusses in 
general terms the various factors that are expected to influence the 
health and safety impacts of the different disposal options tor defense 
high-level waste. Sections 3 and 4 present the analyses of long-term 
health and safety impacts and of the impacts during repository 
operations, respectively. Section S reviews the conclusions of the 
analysis. 
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2. FACTORS INFLUENCING HEALTH AND SAFETY 

This section identifies and discusses qualitatively the various 
factors which could contribute to differences in health and safety 
impacts of the different disposal options for defense high-level waste. 

2.1 Long-term Impacts 

2.1.1 Identification of factors 

We identify three types of differences in the properties of 
commercial and defense wastes that could rosult in differences in thi* 
long-term health and safety impacts of the various disposal options for 
defense high-level waste. These are (1) differences in the relative 
abundances of specific radionuclides in commercial and defense wastes, 
(2) the much greater concentration of radioactivity in commercial wastes 
than in defense wastes, and (3) differences in the leachability of the 
different waste forms. 

The radionuclide inventories in commercial and defense wastes are 
compared in Section 3 of this report. The most important implication of 
the differences in concentrations of radioactivity in the different types 
of waste is that a defense waste package will generate considerably less 
heat than a commercial spent-fuel or high-level waste package, and will 
generate heat over a shorter time period (Westinghouse, 1983a; 1983b). 
This difference in heat generation means that peak temperatures in the 
waste package will be lower in a defense-only repository, and the waste 
package will be cooler at the time leaching begins than in either a 
commercial repository or a repository containing both defense and 
commercial wastes in the same location. The differences in thermal 
behavior of the different types of waste could have important 
implications for repository performance. 

Defense waste will be solidified into a glass waste form with a much 
lower activity concentration and an apparent lower leaching 
susceptibility than that of commercial high-level waste glass, which in 
turn is less susceptible to leaching than commercial spent fuel 
(Westinghouse, 1983b; 1983b). These differences should result in lower 
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rates of radionuclide release from defense waste than from commercial 
waste. Both glass waste forms and spent fuel may be cracked by the time 
leaching begins, so it seems reasonable to assume that there will be no 
significant differences in the waste surface area available to leaching. 

2.1.2 Implications for containment 

The lower heat generation potential of defense high-level waste 
means that the "thermal period" (i.e., the period in which temperatures 
in the repository will be high enough to have a significant effect on 
physical properties and processes in the repository) will be considerably 
shorter for a repository which contains defense waste only than for a 
repository which contains either commercial waste only or defense and 
commercial waste. Jo 10 CFR 60 (U.S. Nuclear Regulatory Commission, 
1983), the NRC requires "substantially complete" containment of waste in 
the waste package for 300 to 1000 years, with the intent of preventing 
significant releases of radioactivity from the waste package during the 
thermal period. It is likely that, due to the shorter thermal period, a 
shorter containment period would be required by the NRC for a defense-
only repository than for a commercial-only or a commercial-plus-defense 
repository. It is also likely that a shorter containment period would be 
required for a separate defense waste area (e.g., a separate mined 
cavity) in a facility which also includes commercial waste, provided that 
the defense waste areB would not be affected by the beat generated by the 
commercial wastes. To the extent that a shorter containment period would 
be required for defense wastes in separate disposal facilities, it may be 
easier and less costly to demonstrate compliance with the containment 
requirement because thinner or less corrosion-resistant canisters or 
overpacks might suffice. 

The lower heat generation rate of defense waste also means that 
temperatures during the thermal period will be lower in a defense-only 
repository than in a commercial repository. Both corrosion rates and 
mechanical stresses increase with increasing temperature, so waste 
canisters and overpacks should maintain their integrity longer in a 
defense-only repository than in a commercial-only repository. A separate 
defense waste area in a combined facility would probably have the same 
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low corrosion rates as a defense-only repository, but mechanical stresses 
on defense waste packages could be greater in this case than in a 
defense-only repository bocause of the thermal effects of the commercial 
waste on the mechanical behavior of the host rock. Thermal loading on 
the host rock is likely to determine the waste density in either a 
commercial-only repository or in a combined facility with both commercial 
and defense wastes in the same area, and the total thermal loading will 
probably be essentially the same in both cases. Thus, peak rock 
temperatures and thermally-induced mechanical stresses would be roughly 
the same as in a commercial-only repository. Peak temperatures of 
commercial waste packages in a combined facility would be unaffected by 
the presence of defense waste, but defense waste packages would reach 
higher temperatures and thus experience greater corrosion rates than in a 
defense-only disposal area. This difference might mean that waste 
packages would fail earlier in a combined disposal setting than in 
defense-only disposal, but it could also mean that a sturdier waste 
package would be needed for combined disposal in order to meet the 
10 CFR 60 containment requirement. 

2.1.3 Implications for radionuclide release rate from the repository 

Differences in the concentration of activity and in the leaching 
susceptibility of defense and commercial waste forms can directly affect 
the rate at which radionuclides are released from the repository to the 
host rock via groundwater flow. Radionuclide release rates as measured 
in leaching tests have generally been the highest for spent fuel, 
intermediate for commercial high-level waste glass, and the lowest for 
defense high-level waste glass. The difference in the concentration of 
activity is probably responsible for most of the difference in the 
observed leaching behavior between commercial and defense glasses. If 
no other factors affected the release rate, then radioactivity from 
defense wastes would be released into groundwater at a lower rate than 
from commercial wastes. 

If radionuclide release depended on leaching behavior alone, because 
of the differences in leaching behavior between commercial and defense 
wastes, a commercial repository which contained some defense wastes might 
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be expected to release a smallor fraction of its total inventory of 
radioactivity over B unit time period than would a repository which 
c;- tained only commcrcial wastes, but it would release a larger fraction 
than would a defense-only repository. However, the separate release 
rates from the commercial and defense wastes would be the same for the 
combined facility as for separate repositories. The apparent difference 
in composite release rates would not, therefore, make a difference in tho 
separate health and safety impacts of commercial and defense wastes, but 
It could have the interesting consequence of making it easier to 
demonstrate compliancc with tho limits on radionuclide release rates in 
10 CFR 60 (U.S. Nuclear Regulatory Commission, 1983) at a combined 
repository than at a commercial-only repository. 

Several other factors indirectly affect radionuclide release rates. 
One of these factors, the radionuclide inventory available for leaching, 
depends on the initial inventory and on the time elapsed before 
containment failure. Initial radionu.lide inventories differ for defense 
and commercial wastes, and the containment time will depend on several 
waste-related factors discussed above, as well as on characteristics of 
other components of the waste package. 

Another factor which indirectly affects release rates of 
radioactivity is the heat generation potential. Leaching rates of glass 
waste forms increase with increasing temperature, so that radionuclide 
release rates from a repository will depend in part on the temperature of 
the waste form after containment failure. After several hundred years, 
which is a likely containment time, temperatures in the repository should 
be at equilibrium and all waste packages should be at essentially the 
same temperature. Thus, defense wastes vhich are placed in the same b ea 
as commercial wastes will be hotter than defense wastes which are 
isolated from commercial wastes and will leach somewhat more rapidly than 
defense wastes in a defense-only repository or in a separate disposal 
cavity in a combined repository. 

Radiation damage to the waste form will be greater for commercial 
wastes than for defense wastes because of the greater concentration of 
radioactivity in the former. Since radiation damage increases leaching 
susceptibility, this effect further contributes to the difference in 
leaching behavior between commercial and defense wastes. However, cross 
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irradiations of waste forms can be presumed to be negligible, so that 
radiation damage in defense wastes should not be affected by disposal in 
a commercial repository. Thus, this factor should not result in any 
differences in radioactivity releases among the different disposal 
options for defense wastes. 

Backfill and packing materials can help to control the rate of 
radionuclide release from the engineered barrier system by limiting the 
rate of groundwater flow in the repository and by chemically retarding 
the transport of some of the radionuclides from the waste package to the 
repository boundary. The effectiveness of these materials in limiting 
radionuclide releases can be diminished by exposure to heat and 
radiation. If we assume that the degree of functional impairment is 
related to the duration and intensity of exposure of the materials to 
heat and radiation, then the greatest reduction in the effectiveness of 
these materials would occur in a commercial-only repository. In a 
disposal area which contained both commercial and defense wastes, the 
effectiveness of packing materials surrounding the defense wastes should 
be lower than in a defense-only disposal area, but these materials should 
experience less damage than the packing around the commercial wastes 
because of the lower peak temperatures and radiation levels. 

2.1.4 Other implications for human health and safety 

Hnman exposures due to radionuclide transport in groundwater. 
Radionuclide transport in groundwater is generally regarded as the most 
likely means by which wastes released from a geologic repository may 
reach the human environment. Following release from the engineered 
barrier system, radionuclides would first be transported through a region 
in which rock properties and transport processes may be modified as a 
result of repository construction or operation. The most important cause 
of disturbances in this region is the heat generated by waste decay, and 
the magnitude of disturbance and the extent of the disturbed zone at a 
given site will probably be greater for a commercial-only repository or a 

combined facility than for a defense-only repository. 
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Thermal disturbances will not necessarily affect waste isolation 
effecllveness, but the greater extent of the disturbed zone may 
complicate the licensing of a commercial or combined repository for two 
reasons. First, 10 CFR 60 (U.S. Nuclear Regulatory Commission, 1983) 
specifier a minimum pre-waste-emplaoement groundwater travel time of 
1,000 years from the outer boundary of the disturbed zone to the boundary 
of the "accessible environment," whioh is specified in 40 CFR 191 (U.S. 
Environmental Protection Agency, 1982a). The closer these two boundaries 
are to one another, the more difficult it may be to lind sites that 
satisfy the requirement on groundwater travel time and to demonstrate 
with reasonable assurance that auch sites meet the requirement. Second, 
to demonstrate compliance with thu radionuclide release limits in 
40 CFR 191, it will probably be necessary to estimate groundwater 
transport of radionuclides through both the disturbed zone and the "far-
field zone" that lies between the disturbed zone and the accessible 
environment. Such estimates are expected to have greater uncertainties 
in the disturbed zone than in the far-field zone, so demonstrating 
compliance with the EPA standard may be more difficult if the disturbed 
zone comprises an appreciable fraction of the distance from the 
repository to the accessible environment. Thus, it may be easier to 
satisfy regulatory requirements for a defense-only repository than for a 
repository containing commercial wastes. 

Consideration of radionuclide transport in groundwater through the 
far-field zone should, by itself, have no effect on the choice of a 
disposal option for defense high-level waste. This is because the 
transport of a unit quantity of a particular radionuclide is independent 
of the source of the waste (i.e., of whether the radionuclide was 
originally in commercial or defense waste). The quantities of different 
radionuclides which enter the far-field zone do depend, however, on the 
type of waste and the performance of the engineered barriers and 
disturbed zone. 

Consideration of radionuclide transport in groundwater through the 
far-field zone will probably be more important in ohoosing a host rook 
for defense-waste disposal than in choosing between a defense-only or a 
commercial-plus-defense repository at a given location in a given host 
rook. Geologic factors that can influence waste isolation include 
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groundwater velocity, groundwater travel distance to potential human 
exposure locations, and geoehemieal retardation of radionuclides. It 
cannot be overemphasized that any comparison of the waste isolation 
capabilities of different host rooks (e.g., bedded salt vs basalt or 
tuff) requires extensive and detailed information on the geologic, 
hydrologic, and geochemicel properties of specific sites. Although 
several comparisons have been made of the long-term performance of 
geologic repositories in different rock types (e.g., Smith et al., 1982; 
National Academy of Sciences, 1983), these calculations are strictly 
generic in nature and may not Indicate even qualitatively the relative 
isolation capabilities of those rook types at specific sites. 

Human exposures due tp disruptive events. Human exposure to waste 
radionuclides may also occur as a consequence of human intrusion into the 
repository or low-probability natural events that disrupt the waste 
isolation system. An analysis by Smith et al. (1982) concluded that 
disruptive events could be more important causes of human exposures than 
unperturbed groundwater flow. We eonclude, however, that any effect from 
the choice of a defense-waste disposal option on human exposures due to 
disruptive events would be ron/ihly proportional to the effect on 
exposures due to the radionuclide release and transport mechanisms 
discussed in Section 2.1.2, 2.1.3, and above. 

The probabilities of events that might cause repository disruption 
(e.g., drilling into the repository, an earthquake that results in 
modification of groundwater flow paths) do not depend on watte 
characteristics, so they would be unaffected by the choice of a disposal 
option for defense waste. Moat of the plausible scenarios for disruption 
of waste isolation by low-probability events (e.g.. Smith et al., 1982; 
Hunter et al., 1982) involve modifications to groundwater flow, and the 
choicj of a disposal option would likely affect their consequences to an 
extent similar to that of its effects on the consequences of unperturbed 
groundwater flow. The consequences of direct removal of some waste or 
repository fluids after drilling into a repository depend largely on the 
radionuclide inventory in the waste, and should therefore differ for 
commercial and defense wastes, but should be unaffected by the choice of 
a defense-waste disposal option. 
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2.2 Short-term Impact* 

The short-term health and safety impacts which need to be considered 
for the different disposal opt ioni for dofenie high-level waste include 
both radiological and nonradiological impacts on workers and on off-site 
members of the general public. 

Occupational radiation exposures are limited by the requirements of 
10 CFR 20 (U.S. Nuclear Regulatory Commission, 1982). Those exposures 
are expected to depend on the number of waste packages handled by a 
worker per year. Radiation exposures from a given number of defense 
waste packages are not expected to depend significantly on the choice of 
dispo sal option. Off—site radiation exposures are limited by 40 CFR 191 
(U.S. Environmental Protection Agency, 1982a). The off-site exposures 
will dopend on the amount of radioactivity released during normal 
operations but are not expected to depend significantly on the particular 
disposal option. Accidental radiation exposures to workers and off-site 
individuals are treated by considering the kinds of accidents that could 
occur and their associated releases of radioactivity. Such exposures 
also should not differ greatly among the various disposal options for 
defense high-level wantes. 

Nonradiologicai effects are estimated by considering possible 
accidents and, if appropriate, their associated releases of 
nonradioactive materials. These effects also should not differ 
significantly among the various disposal options. 
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3. ANALYSIS OF LONG-TERM EFFECTS ON HEALTH AND SAFETY 

3.1 Scope of the Analysis 

As doscribed In Section 1. we were Asked to compare in this 
analysis the health impacts of defense waste disposal in a hard rock 
(basalt or tuff) or a salt repository, with a corrosion-resistant 
TiCode-12 overpack or with no overpack, and in a separate defense waste 
repository or in a repository developed primarily for commercial high-
level waste and spent fuel. Two approaches for placing defense waste in 
a commercial repository are considered: (1) codisposal with commercial 
waste, with the defense waste counting toward the 70,000 MTU limit on 
the quantity of waste to be placed in a commercial repository, and 
(2) emplacement in a separate disposal area at ithe site of the 
commercial repository. The effects of defense waste disposal were to be 
compared with those of 70,000 MTU of commercial"waste in the same 
repository or at a similar site. In all cases, the analysis was to 
assume that all applicable standards of the EPA' and NRC will be met. 

In the proposed 40 CFR 191 (U.S. Environmental Protection Agency, 
1982a), which limits long-term health impacts from disposal of high-
lt/el radioactive wastes, the EPA has elected to place limits on 
cumulative radionuclide releases to the accessible environment over 
10,000 years. These release limits, which are shown in Table 1, 
correspond to 10 health effects per 1,000 MTU over 10,000 years and thus 
correspond to a very low level of incremental risk to the general 
public. In the present analysis, we have adopted the same approach, and 
we evaluate the different disposal options in terms of their potential 
effect on releases of radionuclides to the accessible environment within 
10,000 years. Thus, we use the specific release limits in the EPA 
standard as a benchmark for estimating relative health impacts of the 
different disposal options. 
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Table 1. Release limits in the proposed EPA 
Standard (40 CFR 191)a 

Radionuelide 

Am-241 
Am-243 
C-14 
Cs-135 
Cs-137 
Np-237 
Fu-238 
Pu-239 
Pu-240 
Pu-242 
Ra-226 
Sr-90 
Tc-99 
Sn-126 
Any other alpha-emitting 

radionuclide 
Any other radionuclide which 

does not emit alpha particles' 

Release per 
1000 MTU (Ci) 

10 

4 
200 

2,000 
500 

20 
400 
100 

100 
100 

3 
80 

2,000 
80 

10 

500 

aLimits apply to cumulative releases to the 
accessible environment for 10,000 years after 
disposal. 

^Includes 1-129. 
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As a basis for this analysis, we have identified 12 different 
soenarios that can represent the different disposal options that were to 
be considered: 

[1] Commercial high-level waste in a repository in salt, 
[2] Commercial high-level waste in a repository in hard rock, 
[3] PWR spent fuel in a repository in salt, 
[4] PWR spent fuel in a repository in hard rock, 
[5] BWR spent fuel in a repository in salt, 
[6] BWR spent fuel in a repository in hard rock, 
[7] Defense high-level waste, packaged with minimal overpack, 

in a separate repository in salt, 
[8] Defense high-level waste, packaged with minimal overpack, 

in a separate repository in hard rock, 
[9] Defense high-level waste, packaged with minimal overpack, 

codisposed in a commercial repository in salt, 
[10] Defense high-level waste, packaged with a corrosion-resistant 

TiCode-12 overpack, codisposed in a commercial repository 
in salt, 

[11] Defense high-level waste, packaged with minimal overpack, 
codisposed in a commercial repository in hard rock, 

[12] Defense high-level waste, packaged with a corrosion-resistant 
TiCode-12 overpack, codisposed in a commercial repository 
in hard rock. 

The first six of the scenarios listed above are intended to 
represent the behavior of the various waste types to be placed in 
commercial repositories in salt and hard rock, and these scenarios form 
the basis for comparing the effects of commercial and defense waste 
disposal. The remaining scenarios represent several different options 
for disposal of defense wastes. 
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3.2 Assumptions Used in Analysis 

The assumptions which are used in any quantitative analysis of a 
complex system should be appropriate to the purpose of the study, but 
the assumptions will be dictated in part by the requirements of 
available computational tools. The purpose of the present analysis is 
to compare the effect of different disposal options for defense high-
level waste on predicted radionuclide releases to the accessible 
environment. Although the results of a quantitative analysis of the 
different disposal options are compared with applicable standards as a 
basis for evaluating health impacts, we emphasize that these results are 
to be used only to evaluate the potential significance of differences 
among options, but not to provide realistic determinations of compliance 
w'th the standards. Very simple models of a waste isolation system are 
most appropriate for this type of comparative analysis, because it is 
important that the analysis illustrate the effect of changing individual 
variables in the calculation. As discussed in Section 2.1, the 
important variables for this comparison are (1) the initial radionuclide 
inventory, (2) the waste-package containment time, (3) the temperature-
influenced rates of radionuclide release from the waste package, and 
(4) the characteristics of the host rock that influence groundwater 
travel time and geochemical retardation of radionuclides. 

The principal criteria for selection of a computer code for this 
analysis were (1) the availability of the code for use on our computer 
systems within the time requirements of the study and (2) the ability of 
the code to evaluate the effects of changes in the important parameters 
identified above. An ability to calculate radionuclide releases from 
disruptive events is not a high priority for this analysis because, as 
pointed out in Section 2.1.4, the effects of differences among the 
various defense disposal options are expected to be illustrated most 
effectively by analysis of releases via groundwater flow. The health 
and safety impacts of releases due to human intrusion into a repository 
containing defense high-level waste are considered briefly in 
Section 3.4. 
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Two computer codes generally met our selection criteria and were 
considered for use in this study; they are GARD2 (Rosinger and Tremaine, 
1980) and REPRISK (Smith et al., 1982). Both are simple lumped-
parameter performance-assessment codes that include a one-dimensional 
groundwater transport calculation; differences between the two codes lie 
primarily in the treatment of radioactive decay chains and in the 
special options available in the code. Important advantages of the 
REPRISK code are (1) its ability to calculate radionuclide release rates 
from the repository that are limited by solubility and by the slow flux 
of groundwater through the repository and (2) its use by the EPA in 
formulating the proposed high-level waste standard (U.S. Environmental 
Protection Agency, 1982a). However, for the purposes of this study, the 
REPRISK code has important disadvantages. First, input data on 
radionuclide inventories and half-lives must be manipulated extensively 
to overcome limitations in the method used by the code to describe the 
transport of radioactive decay chains in groundwater, and our time 
schedule did not permit the data manipulation which would be needed to 
adapt the code to the analysis for defense waste. Second, the REPRISK 
code is less transparent than GARD2 with regard to investigating the 
separate effects of the important parameters listed at the beginning of 
this section that determine radionuclide releases to the accessible 
environment. Therefore, the GARD2 code was selected to perform the 
simple parametric studies presented in this report. 

The GARD2 code evaluates one-dimensional groundwater transport of 
radionuclides released from a repository, and the code considers the 
effects of radioactive decay and daughter ingrowth both in the 
repository and during groundwater transport. The code involves numerous 
simplifying assumptions which are generally regarded as quite 
conservative; i.e., the code should overestimate releases of 
radionuclides to the accessible environment. All waste containers are 
assumed to fail simultaneously and completely, whereas containment 
failure is actually expected to be a gradual process. The code assumes 
that releases of radionuclides from the engineered barrier system occur 
at a constant rate over a finite time interval, and all radionuclides 
are assumed to be released at the same rate. Most investigators expect, 
however, tvat releases from an actual repository will occur at rates 
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that will vary over time and differ greatly for different radionuclides 
(National Academy of Sciences, 1983). 

In the GARD2 code, groundwater transport is assumed to occur at a 
constant velocity along a single linear flow path of known length, and 
the effects of dispersion are neglectod. The model simulates all 
geochemical interactions betweon rcdionuclides and the host rock as if 
they were linear ion-exchange processes by using a retardation factor 
(R) to calculate delays in radionuclide travel due to geochemical 
interactions. The factor R represents tho ratio of groundwater velocity 
to the net transport velocity of the radionuclides. The retardation 
factor is used in most groundwater transport models to describe 
geochemical interactions, but it may give erroneous results when applied 
to interactions that are not due to ion exchange. Furthermore, the 
retardation factor does not take into account geochomic8l interactions 
that may cause contaminants to be retained indefinitely in geologic 
media (e.g., some precipitation reactions). The selection of 
conservatively lew values for R should prevent any overestimate of the 
effectiveness of geochemical processes in retarding radionuclide 
transport and should result in overestimates of groundwater transport 
for most radionuclides. 

The GARD2 code requires as input the initial inventories, half-
lives, retardation factors, and decay-chain information for all 
radionuclides for which releases are to be calculated, or which 
contribute to the ingrowth of radionuclides for which releases are to be 
calculated. Table 2 lists the initial inventories for the most 
important long-lived radionuclides in curies per MTU for four waste 
types: PWR spent fuel, BWR spent fuel, commercial high-level waste, and 
defense high-level waste. All wastes are assumed to be 10 years old. 
Because it is assumed (as described later in this section) that no 
releases of radioactivity from the waste package will occur for a time 
period of 3 00 to 1,000 years, only those radionuclides in the initial 
inventory which are likely to be present in non-negligible quantities 
(or give rise to radioactive daughters present in non-negligible 
quantities) after 300 years are listed here. Inventories for spent fuel 
and commercial high-level waste were obtained from calculations using 
the ORIGEN2 computer code (Croff and Alexander, 1980); the commercial 
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Table 2. Initial inventories for long-lived radonuclides assumed 
for different types of spent fuel and high-level waste (Ci/MTU) 

Nuclide 
Spent fuel 

PWR BWR 
Commercial 

HLWa 
Defense 
HLWb 

C-14 1.5 1.6 1.0 2.2 x 10~3 

Ni-59 5.2 1.2 3.9 3.5 

Ni-63 6.1 z 102 1.6 x 102 4.6 x 102 4.4 x 102 

Se-79 0.41 0.34 0.39 0.18 

Sr-90 5.8 x 104 4.8 x 104 5.4 x 104 7.8 x 104 

Zr-93 1.8 1.5 1.7 2.0 

Nb-94 1.3 0.32 0.96 1.7 x 10~3 

Tc-99 1.3 x 101 1.1 X 101 1.2 x 101 3.4 

Pd-107 0 . 1 1 9.5 x 10~2 0.10 1.7 x 10"2 

Sn-126 0.78 0.63 0.73 0.27 

1-129 3.2 x 10"2 2.6 x 10"2 4.0 x 10-5 2.4 x 10-5 

Cs-135 0.35 0.36 0.35 0.15 

Cs-137 8.3 x 104 6.7 x 104 7.7 x 104 6.5 x 104 

Sm-151 3.3 x 102 3.0 x 102 3.2 x 102 4.3 x 102 

Th-229 7.0 x 10- 8 8.6 x 10"8 6.1 x 10"8 

Th-230 1.3 x 10"4 1.2 x 10"4 2.8 x 10~5 

Pa-231 1.6 x 10"5 1.6 x 10"5 1.3 x 105 

U-232 5.9 x 10-3 4.9 x 10"3 2.8 x 10"3 0.26 

0-233 2.8 x 10"5 3.3 x 10-5 1.3 x 10-* 3.1 x 10-5 

U-234 1.2 1.0 8.2 x i o ~ 3 0.82 

B-235 1.7 x 10"2 1.6 x 10"2 8.4 x l O " 5 2.7 x 10-3 
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Table 2. (continuod) 

Nuclide ^ L l ^ l L Commercial Defense 
PWR BWR H L W ,ILW 

U-236 0.26 0.21 1.2 x 10-3 5.9 x 10"2 

U-238 0.72 0.32 2.0 x 10"3 1.5 X 10"2 

Np-237 0.32 0.25 0.29 1.6 X 10~2 

Pu-238 2.2 x 103 1.7 x 103 9.7 x 101 1.8 X 103 

Pu-239 3.1 x 102 3.0 x 102 1.6 1.7 X 101 

Pu-240 5.3 x 102 4.8 x 102 3.7 1.1 X 101 

Pu-241 7.8 x 104 7.0 x 104 3.7 x 102 2.1 X 103 

Pu-242 1.8 1.4 8.3 x 10~3 1.5 X 10"2 

Am-241 1.7 x 103 1.5 x 103 1.9 x 102 1.9 X 101 

Am-242m 3.6 4.1 3.8 2.6 X 10"2 

Am-243 1.7 x 101 1.3 x 101 1.6 x 101 1.0 X 10~2 

Cm-2 42 3.0 3.4 3.1 6.2 X 10~2 

Cm-2 43 1.2 x 101 9.7 1.1 X 101 9.9 X 10-3 

Cm-244 1.0 x 103 7.0 x 102 8.9 x 102 0.29 

Cm-245 2.1 x lO-2 1.4 x ID"2 1.8 x ID"2 1.2 X JO"5 

Cm-246 2.9 x lO-2 1.7 x lO-2 2.5 x lO-2 9.4 X 10"7 

£ 
Inventories based on calculations by Croff and Alexander 

(1980) . Commercial HLW is assumed to be derived from 
reprocessing of BWR and PWR spent fuel in the proportion 1:2. 
All wastes are assumed to be 10 years out-of-reactor. 

^Calculated from data presented by Baxter (3983). assuming 
that one waste package contains the equivalent of 0.5 MTU. 
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high-level waste inventory was calculated by assuming that it is 
obtained from the reprocessing of BWR and PWR spent fuel in the 
proportion 1:2, which is the proportion for the two spent fuel types 
assumed for a commercial repository. The defense wasto inventory was 
calculated from per-canister inventory data presented by Baxter (19B3)* 
by assuming that each canister of defcnso waste contains the waste from 
0.5 MTU. 

The radionuclides C-14 and 1-129 are included in the inventories 
for commercial and defense high-level wastes in Table 2 even though 
these species arc likely to be removed from the wastes during 
reprocessing and, thus, will not be encapsulated in borosilicate glass 
with the other radionuclides. For the purpose of this analysis, 
however, we have assumed [as did the National Academy of Sciences 
(1983)] that C-14 and 1-129 will also be placed in a repository in some 
form and that releases of these radionuclides will also be subject to 
the NRC and EPA requirements. 

Two sets of retardation factors (R values) were used to represent 
geochemical retardation in salt and hard rock. These values are listed 
in Table 3. The elements listed in the table are those with isotopes 
listed in Table 2 or with long-lived radioactive isotopes in the decay 
chains for the actinide elements. Insofar as possible, retardation 
factors were selected from the generic values recommended by the 
National Academy of Sciences (1983), which are regarded as "suitably 
conservative for the purp- se of predicting the performance of conceptual 
repositories." Values for radionuclides which are not considered in the 
Academy's report either were obtained from other modeling studies cited 
in Table 3 or were estimated by analogy with other elements which form 
ions with similar charges and ionic radii. Whenever the National 
Academy of Sciences report listed different retardation factors for tuff 
and basalt, the value for hard rock given in Table 3 is the lower of 
the two. 

* This is an updated version of Baxter (1981), which is the report 
we were asked to use as a basis for our analysis. The updated report 
contains data on inventories of C—14 and 1—129, which are key 
radionuclides for our analysis that were not discussed in the 
earlier report. Changes in the inventories of other radionuclides 
do not affect the results of the groundwater transport analysis. 
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Table 3. Retardation factors (R) assumed for transport of long-lived 
radionuclides in groundwater 

Element R value 
for hard rock 

R value 
for salt Source 

Carbon 1 1 a,b,c,d 
Nickel 1,000 1,000 e 
Selenium 50 200 f 
Strontium 200 10 f 
Zirconium 5,000 1,000 f 
Ni-Aium 5,000 1,000 g 
Technetium J' •J 5 £ 
Palladium 1,000 100 h 
Tin 1,000 100 f 
Iodine 1 1 a,b,c,d,f 
Cesium 500 10 f 
Samarium 3,000 1,000 i 
Lead 50 20 f 
Radium 500 50 f 
Actinium 500 1,000 j 
Thorium 5,000 1,000 f 
Protactinium 500 100 k 
Uranium 50 20 f 
Neptunium 100 50 f 
Plutonium 200 200 f 
Americium 500 1,000 f 
Curium 500 1,000 e 

Smith et al. (1982). 
^Pepping et al. (1983a). 
CSiegel and Chu (1983). 
dPepping et al. (1983b). 
Values based on assumption of geochemical similarity with 

other transition metals. 
f 
National Academy of Sciences (1983). 

a 
Values based on bssumption of geocbemical similarity with 

zirconium. 
N a l lies based on assumption of geochemical similarity with tin. 
*Value for hard rock from Rosinger and Tremaine (1980); value 

for salt is set equal to the highest value recommended for any 
nuclide in salt by the National Acadc^y of Sciences (1983). 

^Values based on assumption of geochemical similarity with 
americium and curium; see Pepping et al. (1983a; 1983b) and Siegel 
and Chu (1983). 

^Value 
for hard rock based on assumption of geochemical 

similarity with americium and curium; see Pepping et al. (1983a) and 
Siegel and Chu (1983). Salt value is based on Pepping et al. (1983b). 
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Th<9 groundwater velocity and length of the groundwater flow path to 
the accessible environment are site-specific variables, and it is not 
Possible to identify values that would be typical of all sites in a 
given rock type. The groundwater flux in repository ho:i' iormations is 
expected to be quite low; however, it is not appropriate to use a 
velocity typical of the host rock to represent the entire flow path to 
the accessible environment, becauso associated geologic units may 
support much larger flows. The distance to the accessible environment 
depends on the geometry of the groundwater flow system in and around the 
site, and on tho vertical and horizontal distances to the boundaries of 
the accessible environment. The technical criteria for high-level waste 
disposal in 10 CFR 60 (U.S. Nuclear Regulatory Commission, 1983) require 
that the pre-waste-emplacement groundwater travel time from the outer 
boundary of the disturbed zone to the accessible environment be at least 
1,000 years. For the purpose of the present comparisons of repository 
performance, we have arbitrarily assumed a travel time of exactly 1,000 
years for both salt and hard-rock repository sites, based on a 
groundwater velocity of 1 m/year and a flow path 1 km in length. These 
are conservative assumptions, in that actual repository sites are likely 
to have lower flow velocities and longer flow paths; however, the 
assumptions do meet the NRC's minimum criterion. 

The 0ARD2 code also uses as input the time until the waste 
containers fail and radionuclides begin to be released into groundwater. 
The 10 CFR 60 rulemaking requires that containment be effective for at 
least 300 to 1,000 years after closure of the repository, with the 
specific requirement to be set on a case-by-case basis. It is expected 
that this containment criterion will be met by providing waste 
canisters, or canisters plus overpacks, with the mechanical integrity 
and corrosion resistance to survive at least 300 to 1,000 vears in the 
repository environment. Other site-specific factors, such as dry 
conditions in the repository, could also assist in complying with this 
criterion. For the present analyo}., however, we have assumed that the 
containment criterion is met solely by the waste package. TiCode-12 
overpacks are assumed to be used on all commercial waste packages, as 
described by Westinghouse (1983a; 1983b), as well as on defense waste 
packages in Scenarios 10 and 12 (see Section 3.1). Although these 
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overpaoks are expected to withstand corrosion for much longer than 1,000 
years in most environments (Westinghouse, 1983a; 1983b) we have 
disregarded this added margin of safety and assumed that the overpacks 
provide containment for just 1,000 years. Defense wastes which are 
disposed of by the no-overpack options are assumed to remain in 
containment for the minimum period of 300 years. It should be 
recognized that these options may actually involve some overpacking; an 
analysis by Westinghouse (1983a; 1983b) indicates that a steel overpack 
will be needed to prevent mechanical failure of the waste package within 
the 300-year period, but that canisters with steel overpacks will 
probably last much longer than 300 years. Defense wastes which are 
placed apart from commercial wastes, either in separate repositories or 
in separate areas at the same repository site, are also assumed to be 
provided with minimal overpacks that provide 300-year containment. 
Although the integrity of containers for defense waste may be diminished 
by the higher temperatures and greater mechanical stresses that are 
expected in a commercial repository, it is reasonable to assume that 
these effects would be compensated for by supplying sturdier containers, 
so we assume that the containment life of defense waste packages without 
overpacks is no greater for separate disposal than for codisposal in a 
commercial waste repoaitory. 

The final input parameter required by the GARD2 code is the time 
period over which the waste inventory is released; the reciprocal of 
this parameter is the fractional waste release rate expressed in yr~*. 
As noted above, radionuclide release rates are expected to be a complex 
function of a variety of factors, and the treatment of this process by 
the GARD2 code is not realistic. However, as discussed in Section 2, an 
important difference between commercial and defense wastes is the lower 
leaching susceptibility of defense waste, and the rate of waste release 
from the repository has been identified as a factor that will probably 
be affected by the choice of a disposal option for defense high-level 
wastes. In order to evaluate differences among the different disposal 
options, it is appropriate to treat the radionuclide release rate as a 
function of the waste-form leaching rate alone, while recognizing that 
other factors (e.g., the performance of backfill materials) also will 
affect release rates and generally result in significantly lower values 
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than are calculated from waate-form leaching rates alone. Fractional 
release rates for spent fuel, commercial high-level waste, and defense 
high-level waste were estimated from waste-form leaching rates and 
waste-form dimensions reported by Westinghouse (1983a; 1983b) and are 
listed in Tables 4-6. The estimated release rates for the commercial 
wastes were found to exceed the minimum fractional release rate of 
l<f5 yr-1 set by 10 CFR 60 (U.S. Nuclear Regulatory Commission, 1983), 
so we assumed (as indicated in Tables 4 and 5) that the release rates 
for these wastes will be equal to the 10 CFR 60 criterion. This is 
still a conservative assumption, because slow groundwater fluxes through 
the repository and other factors will also moderate waste release rates 
from an actual disposal facility. 

The fractional release rate calculated for defense waste meets the 
criterion in 10 CFR 60. For the comparison of different waste disposal 
options, we assumed that leaching rates depend on the repoiitory 
temperature at the time of containment failure (i.e., 300 or 1,000 years 
after emplacement). These temperatures, which are listed in Table 7, 
were estimated from published repository thermal analyses for salt and 
tuff (Westinghouse, 1983a; 1983b), which were based on the waste 
characteristics listed in Tables 4—6 and waste emplacement geometries in 
DOE reference conceptual repository designs. Temperatures for 
codisposal scenarios are based on the predicted rock temperatures for 
spent fuel or commercial high-level waste disposal tunnels at 300 and 
1,000 years after emplacement. Because temperatures in defense waste 
repositories are essentially stable after 300 years, it seems reasonable 
to assume that 300 years of containment would suffice for this option. 
The waste release rate for a separate defense waste disposal area at 
50-60 °C was assumed for this analysis to be 10~"® yr-1, and release 
rates fox the other scenarios were calculated by assuming that increases 
in leaching susceptibility at higher temperatures are directly related 
to the increase in silica solubility at those temperatures (see Tables 6 
and 7). It should be noted that these assumed release rates probably 
tend to exaggerate the differences among the different disposal options, 
because the release rates are based on temperatures at the time the 
release begins, which are the highest temperatures experienced during 
the period of release. Actual temperatures and release rates for the 



26 

Table 4. Assumed characteristics of spent-fuel waste paokages 

Waste form 

Canister size 

Nominal leach rate of spent fuel 

Waste package fractional release 
rate assumed under repository 
conditions 

Wnte package radioactivity 
content 

Waste package nuclcar fuel content 

Canister average heat output 
at emplacement 

Spent fuel assemblies 

(PWR) 0.43 m dia. x 3.85 m long 
(BWR) 0.49 m dia. x 4.11 m long 

1.0 x 10~5 g/cm2-day 

1.0 x 10"5 yr"1 

(PWR) 2.4 x 106 Ci 
(BWR) 2.5 x 106 Ci 

(PWR) 2.77 MTU 
(BWR) 3.4 MTU 

(PWR) 3300 W 
(BWR) 3400 W 

Source: Westinghouse (1983a; 1983b) 
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Table 5. Attuned obaraoterlatios of eommeroial high-level 
waste packages 

Waste form Borosilioate glass 

Canister size 0.324 m dia. x 3.0 a long 

Canister active glass voluae 0.19 m3 

Nominal leach rate at 20-25*C 2.0 x 10"6 g/cm2-day 
Waste package fractional release 

rate assuaed under repository 
conditions 1.0 x 1 (T5 yr"1 

Canister radioactivity content 6.58 x 105 Ci 
Canister nuclear fuel content 2.28 KITJ 

Canister average heat output 
at emplacement 2200 W 

Source: Westinghonse (1983a; 1983b). 
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Table 6. Assumed characteristics of defense high-level waste packages 

Waste form® Borosilicate glass 

Canister size8 0.61 m dia. x 3.0 m long 

Canister active glass volume0 0.63 m^ 

Canister active glass surface areaa 5.0 x 105 cm2 

Nominal leach rate at 20-25«Cb 1.0 x 10~7 g/cm2-day 

Calculated waste form fractional 
release rate 1.2 x 10"^ yr"1 

Waste form fractional release rate 
assumed for 50-60»Cc 1.0 x 10~6 yr"1 

Waste form fractional release rate 
assumed for 75®Cc 1.15 x 10"6 yr"1 

Waste form fractional release rate 
assumed for 100°Cc 2.0 x 10~6 yr"1 

Waste form fractional release rate 
assumed for 130°Cc 5.0 x 10~6 yr"1 

Canister radioactivity content*1 1.5 x 105 Ci 

Canister nuclear fuel content 0.5 MTU 

Canister average heat output 
at emplacement^ 423 W 

"Baxter (1983). 
bWestinghouse (1983a, 1983b). 
cTemperature dependence of fractional release rates is based on 

temperature dependence of silica solubility (National Academy of 
Sciences, 1983). 

^Baxter (1981). Baxter (1983) gives canister radioactivity 
content of 1.8 x 10 Ci and canister average heat output at 
emplacement of 470 W. 
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Table 7. Assumptions used In analyzing different defenae-waste 
disposal scenarios 

Life of 
container 

(yr) 

Temperatvre 
after 

containment 
failnre (°C) 

Waste 
release 
rata 
<yr-1) 

Separate disposal of defense 
waate 

Minimal overpack,* both 
rock types 300 50- -JO 1 . 0 * 10" 6 

Codisposal of defense waste 
with commercial wastes 

Minimal overpack,* salt 
geology 300 

TiCode-12 overpack, salt 
geology 1000 

Minimal overpack,* hard 
rock geology 300 

TiCode-12 overpack, hard 
rock geology 1000 

130 

100 

100 

75 

5.0 x 10~6 

2.0 z 10 

2 . 0 x 10" 

- 6 

1.15 x 10 - 6 

aThe minimal overpack option ia assnmed to provide sufficient 
mechanical atability and corrosion resistance to meet the minimum 
containment period (300 yr) set by 10 CFR 60 (U.S. Nuolear Regulatory 
Commission, 1983). 
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codisposal options will decrease over time, and the release rates from 
defense waste would eventually become independent of the disposal option 
chosen. 

Table 7 summarizes the assumptions regarding containment time and 
radionuclide release rate that were used in our quantitative analysis of 
long-term radionuclide releases to the accessible environment from the 
different defense-waste disposal scenarios. As stated above, all 
commercial wastes were assiqnpd to have waste release rates of 10~^ yr~~* 
and to be emplaced in packages with a 1,000-year containment time. For 
all cases, the groundwater travel time to the accessible environment is 
assumed to be 1,000 years. Assumptions concerning waste inventory and 
geologic retardation factors are listed in Tables 2 and 3. Except for 
the waste inventory, all assumptions selected are intended to be 
conservative, in that they are expected to result in overpredictions of 
radionuclide releases. However, they do meet the NRC criteria 
(U.S. Nuclear Rogulatory Commission, 1983). 

3.3 Results of Analysis of Effects from Groundwater Transport 

The computer code GARD2 (Rosinger and Tremaine, 1980) was used to 
calculate cumulative radionuclide releases to the accessible environment 
from 1,000 MTU of waste for 10,000 years after waste emplacement for 
each of the twelve scenarios listed in Section 3.1. These releases were 
then compared with the release limits proposed by the EPA in 40 CFR 191 
(Table 1) as a basis for comparing the health impacts from the different 
scenarios. It should be borne in mind that simplified generic 
assumptions were used in the release calculations, so these results 
should not be used to indicate the potential ability of real 
repositories to meet the EPA standard. The calculations can be used 
only to compare the relative performance of the different disposal 
scenarios which were analyzed. 

Table 8 lists the ratios of calculated radionuclide releases to the 
release limits in the EPA standard for the different disposal scenarios. 
The sum of the ratios is given for each scenario; the EPA standard 
requires that this sum be less than one. From the assumed containment 
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Table 8. Ratios of calculated radionuclide releases to the accessible 
environment over 10,000 years via groundwater flow to release 

limits in proposed EPA standard* 

Disposal 
scenario" C-14 Tc-99 I -129 Sum 

1,2 0.20 0.23 6.4 X 10~6 0.43 
3,4 0.30 0.25 5.1 X 10"3 0.56 
5,6 0.32 0.21 4.2 X 10~3 0.53 
7,8 5.1 x 10~5 7.8 x ID"3 4.2 X 10-7 7.9 x 10"3 
9 2.5 z lO-4 3.9 x io" 2 2.1 X io~6 3.9 x 10"2 
10 8.8 x 10"5 1.3 x i o - 2 7.7 X 10-7 1.3 x i o - 2 

l i 1.0 x 10-4 1.6 x 10-2 8.4 X 10-7 1.6 x 10"2 
12 5.1 z 10"5 7.6 x 10-3 4.4 X 10-7 7.7 x 10"3 

&Release limits are given in Table 1. 
bl,2 - Commercial high-level waste in salt and hard rock, 

respectively. 
3,4 - PWR spent fuel in salt and hard rock, respectively. 
5,6 - BWR spent fuel in salt and hard rock, respectively. 
7,8 - Defense high-level waste with minimal overpack in 

separate repository in salt and hard rock, 
respectively. 

9 - Defense high-level waste with minimal overpack 
codisposed with commercial wastes in salt. 

10 - Defense high-level waste with TiCode-12 overpack 
codisposed with commercial wastes in salt. 

11 - Defense high-level waste with minimal overpack 
codisposed with commercial wastes in hard rock. 

12 - Defense high-level waste with Ti-Code-12 overpack 
disposed with commercial wastes in hard rock. 
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period of 300 or 1,000 years and the assumed groundwater travel time to 
the aoeessible environment of 1,000 years, it is evident that nonzero 
releases would be predicted only for radionuclides with retardation 
factors less than ten. Thus, nonzero releases are calculated only for 
C-14, Tc-99, and<1-129. Because the retardation factors assumed for 
these three radionuclides are the same for salt and hard rock, thoir 
predicted releases are not affected by the rock type. 

Table 8 indicates that calculated releases to the accessible 
environment in the first 10,000 years are less than the limits in the 
proposed EPA standard for every waste disposal scenario considered. To 
permit comparisons between the effects of commercial and defense waste 
disposal, the results in Table 8 can be used to estimate a composite 
release ratio from a commercial repository containing several types of 
commercial wastes. According to information provided to us by DOE, a 
commercial-only repository would contain 8,428 packages of PWR spent 
fuel, 3,536 packages of BWR spent fuel, and 15,350 packages of 
commercial high-level waste glass. Thus, in terms of MTU, about 50% the 
waste inventory would consist of commercial high-level waste, 33% would 
be PWR spent fuel, and the remaining 17% would be BWR spent fuel, so 
that the composite release ratios for the repository would be 
[(0.50X0.43) + (0.33)(0.56) + (0.17) (0.53) ] = 0.49. 

The predicted release ratios from the six defense waste disposal 
scenarios are at least an order of magnitude less than the predicted 
effects of disposal of the same quantity of commercial yaste 
(see Table 8). This difference results from the differences in the 
radionuclide inventories and release rates from the waste package that 
were assumed in the analysis. Differences among the predicted effects 
of the different defense waste disposal options are smaller than the 
difference between the predicted effects of defense and commercial waste 
disposal. 

In salt, the defense-waste disposal option with the least predicted 
effects is separate disposal (scenario 7). The option with the greatest 
predicted effects, which is codisposal in a commercial repository with 
the same minimal overpack as used in separate disposal (scenario 9), 
results in a five-fold increase in effects; this difference is directly 
proportional to the assumed five-fold increase in waste release rate 



33 

betweon those two scenarios (see Table 7). Predicted effects for 
scenario 10 involving nse of TiCodo overpacks in a combined repository 
in salt are one-third those of the codisposal scenario in which a 
minimal overpack is used; both the lower assumed waste rolease rate and 
the longer containment time for scenario 10 contribute to this 
difference. 

There is less difference in predicted effects among the three 
defense-waste disposal options in hard rock than there is in salt, 
mainly because the lower temperatures assumed for a hard rock repository 
result in smaller differences among the assumed waste release rates (see 
Table 7). The option which results in the greatest predicted effects, 
which is codisposal in a commercial repository with minimal overpack 
(scenario 11), has only twice the predicted effects of the separate 
disposal option (scenario 8), and predicted effects for codisposal using 
TiCode overpacks (scenario 12) arc essentially the same as for separate 
disposal. Given that the assumptions of this analysis tend to 
exaggerate the differences among defense-waste disposal options (see 
Section 3.2), the differences in the predicted effects of the various 
options should be regarded as insignificant. 

The results in Table 8 can also be used to estimate composite 
release ratios of combined commercial and defense-waste repositories. 
For the defense waste disposal options involving codisposal with 
commercial wastes, we can assume that up to 20,000 waste packages, which 
is equivalent to 10,000 MTU, are placed in a commercial repository with 
a capacity of 70,000 MTU. The defense wastes either are added to the 
total inventory of commercial wastes or they replace an equivalent 
amount of commercial waste. Consider, for example, codisposal of 
10,000 MTU of TiCode-overpacked defense waste in a hard rock repository 
(scenario 12 in Table 8). If the defense waste is added to the total 
capacity of commercial wastes, then the composite release ratio for the 
repository would be [(7/8) (0.4- + (1/8X7.7 x 10~3)] = 0.43. For a 
70,000 MTU repository in which J.V/,000 MTU of commercial wastes are 
replaced by the same amount of defense waste, the composite release 
ratio would be [(6/7)(0.49) + (1/7)(7.7 x 10"3)] - 0.42. These examples 
demonstrate that codisposal of defense and commercial wastes has the 
effect of reducing slightly the composite effects per MTU of waste 
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compared with a commercial-only repository. As discussed in 
Section 2.1.2, however, changes in composite releases as a result of 
codisposal would not make a difference in the health impacts of the 
defense wastes only, and it is an analysis of the latter which is the 
objective of this study. 

In summary, for the assumptions made in this analysis, the results 
in Tabic 8 indicate that the differences in releases between the 
commercial and the defense waste scenarios are greater than tho 
differences among the various defense waste scenarios. The predicted 
releases among the defense waste scenarios differ by at most a factor of 
five. Thus, we conclude from these calculations that the choice between 
disposing of defense waste in separate repositories and codisposing 
defense wastes with commercial wastes is not likely to result in 
significant differences in potential health impacts from disposal of 
defense wastes. 

3.4 Potential Health Impacts from Other Release Mechanisms 

In developing the proposed 40 CFR 191 (U.S. Environmental 
Protection Agency, 1982a), the EPA assessed the long-term health impacts 
of commercial high-level waste disposal by considering several potential 
release and transport mechanisms in addition to groundwater flow (Smith 
ot al., 1982). The result s of the EPA analysis for groundwater 
transport are not directly comparable with the results of the present 
analysis, bocause the two studies employed different models and 
different assumptions. It is particularly noteworthy, however, that the 
EPA study predicts that human intrusion by drilling, rather than 
groundwater transport, would contribute most of the health impacts from 
high-level waste disposal during the 10,000-year period covered by the 
proposed standard. About two-thirds of the predicted impacts in basalt 
and essentially all of the impacts in bedded salt result from drilling 
intrusion. The proposed standard would require that the effects of 
human intrusion and other potentially disruptive events be included in 
assessing repository performance. The assumed probabilities of drilling 
intrusion and other disruptive events are the most important variables 
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affecting the predicted health impacts of these release mechanisms, and 
it should be noted that tho probabilities assumed by the EPA are highly 
uncertain and may be quite pessimistic. As discussed in Section 2.1.4, 
the probabilities of these types of events are site-specific and would 
be affected only slightly (if at all) by the choice of a defense-waste 
disposal option, and the consequences of most disruptive events would be 
proportional to the consequences of normal groundwater flow, which are 
evaluated in Section 3.3. However, the consequences of drilling 
intrusion are largely dependent on the radionuclide inventory in the 
waste, and it would be instructive to consider this release mechanism in 
comparing tho impacts of commcrcial and defense waste disposal. 

In the EPA's analysis of drilling intrusion scenarios (Smith 
et al., 1982), essentially all of the estimated health impacts result 
from releases of Am-241 and Am-243 when drillers hit the repository but 
do not hit any canisters. For a spent fuel repository in bedded salt, 
the ratio of estimated drilling releases to the proposed release limit 
in Table 1 is 0.08 for Am-241 and 0.10 for Am-243. For a spent fuel 
repository in basalt, the corresponding ratios are 0.30 and 2.7, so that 
the analysis indicates a potential violation of the EPA standard for 
accidental releases from a basalt repository. The differences in 
predicted releases for the two different rock types result from the 
differences in the assumed probability of drilling intrusion and the 
assumed volume of water in the repository. 

The inventories assumed by the EPA for Am-241 and Am-243 are the 
same as those for PWR spent fuel given in Table 2. Thus, given the 
assumptions of the EPA analysis, and assuming that the quantities of 
Am-241 and Am-243 that could be released by drilling should be 
approximately proportional to the initial inventories of these 
radionuclides in the repository, we can estimate releases from drilling 
intrusion into a defense-waste disposal area from the PWR spent fuel and 
defense waste inventories in Table 2. On a per HTU basis, releases 
would be about two orders of magnitude less for Am-241 and about three 
orders of magnitude less for Am-243 than releases from drilling into the 
commercial-waste disposal area considered in the ^PA analysis. Because 
the assumed Am-241 inventory of commercial high-level waste is lower 
than that of PWR spent fuel (see Table 2), the composite commercial 
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repository considered in our analysis would have a lower Am-241 release 
than the repository considered by EPA, resulting in slightly less 
contrast between defense and commercial repository releases. Thus, 
according to the assumptions used by the EPA, releases resulting from 
drilling intrusion into a defense repository would be insignificant 
relative to the limits in the EPA standard and relative to releases from 
drilling into a commercial repository. 

3.5 Conclusions 

The very simple calculations of repository performance presented in 
this report tend to support our supposition that the long-term health 
impacts from defense waste disposal would be less than from commercial 
waste disposal. Furthermore, separate disposal of defense waste would 
result in lower impacts than would codisposal of defense waste with 
commcrcial waste. Codisposal of defense wastes, even without a 
corrosion-resistant TiCode overpack, is expected to result in lower 
health impacts than those from an equivalent quantity of commercial 
wastes in the same repository. Although the assumptions used in our 
analysis tend to exaggerate the differences among the various defense 
disposal options, these differences were never larger than a factor of 
five and were much smaller than the differences between defense and 
commercial wastes. These differences are also much less than 
uncertainties that would be associated with a more realistic repository 
performance assessment (Eocher et al., 1983), particularly if one is 
comparing the health and safety impacts of disposal of defense wastes at 
two different sites. Thus, we would regard the estimated differences in 
health impacts from defense wastes among the different disposal options 
as insignificant. Furthermore, the potential impacts of any option 
should be very small because of the conservatism of applicable NRC and 
EPA regulations. 

From the standpoint of the regulations that constrain allowable 
health and safety impacts, the option of disposing of defense wastes in 
separate repositories might have an advantage, in that it might be 
easier to demonstrate regulatory compliance for a separate defense waste 
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repository than for a commercial-plus-defense repository and it might be 
easier to justify a shorter (und less expensive) containment period for 
defense waste packages placod in a separate defense repository. The 
same conclusions may also apply to dofense waste disposal in a separate 
portion of a commercial repository. An advantage of codisposal of 
defense wastes with commercial wastes might be a slight reduction in 
radionuclide releases per MTU averaged over the entire repository 
compared with releases from a commercial-only repository. However, the 
reduction in releases is probably not significant as long as the defense 
wastes comprise only a small fraction of the total inventory in the 
repository. 
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4. ANALYSIS OF SHORT-TERM EFFECTS ON HEALTH AND SAFETY 

Tho short-term health and safety impacts that aro associated with 
geologic disposal of defense high-level wastes will be related to 
construction at>d operation of the repositories. The impacts from 
repository construction and operation will be both radiological and 
nonradiological. 

4.1 Effects of Repository Construction 

The health and safety impacts that are related to repository 
construction are those associated with the construction of surface 
facilities and mining of the repository. The major health and safety 
impacts are those associated with accidents during construction and 
with radiological and nonradiological effluents released during the 
construction period. Estir ties of health and safety impacts given in 
this report were determined by normalizing values estimated for model 
repositories by DOE (U.S. Department of Energy, 1980) to one MTU of 
disposal capacity. These normalized values were then converted to the 
appropriate values for the repository capacities of the various 
disposal options considered in this study. This assumes that the 
amount of mining required is proportional to the number of MTU of 
wastes disposed. This is true in a general sense, but due to 
differences in the spacing of the different waste types the 
relationship is probably not a direct proportionality. Defense wastes, 
for example, take less underground space per MTU than spent fuel. 
However, such differences probably would not influence our estimates by 
more than 10-15%. 

4.1.1 Nonradiological accidents 

Table 9 summarizes the predicted number of disabling injuries and 
fatalities that are associated with the construction of surface 
facilities and with underground mining operations for repositories in 
salt and hard rock. These estimates are based on rates of 13.6 



Table 9. Estimates of nonradiological disabling injuries and 
fatalities associated with repository construction 

Repository type 
Geologic medium 

Salt Hard rock 
Disabling F a U l i t i e s Disabling F a t a l i t i „ 
injuries injuries 

Defense waste repository 
3,350 MTU 
10,000 MTU 

29 
86 

0.6 
1.7 

41 
124 

0.8 
2.5 

Commercial repository 
Commercial plus defense wastes 

73,350 MTU 
80,000 MTU 

Defense waste replacement of 
commercial wastes 

632 
690 

13 
14 

909 
992 

19 
20 

70,000 KTU 603 12 868 18 

^Estimated from data in U.S. Department of Energy (1980) for construction of a 
spent fuel repository. 
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disabling injuries per million man-hours of construction for surface 
facilities and 25 injuries per million man-hours for underground 
mining. The assumed fatality rates are 0.17 per million man-hours for 
construction and 0.53 por million man-hours for underground mining. 
The estimated numbers of injuries and fatalities are related both to 
the capacity of the repository and to the particular geologic medium. 
Injury and fatality estimates for mining in hard rock are about 4£Wb 
higher than for mining in salt. 

4.1.2 Nonradiological effluents 

Nonradiological effluents from repository construction and mining 
include dust and pollutants that are generated by the operation of 
machinery. The burning of propane, diesel, and gasoline fuols results 
in air pollutant emissions, but the concentrations in air are not 
expected to exceed applicable limits in 40 CFR SO (U.S. Environmental 
Protection Agency, 1982b). Table 10 gives estimates of the total 
quantities of emissions during construction of a repository in salt. 
Emissions from construction of repositories in hard rock are estimated 
to be 10-20% greater than in salt. 

In addition to pollutants from burning fuels, dust generated from 
surface operations and rock transport to storage will result in above-
ground dust. In a non-arid environment, about 4.7 MT of dust per day 
would be produced from surface handling of mined material during 
construction of a 70,000-MTU capacity repository in hard rock (U.S. 
Department of Energy, 1980). For a repository in salt, about 4.2 MT 
per day would be produced. These estimates are based on the assumption 
that no control techniques are applied. The predicted dust emissions 
could result in concentrations in air which are higher than the 

a 
existing standard of 75 ng/nr (U.S. Environmental Protection Agency, 
1982b) if control techniques are not used (U.S. Department of Energy, 
1980). However, no significant health and safety impacts should result 
from nonradiological emissions if dust emissions are controlled. 



Table 10. Effluents released to the atmosphere daring constrnction 
of geologic repositories in salt 

Repository type 
CO 

Pollutant (MT total release) 

Hydrocarbons NO SO Particulates 

Defense waste repository 
3*350 MTU 
10,000 MTU 

519 
1.550 

24 
71 

97 6 
290 18 

6 
18 

Commercial and defense wastes 
73,350 MTU 11,370 
80,000 KTU 13,590 

518 
565 

2,127 132 
2.320 144 

132 
144 

Commercial replaced by 
defense wastes 

70,000 KTU 12,040 494 2,030 126 126 

Values estimated for construction of a spent fuel repository 
(U.S. Department of Energy, 1980). 
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4.1.3 Radiological effluents 

During the mining and construction of repositories, naturally 
occurring radon and its decay products will be released to tho 
atmosphere. Both workers and the surrounding population will be 
exposed to these radioactive emissions. Radon and radon-daughter 
emissions will be higher for a hard-rock repository than for a 
repository in salt by several orders of magnitude. Thus, the size of 
the repository is ICBS important than the choice of geologic medium. 
Table 11 gives estimates of 70-year whole-body dose commitments from 
radionuclides released during repository construction. No health 
effects would be expected in the surrounding population from 
radioactive releases during construction. Occupational exposures, 
which are estimated to be no more than 3400 man-rem, would result in 
less than one health effect based on the assumption that there are 200 
health effects per million man-rem (International Commission on 
Radiological Protection, 1977) . Since less than one health effect is 
estimated for each repository capacity and geologic medium considered 
here, no disposal option for defense wastes has a particular advantage 
over another. 

4.2 Effects of Repository Operations 

The operational phase of high-level waste repositories will 
include receiving, handling, and placement of waste packages into 
subterranean storage areas. Storage areas will be backfilled when they 
reach capacity. 

4.2.1 Nonradiological effluents 

The major nonradiological effluents released from repository 
operations are the same pollutants discussed in Section 4.1.2. Except 
for carbon monoxide, the total quantities released are greater during 
the operational period than during repository construction. Tablt 12 
gives the estimated quantities of pollutants that would be released to 
the atmosphere from operations in a salt repository. Values for 



Table 11. Summary of 70-year whole-body dose commitments (mait-rem) 
from naturally occurring radionuclides released during 

construction of repositoriesa 

Salt Hard rock 
Repository type 

Workers Populrtion* Workers Population^ 

Defense waste repository 
3.350 W O 1.2 x 10~2 4.6 x 10~2 1.4 x 102 1.7 
10,000 MTD 3.5 x 10-2 1.4 x 10-1 4.2 x 102 5.0 

Commercial and defense 
wastes 

73,350 MTD 2.6 x 10"1 1.0 x 10~2 3.1 x 103 3.6 x 101 
80,000 KTO 2.8 x 10_1 1.1 x 10~2 3.4 x 103 4.0 x 101 

Commercial replaced by 
defense wastes 

70,000 HIW 2.5 x 10"1 9.6 x 10~3 3.0 x 103 3.5 x 101 

a 
Estimated based on construction of spent fuel repositories (U.S. 

Department of Energy, 1980). 
^Repository workers excluded from population dose calculations. 

Surrounding population out to 80 km is 2 million persons. 



Table 12. Effluents released to the atmosphere during operation 
of geologic repositories in salt 

Repository type 
Pollutant (NT total release) 

CO Hydrocarbons NO SO Particulates 

Defense waste repository 
3,350 MTU 167 
10.000 MTU 500 

Commercial and defense 
wastes 

73.350 MTU 3.367 
80,000 MTU 4,000 

Commercial replaced by 
defense wastes 

57 
170 

1.246 
1,360 

985 636 
2,940 1,900 

21,505 13,936 
23,520 15.200 

28 
84 

618 
674 

70,000 »rru 3,500 1,190 20,580 13,300 590 

Values estimated for operation of a spent fuel repository (U.S. Department 
of Energy, 1980). 
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repositories in hard rook would he about 40% lower (U.S. Department of 
Energy, 1980). In all cases, air quality standards would be met and no 
health effects would be ozpected. 

3 
In addition to the pollutants considered above, about 7.6 x 10 MJ 

of heat would be released to the atmosphere per ftfTU of waste stored for 
either salt or hard rock repositories. Such heat releases would not be 
expected to oause any health effects. 

4.2.2 Radiological effects 

Routine radiological releases from geologic repositories during 
normal operations will consist principally of radon emanations from 
exposed rock faces and the radon decay products. Such releases will 
also occur from backfilling operations but these are expected to be 
negligible compared with radon releases during repository construction 
(U.S. Department of Energy, 1980). Occasionally, external 
contamination on waste canisters may occur as a result of some minor 
accident. The population dose from decontamination activities would be 
much less than that from operations at a spent-fuel packaging and 
storing facility, for which the 70-year whole-body population dose was 
estimated to be about 1 man-rem (U.S. Department of Energy, 1979). 
Doses to maximally exposed off-site individuals would be much less than 
1 mrem per year. 

Doses to the work force during repository operations will include 
contributions from receiving, handling, and placement of waste 
canisters into subterranean storage areas. Doses estimated to result 
from operations, based on the expected time of operation and 
permissible exposure limits, are presented in Table 13 for the various 
disposal options. These estimates are based on an analysis 
(U.S. Department of Energy, 1980) of disposal of commercial spent fuel, 
and they are independent of the geologic medium. Between one and two 
health effects are estimated for repositories containing spent fuel 
where 70,000 MTU or more of capacity is used. Since the number of 
curies per MTU is higher for spent fuel than for defense or commercial 
high-level waste, these estimates based on spent fuel are conservative 
for the other waste types. 
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Table 13. Estimated occupational exposures and health effects 
from operation of repositoriesa 

o .. „ Total Health Repository type fo . c 1 3 man-rem0 effects'' 

Defense waste 
3,350 MTU 3.0 x 102 0.06 
10,000 MTU 9.0 x 102 0.18 

Commercial and defense wastes 
73,350 MTU 6.6 x 103 1.3 
80,000 MTU 7.2 x 103 1.4 

Commercial replaced by defense wastes 
70,000 MTU 6.3 x 103 1.3 

Based on U.S. Department of Energy (1980). 
^For duration of operational phase. 
°Based on 200 health effects per million man-rem 

(Internationa1 Commission on Radiological Protection, 1977). 
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4.2.3 Radiological accidents 

Several accidents which result in the release of radionuclides 
have been considered by DOE (U.S. Dopartmont of Energy, 1980). They 
were chosen on the basis of their probability and radiological 
consequences. In all cases, the accidents are much more severe to 
workers than to surrounding populations. Of the accidents which might 
occur during repository operations, the dropping of a canister down the 
repository mine shaft is regarded as the most serious. The estimated 
frequency of occurrence for this accident is 10~^ per year. A less 
serious accident which is representative of minor occurrences would be 
the rupture of a contact-handled transuranic (CH-TRU) waste drum. This 
type of accident has an estimated frequency of 0.15 per year. 
Radiation doses associated with accidents are summarized in Table 14. 

No health effects would be predicted to off-site individuals as a 
result of these accidents. However, estimated occupational exposures 
would be fatal in the case of canister drops. These doses are 
independent of the geologic medium. The estimated frequencies of 
canister drops are such that they are considered to be rare, and their 
frequencies would be independent of the defense-waste disposal option 
selected. 

4.3 Conclusions 

There appears to be no significant health and safety advantage 
associated with construction or operation of repositories in any 
geologic medium, but short-term effects are greater for hard rock than 
for salt during the construction phase. The size (MTU capacity) of the 
repository seems to be the dominant influence on short-term health and 
safety issues. Given that any repository must meet Federal standards, 
it appears that there is little health and safety advantage to be 
gained by any one of the various options for defense-waste disposal 
considered here. 
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Table 14. Radiation doses associated with representative 
accidents daring repository operation 

Dose (rem) 
Maximam 

Occupational* individual^ Population6 
offsite 

Drop of waste canister into 
mine shaft 

Spent fuel canister 1.9 x 103 3.5 x 10~3 8.7 
Commercial waste canister 6.5 x 103 1.4 x 10~* 3.5 

Rupture of CH-TRU waste drum — 1.0 x 10~12 3.9 x 10~18 

Worker near the point of impact of canister. Dose is first year 
whole-body dose. 

^Maximum individual offsite is 1600 m from the release point. Dose 
is the 70-year whole-body dose commitment, g 

Population dose is based on 2 million persons (excluding repository 
workers) living within 80 km of the facility. Dose is the 70-year whole-
body dose commitment in man-rem. 

Source: U.S. Department of Energy (1980). 
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