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EXECUTIVE SUMMARY 

This report supports the overall assessment by Oak Ridge National 

Laboratory of actinide partitioning and transmutation by providing an 

analysis of the long-term risks associated with the terminal storage of 

wastes from a fuel cycle which Incorporates partitioning and 

transmutation (P-T) and wastes from a cycle which does not. The system 

model and associated computer code, called AMRAW (Assessment Method for 

Radioactive Waste), are used for the analysis and are applied to the 

Los Medanos area in southeastern New Mexico. 

A conservative approach has been used throughout: (1) where a 

parameter is uncertain or has a range of values, normally a value in the 

pessimistic region is used; (2) modeling is designed to permit release 

incidents and affected environment to continue their course unchanged by 

natural or man-made countermeasures; and (3) nuclides are retained in 

the analysis region for full accountability, even though much dilution 

would be expected from river flow, wind dispersion, etc. Therefore, 

calculated results are believed to be consistently higher than 

reasonable expectations from actual disruptive incidents at the site and 

are not directly suited for comparison with other analyses of the 

particular geologic location. 

The assessment is made with (1) the probabilistic, or risk, mode 

that uses combinations of reasonably possible release incidents with 

their probability of occurrence distributed and applied throughout the 

assessment period, and (2) the consequence mode that forces discrete 

release events to occur at specific times. The time period studied is 1 

million years from the time of repository closure in the year 2050 and 

is divided into 50 time increments. For each nuclide, releases are 

calculated to four environmental receptors--a1r, ground surface, surface 

water, and groundwater--through which its distribution to different 

1x 



geographical locations Is effected. The model then follows the nuclide 

through the various regional environment-to-man pathways and calculates 

dose-rate commitment to the primary human organs, including the total 

body. A second code of AMRAW applies incidence rates of health effects 

and calculates overall health effects and associated economic costs. 

For this application, the repository holds waste quantities corres­

ponding to a 30-year accumulation from the moderately low-growth nuclear 

power case prepared in 1975 for ERDA use. The waste amounts to about 

187,000 metric tons of spent fuel, or waste from nearly 17,000 GWyr(t) at 

33,000 MWd/MTHM plus other materials acquiring activity during the power 

scenario. For convenience, the several waste forms are combined into 

two major categories: Type A, which Includes high-level, concreted 

non-high-level, Iodine, and carbon wastes, and Type B, which contains 

unconsolidated TRU waste and fuel-assembly structural material. Each 

category of waste independently provides a reference (no P-T) and a P-T 

source inventory to be studied which are then merged to provide results 

for the total (A + B) waste. 

The model repository is sited at a depth of 800 m in the nearly 

horizontal lower Salado bedded-salt formation in a region that has been 

relatively stable for at least 570 million years. Groundwater movement 

from the repository is along an almost straight path southwest to the 

Pecos River at Malaga Bend, a distance of about 20 km. Useful ground­

water discharge for man, animals, and plant life prior to this point is 

not considered because of the briny nature of the water and the arid, 

relatively unproductive character of the ground surface. 

For assessment purposes, a region consisting of 13 New Mexico and 

Texas counties within a radius of 200 km of the repository is divided 

Into 8 zones. Zone 8, which is an arable corridor along the Pecos River 

in Eddy County and includes the towns of Carlsbad and Artesia, is the 

most significant study zone because of its susceptibility to nuclide 

X 



concentration through both expulsive and leaching releases. Also, the 

significant amount of farming in the zone supports the internal food and 

water pathways-to-man for calculation of health effects. 

The following table summarizes, for the scenarios Indicated, the 

cumulative health effects calculated for both the reference and P-T 

cycle total (A + B) waste inventories. Also, the 1 million years health 

Overall summary of 1 million years' health effects— 
reference and P-T total (A + B) wastes 

Reference cycle 

Cumulative total 
health effects 

P-T cycle 

Cumulative total 
health effects 

Ratio (%) 

(P-T)/(Ref) 

Rank 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

Probabilistic 

Tc-99 

1-129 

Ra-226 

Th-229^ 

Pu-239^ 

3.63E + 

Tc-99 

1-129 

Ra-226^ 

Th-229^ 

Sn-126^ 

3.66E + 

100.8'̂  

(9K) 

( 8%) 

( 1%) 

04 

(92%) 

( 8%) 

J4 

Release Mode 

Conseqi 

Leaching at 
1000 yr 

Tc-99 

1-129 

Mo-93^ 

C-14^ 

Np-237^ 

2.70E + 

Tc-99 

1-129 

Mo-93^ 

C-14^ 

Np-237^ 

2.75E + 

102.0'̂  

(92%) 

( 8%) 

06 

(92%) 

( 8%) 

06 

jence 

Volcanism 
at 10^ yr 

Ra-226 (77%) 

Pu-239 (12%) 

Th-229 ( 5%) 

Np-237 ( 2%) 

Pu-242 ( 1%) 

1.40E + 07 

Ra-226 (83%) 

Sn-126 ( 5%) 

Pu-239 ( 5%) 

Pu-242 ( 2%) 

Th-229 ( n) 

6.46E + 05 

4.6 

Health effects to same 
population from natural 
background of -vlBO mrem/yr 

(2 X 10*^ HE/rem) - one million years^: 7.95E + 07 health effects 

Ratio 
Ref/Background effects 0.045% 3.4% 17.6% 

Less than 1% of last nonfootnoted nuclide. 

Population estimated at 2,650,000. 

Anomaly results from slightly higher burnup of P-T fuel giving slightly more fission 
products. This has no significance from standpoint of P-T benefits. 

X1 



effects expected in the same population ('̂ 2,650,000 including those 

outside the study region ingesting contaminated food grown in the 

region) from natural background radiation Is compared with these results 
-12 

and is noted to be much larger even for the improbable ('̂10 

events/year) scenario involving volcanic activity Intersecting the 

repository and Its direct distribution of radionuclides to the surface. 

The principal results from the long-terra risk assessment tasks are 

as follows: 

1. In the probabilistic mode over the 1 million-year assessment 

period: 

99 129 

a. Tc and I completely dominate cumulative effects 

based on their transport to roan through leaching and 

movement with groundwater, causing about 33,000 health 

effects (deaths). 

99 
b. P-T has no beneficial impact in the presence of Tc and 

129 J 

c. In the absence of the above nuclides, P-T would decrease 

health effects from the very low non-P-T calculated value 

of 436 to about 20, over the period of 1 million years. 

2. Consequence mode--leaching: 

99 129 
a. Tc and I completely dominate effects. 

b. P-T has no beneficial impact, even In the absence of the 

above nuclides, for this particular situation. 

xii 



3. Consequence mode--expulsive events: 

a. Nuclide significance is in relatively close accord with 

nuclide Inventory activity rankings at the time of and 

subsequent to release. 

b. For an expulsive event occurring after decay of the 
90 137 

shorter-lived fission products (e.g., Sr and Cs), 

P-T is effective In reducing cumulative effects to about 

4.6% of the non P-T value. 

Qualitative conclusions of this study are as follows: 

1. P-T has only limited effectiveness In reducing long-term 

risk from a radionuclide waste repository under the 

conditions studied, and such effectiveness is essentially 

confined to the extremely unlikely (probability of 
-12 

occurrence '^IQ /year) expulsive events. 

99 129 

2. Removal or Immobilization of Tc and I might provide 

benefits that are sufficiently tangible (cumulative 

reduction of about 33,000 deaths--98.8% decrease) to 

warrant special consideration. 
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ACTINIDE PARTITIONING-^TRANSMUTATION PROGRAM FINAL REPORT 

VII. LONG-TERM RISK ANALYSIS OF THE 

GEOLOGIC REPOSITORY 

S. L. Logan, R. L. Conarty, H. S. Ng, L. J. Rahal, and C. G. Shirley 

ABSTRACT 

This report supports the overall assessment by Oak Ridge National 

Laboratory of actinide partitioning and transmutation by providing an 

analysis of the long-term risks associated with the terminal storage of 

wastes from a fuel cycle which incorporates partitioning and 

transmutation (P-T) and wastes from a cycle which does not. The system 

model and associated computer code, called AMRAW (Assessment Method for 

Radioactive Waste), are used for the analysis and are applied to the Los 

Medanos area in southeastern New Mexico. 

Because a conservative approach is used throughout, calculated 

results are believed to be consistently higher, than reasonable 

expectations from actual disruptive incidents at the site and therefore 

are not directly suited for comparison with other analyses of the 

particular geologic location. 

The assessment is made with (1) the probabilistic, or risk, mode 

that uses combinations of reasonably possible release incidents with 

their probability of occurrence distributed and applied throughout the 

assessment period, and (2) the consequence mode that forces discrete 

release events to occur at specific times. An assessment period of 

1 minion years is used. The principal results are summarized as 

follows: 

99 129 
1. In all but the expulsive modes, Tc and I completely 

dominate cumulative effects based on their transport to man 

through leaching and movement with groundwater, effecting 
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about 33,000 health effects (deaths) over the 1 million 

years. 

2. P-T has only limited effectiveness in reducing long-term risk 

from a radionuclide waste repository under the conditions 

studied, and such effectiveness is essentially confined to the 
-12 

extremely unlikely (probability of occurrence -̂ lO /year) 

expulsive events. 

99 129 

3. Removal or Immobilization of Tc and I might provide 

benefits sufficiently tangible (cumulative reduction of about 

33,000 deaths—98.8% decrease) to warrant special consider­

ation. 
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1, INTRODUCTION 

1.1 Summary of Actinide Partitioning and Transmutation Program 

The Actinide Partitioning and Transmutation (P-T) Program Is a 

multisite effort that is being coordinated at the Oak Ridge National 

Laboratory (ORNL). The overall program objective 1s to evaluate the 

feasibility and incentives for partitioning (separating) the long-lived 

biologically significant isotopes from fuel cycle wastes and transmuting 

(burning) them to shorter-lived or stable isotopes In power reactors. 

In FY 1979, the major effort was directed toward a detailed assessment 

of the costs, risks, and benefits associated with this concept. The 

program has produced: (1) realistic waste treatment partitioning 

flowsheets which have been at least partly verified by experimental 

work, (2) a realistic transmutation scheme based on sophisticated 

reactor physics calculations, (3) an evaluation of partitioning and 

transmutation impacts on all phases of the nuclear fuel cycle, (4) a 

meaningful risk-cost-benefit analysis, and (5) a program plan for future 

development and demonstration requirements for eventual implementation 

in commercial operations. This analysis constitutes a reasonably firm 

technical basis for determining whether P-T represents a viable waste 

management alternative for handling long-lived waste nuclides that are 

generated by a nuclear power economy. 

1.2 Waste Repository Risk Task 

This report presents results of the repository long-term risk 

analysis performed In support of the P-T Program. Wastes from two fuel 

cycles are considered: (1) reference cycle with reprocessing but 

without partitioning of actinides, and (2) P-T cycle with actinide P-T 

in power reactors. A model repository in bedded salt is assumed for 

disposal, and the long-term effects from potential release scenarios are 

evaluated to obtain comparisons between the two fuel cycles. 
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1.3 Review of AMRAW Methodology 

The analysis was made with the use of AMRAW (Assessment Method for 

Radioactive Waste). This model and its associated computer code were 

developed with U. S. Environmental Protection Agency (EPA) support 

[EPA 78]. AMRAW is a generic model that calculates and follows released 

material. It includes (1) the transport to and accumulation of radio­

nuclides in various receptors in the biosphere, (2) pathways from those 

environmental concentrations, (3) radiation dose to man, and (4) an 

economic evaluation of health effects. AMRAW is an executive code that 

brings together input parameters established by other existing special­

ized codes. It incorporates features to handle such concerns as time-

dependent leaching, air resuspension, transfers between environmental 

receptors, and environmental decay. In addition, the code accounts for 

radiation dose from agricultural products exported from a study region, 

calculates health effects, and performs an economic analysis. When 

operated with a probabilistic treatment of release scenarios, the 

results provide a risk analysis; when disruptive events initiated at 

discrete times are considered, the results comprise a consequence 

analysis. Details are presented in later sections of this report. 
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2. TASK OBJECTIVES 

Objectives of the repository long-term risk analysis are to obtain 

comparisons between the reference and P-T fuel cycles as follows: 

1. Obtain time-dependent dose rates and accumulated total dose 

for each group of consolidated waste types. The term "dose," 

whenever used in this report, refers to "dose commitment." 

2. Obtain results separately for major release categories (i.e., 

expulsive and leaching with groundwater migration) to compare 

relative contributions. 

3. Obtain results for both a risk analysis, which uses 

probabilistic release events, and a consequence analysis, 

which consider discrete events initiated at specific times. 

Subsequently, conduct a sensitivity analysis which exposes the 

effects of variations in leach rates and other parameters. 

4. Obtain time-dependent health effect incidence rates and total 

accumulated health effects corresponding to the calculated 

dose rates and accumulated dose. 

5. Obtain the time-dependent and total dollar costs corresponding 

to the calculated health effects using 0% and 7% discount 

rates. 

6. Identify the major radionuclides contributing to the various 

combinations of the above conditions. 

The AMRAW methodology used is described in Sect. 3.1. A time 

horizon of 1 million years is considered. The repository site in bedded 

salt chosen for the study is described in Sect. 3.2. The waste types, 

the two consolidated waste type groups, and initial radionuclide 

inventories 1n the model repository are described in Sect. 3.3. The 

contents of the repository when it is sealed are assumed to be from the 

accumulated emplacement of 10-year-old wastes. Sealing of the 

repository is assumed to take place in the year 2050. The several 

series of computer runs are identified and defined in Sect. 3.4. 
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3. METHODOLOGY USED IN RISK TASK 

3.1. Computer Codes Used 

The Radioactive Waste Management Systems Model (Fig. 3.1) has 

several parallel paths, each representing a phase in the waste manage­

ment sequence: residuals treatment, waste transport, repository 

operations, and terminal storage. The terminal storage phase applies to 

the Waste Repository Risk Task. Implementation of the model is by the 

AMRAW computer code (Assessment Method for Radioactive Waste 

Management), which is divided Into two parts, each run separately: 

(1) AMRAW-A, consisting of the Source Term, Release Model, and 

Environmental Model, and (2) AMRAW-B, which translates the output of 

AMRAW-A into health effect and economic terms. The flow of calculations 

Is amplified in Fig. 3.2, which illustrates a typical branch of the 

systems model. 

In addition, other specialized codes are used to develop certain 

input data, to format output data files for linkage between codes, and 

to perform and output certain interpretive operations with AMRAW 

results. 

3.1.1 AMRAW-A 

The total period of time studied in this application, 1 million 

years, 1s divided into 50 time increments, each identified by the time 

at the end of the increment. Various time-dependent parameters are 

averaged In each time increment as the calculations proceed. The 

increments are small (5 years) at the beginning and increase to 

100,000-year increments after 100,000 years. The code runs one nuclide 

at a time through each increment for calculation of releases, migration 

during subsequent Increments, and concentration in environmental 

receptors and geographical locations at all increments. 
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The AMRAW code is structured with compartments sequentially linked 

by transfer coefficients. The receptors represent the progress of 

releases, environmental concentrations, concentrations In food and 

drink, radiation doses, health effects, and associated economic damages. 

The transfer coefficients are evaluated in subroutines using externally 

determined Input data. Factors for dispersion, biological accumulation, 

dose, etc., used in the transfer coefficients are evaluated externally 

by various existing transport and dose codes. Calculation of leach 

rates and coefficients expressing groundwater transport are both per­

formed analytically in subprograms in AMRAW. Each of these can be 

replaced by alternate subprograms if the need develops. 

Calculations commence with the mass of each significant nuclide in 

the "Inventory at Risk." In this task, there are six separate 

inventories (discussed in Sect. 3.3) provided by the Oak Ridge National 

Laboratory for evaluation and comparison. These inventories of 

29 nuclides each are converted to curies by the activity transfer 

coefficient (specific activity), and all subsequent calculations are 

made In the latter unit. The handling of nuclide Inventory by AMRAW 

assumes that the total inventory as a function of time is not affected 

by movement of portions of the inventory. Although this is a valid 

assumption for the inventory as a whole, 1t can lead to errors in some 

instances when using the simplified groundwater transport model 

alternative for precursor and daughter nuclides that do not migrate 

together. 

The next stage in AMRAW-A is the application of potential release 

mechanisms to the inventory at risk based on the specific analysis to be 

performed. The primary hosts to which the radionuclides can be released 

are called the preliminary environmental input receptors—air, ground 

surface, surface water, and groundwater. These receptors are of 

fundamental importance throughout the computation process because of 

their peculiar characteristics, which are applicable to nuclide 

interreceptor and geographical migration and biological uptake. 
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In this application the critical release-causing events can be 

categorized as follows: 

1. Rapid processes—meteorite impact, volcanism, etc., and 

2. Slow processes—faulting, followed by leaching, erosion, 

glaciation. 

Although the expulsive-type occurrences could be expected to 

produce the most serious short-term exposure and distribution of 

radionuclides, the probabilities for such events in the area selected 
-12 

for the waste-repository risk task are so low (=2 x 10 /year) that 

there is little likelihood of an occurrence except over the most 

extended time period. On the other hand, earthquake and faulting 

probabilities are more meaningful in the time frame of 1 million years; 

however, their effects must assume possible interconnection of aquifers 

through the repository and then await the time-dependent mechanics of 

leaching and movement in the aquifer to ultimate exposure or extraction. 

AMRAW was modified for the task to better simulate the response 

following Initiation of a leaching incident. As discussed further in 

Sect. 3.3.2.2, a provision was added that accounts for progressive 

exposure of additional waste canisters due to salt dissolution. 

The release to the four preliminary environmental input receptors 

is calculated for each nuclide and for each release mechanism in turn 

through use of a transfer coefficient which, when multiplied by the 

release time increment of interest, gives the fraction of the radio­

nuclide inventory transferred during that increment. The transfer 

coefficient is the product of the annual probability of release through 

a particular mechanism and the fraction of the inventory released to a 

particular receptor If the event occurs. Calculations are performed for 

release events and tine functions of the release probability suited for 

the chosen scenario. 

The basic scenario used for this task is one in which all potential 

release events occur, with annual occurrence probabilities obtained from 

the applicable probability density function distributed over the 

1 million years of Interest. This 1s called the "probabilistic distri­

bution" or "risk" mode, and although it does not give real short-term or 
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incremental results because of the unique release modes, it does provide 

a good measure of risk or mathematical expectation of effects over the 

long term. More important, because it uses a standard, comprehensive 

scenario, it can be useful in making comparisons among alternative 

options. In addition, by confining calculations to a single or selected 

combination of release events, comparative analysis can be made of the 

different factors contributing to risk. For the probabilistic 

applications, risk is defined as the product of the probability of 

occurrence of an event and the consequences of the occurrence. 

Consequences can be any selected effect of Interest such as dose rate, 

health effects, or economic costs. 

The other major release mode used for the risk task involves 

discrete events forced to occur at specific times. This corresponds to 

the so-called "what if" question and provides for analysis of event 

consequences and thus is termed the "consequence analysis" mode. 

The next calculational stage is transport of released nuclides to 

and calculation of concentrations by environmental receptors at 

specifically defined geographical zones surrounding the repository. The 

steps taken by the model at this stage are: 

1. calculate dispersion to the geographic zones, 

2. adjust for transfers between receptors, 

3. calculate residual activity during each time increment 

following release, and 

4. accumulate concentrations from all current and previous 

releases. 

Residual activity Is calculated using a simple one-step decay factor for 

radioactivity and a modest exponential environmental decay factor to 

account for continuing dispersal and/or fixation processes which 

gradually remove quantities of each nuclide from further movement along 

the pathway to man. The environmental decay factor is applied only to 

the air, ground surface, and surface water environmental receptors, as 

removal/retardation processes are inherent in groundwater calculations. 
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The final segment of the Environmental Model is the 

"Environment-to-Man Pathways," which translates environmental receptor 

concentrations to radiation dose commitment to man. These primary 

pathways are summarized in Table 3.1. 

The nonspecific category Included in the table is a means for 

assigning dose rates and consequence values to radionuclides which are 

taken up by produce and animals and are consumed by a broader population 

extending outside the repository region. Ingestion of drinking water 

from surface water or groundwater sources contributes to local dose, 

while ingestion of drinking water by meat or milk animals contributes to 

nonspecific dose. 

Table 3.1. Environment-to-man pathways 

Environmental 

Air 

Land Surface 

Surface Water 

Groundwater 

receptor Pathway 

Immersion 
Inhalation 

Direct exposure 
Ingestion (land 
surface food) 

Submersion 
Ingestion (aquatic 
food/drink) 

Ingestion 

Dose categorization 

Local 
Local 

Local 
Nonspecific 

Local 
Local and nonspecific 

Local and nonspecific 

The environment-to-man transfer is made through a transfer 

coefficient calculated from the product of the fractional representation 

of the following three basic elements: 

1. concentration or dilution to the consumed or exposure, 

quantities through each pathway, 

2. amount of exposure or consumption per year, and 
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3. dose rate conversion per unit of exposure or consumption for 

each of seven specified organs (including total body). 

The output from this final segment of AMRAW-A is "local" dose rates to 

man by organ in each of eight geographical zones (mrem/year) and 

nonspecific dose rates by organ (man-rem/year). More detailed 

explanation of AMRAW-A appears in the EPA Report Development and 

Application of a Risk Assessment Method for Radioactive Waste Management; 

Vol. 1 [EPA78]. 

3.1.2 AHRAW-B 

AMRAW-B, The Economic Model, uses the calculated population dose 

rates from AMRAW-A, to which it applies incidence rates of health ef­

fects associated with radiation dose and calculates health effects and 

associated economic costs. The flow of AMRAW-B first determines the 

rate of occurrence of health effects and then calculates the damage in 

economic terms (dollars) corresponding to these damages. 

3.1.2.1. Health effect incidence. The BEIR report of the National 

Academy of Sciences [NAS72] is the most generally accepted source of 

information on the health effects of ionizing radiation and is used to 

provide conversion factors for use in AMRAW-B. Table 3.2 presents the 

health-effect incidence rates derived from the BEIR report and relates 

them to the organ sites for which dose rates are calculated in AMRAW-A. 

The values are averages of the two plateau regions (30 years and 

lifetime) for each risk model (absolute and relative) and then the 

average of the two models. A direct match is obtained for some organ 

sites, such as for lungs, but breast and certain other cancers use total 

body dose rates as an approximation. Bone marrow is included with bone 

because of the almost identical dose rates and a lack of complete 

incidence rates for bone marrow. 

3.1.2.2. Economics of risk. The risk task uses the econometric 

approach to risk of Thaler and Rosen [T176], where an estimate is made 

of the additional compensation required to induce a group of high-risk 

individuals (those who choose jobs with a mean risk of death of 0.001) 

12 



Table 3.2. Health-effect incidence rates 

AMRAW-A 
Dose rate site 

Total body 

GI Tract 

Gonads 

Liver 

Lung 

Bone marrow 

Bone 

Thyroid 

BEIR Report 
health effect 

Breast cancer^ . 
Remaining cancers 

GI tract cancer 
(including stomach) 

Genetic effects 

b 

Lung cancer 

Leukemia 

Bone cancer 

b 

Deaths/ 
10® man-rem 

51 
34 

34 

200̂ ^ 

b 

44 

32 

7 

b 

AMRAW-B 
Inputs deaths/ 
10® man-rem 

85 

34 

200 

0 

44 

0̂  

39 

0 

Dose rates to breast approximated by total body rates. 

Remaining cancers include liver and thyroid cancer. 

'Serious genetic effect assumed equivalent to a death for 
damage evaluation purposes. 

one marrow effects included under bone. 

to accept an additional increase in risk. For a first-avaiTable lower 

boundarys they have developed an estimate that the high-risk group will 

accept an additional increase in risk of 0.001 per year for an increased 

compensation ranging from $176 to $260 per year, AMRAW-B uses the upper 

figure, which gives a relationship of $260,000 per statistical death 

obtained through the first-stage calculations of AMRAW-B. It is 

important to recognize that this approach does not attempt to place a 

value on a human life as is implied with some other frequently used 
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concepts, such as basing the value on the sum of the present values of a 

person's future earnings. 

Although the assignment of monetary costs to future health effects 

is tenuous at best, and particularly so for the very long time periods 

of this study, it does provide a means for interpreting the potential 

future impact of an endeavor in the same terms (dollars) used for its 

other cost/benefit analyses. More specifically, in AMRAW-B, the valuing 

of future damages in current dollars can be visualized as a matter of 

determining the amount of money that should be set aside at the outset 

to provide retribution for damages statistically predicted to occur in 

the future. AMRAW-B provides for calculations using any two discount 

rates in order to accommodate situations and time frames where conven­

tional time-value-of-money concepts might be considered appropriate. A 

non-zero, 7% discount rate is used in this task to examine the 

sensitivity of results to discounting. Amplification of the economic 

portion of AMRAW appears in EPA78, Vol. III. 

3.1.3 Auxiliary programs 

Auxiliary programs can be categorized as (1) those used in pre­

paring input data for AMRAW, (2) programs necessary for interfacing 

output and input data between AMRAW runs, and (3) programs used to 

develop and present output data in a particular manner. Also, several 

utility programs are used to facilitate communication with the computer 

and its I/O peripherals. 

3.1.3.1. Programs involving input data. 

SEARCH—program to search Oak Ridge-furnished ORIGEN nuclide 

inventories for nuclides and for times to be used by AMRAW. 

BIOFACP--program to calculate "BIOFAC" transfer values used in 

determination of nuclide concentration or dilution through 

different pathways to man. An adaptation of the TERMOD code 

[0RNL76] and the NRC Regulatory Guide 1.109 [NRC76]. 
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3.1.3.2. Interface between AMRAW runs. 

COMPRESS--program to strip AMRAW-A dose-rate and dose-output 

files of extraneous headings and the time column, when required, to 

permit input as a random access file to AMRAW-B and MERGE. During 

this study, compressed files were output directly from AMRAW-A, 

avoiding the additional step. 

MERGE—program to combine the results of similar runs with 

partial inventories to obtain results for the combined total 

inventory. 

DCOMPRESS--reintroduces headings and time columns to output 

files for printing. 

3.1.3.3. Interpretive programs. 

ORDER--prograiii to rank nuclides by quantitative order of 

importance for nuclide dose rate or dose at different times. When 

applied to AMRAW-B, ranking is correspondingly by health effect 

incidence and/or economic costs. 

INVATT--program that compares selected initial nuclide 

inventories, calculates attribution factors for nuclides in each 

initial inventory, and, for each run of interest, calculates 

damages that can be assigned to each initial nuclide (or element) 

based on the nuclide's direct effect plus the proportion of 

daughter nuclide effects for which it has parental responsibility. 

3.2. Site Description 

The site chosen for the Waste-Repository Risk Task is the Los 

Medanos area in southeastern New Mexico. This area is in a stable 

region, has thick deposits of nearly horizontal bedded salt (Salado 

Formation), and is under study for potential installation of the Waste 

Isolation Pilot Plant [Wr77]. Selection of this site for the risk task 

in no way implies or suggests Department of Energy or U.S. Government 

intentions concerning the site. Familiarity with the region and the 

vast amount of geologic and demographic data previously acquired by the 

study group dictated the choice, 
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The Los Medanos area is approximately 40 km east of the city of 

Carlsbad. The location is shown on the map in Fig. 3.3 [Jn73]. A cross 

section of the region from east of the study area to west to the Guada­

lupe Mountains is in Fig. 3.4. The proposed horizon for location of the 

radioactive waste repository is in rock salt at a depth of about 800 m 

in the lower Salado formation. The repository disposal area is assumed 

to be 10 km^. 

For assessment purposes, a region consisting of 13 New Mexico and 

Texas counties within a radius of 200 km of the repository site is 

considered. This region is divided into eight zones illustrated in 

Fig. 3.5. 

3.2.1 Geologic/hydrologic description 

The Los Medanos site is located on the margin of the North American 

craton [KiP69], a region that has been relatively stable since 

Precambrian time, at least 570 million years ago. Tectonic processes 

currently operative in the craton mainly involve broad, epeirogenic 

warping, principally minor vertical movements. 

These vertical movements may result in broad folds with low dips or 

high-angle faults, mostly with small stratigraphic displacements. 

Jointing may occur with either folding or faulting, with at least one 

set of joints, and probably two sets, nearly perpendicular to the 

bedding. Thus, folding and/or faulting could create fractures through 

which groundwater might move. 

It is not known whether the joints would provide a fairly continu­

ous vertical access for waters, since the joints might not be propagated 

through strata that tend to deform plastically, such as shales or 

evaporites. The Los Medanos area of east-central Eddy County and 

west-central Lea County is characterized by a flat, gently undulating 

topography which, on a regional scale, slopes toward the Pecos River. 

Superimposed on this surface are numerous arroyos and closed 

depressions; consequently, there is little integrated surface-water 

drainage toward the Pecos River. The maximum topographic relief on this 
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surface is about 210 m. Average rainfall in the area is about 35 cm per 

year. 

This site takes advantage of the thick halite sequence present in 

the Salado Formation; conversely, very few test holes have been drilled 

in the area, and it is assumed that the hydrologic conditions that exist 

are essentially undisturbed. The Salado Formation consists primarily of 

halite, small amounts of anhydrite, polyhalite, and potassium salts 

which are mined in the area. No wells are known to produce from the 

Salado. In the potash mines near Los Medanos, no pore spaces capable of 

transmitting water have been found, and there is no water in any of 

these mines. Locally, oil tests have encountered small pockets of 

supersaturated brine within the Salado, but this cannot be considered to 

be an aquifer. 

In the immediate vicinity of the Los Medanos area, there are five 

stratigraphic formations that are potential sources of groundwater which 

could be induced into the Salado Formation. Of these, the Rustler 

Formation appears to have the most direct significance. It unconform-

ably overlies the Salado Formation east of the Pecos River and, in 

general, outcrops in the bluffs along the east bank of the river and 

then dips east and southeast into Texas. Near Los Medanos the Rustler 

is approximately 150 m thick and can be divided into two units—a lower 

plastic unit of variegated shale and some evaporites and an upper unit 

of anhydrite and dolomite. 

Most workers agree that the groundwater in this formation is 

locally perched, may often be present under water-table conditions, 

and/or is locally under artesian conditions. Water movement is gen­

erally toward the south and west, with the major discharge points in 

Nash Draw and the Pecos River near Malaga Bend. According to Hiss 

[Hi75], the average porosity of the Rustler is about 15%. Aquifers in 

the formation are locally recharged directly by precipitation; however, 

the total amount of recharge from rainfall is probably inconsequential. 

Most recharge probably enters from runoff that has been impounded in the 

numerous sinkholes and playa lakes that have developed on the surface. 
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One of the major topographic features near the Los Medanos area is 

Nash Draw, a tributary to the Pecos River, which Robinson and Lang 

[Rb38] estimated to contain as much as 625,000 acre-feet of ground­

water—predominantly brine. This water moves in a southwest direction, 

where much of it is discharged as brine into the Pecos River at Malaga 

Bend, approximately 20 km from the repository site. 

The groundwater velocity assumed in the Rustler for this study is 

1.46 m/year, as was used in the earlier EPA study [EPA 78]. The draft 

environmental impact statement for the Waste Isolation Pilot Plant 

[DOE 79] reports that calculated natural water velocities in the Rustler 

aquifers range from 0.023 to 4.6 m/year; a range of transmissivities is 

assumed which indicates velocities between 0,2 and 4.0 ro/year. Both 

bases bracket the 1.46-m/year value used here. 

3.2.2 Study region and zones 

The region within a radius of approximately 150 km from the pro­

posed repository site is used for the study. It is expected that most 

of any material released from the repository would be dispersed within 

this region. To provide for nonuniformity of population, nuclide 

migration and dispersion, and other factors, the region is divided into 

the eight zones shown in Fig. 3.5. 

A circular zone with a radius of 5 km extending from the center of 
2 the assumed 10-km repository site is designated as Zone 1. This zone 

in Eddy County, New Mexico, represents a possible controlled area during 

the first several decades of the terminal repository. Zone 2 consists 

of all the arid land in Eddy County except for Zone 1. 

The counties of Culberson, Reeves, Loving, Ward and Winkler, Texas, 

comprise Zone 3, which, due to the path of the Pecos River, could 

receive both airborne and waterborne contamination. Although 85% of the 

land is classified as being farmed, only 1,6% is under Irrigation. 

The fourth zone includes the Texas counties of Midland and Ector. 

Only 1.2X of the farmland is under irrigation, which is generally pro­

vided from groundwater. This zone had the highest population in 1970 

(157,237) and has the greatest population density. 
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Zone 5 includes the Texas counties of Andrews, Gaines, Terry, and 

Yoakum. Although this zone has only 73% of its land in farms, it has 

the highest (17%) of that under irrigation. The principal crop is 

sorghum. 

The sixth zone includes exclusively Lea County of New Mexico, with 

principal towns of Hobbs and Lovington. Zone 7 is Chaves County, New 

Mexico, with Roswell as its principal town. 

Zone 8 is a corridor along the Pecos River in Eddy County, con­

sisting of the river bed and irrigated and other directly associated 

land. This occupies about 60,000 hectares and contains the towns of 

Carlsbad and Artesia and most of the population of Eddy County. This 

zone is set up because of the concentrated belt of irrigated land, some 

of which, in the south, is in the general direction of groundwater flow 

from the repository area. 

Table 3.3 contains population projections through the year 2020. 

The New Mexico projections are the "high" projections prepared by the 

University of New Mexico Bureau of Business Research for the EPA78 

report, and the Texas values are those derived by the Population 

Research Center of the University of Texas at Austin. These population 

Table 3.3 High population projections: 1970-2020 

Zone 

4 5 6 7 TOTAL YEAR 

1970 

1980 

1990 

2000 

2010 

2020 

1+2-1-8 ̂  

41,119 

66,500 

85,350 

104,200 

138,050 

171,900"̂  

3 

42,778 

77,813 

101,935 

126,135 

169,650 

213,168 

157,237 43,452 49,552 43,335 377,473 

286,014 79,039 84,600 92,400 686,366 

374,678 103,541 112,450 121,900 899,854 

436,629 128,122 140,300 151,400 1,086,786 

587,266 172,324 192,850 202,250 1,462,390 

783,533 216,526 245,400 253,100 1,883,627 

Values for Zones 1-2-8 are totals for Eddy County. 

Estimated breakdown: 101 in Zone 1; 17,200 in Zone 2; and 
155,000 in Zone 8. 
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projections for the year 2020 are assumed to remain constant throughout 

the assessment period. In addition, an average effective nonspecific 

population of approximately 1 million is assumed based on the region's 

food production and typical consumpton rates. 

In the zones surrounding the repository there is mining for potash, 

extraction of oil and natural gas, concentrated farming in narrow bands 

below irrigation reservoirs on the Pecos River, and grain production in 

Zones 3, 4, 5, and the eastern part of Zone 6. Cattle and some sheep 

ranching occur throughout the area; however, the grazing density is 

relatively low. For example, the average cattle density for Zones l-̂ 2+8 

is about one cow per 500 acres (a bit more than one cow per square 

mile). Although this is only a rough approximation, it emphasizes the 

arid and agriculturally unproductive nature of Zones 1 and 2. The 

surface of these zones is largely covered with mesquite clumps growing 

in sand, interspersed with areas of gravelly rock. Population 

projections imply that the population mix will remain relatively 

constant over time; thus, development of large metropolitan centers in 

the region is not expected. 

3.3 Input Data 

This section briefly describes those input data that differ from 

those used in the previously referenced Environmental Protection Agency 

report [EPA78]. In general, data changes occur for one of two reasons: 

(1) new data are designed to serve the specific purposes of a task, or 

(2) input data are updated as new data sources become available, 

additional effort is applied to remove data deficiencies, and 

improvements in data matching to computational modeling are made. 

3.3.1 Radionuclides and inventories 

For purposes of the task, the repository will hold a quantity of 

waste corresponding to a 30-year accumulation from the moderately low-

growth case, which was prepared in 1975 and used for the ERDA 
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Technical Alternatives document [ERDA76]. This quantity also corre­

sponds to a 40-year accumulation for the low-growth case and amounts to 

187,000 metric tons of spent fuel, or waste from nearly 17,000 GWy(t) at 

33,000 MWd(t)/MTHM, plus other materials acquiring radioactivity in 

connection with the overall power and fuel cycle. 

For each major waste type studied in this task, two waste 

composition/inventory cycles are used: (1) a reference (Ref) cycle 

reflecting no partitioning or transmutation of nuclides, and (2) the 

same fuel cycle undergoing P-T. The sources of these wastes are the MOX 

fuel fabrication plant and the fuel reprocessing plant, illustrated in 

the schematic of Fig. 3.6. 

3.3.1.1 Waste types and forms. The waste subtypes (source and 

form) considered in the waste repository risk analysis are as follows: 

1. High-level waste: borosilicate glass in stainless 

steel cylinders measuring 3 m long and 0.3 m in 

diameter. The isotopic content of this waste 

differs in the Ref and P-T cases because of the 

increased actinide recovery in the P-T case. 

2. Concreted, nonhigh-level TRU waste: stored in 

55-gal drums and resulting from a variety of fuel 

reprocessing and MOX fuel fabrication sources; can 

include intermediate and low-level liquid TRU 

wastes, off-gas scrubbing solutions, decontamination 

solutions, and incinerator ashes. The isotopic 

content is different in the Ref and P-T cases 

because of the additional waste treatment as part of 

P-T. 

3. Iodine waste: concreted silver zeolite in 55-gal 

drums; quantity and composition are identical in 

both the Ref and P-T cases. The concreted product 
3 

density is 1.6 g/cm , and the effective iodine 

^127j ̂  129j^ density is 0.1 g/cm^. 
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Carbon-14 waste: concreted calcium carbonate in 55-gal drums; 

quantity and composition identical in both Ref and P-T cases. 
12 14 

The effective elemental carbon ( C + C) density is 

0.0673 g/cm^, of which 0.0169 wt % is ^^C. 

5. Nonimmobilized TRU waste: uncompacted wastes such as HEPA 

filters, failed equipment, and noncombustible trash stored in 

55-gal drums. Composition for Ref and P-T differ. 

6. Fuel-assembly structural material waste: uncompacted hulls 

and hardware in stainless steel cylinders measuring 3 m long 

and 0.3 m in diameter are identical in activation product 

content but differ in actinide and fission product contamina­

tion because of the different levels of treatment assumed. 

3.3.1.2 Waste type consolidation. The above waste subtypes are 

consolidated into two basic waste types, identified as Type A and 

Type B, for analysis purposes. Their compositions are as follows: 

Waste Type A Waste Type B 
(Consolidated) (Nonconsolidated) 

High-level waste Nonimmobilized TRU waste 

Concreted, nonhigh-level Fuel-assembly structural 
waste material waste 

Iodine waste 

Carbon waste 

By combining the wastes into these two major categories, the number of 

required computer runs is substantially reduced, and the quantity of 

output to be collated and evaluated is placed in a proper dimension. 

A potential problem resulting from the grouping of wastes is that 

each of the individual waste forms can be expected to have leaching 

characteristics which differ to varying degrees. However, the actual 
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numbers used in the analysis result in leaching behaviors which do not 

differ much between the waste forms within a type group. The simplifi­

cation is not out of line with the uncertainties in the available input 

parameters. Another disadvantage is that it partially obscures the 

original waste form as the source for nuclides emerging from the 

repository; however, this information can be calculated if desired. 

3.3.1.3 Nuclides and initial inventories. In addition to the 

nuclides considered in the EPA report [EPA78], the following nuclides 

are included: 
59 93 

1. activated structural materials— Ni and Mo; 
947 245 246 

2. actinides—^^Pu, ^^^Cm, and ^™Cm; and 

3. fission product— Sn. 

Yttrium-90 is deleted as a separate nuclide, but its effects are 

included under its longer-lived parent, Sr; "̂ Nb is deleted, and its 
93 

effects are included under Zr. To the extent possible, the effects of 

unlisted daughters are included along with their reported ancestor. 

For both the Type A and Type B wastes, there are Ref and P-T 

inventories. In addition, the AMRAW model is applied to the total of 

waste Types A + B, both Ref and P-T. Table 3.4 gives the initial 

inventories in grams for all six repository compositions. The table 

also gives the ratio of Ref inventory masses to P-T inventory masses in 

order to highlight the physical differences after undergoing 

partitioning and/or transmutation. In certain instances, the ratio is 

slightly larger than 1.0 where it would be expected to be exactly that 

value. This is due to the somewhat larger burnups in the P-T fuel cycle 

transmutation calculations, and has no significance from the standpoint 

of P-T benefits. These inventories were provided by ORNL in the form of 

ORIGEN output from which data for the selected nuclides and times could 

be extracted. Computations for the total A + B inventories, however, 

were made by merging the results of the separate A and B runs. 
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Table 3 .4 . I n i t i a l repDsitory i nven to r i e s , a s iteasured in grams^ and r a t i o s of 
P-T t o reference inventory 

TYPE A WftSffi TYPE B WSUE TCffAL A + B msm 

Ratio Rat io Ratio 
Nuclide 

C-14 
NI-59-
SR-90 
ZR-93 
HO-93 
TC-99 

SN-126 
1-129 

CS-135 
CS-137 
PB-210 
RA-225 
RA-226 
TH-229 
TH-230 
NP-237 
NP-239 
PU-238 
PU-239 
PU-240 
PU-241 
PU-242 
AM-241 
AM-242H 
AH-243 
CH-242 
CM-244 
CM-245 
CM-244 

Reference 

l*95E+04 
2»13E+04 
8,09E+07 
l*21E+08 
7»44E+01 
l»44E+08 
5.43E+06 
3.58E+07 
7.49E+07 
2,16E+08 
4,llE-05 
5,53E-06 
9,20E-03 
2,03E+00 
9»95E+02 
7.15E+07 
3»03E+01 
l*13E+07 
4,96E+07 
3»55E+07 
2«00E+07 
l,58E+07 
9.58E+07 
e.OlE+05 
l«68E+08 
1.09E+06 
4»84E+07 
6»06E+05 
2.64E+05 

_ P - T 

3,90E+04 
2,13E+04 
8,24E+07 
1.23E+08 
7»44E+01 
l,47E+08 
5,71E+06 
3.58E+07 
7,09E+07 
2.23E+08 
5,48E-05 
6,60E--06 
6»55E-03 
1.22E+00 
3.26E+02 
3,55E+05 
2«93E™01 
5.74E+05 
3«13E+06 
2*19E+06 
l»13E+06 
1.30E+06 
1.86E+05 
2.27E+03 
3.41E+05 
3»29E+03 
4,59E+05 
7.18E+04 
3»06E+»4 

_ _P-T/Ref 

2.000 
1,000 
1.019 
1.017 
1.000 
1.021 
1.052 
1.000 
0.947 
1.032 
1.333 
1.193 
0.712 
0.60] 
0.328 
0.005 
0.010 
0.051 
0.063 
0.062 
0.056 
0.082 
0.002 
0.003 
0.002 
0.003 
0.009 
0.118 
O.llA 

Beference 

4.0eE+04 
1.28E+07 
8.65E+04 
l.OlE+07 
4.29E+03 
1.65E+05 
5.80E+03 
3.93E+01 
8.00E+04 
2.31E+05 
4.38E~08 
5.88E-09 
9.19E-06 
2.03E+00 
8.84E+02 
3.00E+06 
1.57E+00 
3.75E+06 
1.65E+07 
1.18E+07 
6.67E+06 
5.27E+06 
2.63F+05 
8.02E+02 
1.68E+05 
1.09E+03 
4.83E+04 
6.07E+02 
2.64Ef02 

P - T 

4.0eE+04 
1.2eE+07 
8.81E+04 
l.OlE+07 
4.29E+03 
1.69E+05 
6.10E+03 
4.05E+01 
7.58E404 
2.38E+05 
1.47E-07 
3.23E-08 
5.99E-04 
2.44E+00 
/.47E+02 
1.66E+05 
9.88E--01 
2.70E+05 
1.48E+06 
1.03Ef06 
5.35E+05 
6.14E+05 
e.79E+04 
1.09E+03 
1.61E+05 
1.55E+03 
2.15E+05 
3.34E+04 
1.43Ff04 

P-T/Ref^ 

1.000 
1.000 
1.018 
1,000 
1,000 
1.024 
1.052 
1.031 
0.947 
1.030 
3.356 
5.493 

65,180 
1.202 
0.845 
0.055 
0.629 
0,072 
0.090 
0.087 
0.080 
0.117 
0.334 
1.359 
0.958 
1.422 
4.451 

55.025 
54.367 

Reference 

6.03E+04 
1.28E+07 
e,10E+07 
1.31E408 
4.3AE f 03 
1.44Et08 
5.44E+06 
3.58EfO/ 
7.50Ff07 
2.J6F+08 
4,llE-05 
5.54E-0A 
9.21E~03 
4,06E+00 
1.88E+03 
7.45E+07 
3,19E+01 
1.51E+07 
6.61E+07 
4,73E+07 
2.67t+07 
2.1lEf07 
9.61E+07 
8.02F-I05 
1.68Ef08 
1.09E+06 
4.84E+07 
6.07E+05 
2.64E+05 

P - T 

7.9eE+04 
1.28E-f07 
8.25Ef07 
1.33Ef08 
4.3AFf03 
1.47F4 08 
5.72E-I06 
3.5SF f07 
7.10E+07 
2.23t4 08 
5.491- -05 
6.63F--06 
7.15E-03 
3.66E+00 
1.07F-f03 
5.211- f05 
1.28E+00 
8,44Ef05 
4,61E506 
3,22Ef06 
1,67E4 0A 
l..9JFf06 
2.74E+05 
3.36Ff03 
5.02E+05 
4.84E+03 
6.74E+05 
1.05F+05 
4.49E4 04 

P-T/Refa 

1.323 
1 .000 
1.019 
1.015 
1 ,000 
1 .021 
1.051 
1.000 
0,947 
1.032 
L.336 
1.197 
0.7/6 
0,90 1 
0.569 
0.007 
0,040 
0.056 
0.070 
0.068 
0.063 
0.091 
0.003 
0.004 
0.003 
0,004 
0,014 
0.1 73 
0. 170 

T^t io s greater than 1.0 resul t frtm sl ight ly higher bumup of P-T fuel lAich gives s l i ^ t l y larger quantit ies of fissxon 
products. This has no significance frcm the standpaint of P-T benefxts. 



3.3.2 Update of certain parameters 

3.3.2.1 Dose factor. DOSFAC is the dose commitment conversion 

factor for each radionuclide, organ, and exposure mode combination. The 

two primary pathways, internal and external, for each environmental 

receptor (one for groundwater) are summarized below: 

Receptor Pathway 

Air Immersion 
Inhalation 

Land surface Direct exposure 
Ingestion, terrestrial food 

Surface water Submersion 
Ingestion, water and food 

Groundwater Ingestion 

For this task, AMRAW is dimensioned to handle seven organs: total 

body, GI tract, lungs, thyroid, gonads, liver, and bone. Because of the 

almost identical DOSFAC values available for bone marrow and bone, only 

the latter is carried in AMRAW-A, but the health effects for bone marrow 

are included under bone in the AMRAW-B calculations. 

The entire DOSFAC input file was reviewed and updated for this 

task. Dose conversion factors for internal doses, inhalation, and 

ingestion were provided from the U.S. Nuclear Regulatory Commission 

document, NUREG-0172 [NRC77], by G. R. Hoenes and J. K. Soldat of 

Battel!e. The data from this publication is comprehensive and includes 

most nuclides used in AMRAW together with the effects of daughter 

nuclides. Factors for gonads are not included, however. 

External dose rate factors were obtained largely from 

G. G. Killough and L. R. McKay's "A Methodology for Calculating Radia­

tion Doses from Radioactivity Release to the Environment" [0RNL76]. The 

latter document does not include daughter nuclides in its calculations 

for external pathways, nor does it include all nuclides of interest to 
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AMRAW. In addition to these sources, ERDA 1541, Final Environmental 

Statement, Light Water Breeder Reactor [ERDA76b], and NRC Regulatory 

Guide 1.109 [NRC76] provide DOSFAC values for a few additional nuclide, 

organ-site combinations. 

Where no data are available in the literature for external 

pathways, certain trends appearing in the existing data were used to 

approximate the needed missing information. These trends relate values 

for different organs, grouped by chemical element, where possible, for 

internal paths and by emission types and energies. For internal 

pathways, approximations based on emission characteristics provided 

gonad DOSFAC values for the inhalation route. However, because of trend 
237 inconsistencies, the ingestion values (except Np) are defaulted from 

total body values. 

The largest deficiency, but fortunately less serious for this task, 

occurs in factors available for external dose rate. For some 
,.. ,90c 93M 137p 126c 225o 229T.K 241D,, 242m. ten nuclides ( Sr, Mo, Cs, Sn, Ra, Th, Pu, Am 

245 246 

Cm, and Cm), only a single value (total body, direct exposure from 

ground surface) is normally available. When the dose factor is confined 

to gamma exposure, remarkably consistent relationships are found between 

total body values for both air immersion and surface water immersion and 

the ground-surface direct exposure. Furthermore, the organ/total-body 

ratios exhibit similar consistencies, thus making it possible to 

generate reasonably good approximations for the missing external dose 

rate factors. 

Also, because the available external pathway data do not include 

daughter contributions, these data are modified to include the latter 

where the relative half-lives would indicate a meaningful contribution 
during the study time frame. Nuclides which required this modification 
mcluda '"sr. 126s„ (1265„_ 225,^_ 226,^_ 237,p_ ^„, 242n,^ (242,„, 

3.3.2.2 Leach rate parameters. 

Leach rate and quantity limits. The initial version of the 

AMRAW waste leaching model applied to the waste repository risk task 
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carried an implied assumption that rock (salt) dissolution between rows 

of canisters in the repository occurs at such a rate that the surface 

area of the radioactive waste exposed to leaching remains constant. 

This assumption was acceptable for the waste forms to which AMRAW was 

applied in the EPA study [EPA78]. However, the Type B waste form of the 

risk task application presented a new problem. 

One of the key parameters affecting the leach rate of a material is 

its surface-to-volume ratio. Similar to the waste form of the EPA 

study, the Type A waste form in the risk task (borosilicate glass), with 

a surf ace-to-volume ratio of 0.2 cm , leaches at a rate of about one 

row of canisters per 6000 years, if one row is exposed initially (which 

is assumed in the groundwater intrusion release scenarios). At such a 

low leach rate, only 67% of the total repository could possibly be 

leached in the 1 million-year evaluation time used in the risk task. 

Thus, an upper limit on the quantity of waste leached (equal to the 

quantity of waste in the repository) was not required in AMRAW. 

On the other hand, the Type B waste form (nonconsolidated) of the 

risk task, with a surface-to-volume ratio of 35 cm (175 times greater 

than Type A), leaches at a rate of about one row of canisters in 35 

years, or one repository (250 rows) in about 8600 years. Since the 

initial version of AMRAW contained no feature within the leaching 

subprogram to flag the depletion of the repository inventory, leaching 

of about 120 repositories of Type B waste would be allowed in the 1 

million-year evaluation time prior to applying the occurrence 

probability if not corrected. AMRAW did have a feature to prevent 

releasing more than one repository inventory from all events after event 

probabilities were applied. Type B waste released "probabilistically" 

would have been overstated up to the repository limit. Two measures 

were taken to remedy this problem. 

First, the implied assumption in AMRAW about the salt dissolution 

rate does not apply for Type B waste. According to Claiborne [C174], 

salt may be estimated to dissolve at a rate of about 0.1 cm/year on each 

of two surfaces (for upward groundwater flow of 0.35 liters per second 

per kilometer of fracture and for a 900 m salt formation thickness). 
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This is quite close to the leach rate of Type A waste in rows about 

12.6 m apart (the spacing used for the risk task), but is about 175 

times slower than the Type B waste leach rate. 

To limit the rate of exposure of rows of waste canisters to the 

salt dissolution rate, the following assumptions are implemented: 

1. An entire row of the 250 rows of the repository is exposed to 

leaching in the groundwater intrusion release scenarios. 

2. Salt dissolves at a constant rate of 0.1 cm/year on each of 

two dissolution fronts moving in opposite directions normal to 

subsequent rows of canisters. 

The number of rows (ROWS) exposed to leaching during a given time 

interval is then found by 

ROWS = 1 + 2 - ROKDIS- DTIME/ROWSP, (3.1) 

where, 

ROKDIS = rock dissolution rate on one surface, cm/year. 

DTIME = elapsed time since start of leach incident, year. This 

is since occurrence for a consequence analysis, or since 

the start of the release-time increment for a risk 

(probabilistic) analysis. 

ROWSP = average row spacing, cm. 

ROWS is used to control the surface area of the waste inventory 

exposed to leaching in accordance with the rate of salt dissolution. 

This feature limits the rate of waste leaching and accounts for host 

rock dissolution. 

The second measure taken to limit leaching places an upper bound 

(equal to the total quantity of a waste species in the repository) on 

the total quantity of a species in the waste that can possibly be 

leached. Basically, this is accomplished by tracking the fraction of 

the repository exposed to leaching (ROWS divided by the total number of 

rows in the repository) as it grows from 1/250 to 1. The fraction is 

limited to 1, and thus the number of repositories that can be leached in 

the evaluation time is limited to 1. 
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Waste form leaching coefficients. One of the major problems 

encountered in waste leaching calculations is the lack of sufficient 

data on the various waste species of concern. Specifically, in the 

AMRAW leaching model (Godbee and Joy, see EPA78), there is a lack of 

solid diffusion coefficient data and dissolution (or ion mobility) rate 

constants of the various radionuclides in the waste-form matrix material 

(concrete or borosilicate glass). 

To provide an approximate solution to this problem, published 

experimental data [PNL78a, b, c] and J. E. Mendel of Battelle Pacific 

Northwest Laboratories were consulted. On the basis of these consul-
-6 7 

tations, an average representative leach rate (LR) of 6.0x10 g/cm -day 

is assumed for all radionuclides (except Cs and Sr, 6.0x10 g/cm -day) 

in borosilicate glass and concrete waste forms. If one assumes a 
3 

combined average waste-form density (p) of 2.0 g/cm to approximate a 
3 

mixture with borosilicate glass (density, 3.0 g/cm ) and concrete 
3 

(density, 1.6 g/cm ), the diffusion coefficient (D) and the dissolution 

rate constant (k) can be estimated from a relation in the AMRAW leaching 

model: 

(D-k)^^^ s -^ . (3.2) 

Thus, (D̂ k)-'-̂ ^ is about 3.0xl0"^ cm/day (3.0x10"*̂  cm/day for Cs and Sr), 

and based on order-of-magnitude estimates of 0 and k C0RNL74, BNWL69], 

the following values were selected for use in the risk task: 

1. D = 9.46xl0"-'-° cm^/day and k = 9.51xl0"^ day"^ for all 

radionuclides except Cs and Sr. 

2. D = 2.31x10"^ cm^/day and k = 3.89xl0"^day"^ for Cs and Sr. 

This formula implies that leaching of the waste form occurs at a 

constant rate. Two factors that may cause a variable leach rate, 

thermal effects and waste-form disintegration effects, are considered in 

the realistic variable sensitivity analysis described in Sect. 3.4.4. 
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3.3.2.3. Distribution coefficient. After review of more recent K. 

data [Ds78, Se77] and discussion with R. J. Serne of Battelle, the 

distribution coefficient values in Table 3.5 were established for use in 

this study. These are conservative values; those for the more mobile 

elements are generally at the low end of a possible range. The most 

mobile elements are molybdenum, technetium, and iodine, though the K. 

for these can be slightly greater than the zero value used. Also, 

depending upon the oxidation state of neptunium, its K. can be much 

greater than 8.1, with a corresponding increase in retardation. 

Table 3.5. Distribution coefficients 

Element 

C 

Ni 

Sr 

Zr 

Mo 

Tc 

Sn 

I 

K^ (cm^/9) 

1.4 

20 

1.0 

1,400 

0 

0 

100 

0 

Element 

Cs 

Pb 

Ra 

Th 

Np 

Pu 

Am 

Cm 

K^ (cm^/g) 

13.6 

2,800 

20 

10,500 

8.1 

1,400 

1,400 

420 

3.4 Definition of Computer Runs 

3.4.1 Identification of computer runs 

An identification number with seven characters (eight for AMRAW-B 

cases) is employed to indicate case identification. The key to the 

meaning of each character in each position is presented in Table 3.6. 
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Table 3.6. Case identification numbering 

Position 

1 

2 

3 

4 

5 

6 

7 

8 

Category 

Configuration 

Waste type 

Fuel cycle 

Release mode 

Type sensitivity 

Run sequence 

AMRAW identificatii 

Health effects 

Character 

A 

A 
B 
T 

N 
P 

1 
2 

3 

4 
5 
6 

0 
1 
2 

3 
4 

1 
2 

on X 
0 or 7 

C 
G 
T 

Key 

ORNL P-T Program 

Type A consolidated group 
Type B consolidated group 
Total (A •»• B) 

Reference cycle (no P-T) 
P-T cycle 

Total, all events (2 ̂  3) 
Expulsion events 
(probabilistic) 
Slow leach events 
(probabilistic) 
Volcano at 10^ years 
Leach initiation at 10^ years 
Leach initiation at 10^ years 

Base case conditions 
High leach rate 
Realistic variable leach 
rate 
Low leach rate 
High Np K^ 

First run of type 
First repeat, etc. 

AMRAW-A run 
AMRAW-B run with 0% or 
7% discount rate, 
respectively 

Cancers only 
Genetic only 
Total (C -t- G) 
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For example, considering an AMRAW-A run with Type A waste, P-T fuel 

cycle, slow leach release events, base case conditions, and the first 

run of this type, the identifier becomes AAP301X. The corresponding 

AMRAW-B run for 7% discount rate and total health effects becomes 

AAP3017T. This identifier is printed on each output page. In addition, 

a simple sequential case number is also used to provide for briefer 

references. As implemented for the study, 0% and 7% discount rates are 

calculated and output together for each AMRAW-B case. 

Additional explanation of each of the various options is provided 

in the following subsections, which describe the conditions for each of 

the several series of computer runs. 

3.4.2 Risk analysis series 

The risk-analysis series of computer runs involves potential 

release events distributed probabilistically over time. The release 

scenarios used from the EPA study [EPA78] are summarized in Table 3.7. 

The quantity of a specific nuclide released by a given scenario to each 

receptor during an increment of time is the product of: (1) annual 

probability, (2) length of time increment, (3) release fraction, and 

(4) nuclide inventory at the time considered. Following release, 

dispersion to the various geographic zones is calculated. The fractions 

indicated as released to land surface and surface water are further 

modified by the area! fractions of land and water, respectively, in each 

zone. 

For this study, meteorite impact and volcanism scenarios are 

grouped as "expulsive events," and the faulting plus leaching scenario 

is referred to as a "slow-release event." The 18-run risk series is 

identified in Table 3.8. There is one run for each waste type (A, B, 

and total), for each fuel cycle (Ref and P-T), and for each ,release 

scenario group (expulsive, leaching, and total). Each "run" for total 

waste type is obtained by adding the results from runs for the component 

waste Types A and B using the MERGE auxiliary program. Where release 

scenarios are grouped, all are calculated to occur according to their 

individual probability distributions, and the released quantities are 

superimposed. Volcanism and leaching events are further discussed in 

Sect. 3.4.3. 
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Table 3.7. Summary of release scenarios 

Scenario 
Releases to 
receptors 

Annual 
probability 

Estimated 
release fraction 

Risk 
(expected fraction of repository 
released per 1 million years) 

Meteorite impact Direct expulsion to air 1.0 x 10 

Transport to surface 
(distributed between 
ground surface and 
water area in zone) 

1.0 X 10 

-13 

•13 

0.05 

0.05 

5.0 X 10 

5.0 X lO" 

m Volcanogenic 
activity 

Volcanic explosion 

Diatreme 

Faulting; unsealed, 
interconnecting 
aquifers 

Transport to surface 
(distributed between 
ground surface and water 
area in zone) 

Direct expulsion to air 

Direct expulsion to air 

Release to groundwater 

8.1 X lo"-̂ ^ 

2.4 X lo"-'-̂  

2.4 X 10"^2 

1.4 X lo"^ 

0.075 

0.075 

0.006 

Calculated leach 
rates 

6.1 X 10 

-7 1.8 X 10 

1.44 X lo' 



Table 3.8. Risk series computer runs 

Identif ication 
Number 

AAN 104 

ABN 104 

ATN 104 

AAP ! 0 4 

ABP 104 

ATP 104 

AAN 202 

ABN 202 

ATN 202 

AAP 202 

ABP 202 

ATP 2 0 2 

AAN 304 

ABN 3 0 4 

ATN 304 

AAP 304 

ABP 304 

ATP 304 

84 

85 

86 

Si 

82 

83 

96 

97 

98 

93 

94 

95 

90 

91 

92 

87 

88 

89 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

3.4.3 Consequence analysis series 

Each computer run in the consequence analysis series considers a 

discrete release event initiated at a specific time and calculates the 

consequences of such an occurrence. Those considered here are: 
5 

1. expulsion to air by volcanic explosion at 10 years; 
2. leach incident (faulting followed by leaching) initiated at 

10 years; 
5 

3. leach incident initiated at 10 years. 
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The release events correspond to scenarios previously summarized in 

Table 3.7, except that instead of a constant annual probability, a 

probability of unity is applied in the time increment during which 

initiation occurs. 

An "average volcano" erupting through the "volcanism effect zone" 

for a repository (eruption tangent to or within the repository 

perimeter) was shown in the EPA study [EPA78] to have an expected 

intersection fraction of 0.15; if one-half of the intersected inventory 

is expelled to the air, the expelled fraction becomes 0.075. In 

addition, it is conservatively assumed that all expelled radioactive 

material, which is subsequently deposited, is not covered by other 

deposited material. This allows it to be immediately available for 

environmental uptake without first requiring leaching or chemical 

modification. Population distribution and agricultural activity are 

assumed to continue unaffected by the volcano, and no cleanup or 

evacuation occurs after the eruption. 

Each leach incident assumes that a severe faulting event occurs at 

the specified time, interconnecting aquifers above and below the reposi­

tory, and that the fault does not heal. Upward flow along the fault 

through the repository is assumed, with flow merging with the upper 

aquifer flow. Progressive dissolution of salt is assumed, presenting an 

increasing number of waste canisters exposed to leaching as time 

progresses. 

Each of these potential release events has a very low probability 

of occurrence. The results of calculations indicate the consequence of 

the several events and their relative importance if each were to occur. 

Results are useful in making comparisons between the reference and P-T 

cycles, between the different waste types, and in identifying the most 

significant nuclides. However, when evaluating the results, it is 

necessary to keep in mind the low probabilities of such occurrences. It 

should also be noted that the nonradiological consequences from such 

violent events as a volcanic explosion may overshadow the radiological 

increment. 
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Table 3.9 identifies the 18 computer runs comprising the conse­

quence series. There is one run for each waste type, for each of the 

two fuel cycles, and for each of the three release events. Only results 

for the six cases for total waste are reported here. 

Table 3.9. Consequence series computer runs 

Identification 
Number 

AAN 401 

ABN 401 

ATN 401 

AAP 401 

ABP 401 

ATP 401 

AAN 50! 

ABN 501 

ATN 501 

AAP 501 

ABP 501 

ATP 501 

AAN 601 

ABN 601 

ATN 601 

AAP 601 

ABP 601 

ATP 601 

34 

35 

36 

3! 

32 

33 

40 

41 

42 

37 

38 

39 

46 

47 

48 

43 

44 

45 

• 

• 

• 

9 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 
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3.4.4 Sensitivity analysis series 

Sensitivity analysis investigates the variation in results 

associated with variations in values of different input parameters. 

This serves to define the importance of uncertainties in parameter 

values. As discussed in Sect. 3.3.2,2, leaching is a process subject to 

uncertainties in leach rates because of differences between waste forms, 

and the effects of temperature, groundwater properties, and geometry. 

This study considers leach rates a factor of 1000 higher and lower than 

the nominal rates. In addition, a realistic variable leach rate 

(discussed in detail in later paragraphs) is applied to simulate early 

temperature enhancement of leach rates and later increases in exposed 

surface area resulting from waste-form degradation. This modification 

is used in order to assess the impact upon results as compared with use 

of a constant leach rate. 

The rate at which the repository inventory is released by leaching 

tends to be paced by the rate at which salt dissolution permits 

canisters to become exposed to the leachant. To allow a demonstration 

of the effect of the high leach rate (lOOOX), the rock dissolution rate 

(ROKDIS) was increased by a factor of 10 to avoid undue limiting in 

these cases. 

The K. value used for neptunium is estimated to be 8.1. Under 

different oxidation conditions, K^ can be much greater. One parameter 

change in the sensitivity analysis series is the use of a K. of 30 for 

neptunium. 

3.4.4.1 Sensitivity case identification. The sensitivity analysis 

series breaks into two component series: risk and consequence. 

Table 3.10 summarizes the series on risk. Only Type A waste, the most 

significant of the two types, was considered. For the Ref and P-T 

cycles, high, realistic variable, and low leach rates and the high K. 

for neptunium were investigated. One high leach rate case was run with 

the salt dissolution rate as well as leach rate Increased by a factor of 

1000. This rate for salt, 100 cm/year on each surface bordering the 
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Table 3.10. Sensitivity analysis computer runs: 
series on risk 

AAN 31 1 

AAP 312 99 

AAN 321 52 

AAP 321 

AAN 331 54 

AAP 331 53 

AAN 341 56 

AAP 34! 55 

AAP 31 1® 49 

a. High leach rate: leach rate-1000 x nominal, and rock dissolution 
rate-10 x nominal. 

b. Realistic variable leach rate: leach rate increased as function of 
temperature during early thermal period and progressively increased 
leaching surface area after years from waste-form degradation. 

c. Low leach rate: leach rate 0.001 x nominal. 

d. High Np K,: K, increased from nominal 8.1 to 30. 
Q d 

e. Leach and rate and rock dissolution rates both 100 x nominal. 

fault, is unrealistically high but is of interest for comparison 
purposes. 

Table 3.11 summarizes the sensitivity series on consequence. High 
and low leach rates and high neptunium K. were run for the Ref and P-T 
cycles. 
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Table 3.11. Sensitivity analysis computer runs: 
series on consequence 

IdenffficQlion 
Numcer • 

AAN 3 , 1 

AAP 312 

AAfu 321 

AAP 32 i 

Afi^• 331 

AAP 331 

AA^ 341 

AAP 3 4 ! 

AAO 3 i « 

/ / 
/-v. 

S -1 

99 

52 

t 1 

e4 

J3 

5(-

C ^ 

49 

• 

• 

• 

/ Waste 
/ Type 

/ / 

1 

I I 1 Type / 
/Cycle /Releases / Sensit ivi 'y / 

h h h 111 1 •>h'h h'l 
• 

• 

• 

• 

.™.«j 

, 

i _ 
• 
m 

m 
— 1 

• 
• 

• 

• 

• 
• 

L _ 

• 
• 

r~" 

@ 
® 

a. High leach rate: leach rate-1000 x nominal, and rock dissolution 
rate-10 s noTr.inal, 

b. Realistic variable leach rats: leach rate increased as function o* 
temperature during earlv thermal period and progressivelv increased 
leaching surface area after years frot: Kaste-forE degradaticn. 

c. Lov leach rato: leach rate O.ODl x non^inal. 

e. Leach and rate and rock dissolution rates both 100 x nominal. 

3.4.4.2 Realistic variable leach rate. A realistic variable leach 

rate factor was developed and applied to the AMRAW leaching model in a 

simplified attempt to simulate thermal and disintegration effects on 

waste-form leaching. 

To simulate thermal effects, it was first assumed that the waste 

temperature [T(t) in K], initially ZSÔ 'C '(523 K), decreases linearly as 

a function of time (t, in years) for 200 years, until the repository 

ambient temperature of 40°C (313 K) 1s reached. Subsequently, tempera­

ture remains constant. The time function of temperature is then 

T(t) = -1.05t + 523 (3.3) 

with an applied limit that for t > 200 years, T(t) = 523 K. 
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The realistic variable factor was then obtained from a relation 

[0WI78] which states that leach rates of a given glass at different 

temperatures are related by the factor exp[-(5041/T(K)]. That is, if we 

use 40''C (313 K) as a comparison base, the leach rate [LR(T)] at a given 

temperature is related to the leach rate at 40°C [LR(313 K)] as follows: 

LR(T) „ ^^„ 5041 ^ 5041 .- .. 
LR(313 K) " ^^P " T T K T 3l3" ' ^^'^^ 

-6 ? 
Assuming the constant leach rate 6.0x10 g/cm «day (Sect. 3.3.2.2) used 

for the risk task is at 40°C [i.e., equals LR(313 K)], and introducing 

the temperature-time function, a realistic variable factor [RF(t)] was 

obtained: 

DCf^\ - cvr, 5041 . 5041 f^ t-. 
RF(t)-exp (-i.05t + 523) ^ SW ' ^^'^^ 

RF(t) is then a time-varying multiplier applied during the thermal 

period of the waste (the first 200 years) to the leach rate CLR(313 K)] 

used in the AMRAW leaching model. 

The glass disintegration effects are also simulated using the 

realistic variable factor CRF(t)], with an assumption that 

disintegration of the glass will begin at 1000 years and linearly 

increase the surface-to-volume ratio from the nominal value of 0.2 cm 

at 1000 years to that of 1.0-mm spheres (60 cm" ) at 1,000,000 years. 

Thus, for the time period 1000 to 1,000,000 years, the realistic 

variable factor [RF(t)] is time-varied according to the relation: 

RF(t) = 0.0003t + 0.7 . (3.6) 

Beginning at 1000 years, the realistic variable factor increases 

the leach rate modeled in AMRAW from its nominal value [LR(313 K).] to a 

value 300 times greater (the surface-to-volume ratio increases by a 

factor of 300) at 1,000,000 years. 
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4. RESULTS AND ANALYSIS 

This section gives the results obtained from applying the AMRAW 

codes to the Types A, B, and total (A + B) wastes described in Sect. 3. 

For each type of waste, results are presented for both the Ref and P-T 

fuel cycle inventories. Analyses are performed primarily using the Risk 

(probabilistic) and Consequence (discrete release) modes, with 

additional sensitivity analysis runs made to determine the effects of 

changing selected physical parameters. These modes are addressed in the 

above order, and where possible, data are presented from related Ref and 

P-T runs in a manner to facilitate comparison of results. Within each 

mode, waste types A, B, and total (A + B) appear in that order. It has 

been noted in previous applications of AMRAW, and in this application, 

that in ranking of nuclides, by dose, dose rate, and health effects, the 

top five nuclides generally account for almost 90% or more of the total 

parameter in question. Therefore, as a practical matter, many of the 

following tables are confined to describing the most significant five 

nuclides under a particular set of conditions. Also, where dose rate or 

total dose Is the parameter of interest, the value for "total body" 1s 

used as the indicator for comparative purposes. In several instances, 

the overall dose and risk from the P-T cycle Is greater than that from 

the reference cycle because of the slightly higher P-T fuel burnup. 

This condition has resulted in a slightly higher fission product content 
99 

(particularly TC ) in the P-T Inventory. 

The summary tables in this section draw from extensive computer 

output; the appendix to this report [0RNL80] contains selected pages 

from the original computer output, 

4.1 Risk (Probabilistic) Analysis 

This release mode distributes the release probability for each 

release mechanism under study over the 1 million-year study period. 

Such an approach tends to underemphasize the short-term or immediate 

impact of a release event as compared with an actual early occurrence, 
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while significantly overstating the continuing or longer-term impact as 

compared with an actual late or no occurrence. This result Is due not 

only to the extended time distribution of the release, but also to the 

deferral of the waste's environmental decay, which does not commence 

until release from the repository to the environmental receptors. 

While the probabilistic mode does not represent predictions of 

actual events, 1t provides a consistent, reproducible measure for making 

comparisons among alternative repository or other waste management 

functions. 

4.1.1 Type A waste 

Table 4.1 summarizes the key nuclides ranked over the indicated 

time span for Type A waste by (1) activity in curies; (2) local total 

body dose rate. Zone 2; (3) local total body dose rate, Zone 8; and 4) 

the nonspecific total body dose rate. Zone 2 represents a close-in 

desert area without discharge of affected groundwater; Zone 8 is the 

zone receiving the groundwater discharge and is also a zone with 

extensive irrigated agriculture. The cases in Table 4.1 include 

releases from all events. Each section of the table contains data for 

the Reference and corresponding P-T cycle, and the last entry of each 

section supplies the ratio of P-T to Reference, in percent (total for 

all nuclides). Table 3.4 In Sect. 3 can be of use in relating these 

ratios to the corresponding ratios for the initial inventories. 
137 

In the Type A Ref waste, the short-lived fission products, Cs 
90 

and Sr, dominate the early years and, because they are not removed 

through P-T, also dominate the latter-type inventory. On the other 

hand, between a few hundred years and several thousand years, these 

highly radioactive radionuclides disappear, thus reducing significantly 

the total Inventory activity. This reduction in activity opens the top 

rankings to the actinides with modest half-lives ('̂ 400-10,000 years) and 

reasonably large Initial inventories, together with their daughters. As 

100,000 years is approached and passed, the longer-lived fission 

products and actinides with their daughters begin to predominate. 

45 



Table 4«1» Host significant radionuclides at selected times based on total 
boda dose ratel risk (probabilistic) cases? waste type? A 

Case and Variable 0' 
Identification 

SOURCE TERM 

Cyclel 

Activity 
(Ci) 

Caclel 

Activity 
CCi) 

RatioCZ)! 

LOCAL 

Reference 

ITot all nuc 
'.TOP 5 
17. of total 

P - T 

•Tot all nuc 
ITop 5 
17. of total 

CP-T)/CRef) 
iTot all nuc 

DOSE RATE 
TOTAL BODY 

ZONE 2 

Case* 841 
Releases 

Dose Rate 
Cmreifi/y) 

Caset 81i 
Releasel 

Dose Rate 
C»rem/y) 

Caclel Ref 
All events 

> ITot all nuc 
!Top 5 
SZ of total 

Caclel P-T 
All events 

t ITot all nuc 
ITop 5 
IX of total 

pder 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

3 
3 

3 
3 

3 
3 

3 
3 

10**2 

Cs-137 
Sr-90 
Aiii-241 
Pu-238 
Ciri-244 

,57E 09 
.45E 09 
96,7 

Cs-137 
Sr-90 
Pij-238 
Aiii-241 
Tc-99 

,01E 09 
,01E 09 
100.0 

84,3 

Sr-90 
Cs-137 
Aiii-241 
Pu-238 
Cm-244 

.19E-03 
,18E-03 
99.6 

Sr-90 
Cs-137 
Aiii-241 
Pu-238 
Cm-244 

.13E-03 
,13E-03 
100,0 

1 
1 

5 
4 

3 
3 

4 
4 

10**3 

Air.-241 
N P ~ 2 3 9 
Aifi~243 
Pu-240 
Pu-239 

.65E 08 
,61E 08 
97.6 

Tc-99 
Ati-24i 
Pu-240 
Zr-93 
Pu-239 

.22E 06 

.63E 06 
88.9 

3.2 

Ain-241 
Am-243 
Pu-240 
N P - 2 3 9 
Pu-239 

.09E-04 

.07E-04 
99.3 

Airi-241 
Pu-240 
Pu-239 
Sn~126 
AB.-243 

.23E-06 

.llE-06 
97.2 

Time? y 

4 

4 

3 
3 

6 
6 

1 
1 

10**4 

N P ~ 2 3 9 
Aiit-243 
Pu-239 
Pu-240 
Tc~99 

.31E 07 

.19E 07 
97.3 

Tc~99 
Zr-93 
Pu-240 
Pu-239 
Sn-126 

.65E 06 

.41E 06 
93.6 

8.5 

AH.-243 
Pu-239 
R3-226 
Pu~240 
Np-239 

,85E-04 
.75E-04 
98.5 

R3~226 
Pu-240 
Pu-239 
Sn-126 
Aiii-243 

.60E-05 

.S4E-05 
96,1 

3 
3 

2 
2 

5 
5 

2 
2 

10**5 

Tc~99 
Pu-239 
Zr-93 
NP-237 
Cs-135 

.81E 06 
,45E 06 
90,6 

Tc-99 
Zr-93 
Cs-135 
Sn-126 
Pu-239 

,48E 06 
,46E 06 
99.3 

65.1 

R3-226 
Pu-239 
Ra-225 
Th-229 
NP-237 

,09E-03 
.06E-03 
99,4 

R3-226 
Sn-126 
Pu-239 
Pb-210 
Cs-135 

.24E-04 
,22E-04 
99,4 

8 
7 

4 
4 

3 
3 

1 
1 

10**6 

Zr-93 
R3-225 
Th-229 
NP-237 
Tc-99 

.23E 05 

.08E 05 
85,9 

Zr-93 
Tc-99 
Cs~135 
1-129 
Th-229 

,95E 05 
.91E 05 
99.2 

48,0 

R3-226 
R3-225 
Th-229 
NP-237 
Pb-210 

.28E-03 

.28E-03 
100,0 

R3-226 
R3-225 
Th-229 
Cs-135 
Pb-210 

,33E-04 
.32E-04 
99.4 

R3tio(Z)l <P-T)/<Ref) 
ITot all nuc 98.1 1.4 2.3 4.4 4,1 
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Table 4.1 (cont'd) 

Case and Vsriable Order 
Identification 

LOCAL DOSE RATE 
TOTAL BODY 

ZONE 8 

Case* 841 Caclel Ref 
Release 1 All events 

Dose R3te ITot all nuc 
(mreiri/a) I T O P 5 

IX of total 

Case* 811 Caclel P-T 
Release 1 All events 

Dose Rate ITot all nuc 
Cmreni/y) ITOP 5 

IZ of total 

R3tio<X)l <P-T)/<Ref) 
ITot all nuc 

NONSPECIFIC DOSE RATE 
TOTAL BODY 

Case* 841 Caclel Ref 
Release! All events 

Dose Rate ITot all nuc 
(Bi3nren/a) ITOP 5 

IX of total 

C3se# 811 Caclel P-T 
Releasel All events 

Dose Rate ITot all nuc 
(roanrem/a) ITOP 5 

IZ of total 

1 
2 
3 
4 
5 

i 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

2 
1 

I 
1 

1 
1 

1 
1 

10**2 

Cs-137 
Aiii-241 
Sr-90 
Pu-238 
Cni-244 

,04E-04 
,97E~04 
96.5 

Cs-137 
Sr-90 
Pu-238 
An.-241 
Pu~240 

,48E-04 
,47E-04 
99.9 

72,6 

Sr-90 
Cs-137 
Aiii-241 
Ciii-244 
Pu-238 

,39E-01 
.39E-01 
100.0 

Sr-90 
Cs-137 
AII.-241 
Pu-238 
Cii-244 

.40E-01 

.40E-01 
100.0 

1 
1 

2 
2 

3 
3 

6 
5 

10**3 

Ain-241 
Am-243 
Pu-240 
Np-239 
Pu~239 

,53E-04 
.52E-04 
99.3 

Aiii-241 
Pu-240 
Pu-239 
Sn-126 
A(ri-243 

.22E-06 

.18E-06 
97.8 

1.5 

Aii-241 
Am-243 
Pu-240 
R3-226 
Pu-239 

,65E-04 
.62E~04 
99.3 

AII.-241 
R3-226 
Tc-99 
Pu-240 
Sn-126 

.OlE-06 

.20E-06 
86.5 

Timet a 

3 
2 

6 
5 

5 
5 

2 
2 

10**4 

AiTi-243 
Pu-239 
Pu-240 
Np~239 
R3~226 

.04E~04 

.99E-04 
98.3 

Pu-240 
Sn-126 
Pu~239 
Airi-243 
R3~226 

.22E-06 
,95E-06 
95.7 

2.1 

Ra~226 
Airi-243 
R3~225 
Pu-239 
Pu-240 

,06E-03 
.05E-03 
99.8 

R3-226 
T C ~ 9 9 

Sn-126 
Cs-135 
Pu-240 

,35E-04 
,34E-04 
99.7 

4 
4 

4 
4 

7 
7 

5 
5 

10**5 

Tc~99 
1-129 
R3-226 
Pu-239 
Th-229 

.98E-03 

.96E-03 
99.6 

Tc-99 
1-129 
R3-226 
Sn-126 
Pu~239 

.83E-03 

.83E~03 
100.0 

97,0 

Tc-99 
R3-226 
1-129 
R3-225 
Pb-210 

.19E-01 

.19E-01 
100.0 

Tc-99 
1-129 
Ra-226 
Cs~135 
Ra-225 

.28E-01 
,28E-01 
100.0 

10**6 

1-129 
Tc-99 
R3-226 
Th~229 
Np-237 

6,95E-02 
6,95E-02 
100.0 

1-129 
Tc-99 
R3~226 
Th-229 
N P - 2 3 9 

6.93E-02 
6 , 9 3 E - 0 2 

100,0 

99,7 

1-129 
Tc-99 
R3-226 
R3-225 
C S - 1 3 5 

3.39E 00 
3.39E 00 
100,0 

1-129 
Tc-99 
R3-226 
R3-225 
Cs-135 

3.2eE 00 
3,28E 00 
100.0 

RatioCX): CP-T)/<Ref) 
ITot all nuc 100.0 1.7 4.6 73.4 96.8 
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Recognizing that a large percentage of the actinides is removed 

during P-T, these characteristics roughly explain the P-T/Ref ratio 

sequence appearing under the first section of Table 4.1, which deals 

with source-term activity. The partitioning and transmutation has 

little Initial effect on the inventory activity through the first few 

hundred years, is extremely effective subsequently through a few tens of 

thousands of years, and has mixed effect beyond 100,000 years. 

The above-described source-term activity pattern strongly 

influences the local and nonspecific dose rate patterns in the 

subsequent sections of the table. However, during the later time 

periods, the effects of leaching releases and subsequent movement of 

affected nuclides with groundwater to Zone 8 determine the dose rate and 
99 129 

health effects in that zone. In particular, Tc and I, neither of 
99 

which is decreased through P-T ( Tc is slightly larger in the P-T 

inventory due to burnup differences), dominate all later-year effects by 

a wide margin, where leaching Is Involved. This fact is reflected In 

both the Zone 8 and nonspecific results appearing in the table. 

On the other hand, in Zone 2, where the leaching/groundwater 

pathway does not affect food for human and animal consumption, expulsive 

releases account for the majority of effects and are more directly 

traceable to the repository inventories. For this reason, the P-T/Ref 

dose rate ratios for Zone 2 tend to reflect removal of the actinides and 

their activity throughout the 1 million years. 

4.1.2 Type B waste 

Compared with Type A, Type B waste is characterized by a signi­

ficant reduction in initial fission product inventory and transuranic 

elements beyond plutonlum and by an Increase in certain activation 
14 59 93 

products, namely, C, Ni, and Mo. Partitioning and transmutation 

is largely limited to removal of neptunium and plutonlum, whereas the 

radium and curium isotopes appear in significantly larger Initial quan­

tities in the P-T inventories (see earlier Table 3.4). This situation 

Is in contrast with Type A waste, where significant removal 1s effected 
230 246 

beginning with ""Th through Cm. The overall total Type B inventory 
activity is about two orders of magnitude less than for Type A. 
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Table 4.2 provides source activity and dose rate information 

calculated from AMRAW runs using the Type B waste. In this instance, 

the Impact of partitioning and transmutation is significant throughout 

the 1 million-year period, both in terms of activity and dose rates. 

The reduction of fission products in the initial Inventory permits the 

actinides and activation products to compete more effectively for the 

top positions, albeit at a much lower activity level than with Type A 

waste. At the later times, both leaching to groundwater and expulsive 

releases join in establishing the most significant radionuclides in 

Zone 8 and for nonspecific dose rates. Again, the Zone 2 results 

reflect the repository inventory more closely. 

4.1.3 Total waste 

Table 4.3 summarizes results for the total of A + B wastes. 

Because of the generally larger inventories in Type A waste, particu­

larly of the dominant fission products, the characteristics obtained 

from total waste calculations closely resemble those for Type A, with 

only a small increase 1n the impact of partitioning and transmutation 

due to the Type B contributions. 

4.1.4 Significance of release mechanisms 

In order to establish the relative weight for leach releases as 

opposed to expulsive releases, a series of AMRAW runs was performed In 

the probabilistic mode, limited in each case to one of the two release 

scenario types. Table 4.4 gives the Zone 8 total body dose rate results 

for two runs using the total waste inventory. Readily evident are the 
QQ 129 

dominance of Tc and I within the leaching run, their time-depen­

dence on groundwater movement to Zone 8, and after their arrival 

(-•100,000 years and beyond), the significantly larger dose rates 

appearing in Zone 8 compared with rates from the expulsive run. The 

reverse is true up through several tens of thousands of years. Because 

the Type A waste inventory Is significantly larger than Type B from the 

outset, it is expected that the total waste (A + B) runs will follow the 

Type A patterns. 
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Table 4.2. Host significant radionuclides at selected times? risk 
Cprobsbilistic) cssesi W3ste typel B 

Case and Vsrisble Order 
Identification 

SOURCE TERM 

Caclel 

Activity 
CCi) 

Caclel 

Activita 
CCi) 

R3tioCZ)l 

LOCAL 

Reference 

ITot all nuc 
ITop 5 
!% of total 

P - T 

ITot 3ll nuc 
I T O P 5 
IZ of total 

CP-T)/CRef) 
ITot all nuc 

DOSE RATE 
TOTAL BODY 

ZONE 2 

Caset 851 
R©le3sel 

Dose Rate 
Cinre«/a) 

Case* 821 
Relessel 

Dose Rate 
CBirem/a) 

Caclel Ref 
All Events 

> ITot all nuc 
ITop 5 
tX of total 

Caclel P-T 
All Events 

> ITot all nuc 
ITop 5 
IX of total 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

6 
6 

9 
8 

1 
1 

4 
4 

10**2 

Pu-238 
Aiii-241 
Pu-241 
py-240 
Cs-137 

.13E 07 
,01E 07 
94.5 

Pu-238 
Cs-137 
ABi-241 
Sr-90 
Ni-59 

.70E 06 

.12E 06 
83,7 

15.2 

Pu-238 
Aiii-241 
Sr-90 
Pu-240 
Cs-137 

,42E-05 
,39E-05 
98,2 

Sr-90 
AIII-241 

Cs-137 
Pu-238 
CII.-244 

.30E-06 

.21E-06 
97.9 

9 
9 

2 
1 

1 
1 

1 
1 

10**3 

Aiii-241 
Pu-240 
Pu-239 
Ni-59 
C-14 

.54E 06 

.3eE 06 
98.3 

Ni-59 
Aiii-241 
Pu-240 
C-14 
Pu-239 

.03E 06 

.90E 06 
93,8 

21,3 

An.-241 
Pu-240 
Pu-239 
R3-226 
Pu-238 

,87E-05 
,86E~05 
99.2 

Airi-241 
Pu-240 
Pu-239 
A»-243 
R3-226 

.8eE-06 

.82E-06 
96.7 

Timer a 

2 
2 

1 
1 

6 
6 

6 
6 

10**4 

Pu-240 
Ni-59 
Pu-239 
C-14 
Zr-93 

.71E 06 

.65E 06 
97.7 

Ni-59 
Pu-240 
Pu-239 
C-14 
Zr-93 

.19E 06 

.15E 06 
96.6 

43,9 

Ra-226 
Pu-240 
Pu-239 
Pu-242 
Aiii-243 

.91E-05 
,86E-05 
99,2 

R3-226 
Pu-240 
Pu-239 
Airi-243 
Ni-59 

.63E-06 

.39E-06 
96,3 

5 
5 

4 
4 

1 
1 

1 
1 

10**5 

Ni-59 
Pu-239 
Zr-93 
Pu-242 
Pb-210 

.72E 05 
,34E 05 
93.3 

Ni-59 
Zr-93 
Pu-239 
Tc-99 
Pu-242 

.60E 05 
,56E 05 
99.2 

80.4 

R3-226 
Pu-239 
Pb-21© 
R3-225 
Pu-242 

.45E-03 

.44E-03 
99,7 

R3-226 
Pu-239 
Ni-59 
Pb-210 
Pu-242 

,02E-04 
,01E-04 
99,6 

5 
4 

2 
2 

8 
8 

1 
6 

10**6 

Zr-93 
Th-229 
R3-225 
Np-237 
Pu-242 

,34E 04 
,54E 04 
85,0 

Zr-93 
Ra-226 
Th-229 
N F - 2 3 7 

Pu~242 

.85E 04 

.76E 04 
96.9 

53,4 

Ra-226 
R3-225 
Th-229 
Pb-210 
N P - 2 3 7 

.79E-04 

.78E-04 
99.8 

Ra-226 
Ra-225 
Th-229 
Pb-210 
N P - 2 3 7 

, 1 7 E - 0 5 

.16E-05 
99.8 

RstioCX)! CP-T)/CRef) 
ITot all nuc 30,3 10,1 9.6 7.0 1.3 

50 



T s b l e 4 . 2 ( c o n t ' d ) 

Case and Variable 0' 
Identification 

LOCAL DOSE RATE 
TOTAL BODY 

ZONE 8 

Case* 851 Caclel Ref 
Releasel All Events 

Dose Rate ITot all nuc 
Cmrem/a) I T O P 5 

IZ of total 

Case* 821 Caclel P-T 
Relessel All Events 

Dose Rate ITot all nuc 
Cnirem/y) ITOP 5 

IZ of total 

RatioCZ)! <P-T)/CRef) 
ITot all nuc 

NONSPECIFIC DOSE RATE 
TOTAL BODY 

C3se# 851 Caclel Ref 
Release! All events 

Dose Rate ITot sll nuc 
Cmanrem/a) ITOP 5 

IZ of total 

Case* 82? Caclel P-T 
Releasel All events 

Dose Rate ITot 3ll nuc 
Cmanrem/a) 1 T O P 5 

IZ of total 

rder 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 

3 
4 
5 

6 
5 

6 
6 

2 
2 

1 
1 

10**2 

Pu-238 
Aiii-24i 
Pu~240 
Pu~239 
Cs-137 

.06E-06 

.99E-06 
98.9 

Pu-238 
Am-241 
Cs-137 
Sr-90 
Pu-240 

,67E-07 
,23E-07 
93.4 

11.0 

Sr-90 
Ain-241 
Pu-238 
Cs-i37 
Pu-240 

.33E-04 
,32E-04 
99,3 

Sr-90 
Cs-137 
Aiii-241 
Pu-238 
Cm-244 

,59E-04 
,58E-04 
99.6 

9 
9 

9 
9 

2 

3 
3 

10**3 

Am-241 
Pu-240 
Pu-239 
Pu-23e 
Aiii-243 

.62E~06 

.58E~06 
99,6 

Aiii-241 
Pu-240 
Pu-239 
Am-243 
Cro~245 

.51E-07 
,34E-07 
98.2 

9.9 

Affi-241 
Ra-226 
Pu~240 
Pu-239 
Ni-59 

.37E-05 

.35E-05 
99.1 

AII.-241 
R3-226 
Ni-59 
Pu-240 
Pu~239 

.29E-06 

.12E-06 
94.9 

T 

1 
1 

2 
2 

i 
1 

1 
1 

ime? y 

10**4 

Pu-240 
Pu-239 
Ra-226 
Pu-242 
Aiii-243 

,9iE-05 
.89E-05 
99.3 

Pu-240 
Pu-239 
AII.-243 
RA-226 
Ciii~245 

,llE-06 
,01E~06 
95.3 

11,0 

Ra-226 
Ni-59 
Pu-240 
Pu-239 
R3-225 

.48E-03 

.48E-03 
100.0 

R3-226 
Ni~59 
C-14 
Pu-240 
Pu~239 

.22E-04 

.21E-04 
99.9 

4 
4 

6 
6 

6 
6 

4 
4 

10**5 

R3-226 
Pu-239 
Tc-99 
Pu~242 
Th-229 

.54E-05 

.43E-05 
97.6 

Tc-99 
R3-226 
Pu~239 
Pu-242 
Th-229 

.21E-06 

.11E~06 
98.4 

13.7 

Ra~226 
Tc-99 
R3-225 
Ni-59 
Pb-210 

.i6E-02 

.16E-02 
100.0 

R3~226 
Tc-99 
Ni-59 
R3-225 
Pb-210 

.85E~03 

.85E-03 
100,0 

6 
6 

1 
1 

4 
4 

4 
4 

10**6 

R3-226 
Tc~99 
Th-229 
N P - 2 3 7 

R3-225 

.74E-05 

.64E-05 
98,6 

Tc-99 
Ra-226 
Th-229 
1-129 
N P - 2 3 7 

,22E-05 
.20E-05 
98,9 

18.1 

R3-226 
Tc-99 
Ra-225 
Pb-210 
1-129 

•04E-02 
.04E-02 
100.0 

R3-226 
Tc-99 
Ra-225 
1-129 
Pb-210 

,13E-03 
.13E-03 
100,0 

R a t i o C Z ) ! C P - T ) / ( R e f ) 
I T o t 311 nuc 6 8 . 3 1 3 . 9 8 . 3 7 . 9 10 ,2 
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Table 4,3, Most significant radionuclides at selected times? risk, 
(probabilistic) cases? waste tape. A-fB 

Case and Variable Order 
Identification 

SOURCE TERM 

Caclel 

Activita 
CCi) 

Caclel 

Activita 
(Ci) 

RatioCZ)! 

LOCAL 

Reference 

ITot all nuc 
ITop 5 
IZ of total 

P - T 

ITot all nuc 
ITop 5 
IZ of total 

CP~T)/CRef) 
ITot sll nuc 

DOSE RATE 
TOTAL BODY 
ZONE 2 

Caset 861 
Releasel 

Caclel Ref 
All events 

Dose Rate ITot all nuc 
Cmreiii/a) 

C3se* 83J 
Releasel 

ITop 5 
IZ of total 

Caclel P-T 
All events 

Dose Rate ITot all nuc 
Crorem/a) ITop 5 

IX of total 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

3 
3 

3 
3 

3 
3 

3 
3 

10**2 

Cs~137 
Sr-90 
Aiii-241 
Pu-238 
Ciii-244 

,64E 09 
,51E 09 
96.4 

Cs-137 
Sr-90 
Pu-238 
Airi-241 
Tc-99 

.02E 09 

.OlE 09 
99.8 

83.0 

Sr-90 
Cs-137 
Airi-241 
Pu-238 
Cifi-244 

.20E-03 

.19E~03 
99.5 

Sr~90 
Cs-137 
Ain-241 
Pu~238 
Ci»-244 

,13E-03 
,13E-03 
100.0 

1 
1 

7 
6 

3 
3 

6 
5 

10**3 

Ailr~241 
Np~239 
Am-243 
Pu-240 
Pu-239 

.74E 08 

.69E 08 
96.9 

Tc~99 
Aifi-241 
Ni-59 
Pu-240 
Zr-93 

,24E 06 
.14E 06 
84.8 

4.2 

Aiii-241 
Aiii-243 
Pu-240 
Pu-239 
Np-239 

.28E-04 

.25E-04 
99.3 

Airi-241 
Pu~240 
Pu-239 
Sn-126 
Aiii-243 

.iOE-06 

.90E-06 
96.7 

Timer a 

4 
4 

4 
4 

7 
7 

2 
2 

10**4 

NP-239 
Aifi-243 
Pu-239 
Pu-240 
Tc-99 

.58E 07 
,36E 07 
95,3 

Tc-99 
Ni~59 
Zr-93 
Pu-240 
Pu-239 

,e3E 06 
,36E 06 
90.2 

10.5 

Am-243 
Ra-226 
Pu-239 
Pu-240 
NP-239 

.54E-04 

.54E-04 
98,5 

R3-226 
Pu-240 
Pu-239 
Sn-126 
Aiii-243 

,26E-05 
,16E~05 
95,5 

4 
3 

2 
2 

6 
6 

3 
3 

10**5 

Tc-99 
Pu~239 
Zr-93 
Ni-59 
NP-237 

,38E 06 
.87E 06 
88.3 

Tc-99 
Zr-93 
Ni-59 
Cs-135 
Sn-126 

,94E 06 
.90E 06 
98.6 

67.1 

R3-226 
Pu-239 
R3-225 
Th-229 
Pb-210 

.53E-03 

.50E-03 
99.5 

R3-226 
Sn-126 
Pu-239 
Pb-210 
Pu-242 

.25E-04 

.23E-04 
99.4 

8 
7 

5 
5 

4 
4 

1 
1 

10**6 

Zr-93 
R3-225 
Th~229 
Np-237 
Tc-99 

,78E 05 
.51E 05 
85.5 

Zr-93 
Tc-99 
Cs-135 
1-129 
R3-225 

.23E 05 

.17E 05 
98.8 

59,6 

Ra-226 
R3-225 
Th-229 
Np-237 
Pb-210 

.17E-03 
,16E-03 
99.8 

R3-226 
R3~225 
Rh-229 
Cs-135 
Pb-210 

,95E-04 
.94E-04 
99,5 

RatloCZ)! CP-T)/(Ref) 
ITot sll nuc 97.8 1.9 3.0 5.0 4.7 
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TAble 4.3 (cont'd) 

Case and Variable 0 
Identification 

LOCAL DOSE RATE 
TOTAL BODY 

ZONE 8 

Csse* 86? Caclel Ref 

Dose Rate ITot all nuc 
(mrein/a) I Top 5 

IZ of total 

C3se# 83? Caclel P-T 
Releasel All events 

Dose Rate ITot all nuc 
Cfiireni/H) 1 T O P 5 

IZ of total 

RstioCZ)! (P-T)/(Ref) 
ITot all nuc 

NONSPECIFIC DOSE RATE 
TOTAL BODY 

Case* 86? Caclel Ref 
Releasel All events 

Dose Rste ITot all nuc 
(Bsnreni/a) ITOP 5 

IZ of total 

C3se# 83; Caclel P-T 
Release! All events 

Dose Rate ITot sll nuc 
Cmanrem/a) 1 T O P 5 

IZ of total 

rder 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

2 
2 

1 
1 

1 
1 

1 
1 

10**2 

Cs~137 
Ain-241 
Sr-90 
Pu~23e 
Cir,-244 

,10E~04 
.02E-04 
96.3 

Cs~137 
Sr~90 
Pu-238 
Aiii-241 
Pu-240 

,48E-04 
,48E-04 
100.0 

70.5 

Sr-90 
Cs~137 
Am-241 
Ciii-244 
Pu-238 

.39E-01 

.39E-01 
100,0 

Sr~90 
Cs-137 
Aii.~241 
Pu-238 
Ciii-244 

,40E-01 
,40E-01 
100,0 

1 
1 

3 
3 

3 
3 

9 
7 

10**3 

AiTi-241 
Aro-243 
Pu-240 
N P - 2 3 9 

Pu-239 

.63E~04 

.62E-04 
99.3 

Ain-241 
Pu~240 
Pu-239 
Sn-126 
AiTi-243 

,17E-06 
.lOE-06 
97.7 

1.9 

AiTi~241 
Am~243 
Ra-226 
Pu-240 
Pu-239 

.88E-04 
,e5E~04 
99.1 

Am-241 
R3-226 
Pu-240 
T C - 9 9 

NI-59 

.30E-06 

.85E~06 
84.4 

Time? a 

3 
3 

8 
7 

6 
6 

3 
3 

10**4 

AiTi-243 
Pu-239 
Pu-240 
N P - 2 3 9 

R3-226 

.23E-04 

.17E-04 
98.3 

Pu-240 
Pu-239 
Sn-126 
Am-243 
R3-226 

,33E-06 
.94E-06 
95.3 

2.6 

R3-226 
Aro-243 
Rs-225 
Pu-239 
Pu-240 

,54E-03 
.52E-03 
99,8 

R3~226 
Tc-99 
Ni-59 
Sri-126 
Cs-135 

.56E-04 

.55E-04 
99,6 

5 
5 

4 
4 

7 
7 

5 
5 

10**5 

Tc-99 
1-129 
R3-226 
Pu-239 
Th-229 

.03E-03 
,01E~03 
99,6 

Tc~99 
1-129 
R3-226 
Sn-126 
Pu~239 

.83E-03 
,e3E-03 
100.0 

96.0 

Tc-99 
R3-226 
1-129 
R3-225 
Pb-210 

.81E-01 
,81E-01 
100.0 

Tc-99 
1-129 
R3-226 
R3-225 
Cs-135 

,33E-01 
.33E-01 
100.0 

10**6 

1-129 
Tc-99 
R3~226 
Th-229 
N P - 2 3 7 

6.96E-02 
6.96E~02 
100.0 

1-129 
Tc~99 
R3-226 
Th~229 
Np-237 

6.94E~02 
6,94E-02 
100.0 

99,7 

1-129 
Tc-99 
R3-226 
R3-225 
C S - 1 3 5 

3.43E 00 
3.43E 00 
100,0 

1-129 
Tc-99 
R3-226 
R3-225 
Cs-135 

3.28E 00 
3.28E 00 
100.0 

R3tio(Z)l (P-T)/(Ref) 
ITot sll nuc 100,0 2,4 5,4 68.3 95.6 
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Table 4.4. Host significant radionuclides at selected tinies based on total 
boda dose rate? risk (probabilistic) cases? ysste tape, A -I- B (total)? 
selected relesses 

Case and Variable 
Identification 

Order 
10**2 10**3 

Tamp? a 
10**4 10**5 10**6 

LOCAL DOSE RATE 
TOTAL BODY 
ZONE 8 

C3S®# 92? Caclel Ref 
Release! Leachma 

Tc-99 
1-129 
Mo~93 

Tc-99 
1-129 
Ho-93 

1-129 
Tc-99 
N P - 2 3 7 

Dose Rate 
Cmrem/a) 

ITot all nuc 
ITop 5 
IZ of total 

1.50E-12 
1.50E-12 
100.0 

4.77E-03 
4.77E-03 
JOO.O 

6.92E-02 
6,92F-02 
100,0 

Case* 891 Caclel P-T 
Releasel Leachma 

3 
4 
5 

Tc~99 
1-129 
Mo-93 

Tc-99 
1-129 
Mo-93 

1-129 
Tc~99 
N P - 2 3 7 

Dose Rate 
( HI r em/a) 

ITot all nuc 
ITOP 5 

IZ of total 

1.52E-12 
1.52E-12 
100.0 

4.82E-03 
4.82E-03 
100.0 

6.94E-02 
6,94E-02 
100,0 

R3tio(Z)l CP-T)/CRef) 
ITot sll nuc 100.0 100.0 100.0 

LOCAL DOSE RATE 
TOTAL BODY 

ZONE 8 

Case* 98? Caclel Ref 
Releasel Expulsive 

Dose Rate ITot sll nuc 
Cnireni/a) ITOP 5 

IZ of total 

Csse* 95? Caclel P-T 
Relesse! Expulsive 

Dose Rate ITot all nuc 
(mreiri/a) ITOP 5 

IZ of total 

1 
2 
3 
4 
5 

1 
1 

3 
4 
5 

2 
2 

1 
1 

Cs-137 
Am-241 
Sr-90 
Pu-239 
Cffi-244 

,10E~04 
.02E-04 
96.3 

Cs-137 
Sr-90 
Pu~238 
AiTi-241 
Pu-240 

,48E-04 
,48E-04 
100.0 

1 
1 

3 
3 

Airi-241 
AII.-243 
Pu-240 
N P - 2 3 9 

Pu-239 

.63E-04 

.62E-04 
99,3 

Am-241 
Pu-240 
Pu-239 
Sn-126 
Aiii-243 

.17E-06 

.lOE-06 
97,7 

3 
3 

8 
7 

Aiii-243 
Pu-239 
Pu-240 
N P - 2 3 9 

Ra-226 

.23E-04 

.17E-04 
98.3 

Pu-240 
Pu-239 
Sn-126 
Aii.~243 
R3-226 

.33E-06 

.94E-06 
95.3 

2 
2 

1 
1 

R3-226 
Pu-239 
Th-229 
N P ~ 2 3 7 

Sn-126 

.55E-04 

.48E-04 
97.1 

Ra~226 
Sn-126 
Pu-239 
Pu-242 
Th-229 

.46E-05 

.43E-05 
98.0 

3 
3 

1 
1 

R3-226 
Th-229 
N P - 2 3 7 
R3-225 
Pu-242 

.46E-04 

.44E-04 
99.4 

Ra~226 
Th-229 
N P - 2 3 7 

R3-225 
P U - 2 4 2 

.35E-05 
,33E-05 
98.4 

R3tio(Z)l (P-T)/(Ref) 
ITot all nuc 70.5 1.9 2,6 5.7 3.9 
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Also, although P-T is shown as ineffectual for the leach-only 

events, it has significant impact after the first few hundred years in 

the expulsive case. In general, the key contributing nuclides beyond 

thorium are reduced significantly and in somewhat the same proportions 

through P-T of Type A waste; therefore, in the long term, some of the 

same nuclides (usually as offspring) retain the same high ranks under 
99 expulsion. Although Tc ranks high (fourth) in activity at 1 million 

years under P-T, its sole radiation, beta, has limited access to man and 

his organs through the dominant external pathways associated with this 

type of release. Iodine-129, which also has high activity at 1 million 

years, does emit gamma radiation and can contribute to dose through 

external pathways; however, its final calculated contribution under 

expulsive release is too low to make the top five. Naturally, if dose 

rate to the thyroid were under consideration and internal pathways 

significant, then the dominant nuclide pattern would be different and in 
129 

favor of -^^^I. 

Table 4.5 summarizes the results of all events—leaching and 

expulsive runs for Types A, B, and total wastes, both Ref and P-T 

Inventories—and gives results for integrated total body doses at 10 

and 10 years for Zone 8 and nonspecific. Selection of these two times 

provides a bracket before and after arrival in the zone of the 
99 129 groundwater-transported concentration peaks of Tc and I. 

Some caution should be exercised in interpreting or extrapolating 

portions of Table 4.5. For example, this analysis concentrates to a 

large extent on Zone 8 and "nonspecific" recipients of radiation doses 

because of the repository's predominant demographic, agricultural, and 

geologic connection with them. The physical nature of expulsive events, 

however, leads to larger resultant nuclide concentrations close to the 

repository and decreasing concentrations as the radial distance from the 

site is increased. Naturally, for the same repository invento-ry, this 

factor leads to higher dose rates and greater cumulative doses resulting 

from expulsive events in Zones 1 and 2 than in Zone 8. In fact, it 

leads to dose rates which are competitive with leach releases until the 
99 129 concentration peaks of Tc and I from leaching arrive. Direct 

comparison between the two release modes cannot be made for Zone 2 in 
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Table 4.5. Suniniara of integrated total body dose? total all nuclides? 
risl* (probabilistic) anslasis 

Description Intedrsted Dose 10**5 a Integrated dose 10««6 a 
No 

Waste Cacle 
tape 

Rel 
Local? 
• rem 

3.36E 02 
3.08E 02 
2.89E 01 

3.13E 02 
3,12E 02 
1,08E 00 

3.64E 00 
2.24E-01 
3.42E 00 

5.18E-01 
2.29E~01 
2.89E-01 

3,40E 02 
3.08E 02 
3.23E 01 

3.14E 02 
3.12E 02 
1,37E 00 

Zone 8 
Z of 
total 

100.0 
91,7 
8,6 

100.0 
99.7 
0.3 

100,0 
6,2 

93,8 

100.0 
44.2 
55,8 

100,0 
90,6 
9,5 

100,0 
99,4 
0.4 

Nonspecific 
nisnreiii 

4.63E 
3.56E 
1.07E 

3.69E 
3,64E 
5.22E 

3,14E 
3,94E 
3,10E 

2.61E 
4.03E 
2.21E 

4.94E 
3.56E 
1.38E 

3,72E 
3,64E 
7.43E 

04 
04 
04 

04 
04 
02 

03 
01 
03 

02 
01 
02 

04 
04 
04 

04 
04 
02 

7. of 
total 

100.0 
76.9 
23.1 

100.0 
98.6 
1.4 

100,0 
1.3 

98.7 

100.0 
15.4 
84.7 

100.0 
72.1 
27.9 

100.0 
97.8 
2.0 

Local? 2 
mrem 

7.33E 
7,27E 
6.07E 

7.32E 
7.32E 
2.48E 

1,74E 
2,52E 
1,49E 

3.64E 
2.57E 
1,06E 

7.35E 
7.27E 
7.56E 

7.32E 
7.32E 
3.54E 

04 
04 
02 

04 
04 
01 

02 
01 
02 

01 
01 
01 

04 
04 
02 

04 
04 
00 

lone 8 
7. of 
total 

100.0 
99.2 
0.8 

100.0 
100,0 

0,0 

100,0 
14.5 
85.5 

100.0 
70.6 
29.1 

100.0 
98.9 
1.0 

100.0 
100.0 

0.0 

Nonspecif 
manrem 

5.91E 
5,55E 
3.62E 

5.64E 
5.63E 
1.57E 

1.09E 
4.45E 
1.04E 

1.19E 
4.54F 
7.32E 

6.02E 
5.55E 
4.66E 

5.65E 
5.63E 
2.30E 

'ic 
Z of 

total 

06 
06 
05 

06 
06 
04 

05 
03 
05 

04 
03 
03 

06 
06 
05 

06 
06 
04 

100.0 
93.9 
6.1 

100.0 
99.8 
0.3 

100,0 
4.1 

95,4 

100.0 
38..' 
61.5 

100.0 
92.2 

7>7 

100.0 
99,6 
0.4 

84 A Ref A H events 
90 A Ref Leachma 
96 A Ref Expulsive 
81 A P - T All events 
87 A P - T Leschma 
93 A P - T Expulsive 

85 B Ref All events 
91 B Ref Leachma 
97 B Ref Expulsive 

82 B P - T All events 
88 B P - T Leachma 
94 B P - T Expulsive 

86 Total Ref A H events 
92 Total Ref Leachma 
98 Total Ref Expulsive 

83 Total P - T All events 
89 Total P - T Leachma 
95 Total P - T Expulsive 



this task because the fractional exposure to groundwater-borne radio­

activity in that zone 1s essentially zero. This condition is due to the 

high brine concentration of aquifers traversing the Sal ado Formation and 

moving southwestward along Nash Draw, coupled with the sparse population 

and activity in the immediate region. In spite of the expected lower 

expulsive doses in Zone 8, the data in Table 4.5 highlight certain 

interesting differences In the effects of the various release forms. 

One anomaly appears in the difference In contribution distributions 

for Type A and Type B wastes. In the former, the leaching releases 

dominate cumulative dose at both times, but in the latter, the expulsive 
6 

doses are larger, except In the instance of P-T at 10 years. This 

difference is due primarily to the significantly smaller initial fission 

products inventory In Type B waste compared with Type A. In particular, 
129 the Type B Ref inventory of I is smaller by six orders of magnitude 

99 
and of Tc by three, in contrast with the varying inventories of the 

actinides. Thorium has about the same initial A and B inventory sizes; 

plutonlum B inventories are smaller than Type A by a factor of two to 

three, neptunium by a factor of about ten , and the rest are smaller by 

up to three orders of magnitude. 

4.1.5 Attribution to initial Inventory 

This section is devoted to the analysis of health effects resulting 

from the waste-release scenarios postulated for the risk task and their 

attribution to the nuclides in the initial repository inventory. In 

order to obtain incidence rates of health effects, the dose rate output 

from AMRAW-A is supplied as input to AMRAW-B by nuclide, organ, zone 

(including nonspecific), and time. These annual rates are then 

multiplied by their respective zonal population projections (Table 3.3) 

and health-effect incidence rates (Table 3.2) to obtain annual health-

effect rates by nuclide, organ^ zone, and time. Because the nonspecific 

dose rate already includes the population factor through the expected 

consumption of food crops produced in the region, its population 

calculation 1s not required in AMRAW-B. All health-effect rates are 
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treated as death rates by AMRAW. Also, the health effects resulting 

from doses to the gonads are considered as deaths caused by genetic 

effects. In order to provide a means for economic analysis, the value 

$250,000 1s substituted for each death in accordance with the 

explanation of Sect. 3.1.2.2. 

Table 4.6 summarizes the cumulative deaths over 1 million years for 

total (A -I- B) waste released under the probabilistic mode. In the "all 

events" cases, deaths resulting from genetic effects are separated from 

those caused by cancers. In almost all instances the genetic deaths are 

about a factor of ten less than the cancer deaths. The P-T/Ref ratios 

parallel closely the dose rate characteristics described in the 

preceding section for the different release modes. The reason the ratio 

appears slightly larger than 100% in the "all events" and leaching cases 

is that the initial P-T inventory contains a slightly larger amount of 
99 
Tc than the Ref Inventory. As explained in Sect. 3, these slight 

variations from unity result from the slightly higher burnup, and 

therefore slightly higher fission product content, of the P-T fuel, and 

are not meaningful with respect to the benefits of P-T. Of particular 

note are the small average annual statistical deaths per year reported 

from the calculations, the maximum being about a few hundredths of one 

death per year. The totals Include the sum of effects in all zones plus 

nonspecific, or essentially all calculated deaths associated with the 

terminal repository when specifically subjected to all of the potential 

release events considered, applied in the probabilistic mode. Similar 

analysis for assumed discrete releases at specific times (Sect. 4.2) 

gives results about 100 times larger; however, this form of inquiry 

neglects the unlikelihood of occurrence. 

Table 4,7 lists the most significant nuclides and health-effect 

rates for all zones, nonspecific, and total for all zones and 

nonspecific. In addition, the last section gives nuclide rankings based 

on cumulative health effects through the times indicated. The data 

appearing in this table represent the translation by AMRAW-B of the dose 

rate output from Cases 86 (Ref) and 83 (P-T) to health effects. The 

dose rate data are summarized in Table 4,3. 

58 



Table 4.6. Deaths in one million aears from health effects* 
risk (probabilistic) analasisi wastel A + B (total) 

LOCAL NONSPECIFIC TOTAL AVERAGE 
DEATHS DEATHS DEATHS DEATHS/YR 

RELEASE! all events 

Case 

Cacle. reference 
*86c Cancers 

Genetic effects 

*86T Total 

1.57E 04 1.70E 04 3,27E 04 3,27E-02 
2.40E 03 1.20E 03 3.60E 03 3.60E-03 

1.81E 04 1.82E 04 3.63E ©4 3,63E-02 

Caclel P - T 
•83C Cancers 

Genetic effects 

*83T Total 

Ratio (Z)l (P-T)/(Ref) 
Total effects 

1.59E 04 1,73E 04 3.32E 04 3.32E-02 
2.20E 03 I.IOE 03 3.40E 03 3.40E-03 

1.81E 04 1,84E 04 3.66E 04 3.A6E-02 

100.0 l u l . l 100,8 100.8 

RELEASES leaching 

Caclel reference 
#92T Total effects 1,78E 04 1,80E 04 3.58E 04 3.58E-02 

Caclel P - T 
#89T Total effects 1.81E 04 l,e4E 04 3.66E 04 3.66E-02 

Ratio (X)l (P-T)/(Ref) 
Total effects 101,7 102.2 102.2 102,2 

RELEASE! expulsive 

Caclel reference 
*9eT Total effects 2,82E 02 1.59E 02 4.42E 02 4,42E-04 

Caclel P - T 
#95T Total effects 1,15E 01 7,88E 0© 1,94E 01 1.94E-05 

Ratio (Z)l (P-T)/(Ref) 
Total effects 4.1 5,0 4,4 4,4 

One feneration population for local effectsi I?e83f627 (Table-3.3) 
Nonspecific effects based on total food production 
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Table 4.7. Most siSnificsnt rsdioriuclides at selected times based on sll 
health effects* rs.sl' (probabilistic) esses? waste typel A ••• B (total) 

Case and variable 
identification 

Order 
10**2 

Tin 
10**3 

> « 
10**4 10**5 10**6 

ZONAL 
HEALTH EFFECT 

RATE 1 
2 

Csse* 86T? Caclel Ref 3 
Release} All Events 4 

5 

S r - 9 0 
Cs-137 
Aifi-241 
Pi j -238 
Ciii-244 

Aii i-241 
Pu-240 
Airi-243 
Pu-239 
N P - 2 3 9 

Pu-239 
Pu~240 
AII.-243 
NP-239 
R3~226 

Tc-99 
1-129 
Ra-226 
Pu~239 
Th-229 

Tc-99 
1-129 
R3-226 
Th~229 
NP-237 

Health !Tot sll nuc 1.16E-04 9.04E-05 2.32E-04 2.15E-03 7.81E-03 
Effects ilop 5 l.llE-04 8.96E-05 2.30E-04 2.14E-03 7,81E-03 
(de3ths/H)!Z of total 95.7 99.2 98.7 99.4 100.0 

Case* 83Tf CscleS P-T 
Releasel All Events 

S r - 9 0 
Cs-137 
Pu-238 
Aiii-241 
Pu-240 

Pu-240 
AII.-241 
Pu-239 
Aiii~243 
Sn~126 

Pu-240 
Pu-239 
Sri-126 
Aiii~243 
R3~226 

Tc~99 
1-129 
Ra-226 
Pu-239 
Sn-126 

Tc-99 
1-129 
R3-226 
Th-229 
Pu-242 

Health Slot all nuc 7.81E-05 2.06E-06 6.38E~06 2.02E-03 7.73E-03 
Effects !Top 5 7.81E-05 2.02E-06 6.15E-06 2.02E-03 7,73E-03 
(deaths/a)iX of total 100.0 97.9 96.4 100.0 100.0 

R3tio<Z>l (P--T)/(Ref) 
ITot all nuc b7,A, 2.3 !.7 93.9 99,0 

NONSPECIFIC 
HEALTH EFFECT 

RATE 

Case* 86TI C a c l e l Ref 
R e l e a s e l A l l E v e n t s 

H e a l t h ! T o t a l l nuc 
E f f e c t s I T O P 5 
( d e 3 t h s / B ) ! Z o f t o t a l 

Case* 83TJ C u c l e l P-T 
R e l e a s e l A l l Even t s 

H e a l t h I T o t s l l nuc 
E f f e c t s I TOP 5 
( d e a t h s / B ) ! Z o f t o t a l 

R 3 t i o ( % ) l ( P - T ) / ( R e f ) 
•To t s l l nuc 

::s=3——sssssBSEissssssssssgsffias—s;ass5sesi 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

S r - 9 0 
Cs-137 
Aiii-241 
Ciii-244 
Pu-238 

6 ,31E-05 
6 .27E-05 

9 9 . 6 

Sr~90 
C5--137 
Am-241 
Pu-238 
C»-244 

6.12E~05 
6 . 1 2 E - 0 5 

100 .0 

9 7 . 0 

Aiii-241 
Am-243 
Pu-240 
Pu-239 
R3-226 

8.04E~07 
7 .92E-07 

9 8 . 9 

Am-241 
Tc -99 
Pu-240 
Sn-126 
R3~226 

1.65E~08 
1 .45E-08 

8 7 . 7 

2 . 1 
:=s — — as :s ss ss ffisasa:^ 

Rs-226 
Am-243 
Tc -99 
Pu-239 
Pu-240 

2 .36E-06 
2 .34E-06 

9 9 . 2 

R3-226 
Tc -99 
Sn-126 
N i - 5 9 
Cs~135 

1.47E-07 
1.45E-07 

9 8 . 5 

6 . 2 
s a: =s ss Es s: s: :=:=:=:: ̂  = 

Tc -99 
R3-226 
X-129 
R3-225 
Pb-210 

2 .18E-03 
2 .18E-03 

1 0 0 . 0 

Tc -99 
1-129 
R3-226 
Sn-126 
R3~225 

2 . 1 4 E - 0 3 
2 . 1 4 E - 0 3 

100 .0 

9 7 . 9 

Tc-99 
1-129 
T3-226 
R3-225 
Pb-210 

6 .08E-03 
6 .08E-03 

100 .0 

Tc -99 
1-129 
R3-226 
Ra-225 
Cs-135 

6,08E-O3 
6 ,08E-03 

100 .0 

100 .0 
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Table 4,7 (cont'd) 

Csse and variable 
identification 

Order 
10**2 10**3 

Time* « 
10**4 10**5 10**6 

TOTAL 
HEALTH EFFECT 

RATE 1 
2 

Csset 86TI Caclel Ref 3 
Releasel All Events 4 

5 

Sr~90 
Cs-137 
Am-241 
Pu 238 
CII.-244 

AHI~-241 
Pu-240 
Am~243 
Pu-239 
N P - 2 3 9 

Pu-239 
Pi j -240 
Aiti-243 
N P - 2 3 9 
R3-226 

Tc -99 
R3-226 
1-129 
Pu-239 
Th-229 

Tc-99 
1-129 
R3-226 
Th-229 
R3-225 

H e a l t h I T o t all nuc i .79E~04 
E f f e c t s I T O P 5 1.74E-04 
( d e 3 t h s / y ) ! X o f t o t a l 9 7 , 0 

9.08E-05 2.35E-04 4.35E-03 1.38E-02 
9.00E-05 2.32F~04 4.31E~03 1.38E-02 

99.2 98./ 99.7 99.9 

Case* 83TI Caclel P-T 
Releasel All Events 

Sr~90 
Cs-137 
Pu-238 
AII.-241 
Pu-240 

Pu~240 
AII1--241 
Pu~239 
Aiii-243 
Sn-126 

Pu-240 
Pu-239 
Sn~126 
Ra-226 
Aiii~243 

Tc-99 
1-129 
Ra~226 
Pu-239 
Sn-126 

TC~99 
1-129 
R3--226 
Th~229 
Pu-242 

Health !Tot sll nuc 
Effects I TOP 5 
(de3ths/u)IZ of total 

1.40E-04 2.08E-06 6.54E-06 4.15E-03 1.39E-02 
l,39E-04 2.03E-06 6.27E-06 4.15E-03 l,39E-02 
99.9 97.7 96.1 100.0 100,0 

R 8 t i o ( Z ) l 

! = = = = = = = = = 

( P - T ) / ( R e f ) 
I T o t s l l nuc 

: = S !ss — = — S S S S S 2 —=SS!3S : 

CUHULATIVE TOTAL 
HEALTH EFFECTS 

Case* 86TJ C a c l e l Ref 
R e l e a s e l 

H e a l t h 
E f f e c t s 
( d e a t h s ) 

A l l Even t s 

I T o t a l l nuc 
ITop 5 
IZ o f t o t a l 

Case* 83TI C u c l e l P-T 
R e l e a s e l 

H e a l t h 
E f f e c t s 
( d e s t h s ) 

A l l Even t s 

I T o t a l l nuc 
ITop 5 
IZ o f t o t a l 

s:^r:s 

1 
2 
3 
4 
5 

1 
-̂s 

3 
4 
S 

= = = 1 

3 
3 

3 
3 

7 7 . 9 
= = = = = ! = • = = 

Sr~90 
Cs-137 
Cm-244 
Airi-241 
Pu~238 

.55E-02 

.51E~02 
9 9 . 0 

S r - 9 0 
Cs-137 
Pu~238 
Aiii~241 
Ciii-244 

.23E-02 

.23E-02 
100 .0 

= = ; 

1 
1 

4 
4 

2 . 3 
=!=ss=sKa=s= = =s 

AiTi~241 
S r - 9 0 
Pu~240 
Afi~243 
Cs-137 

.19E-01 

.07E~01 
9 0 . 1 

S r - 9 0 
Cs-137 
Aiii-241 
Pu-240 
Pu-238 

.38E-02 

.35E-02 
9 9 . 4 

=s = : 

1 
1 

9 
8 

2 . 8 
: r = = = =-= = = 

Pu-240 
Am~243 
Pu-239 
An.~241 
Np-239 

,75E 00 
.67E 00 
9 5 . 4 

S r - 9 0 
Pu-240 
Pu-239 
Cs-137 
Am-241 

,00E-02 
.38E~02 
9 3 . 5 

ssss: 

3 
3 

2 
1 

9 5 . 6 
xs==ss;s=!S^s: 

Tc-99 
Pu-239 
R3-226 
1-129 
Pu-240 

.13E 02 
,09E 02 
9 8 . 8 

Tc -99 
1-129 
R3-226 
Pu-239 
Pu-240 

.V2E 02 

.91E 02 
9 9 . 9 

100.3 
=========== 

Tc-99 
1-129 
R3-226 
Th-229 
Pu-239 

3.63E 04 
3.63E 04 

100 .0 

Tc~99 
1-129 
Ra-226 
Th-229 
Sn-126 

3.66E 04 
3.65E 04 

100.0 

R3tio<Z)l (P-T)/(Ref) 
ITot sll nuc 91.1 36.8 5.1 93,: 100.8 
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The quantitative dominance of Type A waste is evident in these 
99 129 results, as well as the almost unique roles of Tc and I in the 

later years. When compared with tables addressing rates at specific 

times, the cumulative tables carry forward in somewhat better perspec­

tive the doses and effects attributable to the highly radioactive (and 
90 137 shortlived) fission products such as Sr and Cs. 

Note that for the Los Medanos region and the parameters selected 

for this risk analysis task, the nonspecific health effect rate corre­

sponds closely to the zonal health effect rate after a few tens of 

thousands of years. 

Table 4.8 lists results for the total (A + B) inventory, with the 

nuclides listed by rank according to peak health effects. The results 

in this table also represent the Type A waste alone. The most 

significant nuclides, based on total cumulative effects over 1 million 

years, appear in Table 4.9. The table clearly shows the overwhelming 
99 129 contributions made by Tc and I, which are not removed through 

actinide partitioning. The slight indicated increase in total P-T 

deaths over Ref deaths is due to the initial inventory variances 

resulting from relative burnup explained earlier. 

Table 4«8. Most siaraficsnt radionuclides ranked ba ma-rimuni 
health effect (death) rate? wasteS A+B (total) 

RANK 

1 

n 

3 

4 

5 

6 

7 

8 

9 

10 

Reference Cue 
C3se# 86T 

NUCLIUE 

Tc~99 

1-129 

R3-226 

Sr-90 

Pu~239 

pij-240 

Am~243 

Cs-137 

Th-229 

Am-241 

MAXIHUH 
DEATHS/a 

9.38E--02 

3.64E-03 

6.19E--04 

5.04E'-04 

2.07E-04 

9.77E-05 

7.92E-05 

6.15E--05 

6.08E-05 

5.46E~05 

le 

TIME 
<a) 

300000 

500000 

300000 

5 

30000 

20000 

20000 

40 

700000 

600 

P 

c 

NUCLIDE 

Tc-99 

I--129 

Sr-90 

Cs-137 

R3-226 

Pu-239 

Sri-126 

Pu-238 

Aiir-241 

- T Cycle 
3se# 83T 

HAXIHUH 
DEATHS/a 

9.58E 02 

3.64F-03 

5.15E-04 

6.38E-05 

3.08E-05 

4.23E~06 

1.61E-06 

9.54E-07 

8.88E-07 

TIHE 
(a) 

300000 

500000 

s 

40 

300000 

30000 

200000 

200 

600 
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I able 

RANK 

1 

1 

3 

4 

5 

6 

7 

8 

9 

10 

rots 
All 

i l 

Nucl: 

4.9. Mos 
ba 
he 

t si^rafleant radioriuclides ranl'ed 
1 million aears'total cumulative 

elth affect&f uasteS A+B (total) 

Re>fereric« Cycle 
Case* 86T 

NUCLIDE 

rc-"99 

1-129 

Ra -226 

Th-229 

Pij~239 

N P - 2 3 7 

R3-225 

Pu-24:> 

Th-230 

Pu-240 

ides 

INTEGRATED 
FFFECTS 
(deaths) 

33000 

2080 

339 

50 

20 

9 

8 

4 

4 

n 

36300 

P - T 
Case 

NUCLlie 

re-99 

I -129 

R3-226 

Th-229 

Sn~126 

Pu-239 

Pu-242 

Th~230 

Np-237 

R3~225 

Cade 
•* 83T 

INIEGRATED 
EFFECTS 
(deaths) 

33700 

2880 

17 

0.6 

0.4 

0.4 

0.4 

0.2 

0.1 

0.1 

36600 

The total damage, in dollars, and marginal damage per gram of 

initial inventory for damages accrued over the 1 million-year study 

period is given in Table 4.10 by nuclide decay group. It is 

particularly useful to consider nuclide decay groups as well as 

individual nuclides when attempting to isolate the most culpable source 

for various effects. To illustrate this point, the humble appearance of 

Ra in the initial inventory (A + B) is only 9.2 x 10 g, which in no 

way interferes with its subsequent success in making the top five. The 

key, of course, is to study the source parent nuclides and their 

presence in the original repository waste. 

The greatest marginal damages per gram result from Group No. 11, 
99 129 

Tc, and Group No. 13, I, with typical values (total waste) of 

$59.50/g and $21.00/g, respectively. After these two nuclides. 

Group No. 4, which contains Ra, gives an average marginal damage of 

$5.28/g. The other nuclide groups have significantly lower marginal 

damages per gram—only pennies or a fraction of a penny. The total 
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Table 4.10 (cont'd) 

WASTE 
TYPE 

TOTAL 
DAMAGESF« 

AVE ! 
INITIAL MARGINAL ! 
MASS jam DAMAGE J«/a! 

AUE ! 
TOTAL INITIAL MARGINAL I TOTAL 

DAHAGESF* MASSFam DAMAGE»*/al DAMAGES»» 

AWE 
INITIAL MARGINAL 
MASSriim DAMABEF»/= 

GROUP* 10 
---1 

1 

Mo-93 

A 
REF 
P-T 

B 
REF 
P-T 

TOTAL 
REF 
P-T 

Rstio <Z) 
TOTAL 

5.35E-02 7.44E 01 7.19E-04 
5.35E-02 7.44E 01 7.196-04 

9.01E 00 4.29E 03 2.10E-03 
9.01E 00 4.29E 03 2.10E-03 

9.06E 00 4.36E 03 2.08E-03 
9.06E 00 4.36E 03 2.08E-03 

t (P-T)/(Ref) 
100.0 100.0 100.0 

GROUP* 11 

Tc-99 

.. 
I GROUP* i: 
! Sri~12A 

[-

8.56E 09 
8.75E 09 

9.84E 06 
l.OOE 07 

1.44E 08 
1.47E 08 

1.65E 05 
1.69E 05 

8.57E 09 1.44E 08 
8.7SE 09 1.47E 08 

5.94E 01 
5.95E 01 

5.96E 01 
5.94E 01 

b.95E 01 
5.96E 01 

9.88E 04 
1.04E 05 

: 1.05E 02 
I l.llE 02 

5.43E 06 
5.71E 06 

5.80E 03 
6.10E 03 

9.88E 04 5.44E 06 
1.04E 05 5.72E 06 

102.1 102,1 

GROUP* 14 

Cs-135 

100.1 ! 105.3 105.1 
= = •= = •= = = = ! = = = = ̂ = = = = -=:̂  = = = = = = = = 

1 GROUP* 15 
. _, 
I Cs-137 

1.82E-02 
1.82E-02 

1.82t-02 
1.82E-02 

1.82E-02 
1.82E-02 

100,0 

GROUP* 13 

1-129 

REF 
P-T 

B 
REF 
P-T 

TOTAL 
REF 
P-T 

Rstio (Z) 
TOTAL 

7.50F 08 
7.50E 08 

8.25E 02 
8.50E 02 

3.58E 07 
3.58E 07 

3.93E 01 
4.05E 01 

2.10E 01 
2.10E 01 

2.10E 01 
2.10E 01 

7.50E 08 3.58E 07 2,10E 01 
7,50E 08 3,58E 07 2,10E 01 

t (P-T>/(Ref) 
100,0 100.0 

7,44E 03 7.49E 07 
7.04E 03 7.09E 07 

7.94E 00 8,00E 04 
7,52E 00 7.58E 04 

7,44E 03 
7.05E 03 

100,0 ; 94.8 

7.50F 07 
7.10E 07 

94,7 

9.93E-05 
9.93E-05 

9.93E-05 
9.92E-05 

1.79E 03 2.16E 08 
1.85E 03 2,23E 08 

9.92E-05 
9,92E-05 

1,91E 00 2,31E 05 
1,98E 00 2.38E 05 

1,79E 03 2.16E 08 
1.85E 03 2.23E 08 

8,30E-06 
8 ,30E-06 

8 ,29E-06 
8 ,31E-06 

8 ,31E-06 
8 .30E-06 

100.0 I 103,4 103.2 9 9 . 9 

TOTAL ALL GROUPS 

A 
REF 
P-T 

B 
REF 
P-T 

TOTAL 
REF 
P-T 

R s t i o <X) 
TOTAL 

9.40E 09 1.20E 09 7.86E 00 
9.50E 09 6 ,99E 08 1,36E 01 

3,17E 07 7 , H E 07 4,46E-01 
i ,16E 07 2,81E 07 4.13E-01 

9,43E 09 1.27E 09 7.44E 00 
9,51E 09 7,26E 08 1,31E 01 

S <P-T)/<Ref) 
100 .8 5 7 . 2 176,1 1 

<a) Risk (probabilistic) cases? s H relesse evsntss hish population of EPA78 usedJ zero discount. 
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(A -•- B) inventory corresponds to an average marginal damage per gram of 

$7.99. 

The total undiscounted damage over a 1 million-year period for 

either the Ref or P-T cycle (Table 4,10)8 when normalized to the total 

electrical generation represented by the accumulated waste inventory 

(Sect. 3.3.1), becomes only 0.2 mil/kW-hr(e). 

As an additional step in identifying the total overall effects 

caused by the presence of a particular radionuclide in the initial 

inventory, Logan developed, and reported in EPA78, a method for attri­

buting effects incurred over a long period from daughter nuclides to 

their precursor nuclides which were present in the initial inventory. 

This method is of particular interest to those studying the original 

nuclide inventory mix from the standpoint of weighing long-term damages 

against costs and the feasibility of reducing such damages through 

modification of the mix or disposal method. 

The simple attribution scheme used is to assign the damages for 

each radionuclide to those precursors at or above its decay series, in 

proportion to the mass fraction of the precursors initially present. 

This method is valid for the zero discount rate, which permits present 

values to be assigned to damages beyond a few hundred years. 

Tables 4.11 and 4.13 (total Ref and P-T wastes, respectively) list 

each nuclide and its initial inventory in sequence vertically by decay 

group. The attribution factor corresponding to each horizontally listed 

precursor nuclide appears in the row to the right of the nuclide name 

and inventory. For example, using Table 4.11, Am, which heads 

Group No. 4, has only one "precursor" itself; therefore, under the 
242m 

horizontally listed nuclides, only Am shows a value. On the other 

hand, ^^®Ra can attribute 88.9% of its effects to ^^^Pu in the initial 

inventory, 6.4% to ̂ ^^Cm, and 4.7% to ̂ ^̂ ""Am. 

Tables 4.12 and 4.14 (total Ref and P-T wastes, respectively) use 

the calculated attribution factors to fully attribute damages caused by 

offspring and the precursor itself to the precursor in the initial waste 

inventory being studied. The values in the table are measured in 

dollars, obtained from health effects using the approach explained in 

Sect. 3,1.2.2. 
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Table 4.11. Attr ibution factors; waste: A+B; cycle: Ref (a) 

Hec3a N u c l i d e 
Group 

I n i t i s l 
Inven to rH 

<arsi?is) 

A t t r i b u t i o n F a c t o r s t o P r e c u r s o r s iri Group 
( p e r c e n t ) 

CH-246 PU-242 
CH-246 2.64E-{-05 100.0 0.0 
PU-242 2.11E+07 1.2 98.8 

CM-244 
PU-240 

4,84E+07 
4,73E+07 

CM-244 
100,0 
50.6 

PU-240 
0,0 

49,4 

CM-245 
PU~241 
AM-241 
NP-237 
TH-229 
RA-225 

6,07E4-05 
2.67E+07 
9.61E+07 
7,45E+07 
4.06E-f00 
5.54E~06 

CM-245 
100,0 
2.2 
0.5 
0,3 
0.3 
0.3 

PU-241 
0,0 

97.8 
21,6 
13,5 
13.5 
13.5 

AM-241 
0.0 
0,0 
77,9 
48.6 
48.6 
48.6 

NP-237 
0.0 
0.0 
0,0 
37.6 
37.6 
37.6 

TH-229 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

RA-225 
0,0 
0,0 
0.0 
0.0 
0.0 
0.0 

AM-242M 
CM-242 
PU-238 
TH~230 
RA-226 
PB-210 

8.02E+05 
1.09E+06 
1.51E+07 
1.88E+03 
9.21E-03 
4.11E-05 

AM-242M 
100.0 
42,4 
4.7 
4.7 
4,7 
4,7 

CM-242 
0.0 
57.6 
6,4 
6.4 
6,4 
6,4 

PU-238 
0.0 
0,0 

88,9 
88.9 
88,9 
88.9 

TH-230 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

RA-226 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

PB-210 
0.0 
0.0 
0.0 
0,0 
0.0 
0.0 

AM-243 
NP~239 
PU-239 

l,68E4-08 
3,19E+01 
6.61E+07 

AM-243 
100.0 
100.0 
71.8 

NP-239 
0,0 
0,0 
0.0 

PU-239 
0.0 
0.0 
28.2 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

S:SSSS!SS!SSSS!SSS 

c-14 

NI~59 

SR-90 

ZR-93 

MO-93 

TC-99 

SN-126 

1-129 

CS-135 

CS~137 

!s Ks 2S s: s: S KS iK ss ss 

6,03E-f04 

l,28E+07 

8,10E-l-07 

1.31E+08 

4,36E+03 

1.44E-f08 

5,44E+06 

3.5BE-f07 

7.50E+07 

2.16E+08 

C-14 
100.0 

NI-59 
100.0 

SR-90 
100.0 

ZR-93 
100.0 

MO-93 
100.0 

TC-99 
100.0 

SN-126 
100.0 

1-129 
100.0 

CS-135 
100.0 

CS-137 
100.0 

<3) AnslHsis = All Ref f Release All 
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Table 4.12. Attribution of cumilative 1 million years' total damages to rnxtial 
radionuclides m inventory; waste: A+B; cycle: Ref (a) 

Decsa Nuclide 
Group 

AM-243 
NP-239 
PU-239 

13 

14 

15 

1-129 

CS~135 

CS-137 

Totsl 
IismsSes 

<•) 

At t r ibu t ion of IismsSes to Frecuraors 
(do l lors ) 

i 

2 

3 

4 

CM-246 
PU-242 

CM-244 
PU-240 

CM-245 
PU-241 
AM-241 
NP-237 
TH-229 
RA-225 

AM-242M 
CM-242 
PU-238 
TH-230 
RA-226 
PB-210 

8.39E+02 
l.OOE+06 

4,18E+02 
6.16E+05 

3.05E+03 
1.21E+02 
3.31E+04 
2.42E+06 
1.29E+07 
2.14E+06 

6.64E+01 
3.79E+00 
1.65E+03 
9,77E+05 
8.82E+07 
5,48E+05 

CM-246 
8.39E+02 
1.24E+04 

1.32E+04 

CM-244 
4.18E+02 
3.12E+05 

3.12E+05 

CH-245 
3,05E+03 
2,69E+00 
1.63E+02 
7.42E+03 
3.96E+04 
6,56E+03 

5,68E+04 

AM-242M 
6,64E+01 
l,61E+00 
7.79E+01 
4,61E+04 
4,16E+06 
2.59E+04 

4.23E+06 

PU-242 
0.0 
9.88E+05 

9.88E+05 

PU-240 
0.0 
3.04E+05 

3.04E+05 

PU~241 
0.0 
1.18E+02 
7.16E+03 
3.26E+05 
1.74E+06 
2.89E+05 

2.36E+06 

CM-242 
0.0 
2.18E+00 
1.06E+02 
6.27E+04 
5.66E+06 
3.51E+04 

5.76E+06 

AM-241 
0.0 
0.0 
2.58E+04 
1.18E+06 
6.26E+06 
1.04E+06 

8.50E+06 

PU-238 
0.0 
0.0 
t.47E+03 
8.68E+05 
7,84E+07 
4.87E+05 

7.97E+07 

NP-237 
0.0 
0.0 
0.0 
9.11E+0S 
4.86E+06 
8.06E+05 

6.57E+06 

TH-230 
0,0 
0,0 
0,0 
1.08F+02 
9.76E+03 
6.06E+01 

9.93E+03 

TH-229 
0.0 
0,0 
0,0 
0.0 
0,0 
0.0 

0,0 

RA-226 
0,0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 

RA-225 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 

PB-210 
0.0 
0.0 
0.0 
0.0 
0,0 
0,0 

0,0 

5,28E+05 
4.94E+04 
5.34E+06 

AM-243 
5.28E+05 
4,94E+04 
3,83E+06 

NP-239 
0.0 
0,0 
0.0 

4,41E+06 0.0 

PU~239 
0.0 
0.0 
1.51E+06 

1.51E+06 

6 

7 

8 

9 

10 

11 

12 

C-14 

NI-59 

SR-90 

ZR-93 

MO-93 

TC-99 

SN-126 

1.91E+00 

1.44E+03 

8.93E+03 

1.17E+03 

9.06E+00 

8.57E+09 

9.88E+04 

C~14 
1.91E+00 

NI-59 
1.44E+03 

SR-90 
8.93E+03 

ZR-93 
1.17E+03 

MO-93 
9.06E+00 

TC-99 
8.57E+09 

SN-126 
9.88E+04 

7.50E+08 

7.44E+03 

1-129 
7.50E+08 

CS-135 
7.44E+03 

1.79E+03 
CS-137 
1.79E+03 

<a) AnalBsis Prob Release = All 
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Table 4.13. Attr ibut ion factors ; waste: A+B; cycle: P-T (aj 

Ei©csy 
GrouF 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Nuclide 

CM-246 
PU-242 

CM-244 
PU~240 

CM-245 
PU-241 
AM-241 
NP-237 
TH-229 
RA-225 

AM-242M 
CM-242 
PU-238 
TH-230 
RA~226 
PB-210 

AM-243 
NP-239 
PU-239 

C-14 

NI-59 

SR-90 

ZR-93 

MO-93 

TC-99 

SN-126 

1-129 

CS-135 

Initial 
Inventora 
(arams) 

4.49E+04 
1.91E+06 

6.74E+05 
3.22E+06 

1.05E+05 
1.67E+06 
2.74E+05 
5.21E+05 
3.66E+00 
6.63E-06 

3,3AE+03 
4,84E+03 
8,44E+©5 
l,07E+03 
7,15E-03 
5,49E-05 

5,02E+05 
1.28E+00 
4.61E+06 

7.98E+04 

i.28E+07 

8.25E+07 

1.33E+08 

4.36E+03 

l,47E+08 

5,72E+06 

3.58E+07 

7,10E+07 

Att 

CM-246 
100.0 
2,3 

CM-244 
100.0 
17.3 

CM-245 
100.0 
5.9 
5.1 
4.1 
4,1 
4.1 

AM-242M 
100,0 
41,0 
0,4 
0,4 
0,4 
0,4 

AM-243 
100.0 
100.0 
9,8 

C-14 
100.0 

NI-59 
100,0 

SR-90 
100.0 

ZR-93 
100.0 

J1Q-«3 
100,0 

TC-99 
100.0 

SN~126 
100.0 

1-129 
100.0 

CS-135 
100,0 

ribution 

PU-242 
0.0 
97.7 

FU-240 
0.0 
82.7 

PU-241 
0.0 
94.1 
81.5 
65,0 
65.0 
65.0 

CM-242 
0,0 
59.0 
0.6 
0.6 
0.6 
0.6 

NP-239 
0.0 
0.0 
0.0 

Factors to Precursors 
(perc6>nt) 

AM-241 
0.0 
0.0 
13.4 
10.7 
10.7 
10.7 

PU-238 
0.0 
0.0 
99.0 
98.9 
98.9 
98.9 

PU-239 
0.0 
0.0 
90.2 

NP-237 
0.0 
0.0 
0.0 
20.3 
20.3 
20,3 

TH-230 
0,0 
0,0 
0,0 
0,1 
0.1 
0.1 

m Group 

TH-229 
0.0 
0.0 
0.0 
0,0 
0.0 
0.0 

RA~226 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

RA-225 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

PB-2t0 
0.0 
0.0 
0,0 
0.0 
0.0 
0.0 

15 CS-137 
CS-137 2.23E+08 100.0 

<3) Ana lys is = A l l P-T i Release = A l l 
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Dec3« 
G r o u p 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

ssiss ;s :3s: 

Anal" 

Table 4.14. Attr ibut ion of ovmulative 1 millxon years 

N u c l i d e 

CM-246 
P U - 2 4 2 

CM-244 
P U - 2 4 0 

CM-245 
P U - 2 4 1 
AM-241 
N P - 2 3 7 
T H - 2 2 9 
R A - 2 2 5 

AM-242M 
CM-242 
P U - 2 3 8 
T H - 2 3 0 
R A - 2 2 6 
P B - 2 1 0 

AM-243 
N P - 2 3 9 
P U - 2 3 9 

C - 1 4 

N I - 5 9 

S R - 9 0 

Z R - 9 3 

MO-93 

T C - 9 9 

S N - 1 2 6 

1 - 1 2 9 

C S - 1 3 5 

C S - 1 3 7 

============ 
i f s i s - P r o b 

r a d i o n u c l i d e s i n 

T o t a l 
DaiFiaSes 

< • ) 

1 . 4 2 E + 0 2 
9 . 1 4 E + 0 4 

5 , 8 3 E + 0 0 
2 . 5 2 E + 0 4 

5 . 2 9 E + 0 2 
1 . 9 7 E + 0 1 
8 . 8 3 E + 0 2 
3 . 1 3 E + 0 4 
1 . 6 6 E + 0 5 
2 . 7 7 E + 0 4 

2 . 7 8 E - 0 1 
1 . 6 2 E - 0 2 
7 . 8 9 E + 0 1 
4 . 8 5 E + 0 4 
4 . 3 8 E + 0 6 
2 . 7 2 E + 0 4 

1 . 5 8 E + 0 3 
1 . 4 8 E + 0 2 
l . O l E + 0 5 

2 . S 2 E + 0 0 

1 . 4 4 E + 0 3 

9 . 1 0 E + 0 3 

1 . 2 0 E + 0 3 

9 . 0 6 E + 0 0 

8 . 7 5 E + 0 9 

1 . 0 4 E + 0 5 

7 . 5 0 E + 0 8 

7 . 0 5 E + 0 3 

l , 8 5 E + 0 3 

sffi 23 ̂  s s as SS SS S! m ss 

« Re 

= = = ss^ = s^ = = = 

CM-246 
1 . 4 2 E + 0 2 
2 . 1 0 E + 0 3 

2 . 2 4 E + 0 3 

CM-244 
5 . 8 3 E + 0 0 
4 . 3 6 E + 0 3 

4 . 3 7 E + 0 3 

CM-245 
5 . 2 9 E 4 0 2 
1 . 1 7 E + 0 0 
4 . 5 4 E + 0 1 
1 . 2 8 E + 0 3 
6 . 7 8 E + 0 3 
1 . 1 3 E + 0 3 

9 . 7 7 E + 0 3 

AM-242M 
2 . 7 8 E - 0 1 
0 . 0 
3 . 1 1 E - 0 1 
l , 9 1 E + 0 2 
l , 7 2 E + 0 4 
1 , 0 7 E + 0 2 

l , 7 5 E + 0 4 

AM-243 
l , 5 8 E + 0 3 
1 . 4 B E + 0 2 
9 . 9 2 E + 0 3 

l , 1 6 E + 0 4 

C - 1 4 
2 , 5 2 E + 0 0 

N I - 5 9 
1 . 4 4 E + 0 3 

S R - 9 0 
9 , 1 0 E + 0 3 

Z R - 9 3 
l , 2 0 E + 0 3 

MO-93 
9 . 0 6 E + 0 0 

T C - 9 9 
8 . 7 5 E + 0 9 

S N - 1 2 6 
1 , 0 4 E + 0 5 

1 - 1 2 9 
7 . 5 0 E + 0 8 

C S - 1 3 5 
7 . 0 5 E + 0 3 

C S - 1 3 7 
i . 8 5 E + 0 3 

SSSSSSSSiSSSISSSiSSS 

' t o t a l damages t o i n i t x a l 
i n v e n t o r y ; w a s t e : A+B c y c l e : P-T (a) 

A t t r i b u t i o n o f I i a m a a e s t o P r e c u r s o r s 

P U - 2 4 2 
0 . 0 
8 . 9 3 E + 0 4 

8 . 9 3 E + 0 4 

P U - 2 4 0 
0 . 0 
2 . 0 8 E + 0 4 

2 . 0 8 E + 0 4 

P U - 2 4 1 
0 . 0 
1 . 8 5 E + 0 1 
7 . 2 1 E + 0 2 
2 . 0 3 E + 0 4 
1 . 0 8 E + 0 5 
1 . 8 0 E + 0 4 

1 . 4 7 E + 0 5 

CM-242 
0 . 0 
0 . 0 
4 . 4 8 E - 0 1 
2 . 7 5 E + 0 2 
2 . 4 8 E + 0 4 
1 . 5 4 E + 0 2 

2 . 5 3 E + 0 4 

N P - 2 3 9 
0 . 0 
0 . 0 
0 . 0 

0 . 0 

; ss sê K =5 s Bass s s s s 

l e a s e = A l l 

( d o l l a r s ) 

AM-241 
0 . 0 
0 . 0 
1 . 1 8 E + 0 2 
3 . 3 4 E + 0 3 
1 . 7 7 E + 0 4 
2 . 9 5 E + 0 3 

2 . 4 1 E + 0 4 

PU~238 
0 . 0 
0 . 0 
7 . 8 1 E + 0 1 
4 . 8 0 E + 0 4 
4 . 3 3 E + 0 6 
2 . 6 9 E + 0 4 

4 . 4 1 E + 0 6 

P U - 2 3 9 
0 . 0 
0 . 0 
9 . 1 1 E + 0 4 

9 . 1 1 E + 0 4 

: = === = = = = ==: 

N P - 2 3 7 
0 . 0 
0 . 0 
0 , 0 
6 . 3 5 E + 0 3 
3 . 3 7 E + 0 4 
5 . 6 2 E + 0 3 

4 . 5 6 E + 0 4 

T H - 2 3 0 
0 . 0 
0 . 0 
0 . 0 
6 . 0 8 E + 0 1 
5 . 4 9 E + 0 3 
3 . 4 1 E + 0 1 

5 . 5 9 E + 0 3 

- - ~ ~ - > » ; ~ ™ — - ; ~ 

T H - 2 2 9 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 

0 . 0 

R A - 2 2 6 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 , 0 

0 . 0 

========== 

= _ j = = = - ! = = = • : 

R A - 2 2 5 
0 , 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 

0 . 0 

P B - 2 1 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 

0 . 0 

SS^^SSSStSiSSS^^SSSSS^SSS 
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A natural further extension of damage association suggests the 

assignment of attributed damages to the chemical elements in the 

inventories. Thus, chemical separation methods may be related more 

easily to damage reduction. Table 4.15 does this for the total waste 

released probabilistically. Technetium bears a significantly large 

burden, 90.9% and 92.0% for Ref and P-T inventories, respectively, 

followed by iodine at about 8% for both categories. Plutonium follows 

as a poor third with 0.9% and 0.05%. Removal of much of the actinides 

through P-T reduces by three orders of magnitude the damage contribution 

from these elements. However, this reduction is only a small 

unregistered perturbation to the total damages produced by the fission 

products. 

Taole 4.15. Attribution of 1 mill ion years ' damages to i n i t i a l elanents in 
inventor^'; r isk (probabilistic) analysis; waste: A + B 

R e f e r e n c e C a c l e 
C3se# 86 

P - T C a c l e 
Caset 83 

ELEMENT TOTAL PERCENTAGE 
DAMAGES OF OF 

<•) CATEGORY TOTAL 

TOTAL PERCENTAGE 
DAMAGES OF OF 

( * ) CATEBORY TOTAL 

FISSION AND 
AcriyAfioN 
PRODUCTS 

ACTINIDES 

C 

Ni 

Sr 

Zr 

Mo 

Tc 

Sn 

I 

Cs 

Subtotal 

Th 

NP 

Pu 

Am 

Cm 

Subtotsl 

Total 

1.91E 

1.44E 

8.93F 

1.17E 

9.06E 

8.57E 

9.88E 

7.50E 

9.23E 

9.32E 

9.93E 

6.57E 

8.49E 

1.71E 

6.14E 

1.15E 

00 

03 

03 

03 

00 

09 

04 

08 

03 

09 

03 

06 

07 

07 

06 

08 
======== 
9.43E 09 

— 

1.55E-05 

9.58E-05 

1.26E-05 

— 

92.0 

1.06E-03 

8.05 

9.90E-05 

100.0 

8.63E-03 

5.71 

73.8 

14.9 

5.34 

100.0 
======== 

... 

1.53t~05 

9.47E-05 

1.24E-05 

— 

90.9 

1.05E-03 

7.95 

9.79F-05 

98.8 

1.05E-04 

0.07 

0.9 

0.18 

0.06 

1.2 
SSSSSIKSSSSSSSS 

100.0 

2.52E 

1,44E 

9.10E 

1.20E 

9.06E 

8.75E 

1.04E 

7.50E 

8.90E 

9.50E 

5.59E 

4.56E 

4.76E 

5.32E 

4,17E 

4,91E 
=====x 

9.51E 

00 

03 

03 

03 

00 

09 

05 

08 

03 

09 

03 

04 

06 

04 

04 

06 
SKK: 

09 

__ 

l,52E-05 

9.58E-05 

1.26E-05 

--

92.1 

1.09E-03 

7.9 

9.37t-05 

100.0 

0.1 

0.9 

96.9 

1.1 

0.8 

100.0 
======== 

-_ 

1.51E-05 

9.57E-05 

1.26E~05 

— 

92.0 

1.09E-03 

7.9 

9.36E-05 

99.95 

5.8BE-05 

4.79E~04 

0.05 

5.59E-04 

4.38E-04 

0.05 
SK^=2'=!s:s=srs; 

100.0 
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Table 4.16 compares the damages resulting directly from each 

nuclide with the total damages attributed to its presence and quantity 

in the initial inventory. Nuclides again are listed by group, and the 

I s h l e 4 , 1 6 , Coii ipsrisori of 1 m i l l i o n H s a r ^ ' t o t a l damsSes 
froiTi d i r e c t r i u c l i d e e f f e c t s snd from s t t r x b u -
t i o r i of e f f e c t s t o t h e i r i i t i a l i r i v e n t o r a of 
n u c l i d e s ( r i s l ' a n a l y s i s e s s e s ) 

Decas N i j r l i d p 
Croup 

Reference C y r l e 
Tsaet 86T 

I n i t i a l 
I n v e r i t o r u 

D i r e c t A t t r i b u t e d 
HanissiesCt) Ii3m33es<$) 

P - T Cacle 
Case* 8iT 

1 n 111 s 1 
I n v e n t o r y 

D i r e c t A t t r i b u t e d 
D3iii3Ses<$) ri3m3aes<*) 

1 Cm 246 
P u - 2 4 2 

2 Ciii-244 
l 'u-240 

S Ciii~245 
Pu~241 
Am -241 
N P ~ 2 3 7 
Th~229 
F<3-225 

4 Aii.-242n 
Cm-242 
Pij~238 
r h - 2 3 0 
R3"226 
Pb-210 

5 Airi-243 
N P ~ 2 3 9 
P u - 2 3 9 

6 C-14 

7 Hi-59 

8 Sr -90 

9 Zr - -93 

3 0 H o - 9 3 

11 Tc -99 

12 S n - 1 2 6 

13 1-129 

14 CS-1J5 

15 C s - 1 3 7 

T o t a l ' s 

0.39E 02 
l.OOE 06 

4.18E 02 
6.1&E 05 

3«05E 03 
1.21E 02 
3,31E 04 
2.42E 06 
t.29E 07 
2.14E 06 

6.64E 01 
3.79E 00 
1.6bE 03 
9.77E 05 
8,82E 07 
£.,48E 05 

5.2SE 05 
4.94E 04 
5.34E 06 

1.91E 00 

1.44E 03 

8,93E 03 

1,17E 03 

9.0&E 00 

8«57E 09 

9,88E 04 

7.50E 08 

7.44E 03 

i.79E 03 

9,43E 09 

1,32E 04 
9.88E 05 

3.12E 05 
3,04f 05 

5»68E 04 
2,36E 06 
8.50E 06 
6,57E 06 
0.0 
0.0 

4.23E 06 
5.76E 06 
7.97E 07 
9.93E 03 
0.0 
0.0 

4.41E 06 
0.0 
l,51t 06 

1.9tE 00 

1,44E 03 

8.93E 03 

1.1/E 03 

9.06E 00 

8.57E 09 

9.88E 04 

/.50E 08 

7.44E 03 

1,79E 03 

9.43E 09 

1.42E 02 
9,14F 04 

5.83E 00 
2.52E 04 

5.29E 02 
t,97C OJ 
8.85E 02 
3,13E 04 
1,66E 05 
2.77t 04 

2.78E-01 
1,62E -02 
7.89E 01 
4.85E 04 
4.38E 06 
2.72E 04 

l.SBE 03 
1.40t 02 
I.OIE 05 

2,52E 00 

1.44E 03 

9.10E 03 

1,20E 03 

9,06E 00 

8,75E 09 

1.04E 05 

7,50t 08 

7,05E 03 

1.85E 03 

9.51E 09 

2.24E 03 
8.93E 04 

4.37E 03 
2.08E 04 

9,77E 03 
1.47E 05 
2.41E 04 
4.56E 04 
0.0 
0.0 

1.75E 04 
2.&3E 04 
4.41E 06 
5.59E 03 
0.0 
0.0 

1,16E 04 
0.0 

9.HE 04 

2.52E 00 

1.44E 03 

9.101: 03 

1,20E 03 

9.06E 00 

8.75E 09 

1.04E 05 

7.50E 08 

7,05E 03 

1.85E 03 

9.51E 09 

72 



data pertain to the total inventory probabilistic cases 85 and 83. 

Group Nos. 6 through 15 report the same damage for each category, but 

the nuclides in the five decay groups readily illustrate the usefulness 
99 

of retracing decay lineage to the initial inventories. After Tc and 
129 238 

I, Pu is the serious nuclide in the inventories. 

Table 4.17 lists in summary the most significant nuclides (and 

elements) based on the different viewpoints of direct and attributed 

damages. Except for the two top nuclides^ there is considerable 

reshuffling for position, as the parent nuclides in a decay group vie 

for status under the attributed damage rankings. 

Table 4 . 1 7 . Sijnimary of rrio&t s i a n i f i c s n t r a d i o n u c l i d e s and 
Flemerits? usiriS v3r ious bssps? r isI ' s n s l y s i s ? 
wss te l A+B 

BASIS ] 

niRLCT DAMAGES 
(No attribution 
from daughters) 

7. of Total 

ATTRIBUTED DAMAGES 
(lo nuclides m 
initial inventory) 

X of Totsl 

ATTRIBUTED DAMAGES 
(To elements in 
initial inventory) 

7. of Total 

[NTEGRAFED DAMAGES 

Ref Cacle 

Tc-99 
1-129 
R3-226 
Th-229 
Pu -239 

100.0 

Tc-99 
1-129 
Pu-238 
Am-241 
N P - 2 3 7 

98.8 

Tc 
I 
Pu 
All 
NP 

99,9 

OVER 
<$) 

1 MILLION YEARS 

P-T Cacle 

Tc -99 
1-129 
R3-226 
rh-229 
Sn-126 

100.0 

rc-99 
I-12V 
P U ~ 2 3 8 
Pij~241 
Sn-126 

99.9 

Tc 
I 
Pu 
Sn 
Am 

100.0 

4.2 Consequence Analysis 

A series of AMRAW runs using discrete release events is reported in 

this section and comprises the consequence analysis for the Risk Task. 
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These discrete releases, both leaching and expulsive, are postulated to 

occur at selected times in order to determine expected consequences and 

provide responses to the sometimes-legitimate "what if" query. However, 

in evaluating the calculated results, it is important to bear in mind 

that the best probability estimates assign extremely low values to the 

occurrence of these release events. Specifically, the probability of 
-12 

vol camsm affecting the repository is calculated at about 10 per year 

and of faulting which penetrates the repository at about 10 per year. 

4.2.1 Slow-release events 

The first series of consequence runs calculates effects for 

leaching releases initiated at 1000 and 100,000 years. The leaching is 

caused by groundwater flow through the repository from aquifers 

interconnected by offset faulting. To provide upper value, conservative 

responses, water flow and leaching are allowed to continue indefinitely, 

as if no fracture healing or subsequent pathway closures due to salt 

dissolution or geological causes occur. For this study the Rustler 

formation is assumed to sustain a groundwater velocity of 1.46 m/year 

and the distribution coefficients,* K., which appear in Table 3.5. The 

K. is a direct measure of the retention of a species on the porous 

medium through which the carrier groundwater flows. The AMRAW 

calculations determine the amount of each nuclide leached during a time 

period and then indicate release of the material as a pulse at the end 

of the period, thus effecting a sequence of pulses. As each pulse moves 

with the aquifer flow, its concentration peak broadens axially and 

orthogonally, largely as a function of the applicable K, value. The 

concentration peaks broaden and their effective pulse velocity decreases 

inversely with the magnitude of K.. 

* Ratio of the amount of species sorbed on the solid medium per unit 
mass of medium to amount of species remaining in the solution per unit 
volume of solution, cm^/g. 
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In Vol. I, EPA78, the retardation factor, R., is calculated from 

Rd = l ^ - f ' (4.1) 

where 

p = the bulk density of the porous medium, with a value of 2.3 
g/cm^ for the site, and 

£ = the solid porosity, having a value of 0.15. 

The pulse velocity U can be calculated from 

U=Vp/R^, (4.2) 

-3 
where v is the pore or seepage velocity, estimated at 4.00 x 10 

m/day. 

With this, the time for arrival of each pulse at any point 

down-aquifer can be approximated by dividing the distance by the pulse 
93 99 129 

velocity. Nuclides with K.'s near zero ( M o , Tc, and I) are 

considered to move effectively with the groundwater; therefore, for 

these nuclides traveling to Zone 8 ('v20 km), R. is equal to 1, U is 

equal to 1.46 m/year, and the approximate arrival times for their pulses 

is 14,000 years. Carbon-14 pulses, with a K. of 1.40, arrive after 

about 300,000 years, and Np (K^ -v 8.10) at about 1.7 million years. 

The leading edges of these temporally distributed pulses will appear 

much earlier; however, it is safe to expect no significant impact in 

areas of interest (Zone 8), from the leaching of nuclides having K.s 

greater than about 5. 

The total activity at some distance (20 km for Zone 8) down-aquifer 

at any time of interest is described by the following general balance 

equation: 

Activity = I (nuclide arrivals) - I (nuclide losses due to radio-
decay, environmental decay, and physical movement away from the 
location). 

(4.3) 
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The effective "group" velocity for a nuclide's arrival at a particular 

point is associated with the time of arrival of the peak activity value 

obtained from Eq. (4.3). 

A simplified version of the Duguid-Reeves transient model 

[ANS,EPA78] is used in AMRAW giving one-dimensional flow with 

two-dimensional dispersion. In this application, calculations are made 

one nuclide at a time, with no specific compensation for different 

migration rates of parent and daughter in a radionuclide chain, except 

where short half-lived daughter nuclides are not explicitly listed, and 

their effects are included with a listed parent. The two thorium, two 

radium, and lead isotopes are the most suited for linkage with a 

faster-moving parent, in this case uranium. For the Los Medanos site, 

however, recent information [Br80] supports a minimum realistic K. value 

between 10 and 100 for uranium, and assuming that the above daughters 

moved at the highest uranium migration rate (K, = 10), their approximate 

pulse peak travel time, over the 20 km to discharge in Zone 8, would be 

over 2 million years. Of course, if an upper-bound water velocity of 

some 4.5 m/year (a factor of 3 greater than used here) exists everywhere 

in the path length to discharge, then the above actinide daughter 

nuclides would peak during the 500,000 to 800,000-year time frame. To 

compensate conservatively for uncertainty, the water velocity used in 

AMRAW, 1.46 m/year, has been taken to be about seven times larger than 

the calculated average seepage velocity [Ky75] to the west, southwest in 

the Los Medanos. There is little evidence that this velocity should be 

further increased, yet there is a good possibility that the uranium K. 

for the region could be higher than the value of 10 used in the above 

illustrative calculation. Any K. value such as 40 or 50 would not only 

further displace daughter nuclides temporally from discharge at Malaga 

Bend but would essentially cancel any increased effects if the 

upper-bound maximum water velocity were to exist. In this regard, a Kj 

value of 20 is used for the radium nuclides, and this value is well 

within the lower limiting range of 10 to 100 for uranium. 

In AMRAW, nuclide quantities moving to Zone 8 are reduced by 20% to 

account for discharge to brine ponds in Zone 2. The total quantity 

arriving is made up from the sum of the periodic incremental releases, 
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or release pulses, occurring at the end of each leaching period. Losses 

due to radiological decay are included by separate calculation, and a 

very modest environmental decay (environmental half-life of 30,000 

years) is applied after the nuclide arrives at surface environmental 

receptors. In Zone 8, where the leached nuclides are assumed to be 

totally deposited into the Pecos River near Malaga Bend, no further 

interzonal or out-of-region nuclide movement is allowed. For the 

present model, this method permits simpler accounting for nuclides and 

their effects; however, because dilution and clean-out from normal river 

and annual floodwater flow are disregarded, it exaggerates the dose 

rates and effects presented under both Zone 8 and nonspecific. The 

latter is affected because of the regional concentration of agriculture 

in the zone. 

Table 4.18 gives the five most significant nuclides based on dose 

rates for all zones, nonspecific, and total at various times and, in the 

final section, the most significant nuclides based on cumulative dose. 

The nuclides that appear in the tables conform with expected arrival 

times derived from the rough calculations presented earlier. As has 
99 129 

been noted earlier, the predominant Tc and I are not removed 

through P-T; therefore, the Ref and P-T values are essentially the same 

as those for both inventories. 

Figure 4,1 presents curves describing the dose rates with time for 

Zone 8 and nonspecific. The discontinuities in the curves result from 

changes in time increment size used by AMRAW, namely, 1000-year 

increments out to 10,000, 10,000-year increments out to 100,000, and 

100,000-year increments thereafter. Because the leached materials are 

accumulated by AMRAW during the leach time increment and are not 

released for movement until the end of the period, the graphical 

presentation amplifies these discontinuities. After the group dose 

rates peak, at about 300,000 years, dose rate diminution corresponds to 

the combined effects of radiological plus environmental decay, retarded 

only by new material arriving through subsequent, continued leaching. 
5 

A discrete leach incident initiated at 10 years is described by 

the curves of Fig. 4.2, and its effects do not differ substantially from 

the incident initiated at 1000 years. 
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Table 4.18. Most significant radionuclides at selected times based on all 
health effects? conseouence (leachins) esses? waste tapel A + B (total) 

Case and variable 
identification 

ZONAL 
HEALTH EFFECT 

RATE 

Case* 42TJ CacleS 
Release 1 Leachins 

Re 

0 

•f 

rder 

1 
2 
3 
4 

10**4 

Tc~99 
1-129 
MO--93 

5x10**4 
Time? y 

10**5 5x10**5 10**6 

at 1000 years 

TC--99 Tc-99 Tc-99 Tc-99 
1-129 I~129 1-129 1-129 
Mo"93C3) Mo-93(3) C~14 (a) NP-237(3) 

Health !Tot all nuc 
Effects H O P 5 
Cde3ths/y)IZ of total 

3,51E~12 9,15E-01 8.73E-01 1,81E 00 5.1SE-01 
3.51E-12 9»15E-01 8*73E~01 1,81E 00 5.15E--01 
100.0 100,0 100,0 100,0 100.0 

Case* 39T? C«clel P-
Releasel LeschinS 

at 1000 sears 

-T 1 
2 
3 
4 
5 

Tc 
I-
Mo 

-99 
129 
-93 

Tc 
I-
Mo 

-99 
129 
-93<3) 

Tc-
I~: 
HO' 

-99 
129 
-93(3) 

Tc 
I-
C-

..-99 
•129 
•14 (a) 

Tc' 
I-: 
NP' 

-99 
129 
"237 ( 3) 

Health !Tot all nuc 3.75E-12 9.38E-01 8.88E-01 1.85E 00 5.19E-01 
Effects ITop 5 3.75E-12 9,38E-01 8.88E-01 1,85E 00 5,19E-01 
(de3ths/y)!Z of total 100,0 100,0 100.0 100,0 100,0 

Ratio(Z)l (P-T)/(Ref) 
ITot all nuc 106,8 102.5 101.8 102,1 100.1 

NONSPECIFIC 
HEALTH EFFECT 

RATE 

Case* 42TI Cacle: Ref 
Release I Leaching 

3t 1000 yesrs 

1 
2 
3 
4 
5 

Tc-99 
1-129 
Mo~93 

Tc~99 
1-129 
Mo-93(3) 

Tc-99 
1-129 
Mo~93(3) 

Tc-99 
1-129 
C-14 Ca) 

Tc-99 
1-129 
Np-237<a) 

Health ITot all nuc 3.68E-12 9.96E-01 9.15E-01 1,88E 00 4,04E-01 
Effects ITop 5 3,68E-12 9.96E 03 9.15E-01 1.88E 00 4,04E-01 
Cde3ths/y)!Z of total 100,0 100,0 100,0 100,0 100.0 

C3se# 39T» Cycle: P-T 
Release! Leachina 

at 1000 years 

1 
2 
3 
4 
5 

Tc~99 Tc-99 Tc-99 Tc-99 Tc~99 
1-129 1-129 1-129 1-129 1-129 
Ho-93 Ho~93C3) Ho-93C3) C-14 (a) NP~237<3> 

Health ITot all nuc 
Effects ITOP 5 
<de3ths/H)IZ of total 

3,75E~12 1,02E 00 9.35E-01 1.92E 00 4.12E-01 
3.75E-12 1.02E 0© 9.35E-01 1,92E 00 4.12E-01 

100.0 100,0 100.0 100,0 100.0 

RatioCZ)! CP-T)/<Ref) 
ITot all nuc 102.0 102,7 102.1 102,0 101,9 
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Table 4.18 ( con t ' d ) 

Case and variable 
identification 

TOTAL 
HEALTH EFFECT 

RATE 

Order 

1 
n 

Case* 42T? Cycle 1 Ref 3 
Release: LeachmS 

at 1000 years 
4 
5 

10**4 

Tc-99 
1-129 
Ho-93 

5x10**4 

Tc-99 
1-129 
Mo-93(8 

Time? y 
10**5 

Tc-99 
1-129 

) Ho-93(3 

5}.'10**5 

Tc~99 
1-129 

) C-14 (a) 

10**6 

Tc-99 
1-129 
Np-237<a) 

Heal th ITot a l l nuc 7.15E-12 1,91E 00 1.79E 00 3.69E 00 9 . i yE-01 
E f f e c t s ITop 5 7.15E-12 1.91E 00 1.79E 00 3,69E 00 9.19E-01 
Cde3ths/y) IZ o f t o t a l 100,0 100,0 100.0 100.0 100,0 

Case* 39T? Cyc le : P-T 1 Tc-99 Tc~99 Tc-99 Tc-99 Tc~99 
Release: LeachmS 2 1-129 1-129 1-129 1-129 1-129 

at 1000 years 3 MD-93 Ho-93C3) Mo~93(3) C-14 (a) NP-237<3) 

1 
n 

3 
4 
5 

Tc-99 
1-129 
MD-93 

Health ITot all nuc 7.35E~12 1,96E 00 1.82E 00 3.77E 00 9,31E-01 
Effects ITop 5 7.35E-12 1.96E-02 1.82E 00 3.77E 00 9.31E-01 
Cde3ths/y)!% of total 100.0 100,0 100,0 100.0 100.0 

Rat ioCZ) : (P-T)/CRef) 
ITot a l l nuc 102.7 102.6 101.9 102,2 102.3 

CUMULATIVE TOTAL 
HEALTH EFFECTS 

1 Ic~99 Tc-99 Tc-99 Tc-99 Tc-99 
2 1-129 1-129 1-129 1-129 1-129 

Case* 42TI Cyc le : Ref 3 Mo-93 Mo-93C3) Ho-93(3) Ho-93C3) Mo-93C3) 
Release: Leachma 4 C-14 Cs) C-14 (a) 

a t 1000 years 5 NP~237C3) 

Heal th ITot a l l nuc 7.15E-09 6,19E 04 1.56E 05 1,96E 06 2.70E 06 
E f f e c t s ITOP 5 7,15E-09 6,19E 04 1.56E 05 1.86E 06 2.70E 06 
(deaths) 17. o f t o t a l 100,0 100.0 100.0 100.0 100,0 

Case* 39T? Cyc le : P-T 1 
Release: LeachmS 2 

a t 1000 years 3 
4 
5 

Health !Tot~3ll~nuc ~ 7,35E-09"~6735i 04~~lT60E 05 1.9oi 06 2.75i 06 
Effects ITop 5 7.35E-09 6.35E 04 1.60E 05 1.90E 06 2,75E 06 
(deaths) 17. of total 100.0 100.0 100.0 100,0 100.0 

R3tio(Z): (P~T)/(Ref) 
ITot all nuc 102.7 102.5 102,2 102,1 102,0 

(a) Less than 1 % of last non-footnoted nuclide. 

Tc-99 
1-129 
Mo-93 

Tc-99 
1-129 
Ho-93(3) 

Tc-99 
1-129 
Mo~93(3) 

Tc-99 
1-129 
Ho-93(3) 
C-14 (a) 

Tc-99 
1-129 
Ho-93(3) 
C-14 (3) 
NP-237(3) 
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loS 
Nonspecific dose rate 
Ref, and P-T 
Cycles (man-rem/year) 

Case Nos. 39 and hi 

Local dose rate. Zone 8 
Ref. and P-T 
Cycles (mrem/year) 

IQ- 10 

Time (years) 

10" 10 

Fig, 4.1. Average annual total body dose rates—local, Zone 8 and 
nonspecific—from all nuclides following discrete leach 
incident initiated at 10^ years. 
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10" 

10 --

10 --

c 

10 --

10 

Ca.se Nos. ^5 ar.d iS 

Leacli 
Event 
Initiation 

10 

Time (10 years) 

Fig. 4.2. Average annual total body dose rates—local, Zone 8 and 
nonspecific—from all nuclides following discrete leach 
incident initiated at 10^ years. 
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4.2.2 Expulsive events 

This task calculates results for a discrete expulsive release 

occurring at 100,000 years. Such an assumed release uses the parameters 

summarized earlier in Sect. 3,4.3. Table 4.19 summarizes the most 

significant nuclides, dose rates, and doses in the same manner as these 

for the leaching calculations. 

Compared with the leaching runs, these expulsive releases place 

nuclide significance in closer accord with nuclide activity at a 

particular time. This is due to the essentially instantaneous and 

balanced release of a fraction of the repository nuclides to the three 

environmental receptors—air, ground surface, and surface water. The 

role of external pathways-to-man (gamma radiation) becomes important, 

resulting in greater local zonal health effects than nonspecific for 

these releases. 

Figure 4.3 gives a graphic summary of the results. Use of the 

relatively long environmental half-life of 30,000 years reduces rather 

slowly the effectiveness of these releases, thus causing relatively high 

values of cumulative health effects to be computed. 

4.2.3 Consequence calculation summary 

Table 4.20 gives integrated total body doses at 10 and 10 years 

for Zone 8 and nonspecific for the consequence analysis runs_ and 

corresponding probabilistic runs. As expected, the latter results are 

lower than those for the discrete release events because of the extended 

time over which nuclide release occurs under the probabilistic mode. 

The difference is particularly evident for expulsive releases which 

would, in practice, occur during a brief interval of time. For the 

release times used, the expulsive release gives a significantly larger 

integrated dose at any time through the 1 million years under study. 

However, the integrated doses for expulsive and leaching should 

eventually approach each other and possibly cross, depending on relative 

contributions from zones other than 8. 

82 



Table 4,19» Most significant radionuclides at selected times based on all 
health effectsi conseouence (volcanism) cases! waste type: A + B (total) 

Case and variable 
identification 

Order 
10**5 

TlmeK y 
4x10**5 7!-: 10**5 10**6 

ZONAL 
HEALTH EFFECT 

RATE 1 
2 

Case* 36T» Caclel Ref 3 
Release: Expulsive 4 

3t 100000 Years 5 

R 3 ~ 2 2 6 

Pu-239 
Th-229 
Np-237 
Pu~242 

R3-226 
Th-229 
N P - 2 3 7 

Th~230 
Pu-242 

R3-226 
Th-229 
N P - 2 3 7 

R3-225 
Pu~242 

Th-229 
R3-226 
N P - 2 3 7 

R3-225 
Pu-242 

Health H o t all nuc 
Effects ITOP 5 
(deaths/H)!Z of total 

2,42E 02 
2,35E 02 

97.2 

4.46E-01 
4.3SE-01 

97.7 

2,68E-04 
2,62E~04 

97.7 

l,76E-07 
l,73E-07 

98.2 

Case* 3 3 T ; Cycle: P-T 
Release. Expulsive 

at 100000 Years 

1 
2 
3 
4 
5 

R3-226 
Pu-239 
Sn-126 
Pu-242 
Th-230 

R3~226 
Th-229 
Pu~242 
Sn-126 
Th~230 

R3-226 
Th-229 
Pu-242 
Th-230 
N P - 2 3 7 

R3-226 
Th-229 
Pu-242 
N P - 2 3 7 

Th-230 

Health ITot all nuc 
Effects IToF 5 
Cde3ths/«)IX of total 

l.OlE 01 
9.77E 00 

96.5 

1.93E-02 
l»88E-02 

97.3 

9,62E-06 
9.35E-06 

97.0 

5.08E-09 
4.92E-09 

96.7 

RatioCZ)! CP-T)/(Ref) 
ITot all nuc 4,2 4.3 3.6 2.9 

NONSPECIFIC 
HEALTH EFFECT 

RATE 

Case* 36Ti Cacle: Ref 
Release. Expulsive 

at 100000 years 

1 
2 
3 
4 
5 

R3-226 
R3-225 
Tc-99 
Pb-210 
Sn~126 

R3-226 
R3-225 
Pb-210 
Tc-99 
Cs-135 

R3-226 
Ra-225 
Pb-210 
Tc~99 
Cs-135 

R3~226 
R3-225 
Pb-210 
Tc-99 
Th-229 

Health ITot all nuc 
Effects ITOP 5 
(de3ths/y)lZ of total 

1,21E 02 
1.21E 02 
100,0 

3,13E-01 
3,13E-03 
100.0 

1.50E-04 
l,50E-04 
100.0 

7.00E-08 
6.96E~08 
100.0 

Case* 33TI Cycle! P-T 1 
Release: Expulsive 2 

at 100000 Years 3 
4 
5 

R3-226 
Tc-99 
Sn-126 
Ra-225 
Cs-135 

R3-226 
Tc-99 
Ra-225 
Cs-135 
Sn-126 

Ra~226 
R3~225 
Tc-99 
Cs-135 
Pb~210 

RA-226 
Pa-225 
Tc-99 
Cs-135 
Pb-210 

Health ITot all nuc 
Effects ITop 5 
(deaths/«)IZ of total 

6,08E 00 
6.04E 00 

99.9 

l,55E-02 
1.55E-02 
100.0 

7.31E-06 
7,31E-06 
100,0 

3,33E-09 
3.33E-09 
100,0 

R3tio(X)l (P-T)/(Ref) 
ITot all nuc 5.0 4.9 4.9 4.8 
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Table 4,19. 

Case and variable Order 
identification 

TOTAL 
HEALTH EFFECT 

RATE 1 
2 

Case* 36Tf Cycle: Ref 3 
Release: Expulsive 4 

8t 100000 Years 5 

Health ITot all nuc 
Effects I TOP 5 
(de3ths/y)!Z of total 

Case* 33Ti Cycle! P-T 1 
Release: Expulsive 2 

at 100000 Years 3 
4 
5 

Health 1 Tot all nuc 
Effects I TOP 5 
(de3ths/y)IZ of total 

Ratio(Z): (P-T)/<Ref) 
ITot all nuc 

CUMULATIVE TOTAL 
HEALTH EFFECTS 

1 
2 

Case* 36TI Cycle! Ref 3 
Release! Expulsive 4 

at 100000 yesrs 5 

Health ITot all nuc 
Effects I Top 5 
(deaths) 17. of total 

Case* 33Ti Cycle! P-T 1 
Release! Expulsive 2 

at 100000 Years 3 
4 
5 

Health ITot all nuc 
Effects !Top 5 
(deaths) IZ of total 

RatioCZ)! (P-T)/(Ref) 
ITot all nuc 

(cont'd) 

Time? y 
10**5 4x10**5 7x10**5 10**6 

R8-226 R3-226 R3-226 R3-226 
Pu-239 Th-229 Th~229 Th-229 
Th-229 NP~237 NP-237 NP-237 

NP-237 R3-225 R3-225 R3-225 
Pu-242 Th-230 Pu~242 Pu-242 

3.63E 02 7.58E-01 4,16E~04 2,46E-07 
3,55E 02 7.46E-01 4.12E-04 2,43E-07 

97.8 98.4 98.S 98,8 

R3-226 R3~226 R3-226 R3-226 
Pu-239 Th-229 Th-229 Th-229 
Sn-i26 Pu-242 Pu-242 Pu-242 
Pu~242 Sn-126 Th-230 Np-237 
Th-230 Th-230 Np~237 R3-225 

1,62E 01 3.48E-02 1.70E-05 8.42E-09 
1,57E 01 3.41E-02 1.65E-05 8.19E-09 
97.1 97,9 97.5 97.4 

4.5 4.6 4.0 3.4 

R3-226 R3-226 R3-226 R3-226 
Pu~239 Pu-239 Pu-239 Pu-239 
Th-229 Th~229 Th-229 Th-229 
Np-237 NP-237 N P - 2 3 7 NP~237 
Pu-242 P U - 2 4 2 P U - 2 4 2 P U - 2 4 2 

3.63E 06 1.40E 07 1.40E 07 1.40E 07 
3.55E 06 1.37E 07 1.37E 07 1,37E 07 

97.8 97.6 97.6 97.6 

R3-226 R3-226 R3-226 R3-226 
F'u-239 Sn-126 Sn-126 Sn-126 
Sn-126 Pu-239 Pu-239 Pu-239 
Pu-242 Pu-242 Pu-242 Pu-242 
Th-230 Th-229 Th-229 Th-229 

l76ii~05 6,46i~05 6,46i 05 i.46i 05 
1.57E 05 6.27E 05 6.27E 05 6.27E 05 
97.1 97.0 97.0 97.0 

4.5 4.6 4,6 4.6 
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10-' 

10^ 

10 3 4 

10 

10" 

10 

10 

10 

2 + 

10 

10 

-3 

•4 4 

10 

Case Nos. 33 and 36 

Local Dose Rate, 
Zone 8 V̂ U 
Ref. Cycle (mrem/yj 

Local Dose Rate, 
Zone 8 
P-T Cycle (mrem/year) 

Release Event 
Initiation 

Nonspecific dose rate 
Ref. Cycle (man-reai/year) 

Nonspecific dose rate 
P-T Cycle (man-rem/year') 

Time (10'' year) 

g. 4.3. Average annual total body dose rates—local, Zone 8 and 
nonspecific—from all nuclides following discrete expul­
sive incident initiated at 10^ years. 
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Table 4.20. Summary of integrated total body dose, total all nuclides, 
consequence analyses—discrete releases 

g 

Case 

92 

42 
39 

48 
45 

98 

36 
33 

Waste 
type 

A-i-B 

A+B 
A+B 

A+B 
A+B 

A+B 

A+B 
A+B 

Cycle 

Ref 

Ref 
P-T 

Ref 
P-T 

Ref 

Ref 
P-T 

Description 

Release 

Probabilistic leaching for ref 

Leaching at 1,000 years 
Leaching at 1,000 years 

Leaching at 100,000 years 
Leaching at 100,000 years 

Probabilistic expulsive for ref 

Expulsive at 100,000 years 
Expulsive at 100,000 years 

Integrated dose -
10**5 years 

Zone 8 
(mrem) 

3.08E 

1.66E 
1.69E 

1.36E 
1.38E 

3.23E 

5.77E 
3.07E 

02 

05 
05 

04 
04 

01 

06 
05 

Nonspecific 
(man-rem) 

3.56E 04 

1.91E 07 
1.95E 07 

1.54E 06^ 
1.58E 06^ 

1.38E 04 

3.56E 09 
1.77E 08 

Integrated dose -
10**6 years 

Zone 8 
(mrem) 

7.27E 

5.18E 
5.22E 

4.84E 
4.93E 

7.56E 

1.60E 
8.62E 

04 

06 
06 

06 
06 

02 

07 
05 

Nonspecific 
(man-rem) 

6.02E 06 

4.02E 08 
4.10E 08 

3.73E 08 
3.79E 08 

4.66E 05 

1.52E 10 
7.56E 08 

200,000 years for both Zone 8 and nonspecific. 



4.3 Sensitivity Analysis 

The sensitivity analysis for this task is limited to variation of 

certain parameters used in leaching releases and subsequent groundwater 

transport. First, variations applied to probabilistic (risk) release 

modes are discussed, followed by consequence or discrete release modes, 

with a brief pair of summary tables giving cumulative results through 

various times. The earlier comments in Sect. 4.2.1 concerning leaching 

parameters apply to this section as well. 

In the last part of this analysis a brief report is given on the 

use of different discount rates for developing discounted present 

values, or costs, for future damages. 

4.3.1 Variation of leach rates, risk series 

Tables 4.21 through 4.24 give top-ranking nuclides and Zone 8 and 

nonspecific dose rates at selected times for high leach rate 

(nominal x 1000), realistic variable leach rate, low leach rate 

(nominal x 10 ), and high leach and rock dissolution rates 

(nominal x 1000), respectively. Additional runs made with an increased 

neptunium K. give expected results which do not vary from the nominal 

base cases in which neptunium barely begins to surface at the end of 

1 million years. 

Figures 4.4 and 4.5 present the dose rates graphically for easier 

comparison. It can be seen that an increase of leach rate above nominal 

by a factor of 1000 increases dose rates by only a factor of about 10. 
-3 

Decreasing the leach rate by 10 is a bit more effective as typical 
-2 

dose rates decrease by a factor of about 10 . Use of the realistic 

variable leach rate affects dose rate by a factor of 2 to 4 during the 

period 20,000 to 30,000 years, but has no influence afterwards. 

4.3.2 Variation of leach rates, consequence series 

Tables 4.25 and 4.26 give top-ranking nuclides and Zone 8 and 

nonspecific dose rates at selected times for high and low leach rates 
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Table 4.21. Most significant radionuclides at selected times; 
sensitivity (leaching, high) cases; waste type: A 

Case and variable 
identification 

Order 

10**2 10**3 

Time, years 

10**4 10**5 10**6 

LOCAL DOSE RATE 
TOTAL BODY 

ZONE 8 

Case# 50; Cycle: Ref 
Release: Probabilistic 

Tc-99 
1-129 
Mo-93 a 

Tc-99 
1-129 
Mo-93^ 

1-129 
Tc-99 
Np-237^ 

Dose Rate 
(rarem/y) 

Tot all nuc 
Top 5 
% of total 

1.43E-10 
1.43E-10 
100.0 

3.11E-02 
3.11E-02 
100.0 

6.56E-01 
6.56E-01 
100.0 

Case# 99; Cycle: P-T 
Release: Probabilistic 

Tc-99 
1-129 
Mo-93^ 

Tc-99 
1-129 
Mo-93 a 

1-129 
Tc-99 
Np-237^ 

Dose Rate 
(mrem/y) 

Tot al1 nuc 
Top 5 
% of total 

1.45E-10 
1.45E-10 
100.0 

3.15E-02 
3.15E-02 
100.0 

6.57E-01 
6.57E-01 
100.0 

Ratio (%): (P-T)/(Ref) 
: Tot all nuc 101.0 101.0 100.0 

NONSPECIFIC DOSE RATE 
TOTAL BODY 

Case# 50; Cycle: Ref 
Release: Probabilistic 

Tc-99 
1-129 
Mo-93^ 

Tc-99 
1-129^ 
Mo-93^ 

1-129 
Tc-99 
Np-237^ 

Dose Rate 
(inanrem/y) 

Tot all nuc 
Top 5 
% of total 

1.77E-08 
1.77E-08 
100.0 

3.32E 00 
3.32E 00 
100.0 

3.07E 01 
3.07E 01 
100.0 

Case* 99; Cycle: P-T 
Release: Probabilistic 

Tc-99 
1-129 
Mo-93^ 

Tc-99 
1-129 
Mo-93^ 

1-129 
Tc-99 , 
Np-237^ 

Dose Rate 
(manrem/y) 

nuc Tot all 
Top 5 
% of total 

1.81E-08 
1.81E-08 
100.0 

3.39E 00 
3.39E 00 
100.0 

3.09E 01 
3.09E 01 
100.0 

Ratio (%): (P-T)/(Ref) 
: Tot all nuc 102.0 102.0 101.0 

Four or more orders of magnitude smaller than preceding nuclides. 
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Table 4.22. Most significant radionuclides at selected times; 
sensitivity (leaching, realistic variable) cases; waste type: A 

Case and variable 
identification 

Order 

10**2 10**3 

Time, years 

10**4 10**5 10**6 

LOCAL DOSE RATE 
TOTAL BODY 
ZONE 8 

Case# 52; Cycle: Ref 
Release: Probabilistic 

Tc-99 
1-129 
Mo-93^ 

Tc-99 
1-129 
Mo-93^ 

1-129 
Tc-99 
Np-237^ 

Dose Rate 
(mreni/y) 

Tot all nuc 
Top 5 
% of total 

4.82E-11 
4.82E-11 
100.0 

4.78E-03 
4.78E-03 
100.0 

6.93E-02 
6.93E-02 
100.0 

Case* 51; Cycle: P-T 
Release: Probabilistic 

Tc-99 
1-129. 
Mo-93' a 

Tc-99 
1-129^ 
Mo-93^ 

1-129 
Tc-99 
Np-237^ 

Dose Rate 
(mrem/y) 

Tot all nuc 
Top 5 
% of total 

4.89E-11 
4.89E-11 

100.0 

4.83E-03 
4.83E-03 

100.0 

6.94E-02 
6.94E-02 

100.0 

Ratio (%): (P-T)/(Ref) 
: Tot all nuc 101.0 101.0 100.0 

NONSPECIFIC DOSE RATE 
TOTAL BODY 

Case* 52; Cycle: Ref 
Release: Probabilistic 

Tc-99 
1-129 
Mo-93^ 

Tc-99 
1-129, 
Mo-93^ 

1-129 
Tc-99 ̂  
Np-237^ 

Dose Rate 
(manrem/y) 

Tot al1 nuc 
Top 5 
% of total 

5.98E-09 
5.98E-09 
100.0 

5.09E-01 
5.09E 01 
100.0 

3.25E 00 
3.25E 00 
100.0 

Case* 51; Cycle: P-T 
Release: Probabilistic 

Tc-99 
1-129^ 
Mo-93^ 

Tc-99 
1-129, 
Mo-93^ 

1-129 
Tc-99 
Np-237® 

Dose Rate 
(manrem/y) 

Tot all nuc 
Top 5 
% of total 

6.10E-09 
6.10E-09 
100.0 

5.19E 01 
5.19E-01 
100.0 

3.27E 00 
3.27E 00 
100.0 

Ratio (%): (P-T)/(Ref) 
: Tot al 1 nuc 102.0 102.0 101.0 

Four or more orders of magnitude smaller than preceding nuclides. 
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Table 4.23. Most significant radionuclides at selected times; 
sensitivity (leaching, low) cases; waste type: A 

Case and variable 
identification 

Order 

10**2 10**3 

Time, years 

10**4 10**5 10**6 

LOCAL DOSE RATE 
TOTAL BODY 
ZONE 8 

Case* 54; Cycle: Ref 
Release: Probabilistic 

Tc-99 
1-129, 
Mo-93^ 

Tc-99 
1-129 
Mo-93^ 

1-129 
Tc-99 
Np-237^ 

Dose Rate 
(mrem/y) 

nuc Tot al 
Top 5 
% of total 

4.90E-15 
4.90E-15 
100.0 

8.70E-06 
8.70E-06 
100.0 

2.98E-04 
2.98E-04 
100.0 

Case* 53; Cycle: P-T 
Release: Probabilistic 

Tc-99 
1-129 
Mo-93 a 

Tc-99 
1-129 
Mo-93 

1-129 
Tc-99 
Np-237^ 

Dose Rate 
(mrem/y) 

Tot all nuc 
Top 5 
% of total 

4.97E-15 
4.97E-15 
100.0 

8.81E-06 
8.81E-06 
100.0 

3.00E-04 
3.00E-04 
100.0 

Ratio (%): (P-T)/(Ref) 
: Tot all nuc 101.0 101.0 100.0 

NONSPECIFIC DOSE RATE 
TOTAL BODY 

Case* 54; Cycle: Ref 
Release: Probabilistic 

Tc-99 
1-129 
Mo-93^ 

Tc-99 
1-129 
Mo-93^ 

1-129 
Tc-99 
Np-237^ 

Dose Rate 
(manrera/y) 

Tot all nuc 
Top 5 
% of total 

6.08E-13 
6.08E-13 
100.0 

9.33E-04 
9.33E-04 
100.0 

4.35E-02 
4.35E-02 
100.0 

Case* 53; Cycle: P-T 
Release: Probabilistic 

Tc-99 
1-129 
Mo-93^ 

Tc-99 
1-129 
Mo-93^ 

1-129 
Tc-99 
Np-237^ 

Dose Rate 
(manrem/y) 

Tot all nuc 
Top 5 
% of total 

6.20E-13 
6.20E-13 
100.0 

9.53E-04 
9.53E-04 
100.0 

4.37E-02 
4.37E-02 
100.0 

Ratio (%): (P-T)/(Ref) 
: Tot all nuc 102.0 102.0 100.0 

Four or more orders of magnitude smaller than preceding nuclides. 
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Table 4.24. Most significant radionuclides at selected times; 
sensitivity (leaching & ROKDIS, high) cases; waste type: A 

Case and variable 
identification 

Order 

10**2 10**3 

Time, years 

10**4 10**5 10**6 

LOCAL DOSE RATE 
TOTAL BODY 

ZONE 8 

Case* 49; Cycle: P-T 
Release: Probabilistic 

Tc-99 
1-129 
Mo-93^ 

Tc-99 
1-129 
Mo-93^ 

1-129 
Tc-99 ^ 
Np-237^ 

Dose Rate 
(mrem/y) 

Tot all nuc 
Top 5 
% of total 

l.llE-09 
l.llE-09 
100.0 

4.69E-01 
4.69E-01 
100.0 

4.74E-01 
4.74E-01 
100.0 

NONSPECIFIC DOSE RATE 
TOTAL BODY 

Case* 49; Cycle: P-T 
Release: Probabilistic 

Tc-99 
1-129^ 
Mo-93^ 

Tc-99 
1129 
Mo-93^ 

1-129 
Tc-99 , 
Np-237^ 

Dose Rate 
(manrem/y) 

Tot all nuc 
Top 5 
% of total 

1.39E-07 
1.39E-07 
100.0 

5.02E 01 
5.02E 01 
100.0 

2.99E 01 
2.99E 01 
100.0 

Four or more orders of magnitude smaller than preceding nuclides. 
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Waste Type; A 

-High leach and ROKDIS, Zone 8 
(case 49, P-T) 

Time (10 year) 

Fig. 4.4. Average annual total body dose rates—local, Zone 8 — 
from all nuclides, sensitivity analyses for probabilis­
tic leach releases. 
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High leach and ROKDIS, nonspecific 
(case 49; P-T) 

Time (10 years) 

4.5. Average annual total body dose rates—nonspecific—from 
all nuclides, sensitivity analyses for probabilistic 
leach releases. 
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Table 4.25. Most significant radionuclides at selected times; 
sensitivity (leaching, high) cases; waste type: A 

Case and variable 
identification 

Order 

10**2 10**3 

Tin years 
10**4 10**5 10**6 

LOCAL DOSE RATE 
TOTAL BODY 
ZONE 8 

Case# 102; Cycle: Ref 
Release: Discrete 

Tc-99 
1-129^ 
Mo-93^ 

Tc-99 
1-129 
Mo-93' a 

1-129 
Tc-99 
Np-237^ 

Dose Rate 
(mrem/y) 

Tot all nuc 
Top 5 
% of total 

2.58E-09 
2.68E-09 
100.0 

2.11E 01 
2. H E 01 
100.0 

7.40E-07 
7.40E-07 
100.0 

Case* 101; Cycle: P-T 
Release: Discrete 

Tc-99 
1-129, 
Mo-93^ 

Tc-99 
1-129, 
Mo-93^ 

1-129 
Tc-99 
Np-237^ 

Dose Rate 
(mrem/y) 

Tot all nuc 
Top 5 
% of total 

2.72E-09 
2.72E-09 
100.0 

2.13E 01 
2.13E 01 
100.0 

7.40E-07 
7.40E-07 
100.0 

Ratio (%): (P-T)/(Ref) 
: Tot all nuc 101.5 100.9 100.0 

NONSPECIFIC DOSE RATE 
TOTAL BODY 

Case# 102; Cycle: Ref 
Release: Discrete 

Tc-99 
1-129, 
Mo-93^ 

Tc-99 
1-129 
Mo-93^ 

1-129 
Tc-99 
Np-237^ 

Dose Rate 
(manrem/y) 

Tot all nuc 
Top 5 
% of total 

3.23E-07 
3.23E-07 
100.0 

2.23E 03 
2.23E 03 
100.0 

8.63E-07 
8.63E-07 
100.0 

Case* 101; Cycle: P-T 
Release: Discrete 

Tc-99 
1-129, 
MD-93^ 

Tc-99 
1-129, 
Mo-93^ 

1-129 
Tc-99 , 
Np-237^ 

Dose Rate 
(manrem/y) 

Tot all nuc 
Top 5 
% of total 

3.40E-07 
3.40E-07 
100.0 

2.28E 03 
2.28E 03 
100.0 

8.68E-07 
8.68E-07 
100.0 

Ratio (%): (P-T)/(Ref) 
: tot all nuc 102.4 102.2 100.6 

Four or more orders of magnitude smaller than preceding nucl ides. 

94 



Table 4.26. Most significant radionuclides at selected times; 
sensitivity (leaching, low) cases; waste type: A 

Case and variable 
identification 

Order 

10**2 10**3 

Tin years 
10**4 10**5 10**6 

LOCAL DOSE RATE 
TOTAL BODY 
ZONE 8 

Case# 64; Cycle: Ref 
Release: Discrete 

Tc-99 
1-129, 
MQ-93^ 

Tc-99 
1-129, 
Mo-93^ 

1-129 
Tc-99 
Np-237^ 

Dose Rate 
(mrem/y) 

Tot all nuc 
Top 5 
% of total 

8.90E-14 
8.9DE-14 
100.0 

3.75E-02 
3.75E-02 
100.0 

8.93E-01 
8.93E-01 
100.0 

Case* 63; Cycle: P-T 
Release: Discrete 

Tc-99 
1-129, 
Mo-93^ 

Tc-99 
1-129, 
Mo-93^ 

1-129 
Tc-99 , 
Np-237^ 

Dose Rate 
(mrem/y) 

Tot all nuc 
Top 5 
% of total 

9.05E-14 
9.05E-14 
100.0 

3.80E-02 
3.80E-02 
100.0 

8.95E-01 
8.95E-01 
100.0 

Ratio (%): (P-T)/(Ref) 
Tot all nuc 101.7 101.3 100.2 

NONSPECIFIC DOSE RATE 
TOTAL BODY 

Case# 64; Cycle: Ref 
Release: Discrete 

Tc-99 
1-129, 
Mo-93^ 

Tc-99 
1129 , 
Mo-93^ 

1-129 
Tc-99 ^ 
Np-237^ 

Dose Rate 
(manrem/y) 

Tot a n nuc 
Top 5 
% of total 

l.lOE-11 
I.IOE-U 
100.0 

4.21E 00 
4.21E 00 
100.0 

4.38E 01 
4. BSE 01 
100.0 

Case# 63; Cycle: P-T 
Release: Discrete 

Tc-99 
1-129, 
Mo-93^ 

Tc-99 
1-129, 
Mo-93^ 

1-129 
Tc-99 , 
Np-237^ 

Dose Rate 
(manrem/y) 

Tot all nuc 
Top 5 
% of total 

1.13E-11 
1.13E-11 
100.0 

4.29E 00 
4.29E 00 
100.0 

4.41E 01 
4.41E 01 
100.0 

Ratio (%): (P-T)/(Ref) 
: Tot all nuc 102.7 101.9 100.7 

Four or more orders of magnitude smaller than preceding nuclides. 
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from a discrete leach event initiated at 1000 years. Figures 4.6 and 

4.7 dramatically illustrate the differences to be obtained by signifi­

cant changes in the rate at which nuclides are released from the 

repository. The high-leach-rate discrete release more closely resembles 

an expulsive release. It also has a high group peak-dose rate and a 

subsequent rapid reduction corresponding almost conipletely to the 

average effective decay factor from radiological and environmental 

decay. Later leaching contributions are minimal. On the other hand, 

the low-leach curve continues to increase throughout the period as 

leaching continues to release nuclide pulses which accumulate in Zone 8 

and the nonspecific pathway faster than nuclides are removed through the 

combined decays. 

4.3.3 Sensitivity calculation summary 

Tables 4.27 and 4.28 summarize for probabilistic and consequence 

releases, respectively, the integrated Zone 8 and nonspecific doses at 

10 and 10 years. Results from base cases, using nominal parameter 

values, are included for comparison. 

In general, dose rates and cumulative doses are less sensitive to 

Increased leach rates than might be expected. Except for a brief time 

increment (possibly 10,000 to 30^000 years), they are essentially 

insensitive to the refined leach-rate responses associated with canister 

repository temperatures and configuration changes (realistic variable). 

Increase In the rock dissolution constant provides a response simnar to 

increased leach and appears superimposed in Figs. 4.4 and 4.5. The 

somewhat erratic behavior of their curves Is due to the calculational 

sequencing of rock dissolution, leaching, and release to groundwater 

transport. Reduction of leach rates from the nominal values used in the 

base cases provides significant reduction in effects through several 

hundreds of thousands of years. Such reduction need only be applied to 

% c and •'•̂ Î to obtain the benefit. 
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10^^ 

Time (10^ years) 

Fig. 4.6. Average annual total body dose rates—local. Zone 8—froin 
all nuclides, sensitivity analyses for discrete leach In­
cident initiated at 10^ years. 
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10^ -y 

0 1 2 3 4 5 6 7 8 9 10 

Time (10^ y e a r s ) 

Fig. 4.7. Average annual total body dose rates—nonspecific—from all 
nuclides sensitivity analyses for discrete leach incident 
initiated at 10^ years. 
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Table 4«27« Sumwara of integrated total bod« dosef total all nuclides* 
sensitivity analyses — probabilistic releases 

Case Description Integrated Dose ~ 10**5 H Integrated dose - 10**6 y 

Zone 8 Nonspecific Zone 8 Nonspecific 
Waste Cycle Release mreiri wanrem mrem manreiTi 
tape 

90 A Ref Base Case for reference 3.08E 02 3.56E 04 7.27E 04 5.55E 06 

Ca) Hiah Leach Rate 2»03E 03 2.35E 05 6,86E 05 5.22E 07 
<3) Hiah Leach Rate 2»05E 03 2,39E 05 6.90E 05 5.30E 07 

Cb) Realistic Variable Leach 3.15E 02 3.65E 04 7«27E 04 5.55E 06 
Cb) Realistic Variable Leach 3,19E 02 3«72E 04 7«32E 04 5»63E 06 

<c) Low Leach Rate 5,59E-01 6,50E 01 9,56E 02 7.59E 04 
(c) Low Leach Rate 5.6AE-01 6.63E 01 9,62E 02 7.71E 04 

<d) Hiah NP Kd 3»08E 02 3.56E 04 7.27E 04 5,55E 06 
<d) Hiah NP Rd 3.12E 02 3.64E 04 7.32E 04 5»63E 06 

49 A P-T Ce) Hi3h Leach Rate S ROKDIS 3,28E 04 3,81E 06 9.23E 05 8.35E 07 

(a) Hiah Leach Rate! Leach rate - 1000 Jt noniinal? and rocM dissolution rate -
10 X nominal 9 

Cb) Realistic Variable Leach Ratel leach rate increased as function of 
temperature during early thernal period and leaching surface area 
progressively increased after lOOOa fron waste form degradations 

Cc) Loy Leach Rate! leach rate - 0»001 a nominal» 
Cd) Hiah NP Kdl Kd increased fro» nominal 8»1 to 30» 
(e) Leach rate and reel' dissolution ratesn both 1000 jc nominal* 

10 

%o 

50 
99 

52 
51 

54 
53 

56 
55 

A 
A 

A 
A 

A 
A 

A 
A 

Ref 
P-T 

Ref 
P-T 

Ref 
P-T 

Ref 
P-T 



Table 4.28« Summary of integrated total boda dose? total all nuclides^ 
sensitivity analyses — conseeuence releases 

Case Description Integrated Dose 10**5 y Integrated dose - 10**6 H 

Waste Cycle 
type 

Release 
Zone 8 
ffireni 

1.69E 05 

1,56E 06 
1.58E 06 

1,63E 03 
1.66E 03 

1.69E 05 
1,72E 05 

Nonspecific 
manrem 

1.95E 

1.80E 
1.84E 

1.92E 
1.96E 

1.95E 
1.99E 

07 

08 
08 

05 
05 

07 
07 

Zone 8 
mreift 

5.22E 06 

8.83E 06 
8.92E 06 

5.18E 05 
5.21E 05 

5.22E 06 
5,26E 06 

Nonspecific 
usanreiii 

4.10E 08 

9.42E 08 
9.59E 08 

3,67E 07 
3,72E 07 

4.10E 08 
4,1AE 08 

42 Ref 

102 
101 

64 
63 

66 
65 

A 
A 

A 
A 

A 
A 

Ref 
P-T 

Ref 
P~T 

Ref 
P-T 

Base Case for reference 

Ca) Hiah Leach Rate 
Ca) Hiah Leach Rate 

Cb) Loy Leach Rati 
Cb) Low Leach Rats 

Cc) Hi^h NP Kd 
Cc) Hiah N P Kd 

Ca) Hiah Leach Ratel Leach rate 
10 X nominal. 

Cb) Low Leach Ratel Leach rate - 0.001 x nominal. 
Cc) Hlah NP Kdl Kd increased from nominal 8.1 to 30. 

1000 X nominal? and rock dissolution rate 



Although not reported in this task,, increase in groundwater 

velocities would introduce, during the 1 million-year period^ additional 

nuclides with significant effects. In particulars nuclides such as 

Ra, Cs, and Np would begin to appear. 

As a part of every AMRAW-B run, annual total damages are 

accumulated over the 1 million-year period^ and discounted present 

values for these damages are calculated using 0% and 7% annual discount 

rates. Tables 4.29 and 4.30 present the results for Type A waste^ Ref 

and P-T Inventories, respectively, under probabilistic release. Using 

Table 4.29 as a reference^ it is easily seen that any discount rate as 

high as 7% essentially wipes out the present equivalent cost for future 

damages. The present value of total damages at 7% discount rate is 

approximately $2000 in contrast to about $9 billion at the 0% rate. The 

onli 
137. 

90 
only nuclides which contribute significantly at the 7% rate are Sr and 

CSs whose effects occur during the first 200 to 300 years. 

The last point is emphasized by the results appearing in Table 4.31 

(discrete leach event initiated at 1000 years) and Table 4.32 (discrete 
5 expulsive event at 10 years). These last two cases incur no releases 

during the early years; therefore, the 7% rate (or any discount rate 

greater than 0%) gives zero present values. 

A comparison of the marginal present value cost per initial 
99 

inventory gram at 0% with the marginal value at 7% for Tc illustrates 

the impact of non-zero discounting over a long period. The 0% larginal 

value is $59.40/g, but the 7% value Is only $2.39 x 10 -^Vg for Tc, 
90 -4 

while similar marginal values for the short-term Sr are $1.10 x 10 

and $1.99 x 10 , not an unreasonable discount. 

Other discount rates between 0% and 7% would, of course, extend the 

period of reasonable discounting, but not by fBuch. For example, the 

present value of $1 mil lion at 1000 years, discounted at a 1% rate^ is 

only $45.56. 

101 



Table 4.29. Discounted present value ( $ ) , Type A waste, 
Ref cyc le, p robab i l i s t i c releases. 

M 
O 

NUCLIDE 

pu-a4? 
CM-244 

SUS TOT 

PU-Z'.O 
C1-244 

S'JB TOT 

RA-225 
TH-229 
NP-237 
A1-241 
?U-2^1 
Ci l -245 

S'J3 TOT 

BB-210 
RA-2?6 
T4-230 
OU-Z3H 
zn-zt,z 

AM-2%21 

SUB TOT 

PU-21? 
siP-239 
&M-2%3 

SUB TOT 

C-14 

SUB TOT 

MI -59 

SUB TOT 

DISC RATE • 

DISCOUNTED 

7 .56E*05 
8 .35E*02 

7 .57E*05 

5 .39E*05 
4 . 1 ' ' E * 0 2 

^.^tOE^-O? 

2.0%E4-05 
1 .22E*07 
2 .30E*06 
s.iaE^o*. 
1.19E*02 
3.05E4-03 

1.66E4-07 

%.23E*05 
6 ,S2E*07 
7.55E»05 
1 . 3 l E * 0 3 
3 .?9E*00 
5 .4%E*0 l 

6 .94E+37 

5 .02E*06 
4 ,9^E*0<. 
5 .28E*05 

5.59E4-06 

6 . 1 5 E - 0 1 

6 . 1 5 E - 0 1 

2 . ^ 0 E * 0 0 

2«*0E*00 

.Oor 

By |/»;<9 

4 . 7 i c _ n ? 

«>,43 = -TS 

11.^ I = -')•» 

«!,»«> i : * fn 

' . 5 7 f : - 0 ? 

I . I S F - T S 

l . 1 1 F - 0 % 

i ) ! ^ : RATE - 7 .00 

ITSCTJNTFT 

S . ^ I E - O l 
'^.'»5E-"»3 

l .<K,F-07 

l . ? 3 = * M 
7 .R*E* ' )1 

7.->«,C4.Tl 

•«»3« = -1R 
l . l ' S F - T T 
^ . I ' F - T T 
' . t i c * ' ) ! 
1.10E4-10 
l . l ' E - - ) " 

' . I ^ E * ! ! 

l . l ^F -O"? 
S. ' ISC-T^ 
' . ' 4 e - T S 
1.4%F*Tl 
I . S I E - T l 
* . n E - T l 

l .?7=«-11 

' . H E - T l 
1.STE-")? 
1.93 = * T ) 

^ . ^ l E ^ - n 

J- .135-16 

2 . 3 3 F - T i 

%.1XC-17 

* . 3 1 F - T 7 

BV »/G1 

8 . 9 * E - 1 0 

9.<.9E-07 

1 .24E-07 

1 .19E-06 

1 .36E-38 

1 .19E-10 

2 . 0 2 E - 1 1 

&AN1047T 

SR-90 8.93E*03 l.61E*1^ 

SUB TOT S,93E+03 l.TTE-T*. l.'iic + ll 1.99E-0!> 

2R-93 1.0BE»-33 '.^ic-ll 

SUB TOT 1.09E + 03 n.-ma-OS ?.?ic_i5 1.33E-13 

»?0-93 5.35E-32 I.?'?-')'' 

SU9 TOT 5.35E-02 l.M^-O', i.̂ -»r-OT 2.05E-11 

TC-99 9.56E*09 -^.^^c-l* 

SUB TOT 8.56E*09 S.Oi.c + ll 3.4<.i:-1'. 2.39E-I2 

SN-126 q.BSE + O^ ^.5,^^-11 

SUB TOT 9,'!9E*0<. T.a^B-')^ -j.-jfiC-n ^.itSE-lO 

1-129 7.50E*08 l,̂ 'i?-1S 

SUB TOT 7.50F4-0'3 ?.1-»F*'n 1.34C_T5 3.76E-13 

CS-13S 7.<.'iE + 03 l.l'S'̂ -l'. 

SUB TOT 7,%<,E + 33 9.33F-T5 I.T^C-T^ 1.'%0E-12 

CS-137 1.79E*i)3 l.BSF*!? 

SUB TOT 1.796*03 a.^TC_i>, 1.R-SC4.1? B.73E-07 

TOTALS 9.40E4-09 T.^ftf^Ol l.?? = *03 1.61E-05 



Table 4.30. Discounted present value ($), Type A waste, 
P-T cycle, probabilistic release. 

DISC RATE •« . 0 0 ^ DISC ®ATE = 7 .00? 

NOCIIOE OISCPUNTED <»V tfi^ ntSCOUMTEn PV t/QM 

AA01047T 

®U-242 
CM-2%ft 

6 ,21F*04 
9 . 6 8 F * 0 1 

t-> 
o 
00 

%m THT 

®U-?40 
CM-744 

SUB TOT 

Rh-??-! 
TH-229 
NP-217 
AH-?<H 
BU-2 ' . l 
€•^-2^5 

SU« TIT 

<»B-2n 
RA-2?ft 
TH-230 
9U-23S 
C - ? * ? 

in-pjtzn 

Sim TOT 

PU-239 
HP-2 39 
»H-?«,3 

SUP TOT 

C-1% 

SUB TOT 

N I - 5 9 

6 , 2 2 E * 0 4 

1 . 7 ] E * 0 ^ 
3 .97F*00 

1.71F4-04 

1 .89E*04 
1.13E-I-05 
2 . 1 3 F * 0 ' ! 
6 . 0 3 E * 0 ? 
1 .34E*01 
3 . f r lF+02 

1 .54E*05 

l . S S F * ^ ; 
2 .98E+06 
3 .30F*04 
5 .36F*01 
1 .09F-02 
i .esF-oi 

3 . 0 3 f 4-05 

5.85E-t-C4 
1.Q1E*02 
1 .07F*03 

6 .97F*04 

1 .23E*00 

1 .23E*00 

2.«.0E-l-00 

' . . ' .RE- ' )? 

«.,«,7C_33 

R.'«'5 = - 1 ? 

SUB THT 2.40E-»-00 

5.'»3«^*T) 

' . O l E - 3 ' 

3.19F- ' )S 

1.13F-04 

1.04P-03 

1.48E-03 

'k .98E-02 
7.<,4F-01 

7.9<,E-01 

3 .3 ' .E -08 
1 .04F-07 
2 . ? l E - ' ) 5 
1 . 5 6 F - 0 1 
1 . 0 8 = - 0 1 
1 .38E-03 

2 .55F-01 

3 .97F-09 
? . ? ? F - 0 6 
6 . 3 7 F - 0 7 
6 . 7 3 F - 0 1 
? . 8 7 F - 0 3 
1 .17F-03 

'5 .77F-01 

l . P l F - 0 2 
2 .00E-0* . 
3 . 9 1 F - 0 3 

? .??E-0? 

* . 65F -0 '> 

4 . 6 5 F - 0 6 

<..31F-07 

* . 3 l F - 0 7 

l . l l F - 0 9 

3.00F-07 

1.52F-07 

1 .17E-06 

6 . 3 9 F - 0 9 

1 .19F -10 

2.02E-11 

S?-90 9 . 1 0 E * 0 3 

SUP TOT 9 ,10E*03 1 . 1 1 = -0<, 

Z B - g i l , l l F * b 3 

•11-9 •) 

SUB TTT 

TC-99 

SU« TIT 

SH-176 

SUR TOT 

1-129 

SUB TOT 

C S - 1 3 5 

Sim TOT 

C S - l l ? 

S'W TOT 

TOTALS 

SUB TIT 1.11F4.03 Q.o 'yr . ' ) * , 

'5 .35E-0? 

5 .35F -02 

f . 75E+09 

8 .75F*09 

1 .04F*01 

L C F ^ - O S 

7 .50E*08 

7.50F-I-08 

7.0 ' .F*03 

7.04F«-03 

T . l O t r - O i , 

S.T^F*01 

1 . «7F -T> 

? . lOt^ + Ol 

T . T I C - T ^ 

l . B 5 F * 0 3 

1.85F+03 n . l T F - O ^ 

9 . 5 0 E * 0 9 1.3<SF + 1 1 

, 6 * F * 0 3 

.fe^Fs-OI 1 .99E-05 

.?«iF-05 

,?5F-05 

,5?F-T9 

,5?F- f i9 

. S l F - 0 4 

1.S3F-13 

? .05F-11 

? .39 r - i ? 

. 1 1 F - 0 3 

. l l F - 0 3 S.-^SF-IO 

, 3 4 F - 0 5 

.3«E-05 3 .76F-13 

9 . 9 2 F - 0 5 

1 .95F t02 

l ,95F«-0? 

I . ^ I F - I ? 

J .73F-07 

1,B4E*03 2 . 6 3 F - 0 6 



Table 4.31. Discounted present value ($), total waste, 
Ref cycle, discrete leaching at 1000 years. 

DISC RATE ^ . I T ' T I S : RATE « 7 . 0 3 ? 

NUCLIDE DISCOUNTED »V t / ' S I 3 I S : T M T = 0 PV t /GH 

ATN5017T 

2 

PU-242 
CM-246 

SUB TOT 

PU-2<.0 
C«1-24% 

SUB TOT 

9A-225 
TH-229 
NP-237 
A1-241. 
BU-241 
CM-2%5 

S'J9 TOT 

BB-213 
<A-226 
TH-230 
?U-233 
C1-2^2 

A1-242M 

SU3 TOT 

iJU-239 
NP-239 
AH-2*3 

SUB TOT 

C-1% 

sua TOT 

MI -59 

SUB TOT 

0 , 
3 . 

0 . 

0 , 
0 . 

3 . 

1 . 
3 . 
3 . 3 4 E - 0 1 
0 . 
0 . 
0 . 

3 . 0 4 E - 0 1 

3 . 
0 . 
0 . 
3 . 
3 . 
0 . 

0 . 

3 . 
0 . 
3 . 

0 . 

2 .56E+00 

2.56E4-00 

3 . 

0 . 

3 . 
3 . 

3 . 

l . ? * i : _ l l 

3 , 

3 . 
3 . 
3 . 
3 . 
3 . 
3 . 

t . - j ^ p - T S 

3 . 

3 . 

3 . 
t . 
3 . 
3 . 
3 . 
3 . 

3 . 

3 . 
3 . 
3 . 

3 . 

3 . 

3 , 

3 . 

SR-90 

SUB TOT 

ZR-93 

SUB TOT 

10 -93 

SUB T3r 

TC-91 

SU!5 TOT 

•>H-lZf, 

SUB Tor 

I - 1 ' 9 

SJB Tor 

CS-135 

SUB TOT 

CS-137 

SJB TOT 

TOTALS 

0 . 

n . 

3 . 

3 . 

1 .3?E*34 

L S S E ^ O * 

S . ' . I E * ! ! 

- i . ^ l F ^ l l 

3 . 

3 . 

5 . ?1F-H3 

i . Z ' F t l O 

0 . 

0 , 

0 . 

0 . 

7 .02E+11 

" i . 

T . 

3 . 1 3 F + 3 3 

4 , " i l 1^*33 

3 . 

1 . ^ 7 C + T 3 

3 . 

3 , 

5 . S 4 F 4 - 3 ^ 

3 . 

1 . 

3 . 

3 . 

3 . 

3 . 

T . 

3 . 

3 . 

1 , 

3 . 

3 . 

3 . 

3 . 

3 . 

3 . 

3 . 
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4.4 Summary of Other Factors Affecting Accuracy 

This subsection is designed to provide a qualitative overview of 

certain modeling and input data deficiencies and assumptions as they may 

affect the accuracy of calculated results and their interpretation. 

Descriptions are presented in brief, and where possible an Indication is 

given whether the factor should give conservative or liberal results. 

4.4.1 Modeling 

1. No interzonal or out-of-region nuclide transfers after nuclide 

is Initially deposited; gives very conservative results in 

Zone 8 and nonspecific. 

2. Application of environmental decay—decay not applied until 

nuclide is released from repository; adds to conservativeness. 

3. Population immobility—assumes population remains in place and 

behaves in an unchanged manner after volcanic and other 

events; assumes no technological advancement, in fact, no 

ability to detect and take preventive measures against 

radioactivity; adds to conservative trend. 

4. Indefinite continuation of slow release conditions—self-

healing of fractures and/or other favorable events not 

permitted to occur; adds to conservative trend. 

5. Simplified nuclide chain migration—no specific compensation 

is made for different migration rates of precursor and 

daughter nuclides. In this application, the simplification is 

not believed to affect results in either direction. 

4.4.2 Data 

1. Dose factor—many external pathway values not in the 

literature; adapted values should approximate effects 

reasonably well. 

2. Health effects incidence rates—organ-specific rates not 

available for liver and thyroid but Incorporated under total 

body; in some Instances, does not reflect fully the relatively 
129 

larger uptake of certain nuclides such as I; results in 

some unaerestlnatlon of effects of certain nuclides. 
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3. Effective diffusivity and dissolution constants—under 

leaching, values in most instances based on theory; however, 

should be well within acceptable ranges and not introduce 

significant errors based on the sensitivity analyses conducted 

as a part of this program. Future supporting experimental 

work suggested. 

4. Distribution coefficient, K.— only a few published values; 

for Los Medanos, estimated values for Western soil reduced to 

account for salinity; further research suggested. In general, 

conservative (low) K. values have been used, thus contributing 

to conservativeness. This is especially true in the case of 

neptunium, where a low value of 8.1 is used; more recent 

information suggests use of a value of 700 or more. 

5. Environmental decay—data sparse; token, extremely conserva­

tive value used in AMRAW (half-life = 30,000 years). 

6. Mid-range groundwater velocity used—this value, 1.46 m/year, 

is significantly larger than the highest value 

(0.32 m/year) calculated in the region for preparation of the 

EPA report and is in the middle of the velocity range reported 

for the Rustler formation in the Draft Environmental Impact 

Statement for the Waste Isolation Pilot Plant [D0E79]. 

7. Time horizon of 1 million years—health effects and damages 

are integrated over this entire period. Although there is 

essentially no ability to predict demographic, environmental, 

and other conditions over this extensive time frame, uniform 

use of parameter values, as are currently known, permits 

results to be obtained which are reasonably comparable and 

also understandable in today's context. Absolute integrated, 

or cumulative, results from such an analysis, however, would 

appear extremely high, contributing to conservativeness. 

8. Zero discount rate used for evaluating cumulative damages— 

although only a zero rate can produce finite "present values" 

over the long time period of the assessment, Its use voids the 

application of discounting and present value concepts to the 

costs of future health effects when making comparisons with 

other waste cycle costs; conservative in such applications. 
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9. Source inventory includes all long-lived wastes likely to be 

produced—actual repository application 1s likely to involve 

significantly smaller waste inventories; gives high, conserva­

tive results. 

10. Average expected salt dissolution rate is utilized. 

In review, it is evident that modeling and parameter characteris­

tics for this application of AMRAW are generally conservative, thus pro­

viding high-value radiation dose rates, health effects, and associated 

damages. This is useful here in order to emphasize the difference 

between reference (no P-T) and P-T risks and to better identify the 

causes of the differences. 

108 



5. SUMMARY AND CONCLUSIONS 

This section first summarizes the primary results obtained through 

application of the AMRAW methodology to the Ref and the P-T wastes and 

then gives certain conclusions drawn from the results. In keeping with 

the overall risk task objective of providing quantitative input toward 

the evaluation of the projected benefits or impact of waste P-T, the 

discussion concentrates largely on differences or commonalities in the 

results obtained for the two waste forms. Figure 5.1 presents health 

effect rate vs time curves for the probabilistic (all releases) and 

consequence runs and gives a good overview of their main character­

istics. 

5.1 Overview of Results 

5.1.1 Discussion of probabilistic analysis 

137 90 
In Type A waste, Cs and Sr dominate effects during the first 

few hundred years in both the Ref and P-T inventories. Between a few 

hundred years and several tens of thousands of years, the most 

significant nuclides in the Ref inventory include a generous mix of 

actinides and their daughters (̂ '̂ Âra, ̂ "̂'•Am, ̂ ^°Pu, ^^^Pu, ^^^Ra) at a 

significantly reduced activity level. These nuclides appear because of 

the expulsive releases distributed throughout the assessment period in 

the probabilistic mode. P-T strongly reduces the effects during this 

period. During the later times two nuclides, Tc and I, which are 

released by leaching, completely dominate all other nuclide 

contributions. Because they are not removed through P-Tj the results 

show no benefit during that time frame from removal of the actinides. 

However, closer to the repository site, where leached nuclides have no 

reasonable pathway to roan in this situation and probabilistically 

released expulsive events dominate, P-T would appear effective 

throughout the study period after decay of the short-lived, highly 
90 137 

radioactive fission products Sr and Cs. 
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Fig. 5.1. Total health effects vs. time, probabilistic and 
consequence runs, total waste. 
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Type B waste is characterized by a substantially lower fission 

product inventory; therefore, P-T performs in a more effective manner 

throughout the study period. 
2 

Because of the significantly larger (10 ) activity of the A waste 

compared with the Type B waste, results obtained for Total (A + B) waste 

essentially follow the same patterns as the former. 

For Type A waste, the Zone 8 and nonspecific cumulative doses at 

10 and 10 years are accrued largely (77 to 99%) from nuclides 
99 

appearing through the leaching process, and more specifically from Tc 
129 

and I. On the other hand. Type B waste contributes its dose mainly 

through expulsive events. This is in spite of the somewhat distant 

(20 km) location of Zone 8 from the repository. 

Table 5.1 relists the most significant nuclides according to peak 

health effects and time of occurrence. 

Table 5.1. Nuclides with maximum health effects rates; 
waste A + B (total); probabilistic releases 

Time 
(year) 

5 

40 

200 

600 

20,000 

30,000 

200,000 

300,000 

500,000 

700,000 

Reference Cycle 
Nuclide 

Sr-90 

Cs-137 

Am-241 

Pu-240 
Am-242 

Pu-239 

Tc-99 
Ra-226 

1-129 

Th-229 

Maximum 
deaths/year 

5.04E-04 

6.15E-05 

5.46E-05 

9.77E-05 
7,92E-05 

2.07E-04 

9.38E-02 
6.19E-04 

3.64E-03 

6.08E-05 

Rank 

4 

8 

10 

6 
7 

5 

1 
3 

2 

9 

Nuclide 

Sr-90 

Cs-137 

Pu-238 

Am-241 

Pu-239 

Sn-126 

Tc-99 
Ra-226 

1-129 

P-T Cycle 
Maximum 

deaths/year 

5.15E-04 

6.38E-05 

9.54E-07 

8.88E-07 

4.23E-06 

1.61E-06 

9.58E-02 
3.08E-05 

3.64E-03 

Rank 

3 

4 

8 

9 

6 

7 

1 
5 

2 
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99 From the standpoint of maximum death rate ranking, Tc leads 

readily with its group peak at 300,000 years. Iodine-129, Ra, and 
90 
Sr follow at 500,000, 300,000, and 5 years, respectively, in the Ref 

inventory, while ^^^I, ̂ °Sr, and ^̂ ''cs follow at 500,000, 5, and 40 

years for the P-T inventory, respectively. This small readjustment 

results from the removal of the main precursors of Ra from the 

initial inventory. For both inventories almost 90% of the cumulative 
99 deaths, in all zones and nonspecific, are caused by Tc ('̂ '33,000), 

followed by "'•̂ Î (2,880 deaths), and ^^^Ra (339 Ref and 17 P-T). 

In order to evaluate nuclide effects in the context of initial 

inventory content, it is useful to observe nuclide decay groups and 

their comparative effects. Most serious are the one-nuclide groups of 
99 129 Tc and I, which have average marginal dollars per initial inventory 

gram damage costs of about $59 and $21^ respectively. Next comes 
242fB 226 

Group No. 4, originating with Am and including Ra, with a 

marginal average $/g damage cost of about $5.20. 

Direct and subsequent indirect damage costs attributed to nuclides 

in the initial inventory place ^hc, "^^^I, ^^^Pu, ^^^Am, and ^^^Np , in 

that order, as the most damaging nuclides in the Ref inventory. In the 

P-T cycle inventory, Pu and Sn are substituted in the last two 

places. 

From the standpoint of elements in the initial inventory, 

technetium, iodinej plutonium, americium, and neptunium, in that order, 

are the most serious in the Ref cycle, with tin and americium moving 

into fourth and fifth places with P-T. 

5.1.2 Discussion of consequence analysis 

This analysis includes the separate consideration of both slow 

leach and expulsive release events initiated at selected times and 

operating in real time. 

5.1.2.1 Slow release events. Many factors establish the times of 

arrival at a selected place of nuclides undergoing leaching and 

subsequent movement with groundwater; however, it appears that such 

times are most sensitive to the distribution coefficient, K., of a 

nuclide and the water seepage velocity. For Zone 8 effects, and most of 
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the nonspecific impact, an average travel distance of about 20 km to 
93 99 

that zone is involved. Those nuclides with zero value K.'s ( Mo, Tc, 
129 

and I) present individual pulse concentration peaks after about 

14,000 years of travel, followed by C and the beginnings of Np 

toward the end of the 1 million-year time frame. Of these nuclides, 
99 129 

only Tc and I have significant activity at the right times; 

therefore, their effects dominate all leaching operations under the 

nominal parameter values used. Partitioning and transmutation has no 

effect. Delay of initiation of the leach event from 1000 to 100,000 

years has little effect on the dose-rate peak values, although arrival 

of the group pulse leading edge occurs at a later time. All dose rate 

values are higher than the corresponding probabilistic results. 

5,1.2.2 Expulsive events. These events are initiated at 100,000 

years for this task. Compared with the leaching runs, the significance 

of nuclides is much more in accord with their inventory activity ratings 

at a particular time. Therefore, actinides (and daughters) such as 

^^Sa, ^^^Th, ^ ^ V , ^^^Ra, and ^^^Pu are found at the top of the list 
5 

when the release occurs at 10 years. The specific nuclides that have 

the highest effects are largely dependent on the exact time of the 

release. In the expulsive cases for this task (release at 100,000 

years), nuclides such as Ra are dominant because their inventory has 

built up through parent actinide decay, whereas at earlier times certain 

fission products are likely to predominate. As a result, P-T is more 

effective for the later expulsive releases. All dose rates are 

considerably higher than those of their corresponding probabilistic 

case. 

5.1.3 Discussion of sensitivity analysis 

This analysis is performed only on leaching runs and studies the 

variation of leach and rock dissolution rates and, in one instance« the 

value of the distribution coefficient, K.. These studies are performed 

for both probabilistic- and consequence-type releases. 

Arrival times and the time distribution of Zone 8 and nonspecific 

effects follow the same pattern with the group peak occurring at about 
129 

300,000 years. Technetium-99 and I are the prime contributors for 
4 ^ 217 6 

all the series. Molybdenum-93, at 10 and 10^, and " Np, at 10" years, 
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make minute appearances. An increase in the nominal leach rate by a 

factor of 1000, accompanied by a factor of 10 increase in the salt 

dissolution rate, produces a typical dose rate increase of about 10, 

whereas a leach rate decrease by a factor of 1/1000 reduces dose rates 

by a factor of about 1/100. The realistic variable leach rates, which 

respond to changing repository temperature and conditions, provide only 

a minor perturbution around 20,000 years and have no further effect. 

Increase of the K. value for neptunium merely removed the nuclide 

completely from leach considerations during a 1 million-year time frame. 

Variation of leach parameters under discrete release conditions at 

1000 years illustrates distinct differences between high and low 

leach-rate behavior. In the first instance, the 1000-tiraes-nominal 

leach rate/10-times-nominal salt dissolution rate increases the peak 

group dose rates by a factor less than 10. This peak also arrives at 

300,000 years. After that time, the rate reduces rapidly as a 

combination of radiological and environmental decay with little, if any, 

replenishment from later leaching. Behavior simulates the 

characteristics of the rapidly released expulsive event. 
-3 In contrast, the low (nominal x 10 ) leach-rate-case dose rates 

are less than the base case by a factor of about 15 at 300,000 years and 

then continue to increase as newly leached material arrives faster than 

nuclides are removed by the combined decay factor. 

5.2 Risk-Task Qualitative Conclusions 

It is useful to subdivide the 1 million-year repository period of 

the risk task so that one may identify potentially different options 

applicable to different time perspectives. For this purpose, the 

"short" or "near term" is defined as a period extending from closing 

time of the repository to a few thousand years. This corresponds to a 

time frame with which man's history and future can be reasonably 

identified. Also, most concern with other hazardous conditions, toxic 

wastes, etc., is generally confined to only the early part of this 

period. The "mid term" is defined as extending from about 10,000 to 

100,000 years, and the "long terra," beyond 100,000 years to the end of 

114 



the 1 mi l l ion-year task study per iod, a time frame suggesting matters 

perhaps suited fo r "speculat ive philosophy." 

Table 5.2 summarizes the cumulative health ef fects in 1 m i l l i on 

years for both Ref and P-T waste cycles showing the most s ign i f i can t 

nuclides for the release condit ions indicated. Also included is a 

Table 5 2 Overall summary of 1 million years' health effects— 
Reference and P-T total (A + B) wastes 

Reference cycle 

Cumulative total 
health effects 

P-T cycle 

Cumulative total 
health effects 

Ratio (%) 
(P-T)/(Ref) 

Rank 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

Health effects to same 
population from natural 
background of -̂ 150 mrem/yr 

(2 X lO"'* HE/rem) - one million 

Ratio 
Ref/Background effects 

Probabi 

Tc-99 

1-129 

Ra-226 

Th-229^ 

Pu-239^ 

3 63E + 

Tc-99 

1-129 

Ra-226'̂  

Th-229^ 

Sn-126'' 

3 66E + 

100 8^ 

years*-' 7 

0 045% 

listic 

(91%) 

( m 
( I'o) 

04 

(92%) 

( m 

_04 

95E t 07 

Release Mode 

Const 

Leaching at 
1000 yr 

Tc-99 (92%) 

1-129 ( 8%) 

Mo-93^ 

C-14'' 

Np-237^ 

2 70E + 06 

Tc-99 (92%) 

1-129 ( 8%) 

Ho-93^ 

C-14^ 

Np-237'̂  

2 75E + 06 

102 0^ 

health effects 

jquence 

Volcanism 
at ID'' yr 

Ra-226 (77%) 

Pu-239 (12%) 

Th-229 ( b%) 

Np-237 ( 2%) 

Pu-242 ( m 

1 40E t 07 

Ra-226 (83%) 

Sn-126 ( 5%) 

Pu-239 ( 5%) 

Pu-242 ( 2%) 

Th-229 ( 1%) 

6 46E + 05 

4 6 

3 4% 

Less than 1% of last nonfootnoted nuclide 

Population estimated at 2,650,000 

Anomaly results from slightly higher burnup of P-T fuel giving slightly more fission 
products This has no significance from standpoint of P-T benefits 
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comparison of these statistical health effects with those which would be 

expected by the same population from normal background radiation. Both 

the probabilistic and leaching release analyses predict only a small 

fraction of the natural effects, and even the highly improbable 

volcanism release gives a health-effect total only about one-fifth that 

from background. 

5.2.1 Initial inventory and P-T 

137 
In the near term, the highly radioactive fission products Cs and 

90 

Sr dominate radioactivity for a few hundred years in both Ref and P-T 

waste inventories. Because very close-in groundwater pathways to roan 

are to be avoided or precluded in any reasonable selection of a 

repository, it seems fair to divorce these short-lived nuclides from 

most leaching considerations. Extensive effort to improve leach 

resistance and immobility does not appear necessary, as the primary 

release of these nuclides to the environment comes from expulsive events 

or direct repository access; effort is better directed to site selection 

where expulsive and other direct access probabilities are found to be 

low. 
137 90 

After decay of Cs and Sr, P-T reduces Total and Type A dose 

rates by up to 98% during the near terra. For Type B wastes, the 

reductions are somewhat less, about 90%. For near-term hazard reduction 

purposes, P-T gives apparent improvement; however, because the important 

pathways to man during the near term arise primarily from the highly 

unlikely expulsive events, caution should be used in interpreting the 

results. 

In the mid term (~ 10,000 to 100,000 years), the short-lived 

fission products no longer appear, and the effects of leaching and 

movement of nuclides with groundwater begin to appear. For Total and 
99 129 

Type A wastes, Tc and I dominate effects commencing at about 20,000 

years. Unless they are removed or immobilized at the repository, very 

little reduction of effects is expected even through P-T removal of the 

actinides. With Type B waste, on the other hand, the benefits from P-T 

are retained at about the 90% reduction level. 
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In the long term, where leaching occurs, the effects of Tc and 
129 

I are amplified, and only through their removal or immobilization can 

any significant reduction in health effects occur. 

Summarizing for the overall 1 million-year time frame, removal or 
99 129 

immobilization of Tc and I provide the most impressive results, 

typically (under probabilistic release) reducing total cumulative deaths 

from about 36,300 to 436 (decrease of 98.8%). P-T has no beneficial 

effect in the presence of the above two nuclides, but in their absence 

would decrease cumulative deaths from the already low calculated value 

of 436 to about 20 (decrease of 95.4%). On this basis, the marginal 

utility of P-T, even in the absence of technetium and iodine, may not 

justify its use. P-T would have a substantial benefit on mitigating the 

impacts of only the expulsive events. However, in view of the low 

probability of these events, and the resulting low impact from them as 

compared to the leach incident, the use of P-T on this basis would not 

appear to be beneficial. 
5.2.2 Suggested future investigations 

These brief recommendations apply to external work oriented speci­

fically to improving confidence in the results of AMRAW and other 

similar models, as well as further effort which could prove useful for 

programs such as Actinide Partitioning and Transmutation. 

Input data 

1. Additional effort is suggested for development of more 

complete data used in nuclide leaching and movement with 

groundwater calculations, namely, dispersion coefficients, 

diffusivity, and dissolution constants, together with other 

data required for their calculations. 

2. Further studies into the nature of "environmental" decay, and 

its dependence on the scenario to which it is applied, are 

recommended. 
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Program considerations 

1. Optimum time span for risk studies should be considered. The 

risk task uses 1 million years, which appears to bridge most 

time interests; however, two arguments suggest that a shorter 

span could also be useful for many evaluations. First, with a 

shorter period, more specific results can be obtained for 

better compatibility with today's frame of reference. Second, 

the projection of causal relationships between waste 

management actions today and their effects several hundred 

thousand or 1 million years from now does not appear fully 

justifiable, except possibly for comparative purposes. 

2. Technetium and iodine dominance in the study suggests that 

consideration should be given to: (1) separation of the 

elements for specialized handling, and (2) placement of 

suitable geochemical barriers in repositories to minimize 

migration of these elements. Both of these steps are beyond 

the scope of this study. 
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