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ABSTRACT 

The high-level nuclear waste regulations pertaining to gaseous release of carbon-14 
from a repository should be changed to allow greater release, for several reasons. 
Some of them are as follows. First, the total amount of carbon-14 that would be placed 
in a repository is small compared to that produced naturally in the atmosphere by 
cosmic rays. Second, the dose that would result to an individual from total release of 
repository'carbon-14 would be very small compared to that from natural radiation 
sources and would be well below the "Below Regulatory Concern" criterion. Third, the 
limits on gaseous carbon-14 release from a repository have been set unreasonably 
low compared to the limits set for carbon-14 release from other fuel cycle facilities. 
Fourth, the additional cost for waste packages to attempt to meet the regulations for 
carbon-14 release would likely be of the order of a billion dollars or more, too high to 
be justified by the small reduction in dose that might result. 

INTRODUCTION 

The issue of carbon-14 release from spent fuel waste packages has been of 
concern to those involved in waste package design and performance analysis for the 
Yucca Mountain Site Characterization Project (formerly known as the Yucca Mountain 
Project, formerly known as the Nevada Nuclear Waste Storage Investigations Project) 
since 1983. The present author coauthored two papers on the subject in 19841 and 
1986,2 respectively. At the request of the Office of Civilian Radioactive Waste 
Management, the author wrote a draft review and position paper on this subject, which 
was circulated for comment within the waste management community beginning in 
September, 1989. Five papers3 - 7 were presented on carbon-14 by other authors at 
the first annual International Topical Meeting on High Level Radioactive Waste 
Management in April 1990. The Nuclear Waste Technical Review Board, the Board on 
Radioactive Waste Management of the National Research Council, and the Advisory 
Committee on Nuclear Waste have each received briefings on this subject. Analyses 
of this issue have been carried out by the Nuclear Regulatory Commission staff and by 
Arthur D. Little, Inc. for the Environmental Protection Agency. 



Carbon-14 is present only in small quantities in spent reactor fuel. However, it 
is readily oxidized to 1 4 C 0 2 in the presence of oxygen at elevated temperatures, and 
can then be transported in the gaseous phase. This is particularly relevant to the 
possibility of locating a repository in Yucca Mountain, should the site be found 
suitable, since oxygen would be present, and gaseous transport could occur in the 
unsaturated zone under consideration. 

The limits on release of carbon-14 have been established by the Environmental 
Protection Agency under 40CFR191 (currently under reconsideration by EPA) and by 
the Nuclear Regulatory Commission, under 10CFR60. As a result of these regulations, 
release of carbon-14 is at present the dominant factor determining the required 
containment lifetimes and the allowable container failure rates for spent fuel packages 
for a repository, if constructed at the Yucca Mountain site. 

GENERAL INFORMATION ABOUT CARBON-14 

Carbon-14 is produced naturally by interaction of cosmic rays with gases in the 
upper atmosphere, resulting in spallation neutrons, which in turn undergo capture 
reactions. The main 1 4 C production reaction is 1 4 N(n,p) ' l 4 C. The estimated rate of 
production is 28 kilocuries per year.8 The main chemical form of 1 4 C in the 
atmosphere is 1 4 C 0 2 - Carbon-14 has a half-life of 5,730 years. It decays by beta 
emission with a maximum beta energy of 0.155 MeV.9 It also exchanges with other 
terrestrial carbon reservoirs on various timescales: surface mixed layer of the oceans 
— a few years; deep oceans — hundreds of years; marine and terrestrial sediments — 
thousands of years. 1 0 The resulting balance between production, exchange, and 
decay led to a more or less steady atmospheric concentration before the 1800's of 7.5 
± 2.7 pCi per gram of carbon,11 which is the basis for radiocarbon dating. 

MANKIND'S INTERACTION WITH ATMOSPHERIC CARBON-14 

The industrial revolution introduced large-scale combustion of fossil fuels, 
which are too old to retain carbon-14. This decreased the atmospheric 1 4 C specific 
activity by about 2% by the 1950's, a phenomenon known as the Suess effect. 

Atmospheric nuclear weapons tests in the 1950s and 1960s nearly doubled the 
atmospheric 1 4 C specific activity.12 It has since decreased by exchange processes to 
about 15% above the natural value and is continuing to decrease. 

The atmospheric inventory was estimated in 1977 to be 3.8 megacuries.8 The 
global inventory was estimated at 230 megacuries,8 mostly as bicarbonate in the 
oceans. Carbon-14 enters the biosphere primarily by photosynthesis of plants, 
followed by ingestion of plants by animals. Equilibration of the 1 4 C specific activity of 
the human body with that of the atmosphere occurs with a lag time of only about 1.4 
years.13 Thus the radiation dose rate to the individual from carbon-14, which results 
from that incorporated in his own body, is directly proportional to the specific activity of 
1 4 C in the atmosphere. 



CARBON-14 PRODUCTION IN LIGHT WATER REACTORS 

Carbon-14 is produced in the fuel assemblies (UO2, cladding, and fuel 
assembly hardware), non-fuel assembly structural materials, and reactor cooling water 
of light water reactors.14 The main production reaction in the fuel, cladding, and 
structural metals is 1 4 N(n,p) 1 4 C, in which thermal neutrons are captured by impurity 
nitrogen. The main reaction in the water is 1 7 0 ( n , a ) 1 4 C . Most of the 1 4 C produced in 
the cooling water is exhausted to the atmosphere, at rates of about 10 curies per year 
for a 1000-MWe plant.15 A small fraction goes into ion exchange resins and is 
disposed of as low-level waste.1 6 The 1 4 C produced in the fuel assemblies is mostly 
retained in the spent fuel, although some is lost from the external surface by 
dissolution in the water of spent fuel pools, followed by exchange with ventilation air 
and exhausting from the stack to the atmosphere. Reactor structural material not 
associated with fuel may end up as low level waste or as "greater than class C" waste 
at the time of replacement or decommissioning. 

INVENTORY OF CARBON-14 IN SPENT FUEL 

The 1 4 C inventory in spent fuel can be estimated by calculations and 
measurements. Calculations require a knowledge of the average nitrogen impurity 
content of UO2, zircaloy, and structural metals in the fuel assemblies. The most 
comprehensive calculation lor U.S. fuel was done by Davis at ORNL in 1977.14 

Subsequent work by ORNL 1 7- 1 9 has used these values for nitrogen content: UO2 — 
25 ug/gU, zircaloy - 80 wppm, 304 stainless steel —1300 wppm, and nickel alloys — 
1300 wppm. 

I have re-examined these nitrogen concentrations. The UO2 value appears to 
be well-founded, since it was based on measured data at reactor fuel manufacturing 
plants. The other numbers appear to be conservatively high, since they were based 
on maximum values from consensus standards. I have therefore chosen new values 
which more nearly reflect actual production averages. For zircaloy I have adopted the 
value 40 wppm, based on discussions with John Scheme) of Sandvik Special Metals, 
Richland, WA in 1989. For 304 stainless steel, I have adopted the value 400 wppm.2 0 

For the nickui alloys I have adopted the value 120 wppm, based on discussions with 
James Crum of INCO Alloys International of Huntington, West Virginia in 1989. This 
reflects current use of vacuum melting, or degassing by means of an argon-oxygen 
blowing process. 

Tr. calculate the revised carbon-14 inventory in spent fuel, I scaled the ORNL 
results for each component by the ratio of the new nitrogen concentrations to the old 
ones. In doing so, 1 also used new measurements of the variation of neutron flux and 
spectrum-averaged cross sections with height in reactor cores.2 1 

As an example, my revised result for the 1 4 C inventory of PWR spent fuel with a 
burnup of 33,000 MWd/MTU is 1.00 curie per metric ton ov initial uranium, as 
compared to the earlier ORNL value of 1.55. For BWR spent fuel with a burnup of 
27,500 MWd/MTU, my new value is 1.02 curies per metric ton, compared to the ORNL 
value of 1.53. This includes the zircaloy fuel channel. Comparison to measurements 



made by the Materials Characterization Center at Pacific Northwest Laboratories has 
been made for two fuel assemblies for which all the components have been analyzed 
for 1 4 C (data received from R.J. Guenther and J.E. Mendel in 1989). In one case, the 
measured 1 4 C inventory was 25% greater than my revised result. In the ether case, it 
was 27% lower, in order to obtain more precise average values, a large number of 
fuel assemblies would have to be analyzed. Since a large proportion of the fuel 
destined for the repository has not yet been manufactured, it appears that these 
revised calculated values are the best values we will have to work with for the 
foreseeable future. 

ESTIMATE OF REPOSITORY CARBON-14 INVENTORY 

The following basis was used along with the above-described revised carbon-
14 inventory for spent fuel: The total repository capacity is 70,000 metric tons of initial 
uranium equivalent, of which 7,000 is assumed to be defense waste and 63,000 is 
spent fuel (Defense waste does not contain 1 4 C , since it was exhausted to the 
atmosphere during reprocessing). The average burn-ups are taken to be 29,500 
MWd/MTU for BWR fuel and 37,500 for PWR fuel. On a tonnage basis, the repository 
is assumed to receive 35.7% BWR spent fuel and 64.3% PWR spent fuel. 

The results are an average of 1.12 curies per metric ton uranium in the spent 
fuel, and a repository total of 71 kilocuries of 1 4 C . 

PHYSICAL DISTRIBUTION AND CHEMICAL FORMS OF CARBON-14 IN SPENT 
FUEL 

As discussed above, 1 4 C is produced in the UO2, the zircaloy, and the fuel 
assembly hardware. For PWR spent fuel with a bumup of 33,000 MWd/MTU, the 
calculated 1 4 C distribution for these three components is 0.60, 0.18, and 0.22 
curies/MTU, respectively, for a total of 1.00 curies/MTU. For BWR spent fuel with a 
burnup of 27,500 MWd/MTU, the corresponding values are 0.54, 0.38, and 0.10 
curies/MTU, respectively, for a total of 1.02 curies/MTU. There is a negligible amount 
of 1 4 C in the fuel rod gas. 

The chemical forms of 1 4 C in spent fuel are not known, but may include 
elemental carbon, carbides, and oxycarbides. 

RELEASE OF CARBON-14 FROM SPENT FUEL 

Measurements performed by LLNL in 19831 revealed t h a t 1 4 C was rapidly 
released from the outside surfaces of intact spent fuel cladding when heated in air, 
appearing as 1 4 C 0 2 in the air. 

Subsequent work by Smith and Baldwin22 showed that as much as 2% of the 
spent fuel 1 4 C inventory was released from zircaloy cladding in 8 hours at 350°C in 
air. The time dependence of the release was consistent with diffusion in a layer of 
finite thickness, suggesting that the 1 4 C is released from the oxide layer on the 



zircaloy. The identity of the diffusing species is not known. The temperature 
dependence was Arrhenius, with an activation energy between 19 and 25 kcal/mole, 
depending on oxide thickness. The amount of 1 4 C released in 8 hours at 200°C was 
about a factor of 25 lower than at 350°C. At 100°C, it was about a factor of 100 lower 
than at 350°C. In commercial grade argon (having about 50 ppm oxygen) the release 
was about a factor of 10 lower than in air. The effects of ionizing radiation on oxidation 
o f 1 4 C in spent fuel have not yet been quantified. 

Spent fuel dissolution experiments by Wilson 2 3 showed that an additional 
amount of about 1/2% of the overall 1 4 C inventory is readily accessible at the fuel-
cladding gap after cladding breach. Release of the remaining inventory requires 
oxidation of UO2 and metal parts.. 

RELEASE OF 1 4C02 FROM WASTE PACi\AGES 

No release o f 1 4 C 0 2 can occur from waste packages unless the waste 
containers are breached. Similarly, no release o f ' 4 C from UO2 or the fuel-cladding 
gaps can occur unless the cladding is breached (a small fraction of the fuel rods are 
known to have initially-breached cladding). 

The material from which the containers will be fabricated has not yet been 
selected. Consequently, the dominant container failure mode or modes are not known 
at present. Once the dominant modes are known, it will still be a difficult task to predict 
the distributions of time-to-faiiure and the number and size distributions of container 
perforations. Work is in progress to predict the distribution of time-to-failure for the 
cladding, and this is also a difficult task. 

Researchers from LBL4 and BNL5 have theoretically analyzed the release of 
1 4 C 0 2 through perforations of various sizes in waste containers, but it is not possible 
to apply their results deterministically in the absence of a knowledge of the number, 
size, and time distributions of perforations. 

Breach of one container in 20,000 in a single year during the containment 
period, coupled with a 2% loss from the breached containers, would exceed the DOE 
interpretation of "substantially complete containment." Breach of one container in 
2,000 in a single year during the controlled release period, coupled with a 2% loss 
from these containers, would violate the NRC 10CFR60 limit of one part in 10 5 per 
year. 

TRANSPORT OF CARBON-14 THROUGH THE GEOLOGICAL MEDIA TO THE 
ACCESSIBLE ENVIRONMENT 

Natural transport of gases through Yucca Mountain has been studied by the 
USGS.2 4 Theoretical modeling of the gaseous transport of 1 4 C from a repository in 
Yucca Mountain has been performed by several researchers.25"27 There appears to 
be a consensus that the travel time of 1 4 C 0 2 to the surface will be comparable to or 



less than one half-life (5,730 years). Consequently, relatively little credit can be taken 
for nuclear decay during transport. 

ASSESSMENT OF LIKELIHOOD THAT DOE, NRC, AND EPA LIMITS ON CARBON-
14 RELEASE CAN BE MET 

The reference design waste package described in the site characterization plan 
incorporated a single-walled metal container with a wall thickness of about 1 cm. 
Depending on the metal selected, the cost estimates per container for this design 
ranged from $45,000 to $83,000 (estimates compiled by Babcock and Wilcox, to be 
published). Taking into account the number of packages in the repository, the cost for 
these containers would be in the 1 to 3 billion dollar range. This design was intended 
LO prevent aqueous dissolution of radionuclides during the 300-1,000 year 
containment period. Gaseous release of 1 4 C is more difficult to prevent. 

In my opinion it is unlikely that waste containers of reasonable cost could meet 
either the DOE interpretation of "substantially complete containment" (10" 6 of the 
inventory per year) or the NRC 10CFR60 release rate limit (10"5 per year) for carbon-
14. This opinion is based on the difficulty of assuring that initial flaws are not present 
in the waste containers, and on my estimate of what is possible in terms of prediction 
of corrosion processes over long time periods, particularly in view of inherent 
uncertainties in predicting a repository environment far into the future. 

In my opinion, it is also not possible to give assurance that the EPA 40CFR191 
cumulative release limit of 0.1 curie of 1 4 C per MTU over 10,000 years could be met. 
This limit would constitute only 10% of the 1 4 C inventory. When one combines the 
uncertainties in predicting the containment lifetimes of waste packages, the oxidation 
rates of the metal parts of fuel assemblies, the containment lifetimes of fuel cladding, 
and the oxidation rate of the UO2 fuel over such a time span, with the rapid transport 
rate of 1 4 C 0 2 through the geologic media, it is not possible to state confidently that 
this cumulative release limit could be met. Efforts to achieve some degree of 
assurance would likely involve devising waste packages with gettering material and 
multiple walls, which would likely cost a multiple of the cost of the reference design. 
That is, the cost increase would be measured in billions of dollars. Prudent use of the 
nation's resources demands that we ask what would be gained by such an 
expenditure. This analysis follows. 

CONSEQUENCES OF RELEASE OF THE TOTAL REPOSITORY CARBON-14 
INVENTORY 

As discussed above, the estimated global inventory of naturally-produced 1 4 C 
is 230 million curies. In comparison, the estimated repository 1 4 C inventory of 71 
kilocuries is less than 1/3000 of the global inventory of 1 4 C . Taking into account the 
natural cosmic ray production rate of 28 kilocuries per year, the entire repository 
inventory would be produced naturally in less than three years. 

If the entire repository inventory of 1 4 C were released instantaneously, the 
average atmospheric concentration would increase less than 2%. If the release 



occurred over a time longer than a few hundred years, exchange processes would 
limit the increase in atmospheric concentration to less than 0.1%. By comparison, the 
atmospheric nuclear weapons tests had raised the concentration in the northern 
hemisphere by 84% by 1964, when the atmospheric test ban treaty took effect. 

The burning of fossil fuels and the manufacture of cement (roasting of carbonate 
minerals) release 1 2 C 0 2 to the atmosphere. This dilutes the 1 4 C 0 2 , lowering its 
specific activity. Modeling indicates that the specific activity o f 1 4 C in the atmosphere 
will not significantly increase as a result of world-wide nuclear power production for 
the foreseeable future (to the year 2050).28 The repository inventory would constitute 
only a small part of the world-wide total. 

Average dose rates to individuals in the U.S. and Canada from natural 
background radiation have been estimated at 300 mrem per year by the NCRP. 2 8 3 0 

Of this total, 2/3 is contributed by radon, and 1 mrem is due to natural 1 4 C . Using the 
data presented above, release of all repository 1 4 C would raise this dose rata by less 
than 20 microrem per year, and probably less than 1 microrem per year. It is 
interesting to note that the NRC has established a policy that dose rates less than 1 to 
10 millirem (or 1,000 to 10,000 microrem) are "Below Regulatory Concern."31 

Estimating the dose to the maximally exposed individual depends sensitively on 
several assumptions: the location where the individual's food is grown, the assumed 
inventory of 1 4 C , the assumed rate of release, the assumed travel time through the 
geologic media, the surface area over which the 1 4 C is discharged, and the speed 
and direction of winds. The location where the food is grown is crucial, because by far 
most carbon incorporated in the human body comes from ingestion rather than 
inhalation. Two factors will tend to keep the dose to the maximally exposed individual 
close to that for the global average individual. First, Yucca Mountain is located in a 
desert. Largo scale agriculture in its immediate vicinity is unlikely. Second, the time 
required for dispersal by winds and atmospheric mixing is very short compared to the 
probable timescaie of release and compared to the half-life for decay. Daer (see Ref. 
7) assumed that an individual lived over the repository "footprint," and that his food 
was grown elsewhere. He assumed a release of 1,000 curies of 1 4 C at the surface 
each year, over an area of 1500 acres. The winds were based on data from Yucca 
Mountain. Daer"s result for dose rate to the maximally exposed individual was 0.05 
mrem per year. This can be compared to the 300 millirem per year natural dose rate 
and the 1 to 10 millirem per year "Below Regulatory Concern" limit. 

It is abundantly clear from these comparisons that dose to individuals from total 
release of repository 1 4 C is too low to be of concern, either to global average 
individuals or to those living in the vicinity of Yucca Mountain. However, the EPA 
40CFR191 Table 1 cumulative release limit for 1 4 C was based on integrating over a 
projected world population cut to 10,000 years, assuming a linear, no threshold model 
for dose response, and limiting the health effects to 0.1 per year for 100,000 metric 
tons equivalent of spent fuel and high level nuclear waste. This is called the collective 
effective dose equivalent commitment (CEDEC) approach. 



A more recent analysis of this type by McCartney et a l . 2 8 was based on the 
assumptions that the world population levels out at 10 billion, and the total recoverable 
reserves of fossil fuels are 4x10 1 5 kg (carbon). They used a 25-box carbon cycle 
model. For an integration time of 100,000 years, they obtained a CEDEC of 470 
person-rem per curie of 1 4 C released. This can be compared with the EPA value of 
399 person-rem for the shorter integration period of 10,000 years.3 2 Using the 
McCartney results, if the entire repository inventory were released to the atmosphere, 
the total CEDEC would be 33 million person-rem. For comparison, a natural 
background dose rate of 300 mrem per year wouki produce a CEDEC of 3x10 1 3 

person-rem over 10,000 years or 3x10 1 4 person-rem over 100,000 years. These 
CEDECs are a factor of one to ten million higher than that for the repository 1 4C. 
Again, the release of repository 1 4 C pales into insignificance by comparison. 

NON UNIFORMITY IN THE REGULATORY TREATMENT OF CARBON-14 RELEASE 

Regulatory treatment o f 1 4 C release is not uniform. Regulations currently allow 
direct airborne release of 1 4 C from reactors, and it amounts to one-quarter to one-third 
as much total 1 4 C radioactivity as will be present in the repository. Shallow trench 
burial of significant amounts c f 1 4 C in the form of low level wastes is also allowed and 
is currently practiced. All gaseous radionuclide releases other than those from a high 
level waste repository are regulated under 40CFR61. Park and Pflum7 have 
recommended that repository 1 4 C emissions either be regulated under 40CFR61 or 
that 1 4 C should be exempt from all EPA regulations. I support this view. 

SUMMARY AND CONCLUSIONS 

1. The repository would have a carbon-14 inventory of about 71 kilocuries. 

2. About 2% of the carbon-14 is located on the outside of the fuel cladding. About 
1/2% is readily accessible at the fuel-cladding gap. 

3. Carbon-14 is readily oxidizable to 1 4 C 0 2 and is rapidly transported in the gas 
phase through the unsaturated zone. 

4. For waste containers of reasonable cost, it does not appear likely that either the 
DOE 10 ' 6 per year release rate criterion, the NRC 10 - 5 per year release rate 
limit, or the EPA 0.1 curie per metric ton cumulative release limit over 10,000 
years can be met for carbon-14. 

5. The consequences of total repository carbon-14 inventory release on human 
health and the environment would be extremely small in comparison to the 
effects of natural radiation. 

6. The stringent limits placed on carbon-14 release from the repository are in 
sharp contrast to the higher limits applied to carbon-14 release from other fuel 
cycle facilities, such as operating power reactors. 



7. In view of the above, it seems reasonable to conclude that the high level 
nuclear waste regulations should be changed to allow higher releases of 
carbon-14 from the repository. 

8. Reasonable approaches appear to be to regulate gaseous release of carbon-
14 from the repository on the same basis as all other gaseous radionuclide 
releases to the atmosphere or to exempt carbon-14 releases from ail EPA 
regulations. 
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