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Abstract. The Yucca Mountain repository, which is located in a remote area in the State of Nevada, is being 
constructed for the long-term care and disposal of spent nuclear fuel and vitrified high-level radioactive 
waste. In accordance with U.S. law, the U.S. Environmental Protection Agency (USEPA) promulgated 
Standards that limit the dose rates to members of the public due to the consumption of ground water, alone, 
and the consumption of ground water plus agricultural products irrigated with the contaminated ground 
water, and other exposures, such as those from external sources and the inhalation of airborne radioactive 
materials. As part of this exercise, the USEPA identified eight specific radionuclides to which their 
Standards are to apply. These are: 14C, 99Tc, 129I, 226Ra, 228Ra, 237Np, 239Pu, and 241Am. For purposes of the 
associated dose rate estimates, a range of conservative assumptions have been applied, all of which are 
designed to assure that the estimated dose rates are well above what might be expected under “real-world” 
conditions. As a first step, it was assumed that: (1) at 104 year after repository closure, a fractional release of 
10-5 of the entire repository radionuclide inventory occurred; (2) the only prior reduction in the inventory 
was that due to radioactive decay; and (3) the sole path of exposure to neighboring population groups was 
through the consumption of 2 L d-1 of contaminated ground water. The accompanying analyses revealed that, 
of the eight radionuclides, only 226Ra, 237Np, and 239Pu, will represent a significant source of dose at that 
time. To provide perspective and insights, the next step was to estimate the committed effective dose rates 
for all eight radionuclides based on an assumed fractional release each year of 10-5 of the inventory from the 
time of repository closure up through the 106 year. For purposes of providing perspective, it was assumed 
that each dose rate estimate was independent, that is, no releases had occurred prior to the year in which the 
assessment was being made. It was also assumed that the associated dose occurred during the year of the 
release. Based on these analyses, the dominating radionuclide, from the time of repository closure to slightly 
more than 103 year, will be 241Am. This will be followed by 239Pu which will be the highest contributor to 
dose up to about 2.2×105 year after repository closure. The dominating radionuclide from that time through 
106 year will be 226Ra, due to its production through the continuing decay of the relatively large quantity of 
234U and 238U in the repository. 
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1.   Introduction 
 
The Yucca Mountain (YM) repository, which is located in a remote area in the State of Nevada, is 
being constructed for the long-term care and disposal of spent nuclear fuel and vitrified high-level 
radioactive waste. As will be noted (Figure 1), the repository is located about 35 km to the north of 
the Amargosa Valley, the nearest area with a significant number of inhabitants (~1,200). Although 
the town of Lathrop Wells is about 20 km south of the repository, it has a total population of only 
12 [1]. To introduce added conservatism, the USEPA [2] stipulated that the Reasonably Maximally 
Exposed Individual (RMEI) be assumed to reside 2 km north of Lathrop Wells, that is, about 18 
km from the repository. Subsequent analyses showed that this would provide a factor of two 
additional conservatism. At present, no one resides in the designated area. 
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Figure 1.  Map showing the location of the Yucca Mountain repository, the Amargosa Valley, 
Lathrop Wells, the designated location of the Reasonably Maximally Exposed Individual 
(RMEI), and related areas. 
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2.  U.S. Environmental Protection Agency Standards 
 
In accordance with the Nuclear Waste Policy Act of 1982 [3] and the Comprehensive Energy 
Policy Act of 1991 [4], the USEPA is responsible for the establishment of Standards for the YM 
repository. These Standards, which were promulgated in 2001 [2], stipulate a dose rate limit, due to 
the direct consumption of ground water, as well agricultural products irrigated with the ground 
water, the inhalation of airborne radionuclides, and associated external exposures, shall not exceed 
150 µSv y-1† to individual members of the public. This has been designated as the Individual 
Protection Standard (IPS) and is to apply for the first 104 year after repository closure. Although 
the Standards include a variety of additional specifications (i.e., concentration and dose rate limits 
for specific radionuclides in the ground water), they are not germane to the discussions in this 
paper.  
 
3.  Identification and Characteristics of Regulated Radionuclides 
 
For regulatory purposes, the USEPA [2] has identified eight specific radionuclides to which their 
Standards are to apply.  These are: 14C, 99Tc, 129I, 226Ra, 228Ra, 237Np, 239Pu, and 241Am.  For 
purposes of the analyses that follow, dose rate estimates will be calculated for each of these 
radionuclides. All analyses will be based on the fatal cancer dose coefficients provided in 
Publication 72 of the International Commission on Radiological Protection (ICRP) [5]. The 
properties of each of the eight regulated radionuclides are summarized in Table 1. 
 
 
Table 1. Basic radiological properties of the eight regulated radionuclides destined for disposal in 
the proposed Yucca Mountain repository.  

Half-life Radio- 
nuclide 

Radiation type 
and energy (MeV) Physical Biological Effective 

Specific activity 
(Bq g-1) 

Dose coefficient 
(Sv Bq-1)(a)

14C β (0.155) 5.73×103 y  40 d  40 d 1.65×1011 5.81×10-10

99Tc β (0.292) 2.13×105 y    3 d    3 d 6.36×108 6.42×10-10

129I β (0.15) 1.57×107 y  12 d  12 d 6.53×106 1.06×10-7

226Ra α (4.78) 1.60×103 y  18 d  18 d 3.70×1010 2.80×10-7

228Ra β (0.05) 5.75×100 y  18 d  18 d 1.04×1013 6.97×10-7

237Np α (4.79) 2.14×106 y 100 y 100 y 2.96×107 1.07×10-7

239Pu α (5.15) 2.41×104 y 100 y  100 y 2.30×109 2.51×10-7

241Am α (5.49) 4.32×102 y 100 y    81 y 1.27×1011 2.04×10-7

a For ingestion by an adult [5]. 
 
 
3.1 Bases for Dose Rate Estimates 
 
As an initial step, the dose rate from each of these eight radionuclides will be estimated based on 
the following assumptions. 
 
• During the first 10,000 year after repository closure, no exceptionally large geological changes 

have occurred and the integrity of the repository has been maintained. The only reductions in 
the waste radionuclide inventory will be those due to radioactive decay.  

• Nonetheless, beginning the year immediately after repository, and continuing each year 
thereafter, through the 10,000th year, one hundred thousandth (10-5) of the total inventory of 
each radionuclide will be released. Although equal fractional releases of all radionuclides each 
year would be highly improbable, it was considered acceptable in light of the objectives of this 
exercise. The assumed release fraction, which is admittedly extremely high, was selected to 
avoid unnecessary claims that the basis for the dose rate estimates was purposefully biased to 
ensure that they would be in an acceptable range.  In the case of 14C, this release rate was a 
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factor of more than 103 times higher than that estimated in the analyses performed by the U.S. 
Department of Energy (USDOE) [6]. 

• The dose rate estimates for each year were assumed to be independent, that is, no releases had 
occurred prior to the year in which the assessment was being made.  It was also assumed that 
the total release was homogeneously mixed and intakes occurred during the same year.  

• The RMEI is an adult, and all dose rate estimates include the 50-year dose commitment. 
• To simplify the computations, the dose rate estimates will be based on an assumption that the 

direct ingestion of ground water was the only source of exposure; any intakes due to the 
consumption of locally produced agricultural products or other sources of exposure, were not 
included. As will be noted in the discussion that immediately follows, the magnitude of these 
non-conservatisms in these assumptions is miniscule in comparison to the conservatisms in the 
assumed fractional release rate and those identified below.  

• In accord with the Standards [2], it was assumed that (1) the RMEI uses well water with the 
average concentration of each radionuclide being based on an annual water demand of 
3,000 acre-feet (3.7×109 L), and (2) that the annual estimated release of each radionuclide is 
contained within this volume. As will be noted below, this provided an additional factor of 10 
conservatism in the dose rate estimates. This was included in performing the dose rate 
estimates.  

 
3.1.1 Assumptions Related to Radionuclide Transport via the Ground Water 
 
A range of other assumptions, and associated conservatisms, was applied in estimating the dose 
rate for each of the eight regulated radionuclides. 
  
• No losses of radionuclides will occur during their transport from the repository to the point of 

withdrawal of the ground water. In addition, all of the released radionuclides will be 
completely withdrawn and consumed by the exposed members of the public [2]. 

• The Standards [2] also require that it be assumed that the RMEI – an adult who consumes 2 
L d-1 of ground water – “lives in the accessible environment above the highest concentration of 
radionuclides in the plume of contamination.”  

• While no estimate was made, it is obvious that the conservatisms associated with the first two 
assumptions above are in the range of several orders of magnitude. As noted above, they 
completely overwhelm those associated with the non-conservatism represented by the 
simplifications incorporated into the dose rate estimates. 

 
3.2  Dose Rate Estimates for Regulated Radionuclides 
 
3.2.1 C-14 

According to USDOE [6], the estimated inventory of 14C in the spent nuclear fuel and high-level 
radioactive waste, at the projected time of closure of the Yucca Mountain repository, will be 
3.5×1015 Bq. Accounting for radioactive decay, its inventory 104 year post-closure will have been 
reduced to about 1.11×1015 Bq. Assuming a release fraction of 1×10-5 during the 104 year; that it 
would contain 1.11×1010 Bq of 14C; that it will be diluted in 3.7×109 L of ground water; and 
applying the dilution factor of 10 (discussed immediately above), this would yield an average 14C 
concentration in the ground water of:  

    
10

-1
9

1.11 10 Bq = 0.30Bq L
(3.7 10 L) (10)

×
×

      (1) 

Based on the consumption of 2 L d-1 of ground water, containing this concentration, the annual 
intake of 14C would be: 

   (0.30 Bq L-1) (2 L d-1) (365 d y-1) = 2.19×102 Bq y-1.    (2) 

 4 



Applying the dose coefficient for an adult (5.81×10-10 Sv Bq-1) (Table 1), the estimated dose rate 
would be: 

 (2.19×102 Bq y-1) (5.81×10-10 Sv Bq-1) = 1.27×10-7 Sv y-1 = 0.127 µSv y-1.  (3) 

This is less than 1% of the IPS of 150 µSv y-1.  

Commentary: Why the estimated dose rate is so low can be explained as follows. According to the 
ICRP [7], Reference Man has a daily intake of 300 g of stable carbon. This is sufficient to dilute 
the estimated total daily intake by the RMEI from all sources of 14C by a factor of 2.5×1012 to one 
[8]. This, in turn, places an upper bound on its accompanying dose rate. 

3.2.2  Tc-99, 129I, 228Ra, and 241Am 

Similar analyses for these four radionuclides yielded comparable low dose rate estimates (Table 2). 
Again, there are fundamental reasons why this is the case. 

• Tc-99:  The key factor in this case is its short biological half-life (~3 d). Being an artificially 
created element, it is rapidly rejected by the human organism. Another factor of significance, 
in terms of its environmental transport and its associated dose rates is that, once it enters the 
repository environment, it is readily converted into one of several immobile forms. 

• I-129: Key factors in this case are its low specific activity (6.53×106 Bq g-1) (Table 1), 
combined with the limited capacity (12 mg) of the normal human thyroid to store iodine [7]. 
This causes it to have some of the characteristics of stable iodine [9]. This is documented by 
the fact that the epidemiological studies, conducted during the 22 years since the Chernobyl 
nuclear power plant accident, revealed that only 0.3% of the ~5,000 thyroid cancers, that 
developed in younger aged groups, due to the associated radioiodine releases, proved to be 
fatal [10]. This is a factor of 30 lower than that used by the ICRP in estimating its dose 
coefficient. Also of note is that the releases from the Chernobyl plant included the shorter-
lived radioactive isotopes of iodine. 

• Ra-228 and 241Am: Ra-228 is a naturally occurring radioactive material that is produced by 
the sequential decay of 232Th. It has a physical half-life of only 5.75 years, which means that 
the original inventory (2.9×1012 Bq) [6] will undergo a relatively rapid reduction. Nonetheless, 
due to the sequential decay of the 244Cm→ 240Pu → 236U → 232Th, that will continue to be 
present in the repository. The dominating influence in the case of 228Ra is its relatively short 
biological half-life (~18 d); in the case of 241Am, it is its relatively short radiological half-life 
(4.32×102 years) (Table 1).  

3.2.3  Ra-226, 237Np, and 239Pu 

In contrast to the above examples, these evaluations confirmed that the dose rate estimates during 
the first 10,000 years for these three radionuclides are relatively high, with 239Pu clearly 
dominating (Table 2).  

• Ra-226: Similar to 228Ra, 226Ra is a naturally occurring radionuclide. Since it has a physical 
half-life of 1,600 years, it would be expected to undergo a significant reduction in inventory 
during the first 104 year after repository closure. This, however, will not be the case, since the 
repository will contain 234U (the immediate precursor of 226Ra) in relative quantities 
substantially above those in the original ore. Because 234U has a half-life of 2.45×105 years, its 
decay will not lead to a significant increase in the inventory of 226Ra until about 103 years after 
repository closure (Fig. 4). Although the repository will also contain large quantities of 238U 
whose decay chain (238U→234U→230Th→226Ra) is also a source of both 234U and 226Ra, its 
physical half-life (4.47×109 years) is so long that its decay will not affect the 226Ra inventory 
until well beyond 104 years. As stipulated in the USEPA [2], 226Ra must be evaluated including 
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the contributions for naturally occurring radionuclides. Analyses of samples from the Nevada 
Department of Transportation well in Lathrop Wells show that the average concentration of 
226+228Ra naturally occurring in the ground water is 1.44×10-2 Bq L-1 [11] and U.S. Geological 
Survey Report [12] indicates that 63% of the radium in the ground water would be 226Ra. The 
estimated dose rate during the 10,000th year was 16.2 µSv y-1. This represents 10.8% of the 
IPS.  

• Np-237: In this case, the estimated dose rate was 24.3 µSv y-1. This represents 16.2% of the 
IPS. One factor to consider is that, since the effective half-life of this radionuclide is 100 years, 
and the dose coefficient includes a 50-year commitment, less than 50% of the dose rate 
estimate, on average, will manifest itself [13]. 

• Pu-239: In this case, the estimated dose rate was >34,000 µSv y-1. This is equivalent to a factor 
of 230 times the IPS. As in the case for 237Np, however, less than 50% of the dose rate 
estimate, on average, will manifest itself. Nonetheless, 239Pu is clearly one of the dominating 
radionuclide that will be present in the repository. This is primarily due to three factors: (1) it 
has relatively long physical (2.41×104 years) and biological half-life (100 years) (Table 1); (2) 
it is an alpha-emitting radionuclide; and (3) it preferentially deposits within the marrow and on 
the surfaces of the human skeleton (i.e., bone) [14].  

Table 2. Evaluation of the effective dose rate of each radionuclide (µSv y-1), due to the ingestion 
of 2 L d-1 of contaminated ground water, compared to the Individual Protection Standard (150 
µSv y-1) during the 10,000th year after repository closure. 

Radionuclide 
Dose rate due 

consumption of 
ground water 

Percent of 
IPS 

Fractional increase 
if intake from food 
were included (a)

14C 0.127 0.085 3.3 
99Tc 4.69 3.13 2.0 
129I 1.93 1.29 1.6 

226Ra 16.2 10.8 (b) 3.8 
228Ra 6.31×10-2 0.42 (b) 3.8 
237Np 24.3 16.2 1.2 
239Pu 3.44×104     ~2.3×104 3.4 

241Am 0.036 0.024 2.5 
a  Reference [1].  
b  Includes contributions from naturally occurring radium [11]. 
 

4.1 Relationship of Dose Rates as a Function of Time 

To gain additional insights and perspective, the comparative dose rate for each of the eight 
radionuclides, due to an assumed postulated fractional release of 10-5 each year, was estimated. For 
purposes of this exercise, it was assumed that: 

• Each such release was independent of all the others. That is, it was the only such event that had 
occurred; there had been no releases prior to the assumed release.  

• As such, the only reduction in the radionuclide inventory for each radionuclide, at the time of 
the dose rate estimates, was that due to radioactive decay. 

4.1.1 Observations and Commentary 

The relative committed effective dose rates comparison in time as outcome of this exercise is 
plotted in Figure 2. As will be noted: 
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• The dominating radionuclide, from the time of repository closure to slightly more than 103 
years, will be 241Am. At that time, its relatively short radiological half-life (432 years) will 
have significantly reduced its relative contribution to the total repository inventory. 

• From that time, until about 2.2×105 years after repository closure, 239Pu will become the 
dominating radionuclide. 

• From that time on, the dominating radionuclide will be 226Ra, its source being the continuing 
decay of the relatively large quantity of 234U in the repository. 

• Although 237Np (half-life: 2.14×106 year) represents a almost constant contribution to the 
repository inventory, its inventory will be less than that of 226Ra at about 5×104 years after 
repository closure. On the very long-term, however, 226Ra will become the dominating 
radionuclide.  

Lastly, it should be noted that the relatively unimportance of the dose rate contributions from: 14C, 
99Tc, 129I, 226Ra, 228Ra, and 241Am should not be interpreted that their releases from the repository 
are not important.  Every effort should be made during the design of a repository, the selection of a 
site for its location, the preparation of the fuel for disposal, and subsequent monitoring and 
oversight, should be in accordance with the time-honored concept of maintaining doses from all 
radiation sources As Low As Reasonably Achievable.  

 

 
Figure 2. Estimated dose rates from each of the regulated radionuclides as a function of time after 
repository closure, assuming a fractional release of 10-5 of the entire inventory each year, each such 
release being independent of, and having no impact on, any of the others. 
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