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PREFACE 

The primary purpose of this symposium was to provide a forum for wide-ranging discussions on (1) technical aspects related to the develop­ment of standards for regulating geologic disposal of high-level radio­active waste, with particular emphasis on the sources and magnitudes of uncertainties associated with current methods for predicting post-closure repository performance and potential health risks to future generations, (2) important licensing and regulatory issues involved in geologic waste disposal, and (3) the current social and political climate in which issues of high-level waste management are being debated. Significant contributions to these discussions were provided by representatives from the U.S. Nuclear Regulatory Commission (NRC), U. S. Department of Energy, U.S. Environmental Protection Agency (EPA), various contractors of these three agencies, and other interested parties not affiliated with the Federa 1 Government or its contractors. The sympos i urn was timed to coincide with the development and publication by the NRC of the proposed technical criteria for regulating the disposal of high-level radioactive wastes in geologic repositories. An additional subject of considerable interest at the symposium was the development of environmental radiation protection standards for high-level radioactive waste by the EPA and the relationship of these standards to the NRC 1 s proposed technical criteria. Financial support for the symposium was provided by the NRC through the Office of Standards Development, which has since been consolidated with the Office of Nuclear Regulatory Research. 

The success of this symposium was the direct result of the coopera­tive efforts of many individuals. The organizing committee consisted of myself, Sherri Cotter, and Rowena Chester from Oak Ridge National Labora­tory (ORNL), and Pat Comella and Nick Costanzi from the NRC. I would like to recognize the invited speakers (Jack Martin, Craig Roberts, Mike Cullingford, and Pat Comella of the NRC, Dan Egan of the EPA, Geoff Eichholz of the Georgia Institute of Technology, Georgia Yuan of the Natural Resources Defense Council, Karin Sheldon of the Sierra Club Legal Defense Fund, Jocelyn Olson of the State of Minnesota, Joe Lieberman of Nuclear Safety Associates, and John Stucker of the State Planning Council on Radioactive Waste Management), the workshop co-moderators (Jim Campbell of INTERA Environmental Consultants, Ron !man of Sandia National Labora­tories, and Elly Triegel and Keith Eckerman of ORNL), and the session chairmen (Nick Costanzi of the NRC, Paul Rohwer and Rowena Chester of ORNL, Nester Ortiz and Bob Cranwell of Sandia, and Mike Foley of Pacific Northwest Laboratory) for their invaluable efforts in defining the frame­work of the symposium and seeing that the sessions ran smoothly. The enthusiastic response of these individuals to my pleas for help is grate­fully acknowledged. 

All symposium attendees are indebted to Bonnie Reesor and her staff in the Conference Office at ORNL for their tireless attentions to organiz­ing this event. We also owe a special thanks to Wilma Minor, Robin 
Smith, and Malinda Hutchinson of the Health and Safety Research Division, Alice Richardson and Bob Eldridge of the Information Division, and John 

i i i 
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Goan, Ron Harris, and Dave White of the Instrumentation and Control s 

Division at ORNL for thei r essential contrib utions to this symposium. 

It is with regret that I acknowledge that some of the papers pre­

sented orally at the symposium were not submitted by the authors for 

publication in these proceedings. These oral presentations have been 

acknowledged by publishing the titles and authors, and , for one of the 

contri buted papers , the abstract wh ich had previousl y been s ubmi tted to 

the organizing committee has been published wi t h consent of the authors. 

The invited paper given by Dan Egan of the EPA included a handout 

provided for all symposium attendees describing sel ected prov i s ions of 

EPA 1 s disposal standards for hi gh-leve l and transuranic radioact ive 

wastes, but we have not published this draft document here. The invited 

paper by John Stucker of the State Planning Council on Radioactive Waste 

Management also included a handout of the Interi m Report of the Council 

which was s ubmitted to President Reagan on February 24, 1981. We have 

not published this report here, because the final report of the State 

Plann i ng Counci l has s ince been re l eased a long with a seri es of technical 

papers supporti ng their recommendations. 

The papers in these proceedings are presented in the same order as 

at t he symposi um . The manuscri pt was prepared from came ra-ready photo­

masters s upplied by the authors, and no editing or altering has been done 

except as requested by the authors . All paper s have been reviewed and 

cleared as necessary by the i nst itut ion with which the authors are 

affiliated . 

The sympos ium emphasized t he many and diverse uncertai nti es assoc i­

ated with high- level waste disposal. As most attendees are aware, how­

ever, it is certai n that there are no e l evators in Hamburg, Arkansas ! 

David C. Kocher 
Chairman 
Organizing Committee 
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UNCERTAINTIES IN THE REGULATION AND 
LICENSING OF A HIGH-LEVEL WASTE REPOSITORY 

J. B. Ma r ti n 
M. J. Bell 
M. R. Knapp 

ABSTRACT 

This report summarizes the rationa l e for the draft of the 
technical part of t he Nu c l ear Regu latory Commi ssion's 
regulation for geologic disposa l of high level waste. This 
regulation will reduce uncertainty i n predicting repository 
performance through the multibarrier approach, with per­
f ormance objectives for th ree barriers which a re the waste 
package, the engineered system, a nd the geologic setti ng . 
The bases for the numerical criteri a assigned t o each 
objective, as well as a fourth c riterion, that of design 
of the facility to permit retrieval of the waste, are dis­
cussed. 

INTRODUCTION 

The objective of waste disposal i s t o iso late the waste from the 
env ironme nt for as l ong as is necessary to protect public health 
and safety. The EPA i s preparing a safet y s tandard whi c h will 
form the ove rall safety standard and which will se t limits on 
ambient levels of rad i oactivity resulting from any di s posa l 
sys tem. While the EPA standard has not yet been published in 
proposed form, we expect that it will explic it ly limit rad i oacti ve 
materials released to the enviro nment to very small amounts for a 
l ong time. The licensing proceeding will essentially invo lve 
demonstration of reasonable assurance of compl iance with this 
standard. The only avai l able way to dea l with this requirement is 
by using mathematical models to project reposi to ry per formance far 
into t he future . This presents the chall enge of rigoro usly 
predicting future performance while limited to methods and data 
wh ich are fraught with li mitations and uncerta int ies. 

The NRC staff has given thi s problem much consideration in 
se l ecting both a regulatory approac h a nd the repository 
performance objectives contained in 10 CFR Part 60. We have 
emphasized those choices which we consider appropriate to 
facilitate expeditious c l os ure of a li censing proceeding. Those 
choices whi ch may work out in the long run but which are 
s ubjective or hard to prove rigorously and which could i nvolve 
months or years of delays in demonstrating compliance in the 
context of a formal licensing proceeding have been de-emphasized . 
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SOURCES AND SIGNIFICANCE OF UNCERTAINTY 

Unlike nearly all other regulatory processes in this country, 
the regulation and licensing of a high-level waste repository 
will occur in the absence of any prior experience with 
comparable systems. While there may be extensive experience 
with some system components, or certain physical phenomena, the 
overall repository system will be evaluated by means of 
predictions, which will be subjec t to considerable uncertainty . 

One contribution to the uncertainty of such evaluations arises 
from the limitations that exist in our understanding of the 
basic physical processes. For example, Bredehoeft, England, 
Stewart, Trask, and Winograd [1] discuss the complex geo l ogic 
and hydrologic impacts of the presence of waste in a 
repository, and DOE [2] recognizes that the uncertainties 
associated with waste-rock interactions are a major area of 
concern. 

A second contribution to overa ll uncertainty consists of 
limitations in being able to characterize a site. It is 
literally not possible to accurately assess all the relevent 
geologic conditions and physical parameters i n the volume of 
rock that influences the path and rate of radionuclide 
migration . 

There is also the potential for unanticipated interactions in 
complex systems. Unanticipated interactions have occurred in 
many engineered systems whose components were presumably well 
characterized . 

The above sources of uncertainty limit our ability to 
understand and model the physical and chemical phenomena of 
interest. However, even if these were known perfectly, those 
aspects of repository evaluation which rely on numerical 
modeling are subject to additional uncertainties. For example, 
the National Academy of Sciences [3] and the Interagency Review 
Group on Nuclear Waste Ma nagement [4] have noted uncertainties 
associated with the use of numerical mode l ing methods, which 
may introduce errors and uncertainties through the use of 
approximation techniques, undi scovered errors in algorithims, 
and undiscovered logic errors in complex computer codes . 
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TECHNICAL APPROACH OF lOCFR PART 60 

Compensation for uncertainty that would otherwise confound 
demonstration of compliance with the EPA s tandard is an 
essential part of the NRC staff' s regulatory approach. 

Three alternative approaches to regulating geologic di s posal of 
HLW were considered in the development of the technical 
criteria of 10 CFR Part 60. Each was examined in light of its 
ability to compensate for the major uncertainties in the 
quantitative prediction of the performance of a geologic 
disposal system. The alternatives cons idered were: 

l. Regulation of repository systems by setting a single 
overall performance standard that must be met by the 
system. The performance standard in this case would be 
the EPA standard; 

2. Regulation of repository systems by setting minimum 
performance standards for each of the major system 
elements as well as requiring the overall system to 
conform to the EPA standard ; and 

3 . Regulation of repository sys tems by setting numerical 
criteria on critical engineering attributes of the system. 

The NRC staff has examined each of these alternatives from the 
standpoint of its ability to compensate for uncertainty in 
evaluating compliance with the EPA standard in a licensing 
proceeding. The NRC staff further examined each alternative 
with two objectives in mind: (1) providing as much guidance 
and detail as may be warranted by generic considerations and 
(2) avoiding undue constraints upon system design . 

The alternative of setting a system performance standard is 
often referred to as the "systems approach . " It has as its 
principal advantage the fact that regulation would be through a 
single figure of merit which is the overall sys tem performance. 
This alternative leaves maximum flexibility for the designer to 
make tradeoffs among components of the system. 

Unfortunately, the systems approach as interpreted above is not 
practical from a regulatory point of view. As noted earlier, a 
quantitative assessment of the expected performance of a 
geologic repository is a complex and difficult task. The 
results of such an assessment contain the uncertainties 
described above. Compensation for such uncertainties in the 
systems approach would require imposing ancillary requirements 
on the system to provide necessary conservatism. Finally, a 
single standard does not require the designer to take advantage 
of the conservatisms that are inherent in independent barriers 
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even when, as here, no one of the barriers is required to be 
capable of meeting the EPA standard by itself. 

The second alternative establishes major subelements of the 
repository system, called barriers, and assigns minimum 
performance objectives to each while maintaining the EPA 
standard as the measure of overall system performance. This 
alternative has two advantages over the systems approach. 
First, if the barriers are chosen judiciously, multiple 
barriers can be prescribed which act independently and thereby 
enhance confidence that the wastes will be isolated. Second, 
by judicious choice again, the uncertainty in the evaluation of 
repository performance can be reduced by requiring the barriers 
to perfo rm in ways which reduce their relative contribution to 
the uncertainty. 

The third alternative, use of numerical criteria for certain 
engineering attributes of the system (a peak canister wall 
temperature, for example) has two major advantages. It 
provides clear guidance to designers as to exactly what is 
required for licensing. Secondly, the criteria can be selected 
to compensate directly for uncertainty by introducing 
conservation into the acceptable standards for each significant 
attribute of the system. 

The approach also has several di sadvantages. Of the three 
alternatives, it is most restrictive of design flexibility. In 
fact, it begins to force the regulator into a designer role. 
Further, to be effective, the criteria must be set on the basis 
of existi ng knowledge. Therefore, the approach cannot fully 
accommodate the benefits of future research and development 
work. 

After lengthy consideration of the three alternatives discussed 
above, the NRC staff has selected the multiple barrier 
approach, and has set minimum performance standards for three 
separate system elements. 

SELECTION OF AND PERFORMANCE OBJECTIVES FOR THE MAJOR BARRIERS 

For a given initial inventory, the overall performance of a 
geologic repository with respect to releases to the biosphere 
can be described by three characteristics: (1) the length of 
time after closure during which radionuclides are contained, 
(2) the rate at which radionuclides are released to the 
geologic setting after conta inment fails, and (3) the travel 
time through the geologic setting for radionuclides to reach 
the biosphere[5]. The NRC has chosen to use these 
characteristics for identifying and quantifying performance 
standards for the system elements. 
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The uncertainties in evaluating the performance of the system 
in the near field caused by emplacement of the waste are to a 
large degree time dependent. Many of the perturbations that 
are expected to occur are the result of the increased 
temperature in the host rock due to radioactive decay heat. 
Temperatures peak and begin to fall within the first few 
hundred years after the waste has been emplaced. During the 
same period, total radioactivity of the waste decays by several 
orders of magnitude. As the temperature decreases many of the 
uncertainties in assess ing near-field behavior decrease as 
well . The decrease in total radioactivity also represents a 
decrease in the source term available to be released. 

Our approach for this initial period of high temperatures and 
radionuclide inventory is to contain the wastes within a stable 
package that confines the radionuclides within a physical 
boundary. Such "waste packages" can be designed to provide 
assurance of their abi lity to perform to specifications under 
anticipated near-field conditions. Thus, this alternative 
provides a reasonably verifiable barrier to compe:11sate for 
geologic uncertainty during the period when the specific 
activity of the waste is high and the perturbations of the 
natural systems are large. 

Engineered barr~ers can also be de~igned to limit the rate at 
which radioactive materials are released from the engineered 
system after the containment period and thereby supplement the 
geologi c system in limiting the rate of release to the 
environment. 

The rate at which radionuclides are released to the site can be 
limited by using waste forms and overpacks that limit the 
release from the package to some maximum rate, by emplacing 
materi als (e.g., tailored backfill) around the waste that have 
chemical properties that retard or inhibit radionuclide 
transport, or by some combination of the above. Either way, i n 
principle, the source to the geologic system can be maintained 
at a low level and can be tested to verify release rates under 
anticipated conditions. 

Engineered barriers des igned to minimum performance standards 
can provide reasonable assurance that the overall performance 
objective of the hi gh-l eve l waste disposal system will be met 
for an initial period. After containment failure, engineered 
barriers can be designed to limit the rate of release of 
radioactive materials from the repository. However, once 
material s are released from the engineered system, the site 
mus t provide whatever additional isolation is needed in order 
to meet environmenta l s tandards. Reliance on the geology to 
provide one of the major barriers to releases also introduces 
dive rsity into the was te disposal system that can compensate , 



8 

in part, for unanticipated failures of the engineered system. 
The geologic setting is characterized by a variety of 
parameters that could themselves be considered individual 
barriers. Some examples of such parameters are permeability, 
interstitial groundwater velocity, and equilibrium sorption 
coefficients. However, all geologic parameters combine to 
determine two characteri stics of the geologic setting: (1) the 
transport time of groundwater from the underground fa cil ity to 
the accessible environment and (2), assuming radionuclides have 
escaped the engineered system, the transport time of individual 
radionuclides from the underground facility to the accessible 
environment. The second characteristic differs from the first 
in that it takes into account the geochemical characteristics 
of the medium and includes retardation of the radionuclides. 

After careful consideration of the uncertainties in 
geochemistry and its ability to predict radionuclide 
retardation, the NRC staff decided to place the requirement on 
the transport time for groundwater. 

WASTE PACKAGE PERFORMANCE 

In light of repository thermal conditions and waste 
characteristics as a function of time, the staff examined a 
range of containment times as performance objectives for the 
design of the waste package. 

We examined the following alternatives for the waste package 
containment time: 

(i) 
( i i) 
(iii) 

300 years, 
1000 years, and 
10,000 years. 

(i) Containment of the wastes for 300 years, as s uggested 
by DOE[6] in its comments on the NRC Advance Notice 
of Proposed Rulemaking[7], would prevent releases 
from occuring until decay causes the bulk of the 
fission products to di sappear and the heat generation 
rates to decrease by about 2 orders of magnitude for 
was te from all fuel cycles. 

A minimum containment time of 300 years has the 
disadvantage, however, that packages fail and release 
begins to occur when temperatures in the repository 
are near their peak and when the thermal gradients 
that provide the driving force for convective 
transport are s till relatively high . Under these 
conditions of high temperature and high thermal 
gradients, hydrothermal react ions of the waste form 
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and mineral phase changes of the backfill materials and 
nearfield host rock will be mos t s ever e, and the leaching and 
transport of radionuclides through the underground facility 
will be most difficult to evaluate. A containment time of 300 
years permits considerable uncertainty in the prediction of the 
releases from the underground facility due to the effects of 
temperature on leach rate, hydrologic flowpaths , viscosity, 
rock permeability and geochemistry. 

( i i) 

(iii) 

Containment for 1,000 years would prevent releases 
from occurring until most of the fission products 
have disappeared and decay heat generation rates have 
decreased by three orders of magnitude. More 
important, containment for 1,000 years has the effect 
of delaying releases until temperatures in the 
underground facility are past their peak and are 
decreasing and until thermal gradients in the 
underground facility and surrounding rock have 
decreased substantially from the first few hundred 
years . Lower temperatures and temperature gradients 
allow release rates and radionuclide migration rates 
to be predicted with greater confidence. 

Containment for 10,000 years would prevent releases 
from occuring until the fission products have 
essentially disappeared and some intermediate-lived 
transuranics (e . g. , Am-241, half life 450 yr) would 
have decayed to negligible levels . Heat generation 
rates would have decreased by over four orders of 
magnitude and temperatures and the r mal gradients in 
the repository and host rock would have nearly 
returned to pre-waste emplacement conditions. Under 
these conditions, we consider that many of the 
transport processes can be modeled with greater 
confidence, and that analogies between the transport 
of actinides and their daughters and migration from 
natural ore bodies are more reasonable. However, 
design of a package to contain wastes for 10,000 
years requires a cons iderable extrapolation beyond 
those concepts DOE has considered in the past and for 
which any test information exi s ts. Costs for such a 
package are uncertain and may not be justified by the 
reduction in uncertainty that would be achieved. 

The staff cons iders that a containment requirement 
for the waste package of 300 years is insufficient to 
increase confidence in long-term performance 
predictions . If packages fail and migration begins 
after 300 years, in order to evaluate overall 
repository performance it will be necessary to 
consider transport from the waste packages through 
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the disturbed zone under highly uncertain 
environmental conditions. Thi s s ituat ion will result 
in substantial uncertainti es in calculation of the 
source term for the transport through the geologic 
setting. On the othe r hand , containment for 10,000 
years would delay the onset of radionuclide migration 
until temperatures and temperature gradients in the 
disturbed zone had returned to near pre-emplacement 
conditions, and the source term fo r migration cou ld 
be predicted with much les s unce rta inty. The staff 
considers that if containment for 10,000 years could 
be achieved, it would reduce uncertainty in 
predicti on of l ong-term performance by reducing the 
source term available for migration, by providing 
better understanding of the chemical behavior of the 
was te when migrati on begins, and by delaying the 
start of migratio n unti l the perturbations in the 
geologic environment due to temperature have 
substantially decreased. At present the amount of 
the reduction i n uncertainty cannot be quantified and 
estimates of costs to achieve containment for 10,000 
years are very tenous. However, the staff considers 
that DOE s hould be encouraged to investigate the 
practicality of a package with a 10,000 year life. 
Therefore, we have framed our performance objective 
for the waste package s uc h that DOE i s required to 
design the package to provide reasonable assurance of 
containment for at least 1,000 years . We consider 
that containment for 1,000 years will substantially 
reduce the hazard associated with a release from the 
package and will inc rease our confidence in our 
ability to evaluate the effecti veness of the disposal 
system to maintain releases to the environment to 
withi n the EPA standard. We further consider that 
s uch a requirement i s achievab le at reasonable cost 
by a reasonably straight-forward extrapolation of 
current DOE programs. However, we consider 
containment for periods as long as 10,000 years to be 
a desirable goal and consider that DOE should 
continue to develop information on the performance 
and costs of packages for long-term containment and 
to include them in repository system if found to be 
reasonable achievable. 
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LONG- TERM PERFORMANCE OBJECTIVES FOR THE ENGINEERED SYSTEM 

The NRC s taff has calcul ated the effect of the annual release 
rate on the f raction of long- lived nuclides released from a 
repository sys tem [ 8].Limiting the release rate from the 
engineered system compensates for uncertainty in the prediction 
of long-term performance by r educing the source term that is 
availab l e fo r transport through the hydrologic system. The 
ca}§ulat iOD] s how that fractional release rates in the range of 
10 to 10 per year resu l t in a s ignifi cant reduction in the 
fraction of several environmentally s ignificant long- li ved 
isotopes that could potentiall y be re l eased from the 
reposi tory, whi ch could resu l t in corresponding reductions in 
population doses. 

Based on the above co ns iderations, the NR C staff considered the 
following alternatives for the fraction of the waste inventory 
released per year from the engineered system after the 
containment peri od: 

( i) a range of 10-3 to 10-4/yr, which is typical of 
leach rates of many boros ili cate glasses at low 
tempe rature, _

5 (ii) a release rate of 10_7/yr, and 
(iii) a release rate of 10 /yr. 

(i) An annual release rate of 10-3 to 10-4 of the waste 
inventory i s insuffi cient to achi eve much reduction 
in the quantities of l ong-lived material that would 
be released and would result in almost total reliance 
on the geology and the far field geochemi stry to 
provide i so l at i on for the long-lived radionuclides in 
the waste . 

(ii) We co ns ider that, based on technology curren~~y being 
developed by DOE, annual release rates of 10 of the 
waste inventory are achievable at reasonable cost 
us ing combinations of waste forms and engineered 
barriers. In addition , a_5elease rate after 
containment failure of 10 of the waste inventory 
per yea r , while not adequate to i solate waste on its 
own merit, i s l ong enough that s i gnificant decay of 
l ong-lived species takes place before release. This 
limit wi ll contribute to reducing doses to both 
populat i ons and the maximum individual, and wi l l 
s ubstantially reduce our reliance on less certain 
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geochemical retardation to li mi t releases to the 
accessible environment. 

-7 
An a nnual release rate of 10 of the waste inventory 
after containment failure will r educe dose to 
individuals and releases to very low levels with 
little or no reliance on geochemical retardation . An 
engineered system that coul d meet this criterion 
would best satis fy our objecti ve of reducing reliance 
on characterization and mode lling of the behavior of 
the far-fi e ld geochemical system and placing reliance 
on known material s whose properties can be controlled 
and tested . 

The staff consig3rs tha~4an annual release rate after failure 
in the range 10 to 10 of the package inventory is 
insufficient to achieve our objectives, since little reduction 
would be achieved in the quantity of long l ived radioactive 
materia l re leased , and the repository system would rely almost 
entire ly on the s i te to provide long term isol ati on. The staff 
considers that if ao7annual release rate from the engi neered 
sys tem as low as 10 of the package inventory at 1000 years 
could be achieved, it wou ld compensate for uncertainty i n the 
calculation of the transport of radionuclides through the 
groundwater pathway by limiti ng the source term to a relatively 
low value. Mainta i ni ng the re l ease rate at a value this l ow 
would result in decay of most radionuclides within the 
engineered system . At present the amount of the reduction in 
uncertainty cannot be quantified, and the costs to achieve a 
release rate thi s low are very uncertain. However, the staff 
considers that DO E shoul d be encouraged to investigate the 
practicality pf maintaining release rates at very low level s. 
Therefore, the staff developed a minimum performance objective 
of_ ~n annual release rate of individual nuclides of at most 
10 of t he package inventory. This requirement is placed only 
on nucl i des that contribute more than_g.l% to the release rate . 
We consider that a re l ease rate if 10 per year is low enough 
that app reciable benefit will be gained by radioactive decay 
before release, and is achievable at reasonable cost by methods 
currently being developed by_90E. However, we consider a 
release rate of as low as 10 per year to be a des irable goal 
and consider that DOE s hould continue to develop information on 
material s and costs to achieve such low release rates and 
should include them in the repository system if found to be 
reasonably achievable. 

MI NIMUM PERFORMANCE OBJECTIVES FOR THE GEOLOGIC SETTING 

After deciding that the app ropriate performance objective for 
the geologic setting i s a minimum groundwater t ravel ti me 
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between the disturbed zone and the accessible environment, the 
staff next considered what that minimum travel time should be. 
Travel times of one hundred years or less would require 
considerable reliance on the geochemical system to ensure that 
the overall performance objective for the repository is met. 
While geochemical retardation is expected to be a strong factor 
in providing waste isolation, there will be considerable 
uncertainty in the magnitude of its contribution. This 
uncertainty results from the fact that it is very difficult to 
know how much geochemical retardation will occur. There is 
currently no concensus within the scientific community on how 
such an evaluation can be made . This situation would likely 
cause geochemistry to be a major source of contention in a 
licensing proceeding. A travel time of only one hundred years 
does not provide margin to compensate for uncertainties. • 
Further, from groundwater dating studies, travel times well in 
excess of 100 years are known to be achievable in a variety of 
hydrogeologic environmentals; we would not consider a travel 
time for an unperturbed site as low as 100 years to be suitable 
for a repository. We therefore considered longer times, viz 
1000 and 10,000 years. 

A travel time for groundwater from the repository to the 
accessible environment of 10,000 years would be sufficient for 
many shorter-lived nuclides to meet the system's overall 
performance objectives with no reliance on site geochemistry. 
For several long-lived nuclides, e.g., Pu-239, Tc-99, some 
reliance on geochemical retardation would be required; but 
generally a considerable margin would exist between Kd's 
measured in the laboratory and those required to meet the 
release limits of the EPA standard[9]. We are uncertain, 
however, to what extent such a groundwater travel time is 
achievable. We do not want to rule out otherwise good 
repository sites by unnecessarily restrictive requirements . 
However, such a travel time could be used as a goal. 

In sum we have framed our site performance objective so that 
the travel time from the repository to the accessible 
environment shall be at least 1000 years; and we intend that 
DOE consider during site screening that sites with longer water 
travel times are preferred. 

RETRIEVABILITY 

The repository will be developed in several stages. Design and 
operating decisions for each step will build on the information 
learned from each previous step. The decision to permanently 
seal the repository will be based on information on repository 
performance obtained during the operating period. The NRC 
staff considers that the option to retrieve the wastes must be 
preserved long enough to complete a program of monitoring and 
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verification of repository performance prior t o permanent 
closure . The design must a l so ensure that the option is 
preserved l ong enough to permit a decision to decommiss i on the 
repos i tory or take corrective actions based on the evaluation 
of the results of the verification program , including the time 
requi red to retrieve all or part of the wastes, if shown to be 
necessary by the results of the program. Since some of the 
assumptions and issues t hat will need to be verified and 
resolved by the verification program may not be identified 
until the underground faci lity i s excavated , it is not possible 
to specify prior to construction the content of the 
verification program, or how long it wi l l take. We expect the 
verification program to evolve throughout the operating 
lifetime of the repository. On the other hand , important design 
deci s ions will need to be made prior t o s ubmitting an 
application. Some of the se design decisions will affect the 
length of time ava ilabl e to take correct ive action or conduct 
retrieval if found to be necessary. For example, the thermal 
loading of the waste in the emplacement areas will affect the 
temperature of the hos t rock and the stability of the 
underground structure . These phenomena will have a large 
effect on retrievability since the structure could become too 
unstable or the rocks too hot to safely recover the wastes. 
Therefore, we conc luded that a retrievabi lity period must be 
chosen early in t he design process to permit the design to go 
forward . 

A monitoring period of only 10 to 15 years after emp lacement, 
as s uggested by some , may not be sufficient t o provi de the 
informati on needed to make a decision to decommission. The 
design must al so a llow for the time required to thoroughly 
i nves tigate prob)ems t hat may be identified during the 
verifi cation program, to eva luate the res ults of the program , 
and to take corrective actions, including retri eval of part or 
all of the waste, if found necessary. The des i gn of the 
facility must provide access for the time necessary to carry 
out these operat ions, or the ability to conduct them will be 
precluded. 

Therefore, we have required t hat the repos itory be designed so 
that the was te could be retrieved on a reasonable schedule 
s tarting at any time up to 50 years after waste emplacement is 
complete. We can foresee no situation where protection of t he 
publi c health and safety woul d require the was t e to be removed 
very rapidly. Remova l operations could be performed over a 
period of years or decades without an imminent health and 
safety hazard. We therefore consi der that a reasonable schedul e 
i s one whe r e the waste could be retrieved i n about the same 
overall time that the repository was constructed and was tes 
were empl aced. We do not intend to prec lude a decision to 
decommi ss ion the repository before 50 years has elapsed, if 
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sufficient data are available t o support an earlier decision, and if the people charged with the decision to seal the 
repository are satisfied . However, we do not want the 
underground facility design to be such that retrieval would be so expens ive or diffi cult or entail such high occupational 
exposures that the option is foreclosed and needed corrective actions could not be taken. 

Maintaining the option to retr i eve the wastes does not entail keeping the mined areas open , al though DOE may choose to do so in some geologic media . A design in which t he emplacement rooms are backfilled a nd sea led but corridors and shafts were kept open and surface handling facilities are maintained could be acceptable, provided that the rooms could be remined and the wastes removed, if necessary. Remining of the backfi ll shoul d not be precluded because of high temperatures or because backfill is needed fo r structura l stability. 

SUMMARY 

The NRC i s respons ibl e for determining that any proposed deep geologic repository for high level waste comp lies with 
appropriate EPA standards . To reduce the uncertainties in making such a determination, the NRC has adopted the 
multibarrier approach, and has defined performance objectives for three barriers. These are the waste package, which shall contain t he waste for 1,000 yea rs, the engi neered system , whi§h shall limit annual releases of waste after 1,000 years to 10 of the inventory of waste in the repository, and the geologic setting, which shall provide a groundwater travel time of at least 1 ,000 years. As a f urther step to protect public health and safety, the NRC cons ide rs that the reposi to ry shoul d be designed to permit retrieval of waste for a period of up to 50 years after completi on of emplacement operations. 

Subsequent to the oral presentation of this paper on March 10, 1981, the NRC fo r mali zed these objectives in the technical 
portion of 10CFR60 by publ ishing it as a proposed rule i n the Federal Regi ster [10] on July 8, 1981 for a public comment 
period which ended on November 5, 1981 . 
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WRITING STANDARDS FOR GEOLOGIC DISPOSAL 
OF HIGH-LEVEL WASTE 

I. Cra i g Roberts* 
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Office of Nuc l ear Regulatory Research 
U.S. Nuclear Regulatory Commission 

Washington, D.C . 20555 

Disposal of high-level rad ioactive waste has been and continues to be a matter of high nati onal in terest . The Congress, Federa l agencies, the States, and public interest groups have all actively reflected the publi c's continui ng concern over whether these wastes can be safely disposed. Because of the l ong period of t i me over which the wastes remain potentially hazardous, their di sposa l presents formi dabl e tech­nol ogica l and insti tu ti ona l problems - - many persons would argue that the latter will be more di fficu l t to overcome than the former. 

The purpose of t hi s conference i s not to conti nue t he debate , but rather to get on with the problem-solving -- and from a perspective that may be qui te di fferent from your customary view of this problem . We ask that during the next few days you view the problem of safe di sposal of high-l evel radioactive was te from the Nucl ea r Regulatory Commission ' s perspective . 

What do I mean by 11 NRC perspective?.. When Congress passed the Energy Reorganization Act of 1974 , establishing the Nuclear Regulatory Commission (NRC) and the Energy Research & Development Admin i stration (ERDA) - the ancestor of the Department of Energy (DOE) - it gave ERDA/DOE the job of solving the commercial hi gh-level waste (H LW) disposal problem technolog­ically and NRC the job- in effect - of overseeing t ha t problem-solving through the mechani sm of licensing the disposal of HLW . The practical effect is that whatever sol utions to the problem are decided on mus t not only be technologi call y acceptable , but also must be capable of effective regul atory oversight. The oversig ht i s part and parcel of any technol og ­ica lly AND insti tutionall y acceptable solu t ion . That is to say that, i n order to-5u cceed, the approach chosen must be sound technologically and be demon strable in a way that i s cred ibl e to the public that the publi c health and safety and the environment will be protected. Therefore, both the DOE and NRC have roles t hat require the exercise of leadership if thi s venture i s to suceed; DOE must define the solution techni cal l y and NRC must establi sh the basis for assuring that the public health and safety will be protected . 

*Present Address: NUS Corporat ion, 4 Research Place, Rockvi lle, Maryl and 20850. 
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The problem of finding such an acceptabl e solution is confounded by 
the fact that we are dealing with a newly deve loping activity for which 
there i s virtua ll y no previous experience . We recognize that some 
people would take issue with that statement and argue that relevant 
experience has been collected, in some instances over hundreds of years. 
They cite for example mi ning research, archeologica l entombment, rel i cs 
of Celtic age salt mines, Project Salt Vault, Canadian experiments at 
Chalk River, Swedish tests at STRIPA and the Oklo uranium site in the 
Republ ic of Gabon. However, remember that we are viewi ng the problem 
from NRC 's perspective and there is no denying the fact that the permanent 
disposal of HLW has never been licensed. So how shal l we go about it? 
How shall we establish a regul atory framework within which licensing and 
regulation can be conducted and how are we going to establ ish cri teria 
whi ch wil l guide li censing decisions and regulatory actions? Again, how 
are we going to do it in a way credibl e to the public? The point is, 
given the high national interest and concern over safe disposal of HLW 
and lack of regulatory experience with this en terpri se , how are we going 
to establish the framework and criteria i n a manner that permi t s/al l ows/ 
encourages/demands rigorous scruti ny of all that we do and active partici­
pation by al l interested parties - the Congress, State , l ocal and tr ibal 
governments, industry and public interest groups and individual citizens -
the stakeholders in this venture? 

It is quite clear that standards are needed; both for credibi l ity and 
to give DOE ' s development program a target. When i t comes to developing 
these standards we are cl earl y in a bootstrap mode - bootstrap because we 
usual ly accumulate our knowl edge about criteria and procedure from l i cens­
i ng experience and codify it in the form of regulations, regulatory guides 
and other standards. These standards then provide the framework and 
criteria for l i censing deci si ons and by whi ch regulat ion can be accompl i shed . 

However, the usual practice of accumulat i on fo ll owed by codification 
will not work in the case of HLW disposal . Fi rst of al l, there will not 
be many di sposa l facilities, so there will be littl e opportunity to accu­
mul ate li censing case experience. Seco ndl y , because the "operation" of a 
HLW repository begins after we walk away and extends over long periods of 
time, we will not be accumul ating much "operational" exper ience ei ther. 
Third- and from the institutional aspect , perhaps most important of all -
the stakeholders will not permit it: the stakeholders want the regul ator 
out there in front in this venture providing the framework and the criteria 
within and by which DOE can operate . A reactive NRC role i s j ust not 
acceptabl e . Not only would the credibi lity of the di sposal process be 
jeopardized, but chances of success for DOE ' s costly development program 
woul d be diminished as well. 

Therefore, we are faced with t he problem of developing the regulatory 
practi ce through standards-setting in the absence of experience by cre­
ating framework and criteria which in their appl i cati on develop and estab-
1 ish cred ibl e regula tory practice -- "the bootstrap." Further these 
standards , in particular the regulations portion of the framework and 
cr iteria, must al l ow processes whi ch expose the innards of the parti cu lar 
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licensing decisions to the stakeholders and invite their active partici­pation. (We are reminded of the "strange loops" which form the theses of the best-seller, "Godel, Escher, and Bach.") Stated differently, NRC must establish processes by which the issues which surround technological­ly and institutionally acceptable methods of safe geologic disposal can be identified, debated and understood; and that understanding provide the mechanism by which the uncertainties which inhere in these issues and solutions are identified and explored. This in turn is the process by which licensing decisions are made- to the satisfaction of the stakeholder. 

I think the NRC has made significant progress in this area. We are attacking the problem in two basic pieces: the licensing procedures and the technical criteria. We have further partitioned each piece so that we could deal with the issues and uncertainties. We have established the framework for licensing in the form of a regulation which sets out a multi­stage licensing process which actively involves the stakeholders at each step and which keys the level of assurance embodied in each decision to the level of knowledge available at the time the decision is made. 

Four stages in the "preoperational" life cycle of a geologic reposito­ry have been identified as warranting Commission review; site characteriza­tion, construction authorization, emplacement of wastes, and permanent closure. Although essentially the same features would be addressed at each stage, there would be a progressive increase in knowledge regarding these features and a corresponding increase in confidence in a decision whether HLW can be disposed of safely at a repository at the site. The process is structured to key important decisions to the availability of information; accordingly, as information develops over time, decisions will reflect increasing levels of assurance of protection of the public health and safety and the environment. But also the procedures require certain actions upon the part of DOE to assure that the information needed to make each decision will be available when the decision is to be made -- again, the bootstrap. Thus, the licensing process reflects an underlying recognition of inherent uncertainties . Further, the procedures provide for active participation by the stakeholders. We would like to add parenthetically that the public 
and the final rule itself (February 1981), is a strange loop in itself. Statement of Policy on Licensing Procedures for Geologic Disposal of HLW (November 1978), a proposed rule on the Licensing Procedures (December 1979) and the final rule itself (February 1981) 

You received for the symposium a copy of the NRC final regulation on HLW licensing procedures which was published in the Federal Register on February 25, 1981. We trust that you all will read those procedures; however, let us provide you here with a brief description of the procedures. In the first stage when the DOE has formulated plans for a prospective repository to the extent that it wishes to begin site characterization, it will be required to submit a site characterization report which contains, among other things, the program plan by which the DOE will investigate and characterize sites. The report will address the process by which the media and site(s) were chosen for characterization and the DOE's program for 
further development of alternatives. The report also will contain a. 
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description of the media and site(s) to be characterized and the site 
characterization program. The report will be reviewed by the NRC staff 
with opportunity for public comment on analysis of the report. 

The NRC will notice the governors of interested States and local and 
tribal authorities of the availability of the report, will analyze the 
report, publish the results of that analysis, and obtain public comment, 
both written and via local public forums in the vicinity of the site. In 
keeping with the preliminary nature of information available, there will 
be no formal licensing approval, but NRC•s Director of Nuclear Material 
Safety and Safeguards will issue an opinion either of 11 nO objection .. to 
the program of characterization planned or offer comment on weaknesses in 
terms of developing the information needed to license. 

The second stage begins with the submission by· the DOE of a license 

application for a particular site selected from among those characterized. 
Subsequent to staff review and preparation of an Environmental Impact 
Statement, it is anticipated that a licensing board will be appointed and 
the license application will undergo the first formal review, including 
public hearings. If the Commission finds after considering reasonable 
alternatives that the benefits of the proposal exceed the cost under NEPA 
and that there is reasonable assurance that the types and amounts of 
wastes described in the application can be received, possessed, and 
disposed of in a repository of the design proposed at the site without un­

reasonable risk to the health and safety of the public or being inimical 
to the common defense and security, construction of the repository will be 

authorized. It is expected that sites selected will be from a slate of 
sites among the best that can reasonably be found and that there will be 
no obviously superior site to the one preferred. Many questions concern­
ing the ability of the site to host a repository will have been answered 
and so the decision at this stage will reflect a greater degree of 
certainty. The decision will be based upon the record established in a 
mandatory hearing. 

Stage three is a further review at the application prior to receipt of 
wastes at the repository. When construction of the repository is substan­
tially complete, the waste emplacement decision can be made. The Commission 

will issue a license to the DOE if it finds, among other things, that the 
issuance of the license will not constitute an unreasonable risk to the 
health and safety of the public. The findings would be based upon a review 
of an update of the application submitted for construction authorization 
and an updated environmental report if needed. Among items to be considered 
in the review will be additional data acquired during construction, conform­

ance of construction with design, and resolution of questions not answered 
during the construction authorization review . It is expected that 
adjudicatory hearings would be held to consider appropriate issues. Again, 
the waste emplacement decision would be based upon the greater information 

with respect to both scope and quality and the attendant reduction in 
uncertainties, that will have come from construction activities, completion 
of R&D activities, and in situ verification and validation (confirmatory 

assessment) programs. It will reflect that confidence that indeed the step 
of waste emplacement can be undertaken. 
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At some point the DOE may submit an application to close the repository permanently, and the final review of repository activities will begin. Additional geologic and hydrologic data acquired during the emplacement period as well as the results of test experiments on backfilling and a shaft sealing, along with the DOE's planned permanent closure program, will be considered by the Commission in determining whether the planned method for permanently closing is adequate. 

In order to allow a decision to close the repository permanently to not inexorably follow a decision to emplace the waste, the procedures reflect a policy which allows for the temporal separation of these two decision points. As it will be discussed in a few moments, that policy is realized in the concept of retrievability- an important cornerstone of the technical criteria. This concept is predicated on the need to conduct performance verification and validation during the period of waste emplacement to reduce further and to understand better the un­certainties. 

Lastly, for completeness, the procedures include a license termi­nation stage. It is expected that much thought will be given to this question in the years ahead. 

Included also in the procedures are provisions whereby states and local governments and Indian Tribal entities may participate actively in the licensing process starting with the submission of the Site Characterization Report. They may submit proposals to the Director to do so. 

Let us turn now to the second piece - the technical criteria. Parallel with the development of the licensing procedures has been the development of the technical criteria against which individual licensing decisions will be made. Many of you have been involved in that activity. In late 1979, an early draft of the technical criteria was made publicly available and a series of peer reviews and meetings with experts was held to critique and refine the technical criteria. For example, meetings were held with the Keystone Radioactive Waste Manage­ment Review Group, a group hosted by the University of Arizona, the U.S.G.S., DOE, and EPA. In the spring of 1980, an Advance Notice of Rulemaking was published setting forth the approach the staff was taking in developing the criteria. The Advance Notice also included a draft of the criteria that reflected the thinking available at that point in their development. Many public comments were received on both the approach and criteria and these have been considered in the further development of the technical criteria which the staff will be recommending that the Commission approve for publishing in the Federal Register as a proposed rule. You have received a copy of the most recent draft of these criteria. 

Just as with the procedures where we tried to lay out a process which allowed for approval of decisions at appropriate times according to the level of information available, to avoid premature decisions, to 
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not foreclose options, to expose the decision processes of the NRC to 
scrutiny - because this i s the essence of l icensing in an open society -
so we have tried in the technical criteria to look at the problem of 
waste disposal in a geologic repository from the perspective of not 
only what is necessary for such disposal in a repository, but what is 
necessary for such disposal in a li censed repository. In licensing is 
embodied the concept of an independent entity's (the NRC) making the 
decision to permit the action (disposal) based on review of the 
relevant information, and of independent scrutiny by others, including 
the Congress and the courts, of that decision, the relevance of the 
inforamtion and the appropriateness of the conclusions drawn therefrom. 

The approach taken cons idered first what we were trying to do -
have confidence that the waste would be disposed of safely - and record 
how to do that- expose al l the uncertainties upfront, see what they 
mean, and find a way around the lack of confidence spawned by these 
uncertainties. Obviously easier said than done. But we think we have 
succeeded by redefining geologic disposal of HLW into containment for a 
time and isolation thereafter. Thereby, during the period when the 
heat and radiation from the wastes are highest, disposal means contain­
ment within the waste package; and confidence that the wastes rema in 
within the waste packages. Following the containment period, disposal 
means a control led re l ease of radi onuclides to the envi ronment in quan­
tities and concentrations which meet applicable standards; and confidence 
means that the engineering is controlling the rate of release to the 
extent that, despite the un certa inti es in the transport of nuclides 
through the geology, realistic calculations made with conservative 
assumptions will yield results within applicable standards . Further, the 
engineering continues to control releases s ufficientl y long until the 
radioactivity within the repository i s so diminished that the uncertain­
ties in transport through the geology no longer need to be compensated by 
a controll ed release ca l cu l ated within prescribed bounds. 

We are supplementing the development of these two rulemakings with 
an active program of regulatory guide development and t he development 
of other standards, some with national standards setting groups. For 
example, the procedural rule will be supplemented by major regulatory 
guides whi ch will provide the NRC staff position on the scope and 
content of the site characterization report and the environmental and 
safety analysis reports to be submitted by DOE in support of its 
application for a l icense. These wi l l be i ssued for public revi ew and 
comment with the first, the site characterization guide, sc heduled for 
publicati on shortly . 

In summary , DOE and NRC have separate but interdependent objectives 
in the disposal of HLW. Both must succeed if the overall problem is to 
be solved. NRC i s charged with providing regu latory oversight; that is 
assuring that the public health and safety wil l be protected. Assurance 
must be determined before a geologic repository is allowed to begin 
construction and reconfirmed at key states in its development and 
operation. As long as the waste can be retrieved, the decis ions are not 
irreversible. Decis ions which reach beyond the period of retrievability 
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would be based on confirmation that the protective systems wil l perform as required . Information needed to make the confirmation would be collected during the lifetime of the repository. Standards are required to give the endeavor direction and credibi lity. We have organized this symposium to utilize the wisdom and experti se you bring to t his subject. We ask that you share free ly of your vi ews in regard to these questions: 

Have we identified t he right aspects of the problems from the perspective of regulation? 

Have we identified the sources of uncerta inty? 

How might the tool s of model ing assist us in 
expl oring, reduc i ng, hence in overcoming 
uncertainties in reach licensing decisions? 
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ABSTRACT 

As the technological assessment of alternative waste dis­
posa l options r eaches the point where criteria are developed 
for site selection and repository design, it becomes important 
to consider the technical, social and economic framework in 
which decisions are to be made. This paper reviews the ultimate 
ob ject ives of waste disposal, the steps that must be taken in 
evaluating expected repository performan ce and the areas where 
i nput data are either of low quality or have to be chosen 
somewhat arbitrarily. Present tendency in developing perfor­
mance criteria is to develop an ALARA approach, with multiple 
barriers, both engineered and environmental, providing a high 
degree of retention. This paper emphasizes the need to use an 
iterative approach including cost-effectiveness considerations 
to guard against excessive overdesign and unnecessarily costly 
design features. 

When a cos t-effectiveness approach is coupled to sensi­
tivity analysis, it is seen that some parameters need to be 
known only within an order of magnitude, whereas at some steps 
uncertainty is introduced more by the choice of scenario than 
by the particular data chosen . 

INTRODUCTION 

The safe d isposal of radioactive wastes has been made a matter of 
major publi c concern ; it has b een the sub jec t of plebiscites, referendums 
and extensive and costly litigation in Sweden, Germany, Great Britain and 
the United States and is seen widely as the touchstone by which ultimately 
public acceptance of nuclear power may b e judged. However, it is not 
entirely clear at this time by what criteria the public, that rather il l­
defined entity, will judge that safe disposal has been demonstrated or 
assured. Past experiences with votes and referendums have demonstrated 
that this judgment invariably is interlinked in a complex fashion with 
quest ions of political leadership, economic pressures, alternative so lu­
tions, environmental questions and subjective distrust of government and 
big business. 
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The subject of this conference is the regulation of the geologic 
disposal of high-level radioactive wastes, and the purpose of my remarks 

is to strike a warning note before we freeze methodology and regulatory 
requirements too firmly in a near-irreversible fashion. I believe it is 

important at this stage to recall the objective of this whole operation 

and to place it into a somewhat broader perspective. 

The purposes of development of a rather elaborate technology, 

assessment methodology and regulatory framework then are manifold: 

1. To ensure that waste materials are emplaced in a location and in 

a form that will give reasonable assurance of containment for 
the indefinite future; 

2 . To ensure adherence to any proposed procedures and methods 

adopted for this purpose and to quality assurance at all 
stages; 

3. To convince the public and the political decision makers that 
the repository methodology is safe and acceptable; 

4 . To provide disposal of wastes at a cost that is commensurate 
with the value of such operations at the end of the fuel cycle; 

and 

5. To meet the legal requirements laid down by the National 
Environmental Policy Act and the various water quality laws 
enacted by Congress and the states . 

While some may argue that the necessary technology exists to a large 

extent and that only political problems impede immediate action on this 

matter, others feel equally strongly that past dipsosal procedures have 

proved unsatisfactory and that much more detailed studies are needed 

before specific choices are embodied in a national waste repository 
policy. These problems are further compounded by suggestions that, for 

largely political reasons, defense wastes in some fashion differ from 
commercial wastes in their environmental impact or in requirements for 
cost-effectiveness of disposal . 

The issue may be resolved into two questions that are somewhat inter­

dependent: 

1. How much and what kind of assurance does the public require to 
accept a given disposal method as safe? 

2. How much insurance do we need to satisfy ourselves that risks 
have been reduced to a negligible level? 

It is this latter question which I have chosen as the topic of this 

talk. I feel the situation is analogous to the decision most people make 
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in buying life insurance or accident insurance . In each case a person is 
confronted with certain actuarial s tatistics. The decison on how much 
insurance to buy depends on his own perception of the risks and the 
consequences. Some risks are fairly evident; collision damage, theft, 
third-party injuries, etc., and most people are willing to pay for reason­
able coverage . Others are less clear-cut; lightning, floods and other 
acts of God, and most people will purchase a comprehensive coverage for 
such risks if the premium seems low in relation to the perceived proba­
bility of such events. 

RISK ASSESSMENT 

In waste disposal we are confronted with a similar situation: After 
taking care of obvious problems that pose a relatively high probability of 
occurrence, much of the present preoccupation with often rather improb­
able scenarios tends to incur relatively high costs in relation to their 
probability of occurrence and the magnitude of their consequences . The 
difficulty that must be faced is that it is improbable that the country 
can afford t o continue to budget hundreds of millions of dollars to 11 solve11 problems of negligible impact, even though the magnitude of the 
projects and the funds committed generate thei r own momentum. 

Nevertheless, it is important to restate what are the u l timate 
objectives of the waste management program. I shall focus here on three 
aspec t s : 

1 . What 1s the nature of the risk that is to be guarded against? 

2. What is the magnitude of this risk, and at what level may it be 
considered negligible or acceptable? 

3 . What is the cost-effectiveness relationship in waste disposal 
options, and what degree of sophistication would be justified in 
meeting a given risk criterion? 

Unless these questions are fairly answered, I believe a great many 
r esources may be squandered and any r egulatory framework may be out of 
focus. This fact is clearly underlined by the r eevaluation of reactor 
accident impacts that is taking place at present in the wake of Three-Mile 
I sland [1]. One of the consequences emerging is that the adoption of a 
relatively improbable design-basis accident may impose engineering design 
solutions that are costly, do not address the real i ssues , and also may 
lead to a public preoccupation with accident consequences that are unre­
alistic and merely cause fear in the community . 

The presen t approach to the minimization of the environmental impact 
of prospective waste treatment methods and repository site selection con­
sists of four steps: 
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a. Solidification of the waste and conversion to a ma trix which is 
considere d chemica lly inert and whose leaching characteristics 

are judged t o result, under mos t pess~m~stic assumptions , in 
releases that are considered as low as reasonably achievable 
(ALARA); 

b . Design of an emplacement configuration, consisting of canis ter, 
overpack, backfill, and geologic r epository character istics that 

would ~n~m~ze water incursion and keep waste ion migration to 
ALARA leve ls; 

c. Choice of a location ~n undisturbed mineral settings and distant 
from active aquifers from which migration would be negligible 
under normal condition s and controlled by rock- ion interaction 
effects t o negligible ranges; and 

d. A location sufficiently distant from human habitation to make 
uptake of any escaped radionuclide i mprobable and/or of negli­
gible consequence. 

Attempts are being made to make each of these procedures as effective 
as technically feasible regardless of cost; and in fact, the draft 10CFR60 

regulations seem to demand this [2,3 ]. Impressive progress has been made 

in evaluating the performance of various repository media, waste forms 
and waste packages and to develop models for waste migration and dose 

commitment [ 4]. Current requirements demand absolute integrity of the 
waste for 500-1000 years af ter closure and an ALARA dose for 10,000 years. 

Making " conservative" assumptions regarding l each rates, migration rate s 
and human uptake, which in practice include some rather improbable 

s equences, individual dose rates of well below 1 mrem/yr are estimate d 
both for exis t ing defense wastes [ 5] and anticipated commercial wastes 

[3,6] and dose commitments that are a small fraction of the natural 

radiation background. It is the sub ject of this conference to discuss the 

reliability and me thodology of some of these estimates; however, i t is 
unlikely that they would ser i ously underes timate the dose commitment by 

more than an orde r of magnitude, if that; an appreciable overestimate 

seems more likely. 

The magnitude of the dose commi tment obviously depends on the nature 
of the source material and whether or not retrievable s t orage is mandated. 
It is probably fair to s tate that retrievability is largely a political 

decision of limited technical value and would merely add appreciably t o 

the cos t of operation. Similarly, disposal of spent fuel as such would 

constitute a largely polit ical approach, since reprocessing is an inher­

ent step in any defense nuclear opera t ion and in breeder reac tor 

t echno logy and, therefore, may well cover a significant f r ac t ion of waste 

management operations anyhow. Some economical arguments can be advanced 
that an open-ended fuel cyc le without reprocessing may be superior to a 

closed one, but from the point of safety of operat ion and handling, 
reprocessed concentrated waste material seems clearly superior . In addi-
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tion, burial of substantial amounts of uranium-238, instead of its consumption in fast breeders, introduces radium-226 as the long-term nuclide of critical importance for waste repository assessment. Cohen {7] has demonstrated that any one of the four steps outlined above, if conducted in accordance with 10CFR60 and ALARA design considerations, would be sufficient to meet reasonable safety criteria by itself, so that present approaches may represent gross overdesign. 

This question brings me to my main topic: How do we arrive at a reasonable compromise between desire for a "perfect" solution, supposedly in accord with popular demand for absolute safety, and the need for a cost-effective solution that allows for an economically viable approach that still meets reasonable safety objectives. Such a compromis e, which calls for some conmon sense [8], is of course the normal way in which engineering decisions are made. In the case of waste management, however, because of the extensive documentation required for every decision, a more formal methodology must be supplied. 

This methodology must follow conventional risk-benefit analysis. Any such analysis consists of five steps: 

1. Identification of source terms and determination of the proba­bility of a chosen initiating event; 

2 . Consequence analysis, in this case ~n terms of leach rates, migration rates and uptake rates; 

3. Risk determination; dose rates, dose commitments and population doses; 

4. Sensitivity analysis; perturbation test for sensitivity to uncertainties in input parameters and identification of the more significant parameters; and 

5. Cost-benefit analysis; evaluation of alternative options among the more significant operational parameters in order to identify the most economic solution that still meets specified risk cri­teria. 

Such a process necessarily is an iterative one. It starts with a conceptual design for the waste form, package and repository site 9 . It then postulates what may be credible incursion scenarios, a subject that is highly contentious at this time [e.g., 10-12 ]. Migration through an aquifer may be separated for sorbable ions, nonsorbable compounds and particulate carriers [3]. Some distinction may be made whether transport would be essentially horizontal along existing aquifers or vertical along fractures or fissures produced by geological or geochemical processes. Finally, the uptake scenario, mainly via drinking water or the food chain, must be specified with a credib le path to man. Official approaches have tended to emphasize perfect con tainment [ 14 ], with an assumption that whatever escapes will appear in the food chain. Some of the more detailed 
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calculations by the INFCE Committee [3,14] sho~~ in Tables 1 and 2 result 

in individual maximum doses of the order of 10 mrem/yr for the assumed 

hard rock repository and about 0.4 mrem/yr for the breached salt dome 

repository for spent-fuel disposal. Much lower doses have been estimated 

for separated fission products stored after reprocessing. Cohen [10], 

with slightly different assumptions, has presented data that imply 0.0074 

cancer deaths/GWe-yr for fission and activation products or 0.0174 

CD/GWe-yr for spent fuel, if radium-226 effects are included. 

Since these levels are well below doses from natural radiation back­

ground, it becomes necessary to reach a reconciliation between the ALARA 

criterion and cost-effectiveness requirements. Present anticipated costs 

for a national waste repository are in the price range of a billion 

dollars, clearly out of range for the old NRC cost criterion of $1000 per 

man-rem reduction. 
At this time we lack a clear- cut criterion for an acceptable radio­

logical impact both for the near term and over the postulated 10,000-year 

period of responsibility . It is evident that the risk projected should be 

low compared with other risks, such as natural radiation background, both 

for "normal" undisturbed conditions or any natural disruptions that can 

be predicted with any r easonable probability. The question before this 

conference then is threefold: 

1. Can we predict such effects with sufficient assurance within at 

least an order of magnitude? 

2. How great a margin of error can be tolerated if the projected 

effects are indeed insignificant? 

3. Assuming that present predictions can be made accurate to within 

an order of magnitude, which portion of the protective tech­

nology can be scaled back most profitably to ensure low enough 

impact at the lowest overall cost? 

These questions are a little different from those answered by most of 

the papers present~d at this conference. Regard i ng the first question, 

the greatest sources of uncertainty seem to be in the assumptions for the 

water incursion into the repository that determine the source term for the 

migration step in any model [15] and the actual retardation fac tors to be 

assumed (Table 3) . 

The second question is also difficult to answer in the absence of a 

rigorous sensitivity analysis and a general unwillingness to discard 

negligible pathways. I have proposed before [16] that it is sensib le and 

necessary to discard terms that differ from zero by a statistically 

insignificant amount to avoid excessive calculational baggage and an 

inflation of effectively zero doses into apparent significance . Black 

and Niehaus [17] have argued that there is an irreducible minimum level of 

risk, in that additional sophis tication of equipment and facilities to 

yet further reduce risks, will itself introduce new risks. This has been 
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well illustrated in reac t or t echnology where installation of risk­
reducing measures, e . g., for sei smic precautions , has at times resulte d in a greater immediate risk by increasing occupational exposures dur i ng maintenance . Simi l ar effects may attend insistence on retrievability of was te mate r ia ls, especially the disposal of s pent fuel in unreprocessed 
form. 

CONCLUSION 

In summary, it is proposed that the time is r ipe to look not only at the dose reduction fea tures of emplacement technology but also at thei r 
cost-effectiveness . This r equires a close look at the degree to wh ich 
r e levant parameters are known to a sufficient accuracy to permi t detailed 
pred ictions or a decis i on that more accurate determinations do not, in 
fact, add any thing t o the accuracy with which the predicted dose commit­ment must be known. 

This is not t o say that at this time a ll the relevant parameters are 
well known; rather it means that most of them are probably sufficiently well known to proceed with an engineered repository design and that it is becoming important to determine priorities in establishing pe rformance 
data for those components and pathways that are most cos t-determining or 
for wh ich large uncertainties lead to mos t sensitive changes in es timate d impact. 

It 1s important to the nuclear industry and to the country at large 
t o answer the question, whether high-level waste can be disposed of 
safe ly, as surely and expeditious ly as possible. To do this , i t behooves 
a ll concerned to concentrate on the ma i n issues : to select a technology that provides adequate, but not lavish, safeguards and to assure disposal 
by methods tha t provide insurance against future risks with sufficien t peace of mind at affordable cost . 
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Table 1. Maximum Discharges, Times of Maximum Discharge, and Maximum 
Dose Rates From a Hypothetical Spent-Fuel Repository-Breached Salt 

Dome (Ref. 3) 

RADIO­
NUCLIDE 

C-14 
Tc-99 
I-129 
Cs-135 
U-236 
Th-232 
Np-237 
U-233 
Th-229 
U-238 
U-234 
Th-230 
Ra-226 
Aro- 243 
Pu-239 
U-235 
Pa-231 

MAXIMUM NUCLIDE 
CONCENTRATION 
(micro Ci/ml) 

-8 
3.4 X 10_4 
7.7 X 10_

7 2.0 X 10_
6 2.7 X 10_
7 

9.6 X 10_13 
1.2 X 10_

6 7.4 X 10_7 
1.9 X 10_9 6.8 X 10_

7 8.2 X 10_
6 

2.0 X 10_
8 2.1 X 10_
8 6.3 X 10_
6 

1.7x10_10 8.5 X 10_
8 1.9 X 10_
10 3.0 X 10 

TIME THAT 
MAX. NUC LIDE 

CONCEN. OCCURS 
(years) 

45,000 
58,600 
50,500 
45,000 

440,000 
2,000,000 

44,000 
1,690,000 
1,500,000 

438,000 
437,000 
520,000 
490,000 

45,000 
80,000 

470,000 
460,000 

MAX. INDI- (a, b) 
VIDUAL WHOLE­
BODY DOSE 
RATE (mrem/yr) 

5.0 X 10=6 
1.1 X 10 _4 
7.7 X 10_

2 
4 . 8 X 10_2 
5 . 4 X 10_8 
1. 1 X 10_1 
1.9 X 10_

2 1.2 X 10_
3 

1.4 X 10_2 
4.1 X 10_1 
1.2 X 10_4 
6 . 3 X 10 
1. 5 X 10~~ 
4.5 X 10_6 
6 . 8 X 10_

3 1.0 X 10_
1 1. 3 X 10 

a The max1mum individual dose rate generally occurs in the child 

b age group. 
For some isotopes, the dose rate to individual organs may be 
higher. 

SOURCES: 1. Reference 700: M.A. Harwel l et al., Reference Site 
Initial Assessment for a Salt Dome Re ositor , PNL-2955, 

Working Document), Appendixes G and H, Pacific North­
west Laboratory, Richland, WA, December 1979 

2. Reference 700: Ibid., pp. 11-47 to 11-49 
3. Reference 699: W. C. Arcieri, J . G. Feinstein, and 

J. D. Freeman, Methods Used to Compute the Dose to 
Individuals and the General Population Due to Geo­
transport of Radionuclides from a Spent-Fuel Repository, 
NUS-TM-327 (Draft Report), NUS Corporation, Bethesda, MD, 
February 1980 
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Table 2 . Maximum Discharge Rates, Times of Maximum Discharge, and Dose Rates Received by People from a Hypothetical Spent-Fuel 
Repository--Hard Rock (Ref. 3) 

RADIO- TIME OF MAX. DIS- MAX. DOSE MAX. DOSE NUCLIDE MAX. DIS- CHARGE RATE RATE FROM RATE FROM 
CHARGE (Ci/yr) SPENT FUEL ASSOCIATED 
(years) (rem/yr) WASTE 

( rem/yr) 

I-129 (a) 4 -4 l.lxl0
4 5.6xl0_

2 -6 I-129 (b) l.lxl08 l.3xl0 _
11 5.lxl0_

14 Cs-135 7 . lxlo
8 

6 .3xl0 _
5 l.5xl0_

7 -6 Ra-226 (c) 4.lxl0
8 9.4xl0_

4 l.Oxl0_
8 l.6xl0_

7 Th-230 4 .lxl0
8 l.Oxl0_

5 2 .8xl0_
5 4 . 5xl0_

5 Pa-231 4.lxl0
8 2.2xl0_

8 5.7xl0_
10 5.5xl0 Th- 232 8.lxl0

8 3.5xl0_
4 4.7xl0_

8 -8 U-234 4.lxl08 2.0xl0_
5 l.4xl 0_

9 7.0xl0_
9 U-235 4 .lxl0

8 l.Oxl0_
9 3.0xl0_

13 3 . 0xl0 Th-236 4 .lxl0
8 2.0xl0_

4 2.7xl0_
8 -7 U-238 4.lxl08 2.0xl0 2 . 4xl0_
6 l.2xlo_

5 Th-230/Ra-226 (d) 4 . l xl08 2.2xl0_
8 l.lxl0_

7 U-234/Ra-226 (e) 4.lxl0 5 .5xl0 2 . 7xl0 

Max. annual total 4 .lxl0 8 
5 . 9xl0 -5 

6 . 9xl0 -5 
dose 

a. Bound in fuel matrix. 
b . In gap between fuel cladding and matrix. 
c. Ra-226 reaching the biosphere directly from ground water. 
d. Ra-226 produced by the decay of Th-230 in the biosphere. e. Ra-226 produced by the decay of U-234 (via Th-230) in the biosphere. 

SOURCES: Reference 683: Working Group 7, International Nuclear Fuel Cycle Evaluation Committee, Release Consequence Analysis for a Hypothetical Geo logic Radioactive Waste Repository in Hard Rock, INFE/DEP/WG7/2l, Table XIX, December 1979 

Reference 684: 

H 



Table 3 . Summary of Water Intrusion Scenari o Studies (Ref. 14) 

TIME OF 50-YEAR TIME AFTER 

INITIAL GROUND WATER RETARDATION REPOSITOkY ACCUMULATED CLOSURE 

REFERENCE SCENARIO RELEASE LEACH TRAVEL TIME VFACTORv NUCLIDE CRITICAL DOSE TO CRITI CAL THAT DOSE IS 

AFTER TIME TO BIOSPHERE ( water I nuc) (Ci) NUCLIDE INDIVIDUAL ORGAN RECEIVED (yr) 

CLOSURE (yr) (yr) (m rem) 
(yr) 

Burkholder High-Level ; 1 2.86 X 106 Tc-99 200 250 

et al. Leach 10 1.03 X 106 C- 14 3,000 Bone 1,700 

Incident ; 100 30,000 150 100 8.07 X 106 Np-237 120 Bone 15,000 

Discharge 500 0 . 347 Ra-226 2,400 Bone 2,100,000 

to river 

Burkholder Spen Fuel; w 

et al. Leach Same as 3,000 Same as Same as Same as Same as 2, 600 Same as Same as co 

Inc ident; Above Above Above Above Above 30, 000 Above Above 

Di scha rge 1, 200 

to river 240,000 

Swedish High-Level; 
103 Tc-99 150 13 ,000 

Safety Leach 1 140 X Ra-226 130 Bone 80,000 

Study Incid ent; 1000 30, 000 400 700 20 U-233 130 Bone 80,000 

Discharge 43 750 Np-237 650 Bone 130 , 000 

t o well 260 6400 

High Level; 5. 3 
6 Am-241 100 Bone Girardi X 105 

et al. Leach 5. 2 X 10 Am-243 250 Lung 1 , 000 

Incident; 1000 17,000 -o- -o-
Di scha rge 
to rive r 

Hill and High-Level; 1.6 
5 Tc-99 5% H.PAI 100 1 X 104 

Grimwood Leach 100 1. 2 X 10 Np-237 3% MPAI Bone ? 

Incident; 1000 3,500 100 500 ? Ra-226 2% MPAI Bone ? 

Discharge 
to river 
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THE GEOLOGIST AND RADIOACTIVE WASTE DISPOSAL , OR , 
CAN GEOLOGISTS AGREE? 

Georgia Yuan 
Natural Resources Defense Council 

25 Kearny Street 
San Francisco , Ca l ifornia 94108 

ABSTRACT 

Science advisors to federal programs in radioactive 
waste disposal have historical ly pl ayed the role of 
intervenor by reviewing agency w:>rk and research. These 
advisors tended to lend credibility and support t o federal 
research. Today , intervenors are rrore ccmronly v i ev..Bd 
as casting doubt on federal programs by errphasizing the 
uncertainties in technical data and underscoring the l ack 
of consensus in the technical corrmuni ty . The Wast e 
Isolation Pil ot Pl ant (WIPP) serves as an exampl e of a 
radioactive waste repository which has been both supported 
and opposed by earth scientists on the basi s of site 
characteristics. The Envirorunental Evaluat i on Groop 
(Effi), funded by the Depa.rt:Irent of Energy (OOE) , illus-
trates how the state of New Mexico used scientists to 
review the relevant information on the WIPP site. The 
Effi failed to affect DOE decisions at WIPP because 
responding to EEG' s requests for more studies and info~­
mation would have forced DOE to alter its program deadlines 
and goals. The Nuclear Regulatory Cannissi on (NRC) can 
be expected to respond more will ingly to intervenor 
questions since i ts goal is to prot ect the public safety . 
The NRC will need to distinguish be~ issues for which 
more information will decrease uncertainty and those for 
which uncertainty will always exist. In making this 
distinction and related value judgements , the NRC will 
benefit from responding to intervenor concerns. 

INTRODUCTION 

When David Kocher i nvited me t o spea k her e t o d ay , he 
asked me to discuss the role of the inter venor i n r adioactive 
was t e disposal. Gagging somewhat on the word "in t e r venor," 
he apologized f or using the term. Indeed , "intervenor" see ms 
to be something of a dirty word among federal agenc i es . The 
dictionary def i nes an int ervenor as "one who comes be tween two 
thi ngs by way of hindrance or modi ficat i on." Illus t rating 
this definition was this sentence : "We were enjoying our 
picnic when a thunderstorm intervened." Not sur pri s ing l y , 
regulatory agencies view intervenors with some t repidation. 
It sometimes appears t hat we ruin t heir p i c n ic . My goal is 
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to demonstrate that the real menace at the picnic is not the 

intervenors , but the difficul ty of answer ing the questions 

raised by intervenors . 

Historically , federal agencies have sought the advi ce 

of scientific experts to review agency programs and proposals. 

This form of intervention is viewed as a way of guiding new 

programs as well as increasing credibility and support . The 

National Academy of Sciences (NAS) is probably the most well­

known and best exampl e of scientific experts who often serve 

as reviewers. In the mid-1950s , the Atomic Energy Commi ssion 

requested the formation of a Committee on Waste Disposal to 

study the possibilities of disposing of radioactive waste on 

land [1] . This committee of earth sc i entists recommended salt 

as a repos i tory host medium , noting the ability of sal t to 

conduct heat , to "self- heal'' in the event of f r acture , and 

its demonstr ated dryness [1]. This recommendation guided the 

Department of Energy (DOE) and its predecessor s for many years. 

Coming from a respected group of scientists , this recommenda­

tion provided excellent support for agency work meticulou s l y 

reviewed by Congressional budget committees and t he publ ic. 

But , more recently, research on salt as a host medium for 

radi oactive waste has led some to question the wisdom of 

using salt. In 1978, a group of NAS members addressed a 

le t ter to their coll eagues urging support for recommendations 

to study other geologic media and to assess realistically 

"the uncertainties about a salt site " [2]. By publicly raising 

technical issues which remain unsolved , these respected 

scientists cast doubts on existing programs which featured 

sal t as a prime candidate for radioactive was te disposal. 

Responding to these intervenors is a difficult problem which 

federal agencies must learn to overcome. 

A CASE STUDY 

The question of where to dispose of radioactive wastes 

has been considered by many geolog i s ts [3 , 4] . Incorporating 

the views o f earth scientists who cannot agree is a formidable 

task, yet it appears that any s ite will invite such controversy. 

The Waste Isolation Pilot Plant (WIPP) is a proposed geol ogic 

repository which has been both supported and opposed by 

leading earth scientists on the basis of site characteristics . 

The debate over the adequacy of this site in New Mexico to 

contain radioactive wastes has been raging almost since the 

site was first proposed. The Department of Energy has encour­

aged this debate by fund i ng scientists to study the WIPP site 

and by providing detailed scientific data in support of the 

environmental impact statement prepared for WIPP [5] . Yet 

agreement has never been reached over controversial issues 

such as site hydrology, mineral resource protection , a nd 

future human intrusi on of the repository. Bel ow, we examine 
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the questions asked by scientists, the responses that were 
given , and the reasons for the continued dispute over the 
WIPP site . 

WIPP is a proposed defense radioactive waste repository 
for t r ansuranic contaminated waste currently being stored at 
the Idaho Nu clear Engineering Laboratory. The site p referred 
by DOE for WI PP is deep in the Salado Formation of the Dela­
ware Basin in southeastern New Mexico . This formation is 
85- 90 % pure hal ite with minor interbeds and constitutes a 
2000 ' thick sequence whose base is 2850 ' below the surface . 
The geologic contr oversy at the site can be examined by 
studying the formation and rol e of the Environmental Eva l ua­
tion Group (EEG) in reviewing WIPP for the state of New 
Mexico. 

The EEG is completely funded by the Department of Energy , 
and has offices in Santa Fe , New Mexico . It represents a 
well- organized effort to include scientists in the public 
review process of the Department of Energy 's work in radio­
active waste disposal . Most importantly , the EEG represents 
an effort to institutionalize i ntervention so that views out­
side of the Department can be heard a nd incorporated earl y in 
the decision- making process . The EEG staff includes geologists, 
mathematic i ans , health physicists, radiation specialists, and 
environmental engi neers . It is part of the New Mexico Health 
and Environment Department , and is charged with conducting 
independent technical evaluations of the potential radiation 
exposure to people from the proposed Waste Isolation Pilot 
Plant [6 ]. 

In carrying out its charge , the EEG has been involved in 
three major reviews over an 18 - month period . They conducted 
extensive reviews of the draft and final environmental impact 
statements f or the WIPP [7,8] , they organized a two-day 
meeting of earth scientists concerned about the WIPP project 
to discuss uncertainties regarding the site geology [9 ], 
and they organized a follow-up fie l d trip for geol ogists to 
look at the field evidence supporting major opposing views of 
hydrol ogic problems at the WIPP site [10] . In each of these 
efforts the EEG tackled site-specific problems which coul d 
cause unacceptabl e radiol ogical hazards to the local popula­
tion . The work of the EEG provides an excellent model for 
how a group of scientists representing a wide range of 
discipl ines can review the availabl e data on a specific site . 
The EEG produced provocative and useful reports which 
broadened and emphasized the scientific questions related to 
safe operation of the WIPP . However, based on recent deci­
sions at the WIPP site , it appears that the EEG was unable to 
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influence the Department of Energy.* 

The EEG fai ledto be effective because they sought 
redefinition of DOE ' s program and underscored the l ack of 
consensus on technical issues at the site . For example , in 
the i r review of the Final environmental impact statement, t he 

EEG raised four ma j or issues . First , the EEG felt the Depart­
ment of Energy did not investigate thorou ghly the anomol o u s 
seismi c refl ection data at the site . Second , the EEG was not 

sati sfied that t he DOE had adequat e accepta nce cri ter ia for 
the high- level waste to be used in experiments conducted at 
WIPP. Third , t he EEG wanted DOE to provide more details on 
future control of mineral and hydrol ogi c r esources at WI PP. 
And finally , the EEG identified potential scenarios for 
rel ease of radi oactivity which the Department of Energy had 
not i nvestigated i n its impact statement [ 8 ] . 

In raising each of these issues , the EEG appeared to be 

concerned with aspects of the WIPP whi ch i t f elt were not 
sufficiently analyzed to ensure safety . For example , the EEG 

commented on the inadequate discussion of the Zone of Anomo­
l o u s Seismic Reflection in the Final env i ronmental impact 
statement: 

"[Th e d iscu ss i o n] should have more c l early 
ref l ected the uncertainty , controver sy , a nd 
concern regarding the potential implications 
of this zone to the future integrity of the 
repository .. . . The FEIS has not adequately 
addressed [our earlier comments on this prob­
lem ] . . . The EEG believes that a more definitive 
expl anation is necessary before the site is 
judged acceptable for the repository ." [8] 

In sum , the EEG identified specific areas which it fe l t 
needed further study before the site could be judged accept­
able. In addition , the EEG expressed disappoi ntment that 
previous attempts to raise this issue had not been addressed 
to its satisfaction . Thus the EEG questioned DOE ' s attention 

to a specific t echnical matter and , more significantly , the 
EEG q uest ioned DOE ' s ability to make a d ecis i on based o n 

existing data. 

*The Department of Energy and the Department of the Interior 
signed a cooperative agreement on April 3 , 1981 which would 
allow DOE to begin drilling an exploratory shaft at the 
proposed site in June 1981. This agreement and DOE ' s program 

are now the subjects of two lawsuits f iled by the State of New 

Mexico and the Citizens for Alternatives to Radioactive 
Dumping , respectively . 
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Although the EEG was successful at raising relevant technical i ssues through i ts series of meetings and reviews 
of DOE documents, it was significantly less successful at 
resolving those issues for which a technical consensus did 
not exist. Illustrative of this problem was the field trip 
to the proposed WIPP site which the EEG organized . The trip 
spanned three days, included 23 parti cipants , and covered 
1500 square miles , including the WIPP site and the surrounding area [10] . Before the trip there was little consensus on the 
q uestion of whether dissol ution of salt occurs largely by 
surface-induced water circulation in the top of the evaporite 
sequence o r whether water from deep aquifers flowing into 
the lower parts of the sequence can remove significant volumes 
of salt at depth. On the field trip, the major proponent 
of each point of view led the participants to field evidence 
supporting his theory . The field trip itself was highly 
praised by all participants as well- organized, very instruc­
tive, and important for airing differing views. But, when 
it was all over , the trip did not produce a consensus of 
scientific opinion . 

To characterize the differing v iewpoints , we can examine 
the letters received by the EEG in response to the field 
trip. Wendell Weart, the leader of the Sandia Laboratory ' s 
site characterization work for the Department of Energy , wrote 
to the EEG commenting on the unclear connection between the 
geologic features visited at the site and the integrity of 
the site as a radioactive waste repository . Weart's l etter 
stressed that without clarification there would be a tendency 
to assume that an adverse connection existed when , in fact, 
site features may have little or no effect on site safety . 
Another participant said: 

"the concepts of salt dissolution and breccia 
pipes were well expressed .... I see plausibility 
in both arguments, and as with most geol ogic 
processes there is a strong likelihood that 
both are correct!" [10 ] 

And yet another participant said: 

"Does deep dissolution represent a serious 
threat to the long-term integrity of the 
WIPP repository? My conclusion is that we 
lack sufficient information at the present 
time to answer this question with a high 
level of confidence." [10) 

Though most participants sought greater resolution , the 
Department of Energy response to the field trip acknowledged 
differences in interpretation but suggested that "in matters 
of geologic phenomena and processes, questions will always 
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remain incompletely answered . " The Department also stated 
"that a point must be reached where we say that the next 
step should be taken with an acceptable level of risk . That 

step is the [Site Preliminary Design Validation*], which 
involves no risk to the public." [10] The Department's 
response indicates a desire to move on with its original 
plans . It does not mention a willingness to work out the 
remaining uncertainties , but tries to decrease the importance 

of uncertainty by asserting that geology always contai ns 
unanswered questions. I n order for the Department to r espond 

otherwise would have required a recons i deration of its 
program and its goal to dispose of waste by 1987 . The lack 
of consensus which emerged f rom the fie ld trip made it impos­

sible for DOE merely to absorb a new idea or recalculate its 

existing data. Instead, a new set of questions and sugges ­
tions for more research were posed , leaving DOE in the diffi­

cult position of proceeding without consensus or once again 
redefining its program . 

THE VALUE OF INTERVENTION 

The work of the EEG and similar mechanisms to encourage 
greater public involvement wi l l often force the Department 
of Energy to proceed more s l owly and mor e cautiously in its 
efforts toward s providing radioactive waste repositories . 
However , questions and suggestions made by the public during 

the process of site selection and characterization can improve 

investigations by helping to avoid costly mistakes . The ill­
fated Lyons , Kansas project illustrates the value of partici­

pation by local interests in the decision-making process. 
The Atomic Energy Commission ' s plan to dispose of the nation ' s 
radioactive waste in the Carey salt mine in Lyons met with 
s ubstantial opposition from the Kansas State Geologist. His 

requests for more informati on and better tests were largely 
ignored until an adjacent mine lost 175,000 gallons of fresh 

water which the mine operators expected to retrieve as brine 
as part of a solution mining process. This mishap emphasized 

the importance of the State Geologists ' earlier requests to 
study the hydrology of the local area i n greater detail. If 
the studies had been done , the project might have been termi­

nated for technical reasons instead of in a cloud of political 

embarrassment. 

*The Site Preliminary Design Validation is the Department ' s 
underground exploration program which it would like to 
begin in June 1981. 
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Radioactive waste disposal is a problem which contains 
a high degree of uncertainty . As illustrated above, public 
intervention often emphasizes that uncertainty, casting doubt 
on federal plans and decisions. 

A lack of technical consensus , like a lack of public 
consensus, is very troubling for decision makers. As summar­
ized recently by a Federal judge familiar with health-related 
lawsuits: 

"Uncertainty detracts from simplicity of 
presentation, ease of understanding, and 
uni formity of application. To focus on 
uncertainties is to invite paralysis; to 
disclose them is to risk public misunder­
standing , loss of confidence, and opposition. 
Even though some uncertainty is inevitable , 
pointing it out will always create pressures 
for 'just one more study. '" [ 11] 

Yet radioactive waste disposal is predicated on predictions 
which are inherently uncertain . Public confidence coul d 
suffer much deeper blows from ignoring uncertainty than from 
facing it . The Environmental Evaluation Group work described 
above indicates that as long as intervenors raise uncertain­
ties which challenge agency programs and force changes in 
deadlines, there is little likelihood that they can or wil l 
be listened to . Unfortunately , though intervenors with tech­
nical expertise may improve the outcome of federal projects, 
there does not seem to be time to respond to their concerns. 
The goal to choose a waste disposal site in the next few 
years blinds many decision makers to the important site 
characterization work which must be done first . 

THE REGULATORY PROCESS 

The discussion above focuses on the process of providing 
waste disposal facilities and the inherent difficulties of 
responding to uncertainty while trying to meet specific goals 
for choosing sites . However , the goal s and activities of the 
Nu clear Regulatory Commission (NRC) are quite different. The 
Commission is neither in the business of providing waste 
disposal nor is it dependent on the availability of waste 
disposal faci l ities. The goals of the NRC , different from the 
goals of DOE, are not questioned by uncertainty. The Commis­
sion ' s goal is to regulate radioactive waste disposal so that 
the publ i c health and safety are protected . 

The Commission appears already to recognize that inter­
vention in the form of opportunities for public comment is an 
important part of its regulatory process . Among the Commis -
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s i on ' s procedural requirements for licensing geologic reposi­

tories is one f or a Site Characterization Report. The Report 

is to be completed early in the consideration of a specific 

s ite a nd c onstitutes the jumping-off point for formal tech­

n i cal review of the geology at the site. This Report, to be 

s u bmitted t o the NRC by the Department , covers a range of 

importa nt i ssues relating to the site integrity as wel l as a 

descrip t i on of the research and d evelopment being conducted 

by DOE on waste form and packaging. The Department has said 

that it will a llow pub l ic review of the Site Characterizati on 

Report and t he Commis s ion will provide at least a 90 - day 

c omme nt p e riod on its official anal ysis of the Report. Although 

these provi sion s provide formal mechanisms for intervention , 

the real question is how will the Commission respond to the 

commen ts i t recei ves? How will the Commission view those 

portions of the site characterization which make predictions 

that are inherently uncertain? What l eve l s of uncertainty 

can it tolerate in predic tions regarding geol ogic processes 

over a thousand years? 

I n a n a l yzing the Departme nt ' s site characterization 

wor k , t he NRC has a r e sponsibility to develop a process which 

can no t only i dentify areas of technical uncertainty , but 

whic h a l so dist inguishes between uncertainties for which more 

information will eliminat e or significantly decrease uncer­

tainty , and those technical probl ems for which uncertainty 

will a l ways exi st. The process devised by the NRC to make 

t h is distinction wi ll benefit from open exchange with techni­

cal pr ofess i onals outside of agency contractors and a willing­

ness on the part of the NRC to r esear ch and consider the 

q uesti ons r a i sed by intervenors . The process depends on a 

large technical community with broad-based support and respect 

t o participate in the discussion s which will ultimately help 

the Commission to face uncertainties . The NRC , like DOE , 

should fund independe nt reviews so that states which contain 

pot enti al waste disposal sit es can e valuate the licensing 

p r ocess. 

Ul timately , the Commission will be faced with geologists 

who cannot agr ee. As in the EEG exampl e , t echnical con sensus 

may be impo ss i ble to attain a nd, as a resul t, the uncertainty 

cau sed by the complexities of radioactive waste disposal wi l l 

be compounded by the uncertainty of proceeding without consen­

s u s . For t hose problems which will a l way s contain uncertainty , 

the NRC must be called upon to make a value judgement 

r egarding how much uncertainty is tolerable. This decision 

must be made by informed decision makers who have avai l ed 

themselves of the opportunity to be influenced by a range of 

opinion s i nc l uding those of intervenors who may raise 

questions which force changes in agency decisions. This is 

the c ri t i cal role fulfill ed by intervenors , in harmony with 

the dict i onary definition of "one who comes between ... " 
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Author's Note: The views expressed in this paper are 
solely those of the author and do not necessarily reflect 
the opinions of the Natural Resources Defense Council. 
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ABSTRACT 

The management and disposal of radioactive waste is not simply a technical problem. The success of DOE's waste disposal program will depend as much upon its social, political and institution­al features as on its technical designs and engi ­neering. For the initial phase of the program -the siting and operation of the first waste dis ­posal facility - the major social and political obstacles are public opposition and lack of trust, unanswered questions of equity , conflicts in regulatory policy, and managerial and regulatory uncertain ties . For the second phase of the program -expansion from one facility to a system capable of accommodating wastes from an expanding nuclear industry - the major problems will be the difficulty of maintaining near perfect human performance and the impact of the expanded system on the social structure of the communities affected . For the third, or long term management phase, the major social uncertainty will be whether the ins t itutional arrangements made will function over long periods of time. 

DOE HAS NOT ADDRESSED THE SOCIAL, POLITICAL 
AND INSTITUTIONAL ISSUES I NVOLVED IN IMPLEMENTATION OF A PUBLICLY ACCEPTABLE 

WASTE DISPOSAL PROGRAM 

The management and disposal of radioactive waste is not simply a technical problem. Technologies are not self- imp l e ­menting. The success of any waste management program depends as much upon its social, organizational, and institutiona l features as on its designs and eng ineering . A task force of the Nuclear Regulatory Commission (NRC) concluded in 1978 that the "past failures of proposed radioactive waste management systems have stemmed in large part from neglect of nontechnological necessities in [the] implementation ... of 



52 

systems [1]. In 1979, the Interagency Review Group on 
Nuclear Waste Management reported to the President that "the 
resolution of institutional issues ... is equally as important 
as the resolution of outstanding technical issues and 
problems" and that such resolution "may well be more 
difficult than finding solutions to remaining technical 
problems" [2]. 

Despite these warnings DOE has not come to grips with 
the significance of these issues. It has only just recog­
nized that these issues exist, as is reflected in its re­
quest to the National Research Council to "attempt to 
identify social and economic issues to be considered in 
selection of repository sites" in order to "r ecommend ways i n 
which to take various social and economic impacts into 
account in site selection ... "[3]. 

As a result, DOE has not confronted and resolved the 
social, political, and institutional prob l ems inherent in 
implementation of a waste disposal program. The Institute o f 
Governmental Studies of the University of California at 
Berkeley cautions that failure to consider social and polit ­
ical issues as an integral part of the planning process for 
waste disposal is to "run the risk of serious political oppo ­
sition," which may doom an otherwise acceptable program [4 ]. 

To be successful, the DOE program must meet dual ob j ec­
tives. It must be a program that the public sees as legit i­
mate and in which it has confidence, as well as one that pro­
vides reliable and safe waste disposal operations. If the 
first objective cannot be met, the nation may be unwilling to 
commit the necessary political, technical, and economic re ­
sources to carry out the chosen method, and thus the method 
will fail. 

Achievement of the first ob jective requires the identif i ­
cation and assessment of the relevant social and institution­
al obstacles to implementation of the major phases of the 
waste disposal program: the initial phase of siting, con­
struction and licensing of the first waste repository; the 
second phase of program expansion to cope with the increased 
volume of wastes produced by the current and near future 
generation of light water reactors; and the third, long-term 
management phase in which the technological and institutiona l 
arrangements previously created will be tested over long 
periods of time. In each of these phases, new issues will 
present themselves for resolution, and social, political, a nd 
organizational arrangements appropriate to an earlier phase 
may require modification. 

A. Phase One--Start Up 

The phase of greatest concern at present is the initia l 
start-up of the waste disposal program. The DOE is compelled 
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by the decision in Minnesota v. Nuclear Re ulator Commission, 602 F.2d 412 (D.C. Cir. l , to eve op a waste isposal program that can be implemented successfully before the 
expiration of the licenses of currently operating nuclear plants. Failure to do so threatens the continued viability 
of the domestic nuclear program, the substantial investment 
made by utilities and the industry , and, to a significant ex­t ent, public confidence in the ability of government to act decisively on a major social issue. The historical develop­
ment of nuclear power in the United States has linked inex­t ricably the federal government to the nuclear industry. 
Thus, the imp l ementation of a waste disposal system is seen 
both by the public and the industry as a governmenta l respon ­s i bility. 

The initial phase presents the greatest number of social and political uncertainti es. Many of these have been identi­
f ied and discussed in the 1977 Report of the Task Force for Review of Nuclear Waste Management (referred to as the Deutch Report) [5] and in the work of G.!. Rochlin and R. Kasperson, among others [6]. Key social and political obs tacles are 
disc ussed below. 

l . Public Opposition and Lack of Trust.--Foremost among the obstacles to implementation of the DOE program is the serious level of public opposition to nuclear power in 
general and waste disposal locations in particular [7]. This opposition is coupled with an increasing lack of trust in the abil i ty of institutions and persons charged with protecting 
the public from the hazards of radiation to carry out that 
responsibility. 

The unwillingness of the public to accept a waste manage­ment program manifests itself in the efforts of towns, 
counties, and states to restrict federal authority to trans­port and store wastes within their political boundaries. By October 1980, seven states had enacted laws banning nuclear waste importation for terminal disposal and twenty-five 
others had passed laws restricting nuclear waste disposal. 
Th i rty-one states have limited or banned the transport of 
nuclear wastes within their boundaries. Indeed, by August 1980, only eight states had no laws relating to the control o f radioactive wastes [8]. 

Former President Carter, in his statement of February 12, 1980, outlined a .. consultation and concurrence .. process 
a s a means of resolving differences between the states and 
th e f ederal government over the siting of waste disposal fac ilities [9]. Implicit in this policy is the idea that the shar ing of information will lead to agreement on siting q uestions. However, there is doubt that simple information 
s haring will eliminate or even reduce the increasing reluc ­
t ance of the states to be chosen as waste dumping grounds. 
Th e states are not willing allies of DOE or other federal wa ste management agencies. They are unlikely to side 
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voluntarily with the federal government on waste disposal 
issues. 

The consultation and concurrence concept was included in 
the nuclear waste legislation which passed the Senate on July 
30, 1980 [10]. The bill provided for federal consultation 
with state governments concerning decisions to site waste 
repositories and spent fuel storage facilities. States were 
also given an opportunity to oppose a DOE decision to site a 
facility within their boundaries. The bill, however, set up 
three different procedures for federal override of state 
objections. If a state rejected the siting of a spent fuel 
storage facility, the bill provided for an override by a pres­
idential directive that the facility was in the national in­
terest. If a state objected to the location of a waste re­
pository, the project would proceed unless the state was able 
to convince ~ne house of Congress that its objections were 
justified. Finally, state objections to the disposal of 
military waste could be overridden by a declaration from the 
President that disposal was necessary for national security. 

The states are likely to regard such consultation as in­
adequate participation in waste disposal decisions. Their 
continued opposition to siting threatens to frustrate the fed­
eral ability to implement a program, regardless of which dis­
posal method is chosen; yet this matter has not been addressed 
by DOE. 

2. Questions of Equity.--Closely tied to the problems 
of public acceptance are questions of equity. Because the 
benefits and risks of nuclear power are not shared equally 
around the nation, some members of the public will be asked 
to bear the risk of waste disposal for others. The degree of 
opposition at the local level indicates how the public feels 
about this burden. 

The success of the waste disposal program will depend 
upon the development of siting principles that reflect both a 
systematic analysis of various social, political, and 
economic environments*, and a determination of fairness and 
justice in the allocation of the risk. No such systematic 

~/ See Rochlin , Demchak, Hershberger, Hoberg, Jr., La 
Porte and Windham, Social and Institutional Aspects 

of Radioactive Waste Mana ement: Some Preliminar Findin s, 
S. RW , Oct . , . Tee itors 1nc u e 1n t eir 
study a table which lists the kinds of information that 
should be collected about the social, economic, and political 
characteristics of representative or potential repository 
sites. Some examples include: 

-sociological data: 
-urban/rural mix; 
-professional/non-professional mix; 
-racial and ethnographic data; 
-age, sex and family data. 
(continued on next page) 
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analysis has been conducted by DOE. Considerations of fair­
ness and justice must be applied both spacially and tem­
porally. The latter relates primarily to the intergenera­
tional transfer of the risks associated with waste disposal, 
the former to the "not in my backyard" syndrome. A compre­
hensive approach to considerations of justice must also ad­
dress the issue of compensation of persons who live near a 
waste repository. 

DOE has failed to consider any of these issues in a 
direct or comprehensive way. Its views must be inferred from 
its adoption, as one of its pror.ram's objectives, of Presi­
dent Carter's requirement that '[t]he responsibility for 
resolving military and civilian waste management problems 
shall not be deferred to future generations", [llj and its 
meager discussion of "Social Concerns" in the Statement of 
Position submitted in the NRC's Rulemaking Proceedings on the 
Storage of Nuclear Waste (known as the "Waste Confidence" 
Proceedings.) This discussion alleges that "there is growing 
public recognition that nuclear waste management is a 
national problem and that solutions to the problem should not 
be postponed for future generations" [12]. 

3. Conflicts in Regulatory Policy.--The history of 
waste disposal program in the United States is a story of 
fits and starts and major changes of direction and focus, 
from geologic disposal to retrievable surface disposal and 
back again. DOE and its predecessor agencies have seized 
upon a single waste disposal solution, only to be forced to 
begin almost anew when the solution proved not to be 
feasible. It is likely that developments nationally, 
particularly in Congress, will result in further redirections 
of the program. 

Although DOE has determined that geologic waste disposal 
is the method of choice, Congress has not made a similar 
commitment to this option. The Senate bill which passed on 
July 30, 1980, [13] provided for long-term away from reactor 

*! (footnote continued from previous page) 
~political profile: 

-attitude towards nuclear power generally; 
-sensitivity to local, extended and global environ-
mental issues; 
-attitudes towards remote, centralized authority 
(state and/or federal). 

-social profile: 
-activities; 
-mobility; 
-degree of social stratification; 
-lifestyle preferences; 
-median education level; 
-typical wages/salaries; 
-seasonal and migratory labor patterns, if any. 
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(AFR) storage and retrievable surface storage of high-level 
wastes. The bill also provided for the rapid development of 
unlicensed "demonstration" waste repositories on federally 
owned sites. All of these provisions would divert resources 
and efforts away from the development and implementation of a 
safe geologic disposal system. 

Because the House was unable to pass its waste disposal 
legislation [14] before adjourning, differences between the 
House and Senate bills were never resolved. The House bil l 
did not provide for retrievable surface storage of wastes or 
for an AFR program. It did require waste repositories to be 
li censed and subject to full review in accordance with the 
National Environmental Policy Act . 

The Science and Technology Committee of the House of 
Representatives reported versions of Title I and Title VII of 
the DOE Authorization Act, which seriously undermine the DOE 
geologic disposal program [15]. The Committee's amendments 
provided for the reprocessing of commercial spent fuel and 
storage of reprocessed wastes. Accordingly, the Committee 
eliminated critical funding for geologic disposal activities 
a nd instead provided funding for development, virtually 
irrespective of geologic conditions. Moreover, the Commit­
tee's approach to geologic storage called for four demonstra­
tion repositories, the first to be in operation by 1986. Con ­
trary to the recommendations of the Interagency Review Group , 
th ese repositories would not be licensed by the NRC and the 
opportunities for state and local participation in siting de­
cisions would be limited. 

The development and implementation of a safe geolog ic 
waste disposal program requires a commitment fr om Congress .as 
well as the executive branch . Both must share a view of what 
is required to solve the waste disposal problem, and Congress 
must provide adequate funds to compl ete the task. At 
present, it appears that DOE and Congress are at cross 
purposes. 

4. Managerial and Regulatory Uncertainties.--In Roger 
Kasperson's view, "management a nd regulatory issues const i­
tute perhaps the most formidable obstacles to a timely reso­
lution of the radioactive waste problem" [16]. Of particu lar 
concern is the absence of a mechani sm for the coordination of 
all the departments within the federal government that have 
respons ibility for nuclear waste.~/ 

~I The DOE Statement of Position stated that arrange­
ments a re being made for interagency cooperation 

among a few of the organizations concerned with waste manage­
ment . §III.D.2 . , at III-42. These are far from complete , 
however. The necessary memoranda of understanding have not 
been prepared , nor have the substantive procedures required 
for collaboration and implementation of the program been 
(continued on next page) 
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Ten different institutions share responsibility for radioactive waste matters,**/ three of which were created in 1980.***/ Each of these organizations has its own mandate and agenda and its own views on the appropriate shape and course of the waste disposal prog ram. There is no consensus that the program will produce a safe method of disposi ng of wastes within a reasonable time period. The U.S. Geological Survey, for e xample, has expressed doubts about the adequacy of the technical information supporting the program and the validity of the geological assumptions used [17]. The Office of Science and Technology Policy has stated its opinion that "the knowledge and technology base available today is not sufficient to permit complete confidence in the safety of any particular repository design or the suitability of any par ­ticular site." [18] 
A significant reason for the lack of confidence in DOE by other federal agencies is that DOE still has not determined what must be done to design and implement a waste disposal program. DOE is presently trying "to define the technical efforts required for successful mined geologic waste disposal .... [These include] site identification and characterization, rock mechanics, repository sealing, waste/media interactions and repository performance assessment", matters which should have been the subject of research efforts at the beginning of the waste disposal pro­gram. It is astonishing to find DOE attempting to "define the technical efforts required" for achievement of a goal that is more than twenty years old. 

(Footnote continued from previous page) "!:._/ 
developed. Id. III.D.2.1.1., at III-42. Further­more, the existence of-cooperative arrangements does not supplant the need for a means of over-all coordination of the waste management effort. As "lead agency" for the develop­ment of a waste disposal method, DOE should function in this capacity. 

''c* I These institutions ar e the Nuclear Regulatory Com­mission, the Department of Energy, the Environ­mental Protection Agency, the Department of Transportation, the U.S. Geological Survey, the Council on Environmental Quality, the Office of Science and Technology Policy, the Federal Radiation Policy Council, the Nuclear Safety Over­sight Committee, and the State Planning Council. ***/ The Federal Radiation Policy Council is responsi­--- ble for the development of federal radiation pro­tection policy. It will review actions of the NRC which affect public and occupational health . The Nuclear Safety Oversight Committee is charged with overseeing industry and government programs for improving reactor safety. The State Planning Council is responsible for coordination of waste policy between the federal and state and local governments. 
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A potentially more serious problem for the achievement 
of DOE's geologic waste disposal program is the lack of 
consistency in the programs and schedules of various agencies. 
For example, DOE has not designed a program that will meet 
the licensing requirements of the Nuclear Regulatory Com­
mission. Unless Congress enacts legislation exempting waste 
disposal facilities from the provisions of the Atomic Energy 
Act, the NRC will be responsible for licensing waste 
repositories .~/ Licensing requires a determination by the 
NRC that the site chosen for the facility is suitable and 
that the facility can and will be constructed and operated at 
the site without endangering the health and safety of the 
public [19]. Such a determination must reflect findings by 
the NRC that the DOE waste disposal plan, including the site 
chosen for the location of the repository, meets NRC criteria 
and standards of performance. As presently constituted, the 
DOE plan does not fulfill even NRC's draft siting criteria 
and performance requirements . DOE's approach to siting and 
performance [20] is different from that of the NRC and may 
result in a conflict which will bring the waste disposal 
program to a standstill. 

The NRC's draft siting criteria prohibit the location of 
repositories in areas with geologic features that could 
threaten their safe operation. These features include active 
faults, geothermal anomalies, acquifers of potable water that 
could be disrupted or contacted by the repository, known or 
potential mineral resources attractive to humans, and 
fractures that provide pathways for fluid movement. As 
stated in the NRC draft technical criteria: 

Unfavorable site characteristics are identified 
to eliminate from consideration sites which would 
not be acceptable under any circumstances for a 
HLW geologic repository or which would present 
insuperable difficulties in terms of understand­
ing the geology and hydrology of the site or 
would introduce or compound uncertainties which 
would affect negatively confidence in any li­
censing decision [21]. 

DOE has not incorporated an identification of unfavora­
ble geologic characteristics into its site selection 
process. Rather than specify features that would make a site 
unacceptable, the DOE calls for an assessment of the risk 
created by the existence of these features at the site. No 
site will be rejected unless the risk to the repository is 
judged to be "unacceptable." How an "unacceptable risk" will 
be defined and what degree of engineering and expense will 
be 

~/ Recently promulgated final regulations make clear 
that waste repository licensing will continued to 

be the responsibility of the NRC. See 46 Fed . Reg. 13971 
(1981). 
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tolerated in reducing the risk inherent in a site have not been determined by the DOE. 
The NRC has promulgated provisional, technical performance requirements for was t e repositories which are not satisfied by the DOE pr ogram plan. DOE's program is gea red instead to a set of vague and flexible "objectives. " For example, the NRC's draft performance standards require the waste package to provide containment of all radionuclides f or the first one thousand years after decommissioning of the geolog i c repository [ 22 ]. The DOE objectives, on the other hand, call only f or co ntainment to be "virtually complete during the period when radiation and thermal output are dominated by fission product decay," and further state that this conta inment will be carried out only "to the extent reasonably achievable." [23] DOE also suggests that exposures of ten or more millirems per year would be per ­miss ible: "Radiological consequences should be main tained within the leve l of variations in natural backgro und radiation associated with geographic location and domestic activites. " [24 ] Finally, DOE imposes an economic standard to govern the operation of a repository: "[T]he environmental impacts assoc i ated with waste disposal systems should be miti­gated to the extent reasonably achievab l e . 'To the extent reasonably achievable' means that which is shown to be reasonable considering the costs and benefits associated with potentia l mitigative meas ur es .... " [25] 

With respect to the problem of human intrus ion into a repository, the NRC draft technical criteria require the es­tablishment of siting principles that will minimize the po­tential for such an occurrence . Since the most likely acti­vities resulting in repository intrusion will concern explora­tion for natural resources and investigations of geophysical anomalies, the NRC criteria prohibit the location of a reposi­tory in an area with attractive natural features [26] . As noted, earlier, DOE has ignored the NRC's recommendations for siting criteria that would avoid the use of sites with valuable natural resources. The DOE continues t o consider salt to be an acceptable repository host, [27] despite the fact that bedded salt and salt domes are far more attractive resources than granite, shale, or basalt. A special ad hoc panel of ea rth scientists commented on this consideration in its report to the Environmental Protection Agency, ca lling the resource value of salt "an important negative socio-economic factor " in the use of certain potential repository sites [28]. The report stated that [t]he most likely targets for near -term ex ­
ploitation ... are salt domes because of the po­tential productivity of petroleum, halite, and sulfur; and bedded salt deposits because of 
t he ir potash, halite, and gypsum . The United States has only 4% of the world 's total proven 
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potash reserv es , and most of these are concen­
trated in the New Mexico area now being evalu­
ated as an HLW repository. Future conflicts 
between the demand for HLW repositories in bedded 
salt and the needs of agriculture for potash seem 
inevitable, and may even now constitute an impor­
tant negative socio-economic factor in the devel­
opment of some repositories [29]. 

The Waste Isolation Pilot Plant (WIPP) site in New 
Mexico is another example of DOE's disregard for formulating 
siting principles that would reduce the repository hazards 
for future generations. The site includes known accumula­
tions of potash, natur a l gas, and oi l , all of which are 
valuable now and are likely to become increasingly important 
in the future. NRC criteria would prohibit the location of a 
repository at a site with such valuab le resources . 

DOE acknowledges that the NRC's procedural requirements 
for licensing a waste repository could have a "major impact 
on costs and schedule." [ 30 ] In fact, these requirements 
could mean the failure of the DOE program. If the two 
federal agencies with the greatest responsibility for waste 
disposal do not share a view of how to achieve a safe, 
reliable waste disposal program, the confidence of states and 
the public in the federal government 's ability to provide a 
timely solution will be further diminished. 

B. The Second Phase--Scaling Up 

The entire focus of the present DOE program is on the 
location, construction, and operation of one repository, de­
signed to accommodate the nuclear waste DOE anticipates will 
be produced by the year 2000 [31]. DOE has yet to address 
the technical and organizational prob l ems of " scaling- up" from 
one facility to a disposal system capable of accommodating the 
wastes from an expanding nuclear ind ustry. The need to solve 
these problems is far from theoretical . The roughly 200 GWe 
(gigawatts electric) of nuclear power already on the 
books--that is, in plants in operation, under construction, 
ordered, or publicly announced--will produce enough high-level 
radioactive waste to fill two repos itories , if the DOE capac­
ity figure of 100,000 tons of waste per a 2,000 acre reposi­
tory is used, [3 2 ] or six repositories, if the California 
Energy Commission figure of 35,000 tons per repository [33] 
is relied upon. If a nuclear commitment of 300 GWe by the 
year 2000 is assumed,* these numbers increase to three and 

~/ The Electric Power Research Institute has arg ued 
that about 400 GWe by the yea r 2000 reflects a min i­

mum growth fig ur e for the nuclear industry to survive. See 
EPRI, " Nuclear Waste Management Status and Recent Accomplish­
ments " , Final Report (NP-D87, May, 1979). 
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n i ne repositories respectively . 
One fund amenta l problem with expansion of t he waste dis­posal system is that it must be essentially error-f r ee from the outset. "[T]h e incremental approach to perfect per f or m­a nce ... i s explicitly not an option for the waste management program. " [34] In o th er words, the public will not to l era te a "lear ning curve" fo r waste disposal operations. Second, the organization requir ed to support an expa nded n e twor~ of di sposa l sites will have different and more serious problems than those confron ting th e location and ope r a tion of a single repository. The organizational complex ity of an ex­panded waste disposa l program is not linear with its s i ze . As more waste repos i tori es are needed, the problems associated with site se l ection, facility design, sec urity, and trans­portation are mu l tipli ed, wholly apart from the purely tech­nical problems involved. Furthermore, as the waste disposa l system expands, publi c confidence in its abi lity t o perform without malfunction is likely to decrease. In part, this is due to the application of tha t "bit of organizational folk ­l ore, Murphy ' s La\v": 

The larger the volume of waste materia ls and the more varied its composit i on, t he larger and mor e complicated the total system is like­ly to be ; a nd the more complicated the s ystem, the more we are prone to imagine that, if any­thing can go wr ong, inva riably it will at some time or anothe r [ 35 ]. 

As the acc ident at Three Mi l e Island demonstrated , the least reliable factor in an elabora te scheme to con trol nuclear dangers is the human factor. Thi s factor will be­come increas ing ly cr ucial as the program expands. According to one commentator, 

[ a ] s the volume of wastes increases, the most cr ucial scarce resour ce may well become th e people who a r e h ighly skilled and who can be motivated s ufficiently to perform continuous ly a t extraordina rily high levels of reliabil ity , even though i t is like ly that the jobs will genera lly be routine a nd bor ing on a day-to­day basis [ 36 ] . 

Increased depend enc e on human reliability requires t hat t he organization be equipped with a n " error detection mechanism" that will "reward detection and correction of error rathe r than its den i al or cover-up ." [ 37 ] Nothing in the DOE pro­gr am is responsive to thi s problem . 
Third, DOE has failed to analyze the impact of an ex­panded waste disposal system on the social str uct ur e of the 
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communities directly affected by transportation and repository 
siting. DOE has assumed that "social concerns" about the 
safety of nuclear waste disposal will be resolved because of 
the "growing public recognition that nuclear waste managment 
is a national problem." [38] This attitude ignores a critical 
set of issues that could lead to rejection of a waste manage­
ment program. For example, DOE has not determined whether it 
will locate a series of waste repositories at one site or re­
gion, or spread them out in various locations across the 
nation. The social, economic, and political implications of 
these two strategies differ, yet DOE has not assessed them. 

Finally, DOE has not prepared a detailed cost estimate 
of a comprehensive waste management program. The need for or­
ganizational refinement and superior personnel necessarily 
will lead to a high cost program--a cost which may be dispro­
portionate to the "benefits" of nuclear power production. 
Moreover, the cost to civil liberties resulting from an 
authoritarian waste disposal bureaucracy which decides which 
communities become perpetual hazardous waste dumping grounds 
may be too great for society to bear. 

C. The Long-Term Management Phase 

The final phase of the waste disposal program, which 
must be assessed in terms of the social, economic, and politi­
cal obstacles to its implementation, is the long-term manage­
ment phase. In this phase, the disposal technology and in­
stitutional arrangements will be tested over long periods of 
time. 

It is impossible to ma ke any predictions about the sta­
bility of the social fabric or social and political institu­
tions for the length of time during which the nuclear wastes 
generated today will remain ha zardous . As a consequence, it 
may not be possible to design any system other than an en­
g ineered one for the protection of future generations. This 
does not, however, excuse consideration of the fundament a l 
quest i on of whether society has a right to subject future gen­
erations who may share none of the benefits of nuclear energy 
to the risks inherent in its waste. DOE's continuing failure 
to address seriously this issue is a clear indication of its 
lack of understanding of the social and political ob-
stacles to the implementation of its program. 

CONCLUSION 

The history of the federal government's efforts to find 
a solution to the problem of nuclear waste disposal provides 
no basis for confidence on the part of the American public 
that nuclear wastes will be managed safely in the future. It 
is a history of "unbroken failure to produce an acceptable 
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method of waste disposal,"[39] a history of fits and starts and major changes in direction and focus. Along the way the federal government has adopted and then been forced to abandon disposal sites, media, and technologies, in large part because of social and political obstacles to its program . The his t o r y of the government waste disposal effort shows that little has been learned in the past twenty years . DOE has yet t o identify or address the social , political, a nd economic issues involved in the implementations of its waste disposa l pro9ram. It has not developed a plan that will meet even the NRC s draft perfor mance criteria for geo logic reposi ­t ori es . In numero us instances, DOE ' s program objectives are in conflict with the NRC's criteria . Even when its objec­ti ves are not in conf l ict, there is no evidence that the NRC criteri a will be met by the DOE program . DOE's emphasis continues to be on the technical features of the waste disposal system, although the resolution of social and institutional issues is of equal importance . In­deed, failure to proper l y r eso l ve these obstacles to imple­mentation may doom an o therwise accep table program. For these reasons, many segments of the American public have substan tial do ubts abo ut DOE ' s continued promises of a prompt solut i on to t h is fundamental a nd long-standing problem with the application of nuclear technology. They have do ub ts abo ut the ability of DOE to provide a safe and re l iable waste di sposa l system. DOE must confront t he fact that a waste dis ­posal facil ity is as we l come as a skunk at a lawn party. Un ­til the "not in !!!1. backyard" syndrome is understood and coun tered, the gr avest uncertainties exist as to the success of the geolog ic waste disposal effort. 
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ABSTRACT 

States should have a meaningful r ole i n the siting and 
l icensing of a geologic high- level radioactive waste disposal 
facility. This inc lu sion of states into the siting and 
licens ing processes wil l add socia l and institutiona l uncer­
taintie s whi ch mu st be resolved if the pr ocesses a re to be 
successful. Th ese uncertainties arise from: 1) the failure 
of Congre ss to c l ear l y define the states ' r ole in these 
processes, 2) exist i ng state l aws which apply to the siting 
and li censing of a nu clea r wa s t e disposal faci l ity, and 
3) the variations among state s as to their willingness to 
"host" a di sposal fa c i lity and thei r capabilities to be 
directl y invo lved in r eviewing and li censi ng such a unique 
and comp l ex fac il ity. The Nuc l ear Regulatory Comm i ssion is 
urged to encourage and fac ilit ate state participation in the 
s i ting and licensing processes and to identify and resolve 
confli cts as ear l y as possible . 

INTRODUCTION 

There is a g r eat deal of di scuss i on going on t oday conc erning the 
r egu lati on of high-level radioactive waste disposa l whi ch deals with 
the question of whether states ought to have an import ant and visible 
r o le i n the proces s that is designed t o lead to the si ting and l icen­
s ing of a geo l ogic disposa l facility . Much of this discussion can be 
found in the record of the generic proceeding now pend ing before the 
U. S. Nuclear Re gu l ato r y Comm i ss i on (NRC) known as the "Wa ste Conf idence 
Proceeding" (Docket No. PR-50, 51) in which the primary issue i s : 
"Can the NRC reasonab l y conc lude that it is reasonabl y confident that 
radioact ive wastes produced by nuc l ear fac i l ities wi ll be di spo sed of 
safely?" 

The r ecord in the Wa ste Confidence Proc eeding i ndicates that, at a 
min imum, t he fol l ow ing part i es bel ieve that s tat es s hou l d have a 
meaningful role in the s iting and lic ens ing of a geologic high-level 
rAdioactive waste di s posal f aci lit y: former President Carter, who 
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established a State Planning Council to deal with di s posa l issues; th e 
U. S. Department of Energy (DOE), wh ich states at page II-11 of its 
Cross St atement (September 5, 1980) that i t is fully committed t o 
giv ing state and loca l gover nm ent s an "important r ole" in the process; 
the states, whi ch, if selected as repository hosts, have a direct stake 
in the outcome of the process; and environmental groups, who want the 
process carefully monitored by l ocal aut horities. 

The necessary inc lu sion of a hos t state into the siting and li cen­
sing processes will add socia l and institutional obstacles and unce r­
t a inties whi ch must be resolved if the processes are t o be successful. 
The discussion which follows will attempt to i dentify the3e uncerta inties 
and will attempt to identify, where possib le , the point at which these 
uncertainties can be addressed by the NRC. The social and instituti ona l 
uncertainties identified arise from th ree sources: 1) what sta tes are 
ab l e to do, 2) what states have done in the past, and 3) what sta t es a r e 
li kely to do in t he future. 

WHAT CAN STATES DO? 

The largest uncertainty which fa ces both states and the federa l 
government at thi s time stems from the fact that everyone knows tha t 
Congress must address the states' ro l e in site se lection a s soon as 
possible.--rhe l ast session of Congress t ried and f a iled to address 
th is i ssue, and Senate File 2189 which was eventually enacted by 
Congress and s i gned by President Carter is silent on thi s is sue . 
Everyone seems to recognize this necess it y, and ye t it is an i ssue 
which has so many different possib le solut ions that the members of 
Congress have not been able to agree upon one. 

In light of Congressional inaction, federa l agencies have held 
back from taking an aggressive leadership role defini ng how much 
u l timate authority states shou ld have with respect to repository s itP 
selecti on . DOE officials i n their Cross St atement in the Waste 
Confidence Proceeding c l aim to have an aggressive ''consu l tation and 
concurrenc e" program to i nvolve state officials in their exp l or ation 
activities, and th ey predict active ef forts t o involve states i n the 
siti ng and licensing processes. Howeve r, these actions and predict i ons 
ar e now nothing more than good i ntentions and certainly do not settle 
the question of what states can do with r e s pec t to sit ing and li cens ing 
decisions. 

The NRC has an opportunity to take an aggressive leade rship 
posit i on at least with respect to state involvement in the licensing 
stage of repository app roval. The NR C should take advantage of t hi s 
opport uni ty and should not only prov ide opportunities for state 
involvement in licensing but shou l d also encourage and facilit ate state 
parti cipati on in the process. NRC efforts should go farther than 
contacting the highest state and l ocal of ficials and should inc lude 
an active attempt to identify those state agencies and groups wi t h an 
historica l or present interest in nuc lear issues. Such efforts will 
oe advantageous to the NRC in t he long run. 
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WHAT HAVE STATES DONE? 

Successful si ti ng of a geologic high-level r adioactive waste 
facilit y in many states is uncertain at this time due to the fact 
that many stat es have existing laws that either prohibit siting of 
a nu c l ear waste d isposal fac ili ty in that sta t e or require the 
approval of the state l egislature or other state body. 

The State of Minnesota is an exampl e of a s tate that requires 
legis lat ive appr ova l prior to construction of a nuclear waste repository. 
Minn. Stat. §116C .72 (1980) provides that "no person shal l construct 
or operat e a radi oact i ve waste management facility within Minnesota 
unless express l y authorized by the Minnesota leg i slature." At least 
twenty-three other states have laws directly applicable to high-level 
radioacti ve wast e disposal. These states are as follows: 

1. Al abama (Ala. Code §22-14-16 (Supp. 1980)). 

2. Colorado ( Co lo . Rev. Stat. §§25-11-103, 25-11-201, 25-11-202, 
25-11-203) . 

3. Connecticu t (Conn. Gen. Stat. §22a-137Ca) -(f)) . 

4. Indiana (Ind. Code §4-21-7-2.1(6)). 

5. I owa (Iowa Code §4558.88 (applies to pr i vate persons only)). 

6. Kentucky (Ky. Rev. Stat. §211.852) . 

7. Loui siana (La. Rev. Stat. Ann. §30:1115). 

8. Maine <Me. Rev. Stat. tit. 1, §15-A ; Me. Rev. Stat. t it . 38, 
§361-D). 

9. Maryland CMd. Ann. Code art. 43 §6898). 

10. Mi ch i gan (Mic h. Comp. Laws Ann. §325.491). 

11 . Missis s ippi (Miss. Code Ann. §17-17-49). 

12. Montana (Mont. Rev. Code §75-3-302). 

13. New Hampsh ir e CN. H. Rev. Stat. Ann. ch. 125 §77). 

14. New Mex i co CN. M. Stat . Ann. §§74-4A-~, 74-4A-6, 74-4A-7). 

15. New York (1980 N. Y. Laws ch . 260). 

16. North Dakota CN. D. Cent. Code §23- 20.2-09). 

17. Or egon (Or. Rev. Stat . §469.525). 
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18. South Dakota CS. D. C~fified Laws Ann. §34-21-1.1). 

19. Texas (Tex. Rev. Civ. Stat. art. 4590-f). 

20. Utah (S.B. No. 18, approved March, 1981). 

21. Vermont (10 Vt. Stat. Ann. §6501). 

22. Washington (Initiative 383, 1981 Wash. Laws ch. 1, to 
be codified within Wash. Rev. Code tit. 70). 

23. West Virginia (W. Va. Code ch. 16, art. 27 §2). 

In addition, the North Carolina legislature has passed a nonbinding 
resolution opposing the storage or disposal of out-of-state 
radioactive wastes unless approved by the legislature. 

All of these state laws, of course, might be subject to 
challenge on the grounds of federal preemption. However, their 
very existence brings uncertainty into the siting process. The 
federal government may not want, for political or other reasons, to 
take a state to court to challenge the state law. Even if a court 
action is begun, it takes time and resour ces before a final decision 
can be obtained. Thus the NRC cannot view these state restrictions 
lightly or expect them to go away. These restrictions represent a 
serious uncertainty in the siting and licensing processes which 
cannot really be resolved until a specific state is chosen for 
siting of a repository. 

Even if a state does not have a repositor y siting law it may have 
other regulatory schemes in effect which it may wish to impose on 
siting activities. In Minnesota, for example, there is a statute 
requiring issuance by the Minnesota Energy Agency (MEA) of a 
certificate of need prior to the siting or construction of a nuclear 
waste disposal facility. Minn. Stat. §116H.13 (1980) and Minn. Stat. 
§116H.02, subd. 5(k) (1980). While this statut e ma y be subject to the 
same attacks on preemption grounds as the siting restrictions discussed 
above, its existence remains a potential obsta c le in the siting and 
licensing process. 

Once a potential site is identified and proposed for construction, 
there are a number of state approvals, at least in Minnesota, that 
would be required, a s suming the absence of a federal statute explicitl y 
preventing states from requiring su ch approvals. Minnesota's existing 
law requires the following: 

1. Preparation of a state environmental impa ct statement (EIS) 
(in addition to the federal EIS, alth ough the federal EIS ma y be 
incorporated into the state EIS and thus shorten the process). Mi nn. 
Stat. §1160.04, subd. 2a (1980). 
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2. Submissi on of plans and design to and obtaining construction 
approva l from the Commis s ioner of Health. Minn. Rule MHD 185 (7 MCAR 
§1 .1 85) . 

3. Obtaining a National Pollutant Discharge Elimination System 
Permit and State Disposa l Permit from the Minnesota Pollution Control 
Agency (MPCA) for any discharge of pollutants to the waters of the 
state during construction and/or operation of the facility. 33 U.S.C. 
§§1311(a), 1342 (Su pp. IV, 1974); Minn. Stat. §115 .07 (1980) and Minn. 
Rule WPC 36 (6 MCAR §4.8036). 

4 . Obtaining air emission facility installation and operating 
permits from the MPCA for emission of air pollutants into the outdoor 
at~osphere . Mi nn . Stat . §§116.04, subd. 4a and 116.081 (1980). 

5 . Obtaining a permit for the appropriation of water from the 
Department of Natural Resource s , if water appropriation is necessary. 
Mi nn . Stat . §105 . 41 (1980). 

6. Obtaining access permits from the Department of Transportation, 
if necessary. Minn. Stat . §160 .1 8, subd. 3 (1980) and 4 MCAR §1.5036.D. 

7. Obtaining miscellaneous minor permits, such as permits for 
burning construction wa s tes, as needed. Minn. Stat . §§116.07, subd. 
4a and 116.0R1 (1980). 

Again, federal preemption under the Atomic Energy Act comes into question 
if Minnesota applies its laws to a federa l waste repos it ory. 

Another legal dispute that will inevi tably arise if a state such 
as Minnesota insists upon federal compliance with all its exist ing laws 
is the constitutional quest i on known as the "federal enclave exclusion," 
which arises from Artie e I, section 8, clause 17 of the U. S. 
Const i tution. Under current plans the nucl ear waste repos itory is to 
be constructed by DOE on federal lands as required by 10 C.F.R. Pa rt SO, 
Appendix F (3). The federal enc lave doctrine prevents states from 
regu lati ng federal insta ll ations except when Congress has c 1early a~d 
unam~ iguously authorized such regulation. Under cu rrent federal law 
there a re at l east two types of 5tate permits previousl y li sted that 
Minnesota can jnsist upon requiri ng : the air emission and water 
discharge permits . 

The source of the state's authority to require air emission permits 
for federa l f acilit i es is the act of Cong:-ess amending the Clean Air 
Act. The Clean Air Act was amended in 1977 so that section 118 (42 
U.S. C. §7418(a)) now prov ides in relevant part: 

Each department, agency and instrumentali ty of the executive, 
legislutive, ~nd judicial branche s of the ·Fede ral Gove rnmen t ••• 
engaged in any ac tivity resulting, o~ which may result, in the 
dischar!;e of air po llutant s ••• shall be subject to, and comply with, 
all Federal, State, interstate, and local r equi rem~nt s, 
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administrative authority, and pr ocess and sanct i ons r espec ting 
the contr o l and aba t ement of a i r po ll ut ion in the same ma nne r, 
and to the same extent as any nongovern~ental enti ty. The 
prec eding sent enc e s ~al: app l y CA) to any r equireRent whe the r 
substant ive or procedural (including any recordkee~i ng or 
rep0rting requ irement, any requirement respecting per~i ts and 
any other requirement wh atsoever). 

The Jegis lative hi s t ory clearly indicates that th is section was 
designed to cverturn a 1976 U. S. Su~reme Court decision (Hancock 
v . Tra in , 426 U. S. 167 (1976)) ho ld i ng federal facilities exempt 
from obtaining state pe1·mits concern i ng a i r pollut i on c:mtro l. 1977 
U. S. Code Cong . and Ad . Kews at 1276-1280 . 

The air pol lut an t s of concern in a mined geologi c r epos itory are 
the radioactive air emi ssions and also the fug i tive particul ate 
emission s which will resu l t f rom the construct ion and / or ope rati on 
of the facility . Pa r ticulate em i ss i ons have traditionally been 
r egulat ed by states. Rad i oact ive a ir em i ssions a r e now subj ec t to 
state r egu lation under the 191'7 amendments to the Clean Ai r {-\ct. 
P.L. 95-95 §§302(g), 11 6, 42 U. S.C. §§7602 (g) and 7416. See also 
P.L. 95-95 §122Ca), 110 and 112(d)(1), 42 U.S.C. §§7422 Ca~7410 and 
7412(d)(1) . See also H.R. Re p. Nc . 95-564, 95th Cong., 1st Sess . 141, 
1·epr inted i n [Sept-1977] U.S . Code Cong . and Ad. News at 2207, 
2653-2654.-Therefore ex isting federa 1 law a 11 o• . .Js s tates t o r equ ire 
air pollut ion permits from fed era l faci liti es . 

The Clean ~J at er 1\ct, P.l. 95-21"1 , 33 U.S.C. §466 ~ ~· was 
also ~mended in 1977 to add new language identical to that of th e 
Cl ean Air Act with r2spect to the requirement t hat federal agencies 
obtai n s tate permits r especting ~ont r o l and abat ement of water po llution. 
P.L. 95-21 7 §313(a) , 33 U. S. C. §1323(a). States are already exercising 
permitting author ity wit h respect to non radi ol ogica l water pol lut ants 
from nuclear react ors, and i t would not be st ret chi ng the states ' 
capabilities t c r eview the nonradio l ogica1 water impacts of a proposed 
federal faci li ty. 

In li £ht of the existing f ederal statute s concerning air qnd 
wa te r pol luti on , t he NR C cannot d iscount state permitti ng procedures 
as an in s titutional unce r ta i nt y i n the s iting and licensing pr ocesses. 

Th e NRC wi ll have an opportunit/ to l imit the unce rtaint y as to 
wh~ t s t ate s will do under their ex i s ting law as soon as a state is 
targeted for sit ing of a rep~sitor y . The NRC should, as early as 
possible, sit down with state offic i als and begi n to define t he state ' s 
position wi th respec t t o the dual r egulat ion. I t may well be that 
some s tat es will be willing to exer c i se th e i r r egulatory powers in a 
manrer t hat will not conflict with federa l rules and policie s . If 
conf l icts are ident ifi ed , confli c t reso lution shoul d be sta rt ed as 
ear l y as possib~e . In thi s ~anner uncertai nties ari sing fr om what states 
ha ve done in t he pa st can become mana~eable" 



73 

WHAT WILL STATES DO? 

The re i s uncert a inty as to wh at any gi ven state wil l actua ll y 
do when faced with a conc rete possibility that a high-level 
radioactive wast e disposa l facility will be sited within its 
bor ders. What the states will do wi ll depen ~ not only upon the 
existing state laws that cou l d be app l ied to the facil i ty but also 
upon several other factors. 

One factor that will inf luence s tate actions is t he amount of 
i ncentives offered by the federal governme~t to the host state, such 
as additional revenues or aid to the affected community f er the 
sccia l disp l a cements that wi ll resu l t from the construction and 
operation of the facility. 

A second and probably the most important factor i s the pol i tical 
c l imate i n the state. Thi s factor will be influen:erl by public 
opinions and fears about the project, which is in turn a function 
of the perceived risks to the people compa red to the perceived 
benefits to the state. Public opi nion will also be influenced by the 
nature of the land chosen by the federal government to be a waste 
di sposal si t e. For example, s iting a fac i lity in the Boundary Wate r s 
Canoe Ar ea in ~innesot~ is l ikely to meet with oppos ition from the 
people whc value it as a rec reat ional resource. 

A third factor tl1at will det erm ine the state's handling of the 
matter involves the capabilities of the state to handle review of 
such a unique and complex facility. For example, some states have 
staff people wh o already deal da i l y with prob lems rel ated to 
nuclear faciliti es; others may not have any expert i se on staff i n 
this area. The same discrepancies in s t~te expertise cou l d exist 
i n other subject areas rel ated to t he construction and ope ration 
of the fac ility, such as tr~nsportat~on of nuclear waste to the site. 

The uncertainty of what any given s tate wil l do once chosen 
as a host state cannot be fully resolved unt il the s t a t e i s chosen. 
That does not mean that the NRC shou ld stand idle until a site is 
chosen. It should sta rt creating mechanisms immediately to addr ! ss 
these fac tor s in advance to the greatest possib l e degree. For examp l e, 
it is possible at th i s time to i dent if)' incenti ves that have been 
offered to s tates in t he past for l arge federal fac i l ities that are 
associated with a degree of risk to the loc a l population. The NRC can 
begin to sort out whith of t he se incentives are suitab le for the 
sit i ng and licensing processes. The NRC shou l d act i vely work wi th 
states as early in the process as possible and use its exper·ience in 
working with Agree~ent States as a basis for future programs. 

CONCLUSION 

Both federa l and state governments are current l y floating on a sea 
of uncertai nty as t hey l ook into t~e future toward the siting and 
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licensing of a high-l eve l r adioac ti ve wa ste di s posal facility. 
Much of the uncert ainty stems from unreso l ved questions about 
what fede ral and state governments are capab l e of doing and what they 
will actually do in the future. In fact, as th e states part ic ipat ing 
in the Waste Confidence Proceeding have pointed out, inability to 
reso~ve social and ir1stitutiona l dif f i culti es may u ltimat e l y be the 
mos t di ff i cult hurdle to be fatecl in t~e ent ire process. 

The NRC at thi s point in t i me has an opportuni ty to take an 
agg ressive 1eadership role in defin i ng the states ' rol e in the 
siting and li c en s ~ ng processes. NRC, as the regulat or y agency , 
also has an opportunity to review DOE' s pl ans for invol~ ing the 
states and can determine to some degree the ru les of the two f edera l 
agencies as they r e l a te t o t he s tates. The s ta tes woul d urge tha t 
this leadership ro l e be t a ken and that s t ates be g iven a maxi~um 
opportunit y to be involved ve r y ea rly. Tak ing the s t ate s very 
ser·iously wi ll have benefi ts for a ll concerned. It will reduce 
unc ert a i"t i es and d istr~st and wi ll optimize the chances for 
devel opi ng mu t ual r espect a~ong the players. Ea rl y res olution of 
conflicts, ~ven if t ha t re so lu ti cn i s a resu l t of litigation , i s 
des irable bec ause i t a ll ows ti me for neces3ary adjustment s to be 
made by both sides . 

Fina ll y, in adopting r egul ati ons re l ating t o geo l ogi c dis posa l 
of radioact i ve waste, the NRC s hould r emember tha t there is a grea t 
deal of i nformation i n the record of the Waste Confidence Proceed ing 
whic h is rel evant to t he quest i on of the socia l and i ns titut ional 
uncertainties whi c h face t he NR C. The NRC shou ld cons ider th i s 
r ecord i n obtaining a mor e com pl ete r ev i ew of t hese uncert a int ie s . 
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ABSTRACT 

The Fuel Cycle Risk Analysis Division of Sandia National 
Laboratories is funded by the Nuclear Regulatory Commission (NRC) 
to develop a methodology for assessment of the 1 ong-term risks 
from radioactive waste disposal in deep geologic media. Analytical 
models have been developed to represent the processes by which 
radioactive waste might leave the waste repository, enter the 
surface environment and enventua lly reach humans . A hypothe­
tical reference system has been developed to provide a realistic 
setting for exercise of the models in the risk assessment. An 
overview of this methodology is presented here. 

The Fuel Cycle Risk Analysis Division of Sa ndia National Laboratories is 
funded by NRC to develop a risk analysis methodology for nuclear waste. 
The objective of the program is to develop a methodology to examine the 
long-term risks from radioactive waste di sposed in deep, geologic formations 
and to demonstrate thi s methodology by application to a hypothetical reference 
site. 

The structure of this methodology isshownin Figure 1 [1]. The 11 Site 
Description .. and 11 Radioactive Waste Description .. blocks in the diagram repre­
sent information and numerical data describing the waste form and the reposi­
tory setting that must be supplied to the computer models, which are 
shown as the four, central blocks of the diagram. They include geologi­
cal, geochemical, hydrological, environmental as well as waste-related infor­
mation. The broken squares represent output from the preceding model and 
input to the next model. 

The first model block is the 11 Potenti al Waste Release Mechanism Models. 11 

These models attempt to provide insight into the evolution of the repository 
site and a set of potential disruptive scenarios that might 1 ead to significant 
radiologic consequence are postulated [ 2]. The se disruptive scenarios include 
natural processes, for example faulting and earthquakes, waste-induced pro­
cesses, for example thennally induced fractures in geomedi a, as well as 
human activities, for example borehole drilling . With these, the release 
time and time-dependent probabi 1 i ty of 1 ocal release of waste from the 
immediate surroundings of the repository are estimated. These results, 
which are scenario dependent, are then fed into a 11 Groundwater Transport 
Model ... 
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The "Groundwater Transport Model" calculates the movement of radio­
nucl ides in groundwater from the time of their first contact with groundwater 
to the time of their appearance in the environment. This model accounts 
for radioactive decay and production of daughter radionuclides for a chain 
of up to ten members. It also accounts for sorption of the radionuclides 
in the geologic medium. The Network Flow and Transport (NWFT) model was 
developed to provide solutions to the flow equations for a simple flow 
networkand from these a flow path is determined [3]. Then a Distributed 
Velocity Method (DVM) is used to simulate the migration of radi onucl ides 
along this flowpath [4]. With this method, ratherthantracking individual 
particles, ensembles of particles are considered. The output from this 
model is the discharge rate of each radionuclide at pre-selected points 
in biosphere . 

The Pathway to Man model [5] is the bridge between the Groundwater 
Transport model and the Dosimetry model. The purpose of the model is to 
represent the physical and biological processes that result in the transport 
of radi onucl ides through the earth 1 s surface environment and in man 

1 
s eventual 

exposure to these radionuclides. This model takes the discharge rates from 
the Groundwater Transport Model as input and calculates the distribution 
and accumulation of radionuclides in the environmental compartments, e.g., 
soil, river, etc. From the se, it then calculates the rates of radionuclide 
ingestion and inhalation by humans. 

Finally, the probability of latent somatic effects on human s (on an 
individual basis) are estimated by a "Dosimetry and Health Effect" model. 

In order to exercise this methodology, we have defined a hypothetical 
reference site of bedded salt . This reference site is entirely hypothetical, 
yet its physiographi c setti ng and its geologic and hydrologic properties 
are analogous to several regions in the U.S. The s ite is located in a 
symmetrical upland valley, half of which is shown schematically in Figure 
2. The crest of the ridge s urrounding the valley is at an elevation of 
6000 ft. The crest is a surface and groundwater divide so that the only 
water moving in the valley falls in the valley itself. The valley is 
drained by a major river, River L, which is at elevation 2500 feet oppo­
site the surface structures of the repository. The valley receives a mean 
annua 1 rainfall of 40 inc hes of which 16 inches are 1 ost by evapotranspiration 
and the remaining 24 inches recharge the groundwater system. The geology 
of the area near the site i s shown in cross section in Figure 3. The 
depository is located in the middle of a salt layer which i s s urrounded 
by shale. Above and below the shale layers are aquifers. The groundwater 
at this reference site is rec harged updi p and flows through the two 1 ayers 
of aquifer and finally discharges into River L. 

In exerc i s ing this methodology, a set of variabl es are input into the 
analytical models, e.g.,distribution coefficients and solubilitylimits of 
radionuclides, hydraulic conducti viti es of sandstones, leach time, release 
time, etc. There are, however, 1 arge uncertainti es associ a ted with most 
of the se input variables. Therefore, ranges rather than point values are 
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specified in our methodology. Figure4 shows the structure of this techni­
que. Here, each of the input variables has a range of values and a distri­
bution. With a sampling technique called Latin-Hypercube Sampling [6], 
sets of input values can be generated by sampling the input variables from 
their ranges and di stri buti ons. Consequently , sets of results from our models 
are obtained by using the sets of input variables generated. With this 
scheme, the uncertainties in input variables are associated with a range of 
consequences in our methodology and the result from a set of input values 
represents the risk associ a ted with a set of poss i b 1 e en vi ronmenta 1 conditions. 

Finally, an important part of our risk assessment methodology is the 
study of the sensitivity of the risk to the input variables. Sensitivity 
analysis [7] is therefore always performed to identify the important contri­
butors tori sk. In summary, the products and applications of this methodology 
are the following: 

Models to evaluate prospective disposal sites 

Statistical methods for treating uncertainties and identifying major 
contributors to risk 

Probabilistic methods for risk calculations 

Provide technical basis for licensing criteria and facilitate 
review of licensing applications 

Identify research and data needs. 
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ABSTRACT 

For nuclear waste i solation in deep, geologic formations, 
transport in groundwater appears to be one of the more 1 ikely 
means for radioactive waste to migrate from the depository to 
the biosphere. With respect to a depository in bedded salt, 
transport in groundwater would, for most breachment scenarios, 
have to be preceded by dissolution of all or portions of the 
salt layers surrounding the depository. The Dynamic Network 
( DNET) model pro vi des a capabi 1 i ty for i nvesti gating the rate 
of salt dissolution associated with a variety of disruptive events 
and processes, and also provides a capability for investigating 
the effects of feedback mechanisms such as thennal expansion, 
subsidence, fracture formation and salt creep. 

INTRODUCTION 

A methodology for assessing the risk from geologic disposal of radio­
active waste isbeingdeveloped by the Fuel Cycle Risk Analysis Division at 
Sandia National Laboratories [1]. This methodology is to be demonstrated 
by application to a reference site-- a hypothetical waste repository in 
bedded salt. As part of this methodology, the Dynamic Network (DNET) model 
was de vel oped to investigate processes near the depository such as salt 
dissolution and salt creep that could affect the release of radioactive 
waste to ci rcul ati ng groundwater. The DNET model also pro vi des a systematic 
means for investigating the effects of feedback mechanisms such as thermal 
expansion, subsidence, fracture formation and fracture closure. These 
mechanisms can act to accelerate or decelerate the salt di ssol uti on process 
and thus increase or decrease the potential for release of radioactive waste. 

STRUCTURE OF DNET 

DNET uses a network flow model similar to that used in the Network 
Flow and Transport (NWFT) model [2]. NWFT was developed to simulate far­
field transport of contaminants dissolved in groundwater. Therefore, the 
flow system hydraulic properties in NWFT are assumed static. DNET, on the 
other hand, was developed for investigation of feedback mechanisms in the 
near vicinity of the depository. Thus in DNET, the hydraulic properties 
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of the system are a llowed to vary with time. DNET simulates several physical 
processes icluding the following: (1} fluid flow, (2} salt di ssolution, 
(3 } thermal expansion , (4} fracture formation and closure, and (5} salt 
creep . Because of the complexity involvedintreatingthe several processes 
in DNET, the governing equations cannot be solved in an implicitly coupled 
fas hion (i.e., si multaneously}. Thus, the submodel s which represent the 
various processes treated in DNET are appli ed sequentially . 

Computational Sequence 

The computati ona 1 sequence in DNET is indi cat e d in Figure 1. Computation 
begins at time T0 after depository c losure . The initial conditions input in 
DNET are assumed to be the conditions of the sys tem at time T0. However, for 
purposes of the thermal calculations, the radioactive waste heat source is 
dec ayed from depository closure at timeT= 0 to time T0 at which the analysis 
of DNET i s begun . Fluid properties are function s of temperature and brine 
concentration . For the first time step, the brine concentration is input as 
an i niti al condition. In s ubsequent time steps, the brine concentration is 
cal culated. Once fluid density a nd vi scos ity are determined (all other 
hydrauli c properti es are initialized in the input}, f luid f low can be cal­
c ulated. The salt so l ution model cal cul ates salt removal by dissolution 
from appropriate portions of t he flow system and determines brine concentra­
tion s throughout the system. Brine concentration s will be used in the 
foll owing time step to determine fluid density and vi scosity. System hydrau­
li c properties are altered based on salt removal as well as several other 
processes as indi cated in Figure 1. Once output informati on is printed, 
the time i s incremented by L1t and DNET 1 oops back as indicated for the 
next time step . The sequential application of the various submodel s in 
DNET implie s the assump tion that the system is static over the time interval 
L1t. 

The Network Fl ow Model 

The construction of the flow network used in DNET i s l oosely based on 
a hypothetical flow system which serves as a reference s ite for the risk 
methodol ogy program. The reference site is discussed in deta il in Campbell , 
e t al. [1]. Groundwater f l ow calcul at i ons have been performed for the 
r eference s ite using the Sa ndi a Waste I sol ation Flow and Transport (SWIFT} 
model [3]. These calcul ations have s hown that f l ow is essentially one­
dimen sional in the middle and lower sandstone aquifer. The SWIFT simulation 
of the reference s ite is shown in Fi gure 2. 

The recommended geometry for the DNET network i s represented by the 
darker lines in Figure 2. Figure 3 s hows the l eg and junction numbering 
system used for this network. The junction numbers are c ircl e d and the 
arrows represent t he direction of positive f l ow. As DNET was developed 
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t o s imul at e salt di ssol ution and feedback effects near the depos i tory, a 
smaller network representati on could have been developed. Howeve r, ONET 
requi r e s constant pressure boundary conditions at the aquife r i nlets (Junc­
tions 1 and 2 ) and at the disc harge point to River L (Junc ti on 3) . These 
boundary conditi ons are va l i d if the aquifer inlet and disc harge points 
are suffi c i ently far removed from the simulated disruption near the depos i­
tory. The f low network in Figure 3, by representing the full (or nearly 
so) reference site flow system, assures that the disruptions near the depos­
itory have small effect on the boundary pressures . 

Legs 1, 2 and 3 of the network are placed at the mi ddle shale/ sand­
s t one i nterface and are used to repr esent the middle sandstone aquifer . 
Si mi larly, Legs 4, 5 and 6 are placed at the l ower shale/sandstone inter­
face and ar e used to represent the lower sands tone aquifer. Legs 15 and 17 
are shown at the salt/ middle shale and salt/lower shale interfaces, re­
s pec t i vel y, inFi gure2 . However, these l egs have the flexibility of being 
placed at any desired location between Legs 2 and 5. Similarly, Leg 16, 
shown at the deposi tory level in Figure 2, can be pl aced at any locat i on 
between Legs 15 a nd 17. Legs 7, 9, 11 and 13, as well as Legs a, 10 , 12 
a nd 14, represent verti cal l egs t hrough the salt and shale and must ma i n­
tain a t otal l ength of 1100 ft. These legs are used to represent various 
disruptive features whic h affect the salt and shale layers near the deposi­
tory. Leg 1a represents discharge from the 1 ower sandstone a qui fer to 
Ri ver L. 

Flow Ca lcul ations 

The f ol l owing properties are assumed known for the flow calculations: 

2. kl, k2 , 

3 . Al ' A2, 

4 . Ll, L2, 

5 . 01, 02 , 

6 . Pl, P2, 

7. ¢1' </>2, 

... ' k1a 

... ' A1a 

.. . ' L1a 

... ' 014 

... ' P1a 

... ' <P l a 

Pressure boundary conditions for 
aquifer inlet and discharge po i nts 
(Junction 1, 2, and 3) 

Permeab i lity for Legs 1 t o 1a 

Cross-sectional area for Legs 1 to 
la 

Lengths of Legs 1 to 1a 

Elevations above datum for Junctions 
1 to 14 

Average fluid density for Legs 1 
to 1a 

Porosity for Legs 1 to 1a 
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Once input has been read, initial temperatures, fluid viscosities and fluid 
densities are calculated for each 1 eg of the network. With these quanti­
ties determined, fluid discharge and interstitial velocities are calculated 
for each leg. Fluid discharge in legs 1 through 18 is given by the following 
equations: 

ql = e1 CP1 - P4 + P1 (ol - 04)] 

q2 = e2 [P4 - P5 + P2 (04 - 05)] 

q3 = e3 CP5 - P3 + P3 ( o5 - o3J 

q4 = e4 [P2- P12 + P4 (02- 012)] 

q5 = e5 CP12 - P13 + P5 (012 - 013)J 

q6 = e6 CP13 - P14 + P6 (ol3 - ol4)J 

q7 = e1 [P6 - P4 + P1 (06 - o4)J 

q8 = e8 [P7 - P5 + P8 (07 - 05)J 

q9 = e9 [P8 - P6 + P9 (o8 - o6)J 

qlO =elO [Pg- P7 + plO (Og- 07)] 

qll =ell [Plo - PA + pll (010 - 08)] 

ql2 = el2 [Pll - Pg + P12 (011 - Og)J 

q13 = el3 [P12 - P10 + P13 (012 - 01o)J 

ql4 = el4 [P13 - P11 + P14 (0!3 - 011)] 

q15 = e15 [P6 - P7 + P15 (06 - o7)J 

where 

ql6 = e16 [P8- Pg + P16 (08 - Og)] 

q11 = e17 [P1o - P11 + P11 (olo - 011)J 

ql8 = el8 CP14 - P3 + P18 (ol4 - D3lJ 

( 1 ) 

( 2) 

( 3) 

( 4) 

( 5) 

( 6) 

(7) 

(8) 

( 9) 

( 1 0) 

( 11) 

( 12) 

( 13) 

(14) 

( 15) 

( 16) 

(17) 

(18) 

e. = 
1 

k·A· 
1 1 

~.L. 
1 l 

~i =fluid viscosity of Leg i. 

The following conservation equations are applied at the leg junctions: 



q1 + q7 = q2 

q2 + q8 = q3 

qg = q7 + q15 

q10 + q15 = q8 

qll = q9 + q16 

q16 + q12 = q10 

ql3 = qll + q17 

q17 + q14 = q12 

q4 = q13 + q5 

qs = q14 + q6 

q6 = q18 

Equations 19 through 29 
unknown pressures P 4 through 
using Equations 1 through 18. 
using the equation 
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Junction 4 (19) 

Junction 5 (20) 

Junction 6 (21) 

Junction 7 (22) 

Junction 8 (23) 

Junction 9 (24) 

Junction 10 (25) 

Junction 11 (26) 

Junction 12 (27) 

Junction 13 (28) 

Junction 14 (29) 

are solved simultaneously to detenni ne the 
P}4· Fluid discharge by leg is calculated 

nterstitial velocities, vi, are calculated 

i = 1, 18 (30) 

Pore volume changes and brine concentrations due to salt dissolution are 
then detennined for appropriate portions of the flow system. Hydraulic 
properties are then altered based on salt removal as well as other processes 
such as thennal expansion, subsidence and salt creep. 

[5]. 
Additional information on the DNET model can be found in either [4] or 
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ABSTRACT 

The mot ivat ion for developing the Distributed Velocity 
Method ar ises f rom the demands of performing a ri sk assessment 
for a nuclear waste repository. These demands include 
computational effici ency over a relatively l arge range of Peclet 
numbers , the abili t y to handle chains of decaying radionuc lides 
with rather extreme contrasts in both sol uti on ve locities and 
half lives, and the abil ity to treat leach- or so l ub ility- limited 
sources . To the extent it has been tested to date , the 
Distributed Veloc ity Met hod (DVM) appears to satisfy these 
demands. 

INTRODUCTI ON 

The mot ivati on for this work arises in the context of a risk analysis 
methodology for nuclear waste repositories [1]. In such analysis, resu lt s 
are calculated us ing mathematical mode ls whi ch descr ibe a number of 
processes. One of t hese processes is radionuc lide migrat ion in groundwater 
from the depository to a di scharge point to the surface env i ronment. Risk 
analysis necess arily involves large numbers of calculations . Furthermore , 
rad ionuclide migration times from the depository to t he surface environment 
are typ ically lon g so that radionuclides in the actini de chains are likely 
to be s ignifi cant contributors to risk . Thus a radionuclide transport 
model for use in risk ass essment must be computationally effic ient and 
mu st provide t he ability to transport chains of radionucli des . To the 
extent it has been t ested to date, the Distributed Velocity Method (DVM) 
appears to sat i sfy the demands of a risk assessment methodology. 

DVM directly simu lates the migration of representative partic les of 
the trace constituent . However, tracking of i ndividual part ic l es is 
avoided by treating ensembl es of particles. In the numerical impl emen­
tat ion of DVM, the spatial extent of an ensemble of particles is taken to 

*Present Address : INTERA Environment al Consu l tants , Inc., , 3000 Youngfield 
Street, Lakewood, CO 80215. 
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be one grid block. This grid block averaging introduces some numerical 
dispersion which is discussed later in this paper. 

In this initial investigation of DVM we use a one-dimensional, con­
stant velocity system which is the usual procedure for establishing error 
criteria. Furthermore, the resulting model is directly applicab le in risk 
assessment for nuclear waste repositories [2]. To qualify for more general 
site analysis, however, the method must be extended to variable-velocity 
and multi-dimentional systems. Such extensions will be examined in future 
work. 

MATHEMATICAL THEORY 

To illustrate basic concepts, a single species is considered to be 
transported in one dimension via the mechanisms of convection and 
dispersion. Radioactive chains and sorption are not difficult to treat, 
but their inclusion tends to obscure the simplicity of the Distributed 
Velocity Method (DVM) . Although decay chains and sorption are not 
considered in this section, they are included in the numerical 
implementation of DVM. 

Direct Simulation with DVM 

The thinking underlying DVM is as follows: Consider a receiver point 
located at x and donor points located at some typical coordinate x'. 
Taking the density of an ensemble of particles at timet' to be p( x',t '), 
the density p( x,t) at x for t > t ' may be determined by introducing a 
velocity distribution. 

The concept here is that, due to ~eterogeneity of the flow field, [3] 
a number of alternate paths exist for migration of particles from x• to x. 
Such paths may be characterized by a continuum of migration times and 
average velocity components v in the direction of flow. The distribution 
of such velocities is P(v). Thus for the donor point x', only those 
particles with average velocity v = (x-x')/(t-t ' ) arrive at point x at time 
t. The density of particles at point x may therefore be obtained by 
summing over all possible donor points in the following manner: 

i
oo ;t j~ 

p(x,t) = 
00

dv P(v) p(x-vat, t- at ) +.JtdTJv, dv P(v)S(x', r ) ( 1 ) 

whereat= t- t' 

For convenience, P(v) is represented as a function of velocity only. 
However, it is certainly possible for P to be a function of other variab les 
such as position X or time increment at . Otherwise, the functional form of 
the distribution is completely general at this point. In the next section, 
P(v) is specialized to a Gaussian form which is appropriate for a conven­
tional treatment of dispersion. 

The first term in Eq. (1) gives the propagation of initial conditions, 
at timet', to timet. The second term represents an integration over 
source or 11 injection 11 time where x' = x- v(t-r). If the source function 
S(x •, r) is nonzero only for X< x' S x 

o- I 
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then the velocity limits for the second term of Eq. (l) are 

and ~ = {x-x, )/{t-r) . 

Connection with Green's Function 

The inhomogeneous convective dispersion equation in one dimension can be 
writ ten as bp b~p bn or= D-ox'"- v irx + s 

D = Q: v {2) 

where D is the dispersion coefficient and Q: is the dispersivity. For null 
conditions on pat the infinite boundaries, the complete solution to Eq. 
(2) contains two terms 

I. CO I it J: X, 
p{ x,t) = dx' p( x',t')G{x- x', t-t) + Jt,dT dv S{x',!)G {x-x', t-T) 

. co t Xo 
(3) 

The Green's function of Eq. (3) can be written as 

G{x-x', t-t) = 1 exp f- [(x-x') _: v(t-t')]
1

] 

I 2TT 0" x 2 CTx t. 
where the variance is 

(4) 

axl. = 2D{t-~) (5) 

Comparing Eq. (l) with Eqs . (3) and 
the velocity distribution P(v) as 

(4), it is 

exp r-
straightforward to identify 

P(v) = 1 
J2TT Ov 

{v-v) 1 
2 ay'- (6) 

where 
Ov =O"xj(t-t1) 

In making this identification, we have specialized DVM to the conventional 
Fickian treatment of dispersion. 

NUMERICAL IMPLEMENTATION 

This section briefly describes the numerical implementation of DVM. 
First consider the propagation of the density function p( x ',t') for a sin­
gle radioactive species from timet' to timet. Initially, the space­
velocity domain is gridded as in Figure l. There are Nx equal space 
increments d x and the time increment dt is taken to be a constant . The 
velocity dimension is divided into Nv increments based on equal prob­
ability. The implementation of DVM can be generalized to variable spat ial 
and time increments but such generalization is not cons idered in this 
report. 

Propagation 
may be written 

Ap(i,j,t) 

of densities over time- step d t for velocity subgroup j 

• JJW(j{ M(j) p (t-kj,t') + [1- M(j)] p(i-krJ,t!)] (7) 
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Fig. 1. Gridded Velocity-Space Domain. 

Although the argument 1 ist in Eq. (7) appears formidable, it can be readily 
understood. As indi cated there, the contribution to receiver block i for 
velocity interval j is determined by three fractions : a mixing fraction M, 
a ve locity-interval fraction W, and a decay fraction V. 

The mix ing fraction may be understood by reference to Figure 1. 
Looking at ve locity interval j, we see that there are t wo contributions to 
receiver block i . One is a packet of part icl es coming from donor block i-k 
and the other is a packet of particles from donor block i-k-1. As is also 
indicated in Figure 1, there is genera ll y on l y partial overlap of the 
propagated block contents with receiver bl ock i . The donor block index 
kj is k · = rcv- ~t;&] 

where 

and Vj is the 
corresponding 

. J 1!:: J 

[z~ = greatest integer 5 z 
velocity assigned to t he jth velocity 
mixing fraction is 

M(j) = 1 - (vj t/~X-kj ) 

interval. The 

As the ve locity dimension is div ided into 
probab il ity, t he we ight W(j) ass i gned t he 

interval s based on equal 
jth velocity interval is just 

(8) 
W(j) = 1/ Nv 

The decay fraction is taken to be -A~ t 
V = e (9) 

With these three fractions defined, Eq. (7) is summed over al l veloc­
ity interval s to obtain t he total partic l e den s ity in grid block i: 
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p(i ,t) = ~v I [ M(j) p (i - kj,{) +[I .- M(j)) p (i-kj-!,t)] 

J=l 
( 10) 

As a last step in thi s an alys i s , we express Eq . (10) in a more computa­
tionall y effi cient manner . To do this, we note the possibility of degen­
eracy with respect to the index kj. This could mean either 

k. 1 = k. or k.+l = k.+l (11 ) 
J+ J J J 

Taking such degeneracies into account yields the expression 

N8 ( i) 

p(i , t) = l: B(j) p (i-kj,t) 
j=l 

Quantiti es NB ( i) and B(j) are most easily obtained by a computational 
procedure whi ch makes t he tests of Eq. (11) and accumulates the 
coefficient s t o form the B matri x. 

(12) 

For a chain of radionuclides , analysis s imil ar to the above discussion 
for a si ngl e r adi on uclide l eads t o the fo ll owing expression 

Np(r) Ns(i,r,r-p ) 

p( i ,r,t) =L L B(j,r,r-p) p (i-kj,r-p,t) 
( 13) 

p=O j=l 
In Eq. (13) , p (i-kj , r-p, t') represents the density of species r - p in 
grid block i-kj at timet ' . The quantity B(j , r,r-p) is the fraction of 
species r-p wh 1ch decays to species r and ends up in grid block i at time 
t = t' + a t . The product of these two quantities is then summed over al l 
contributing grid blocks and all parent species . 

In addition t o the transport model, represented by Eq. (13)
1 

source and 
di scharge model s have al so been developed . The source model is capable of 
treating both leac h- and solub il ity-limited sources . For a single time 
step, the comput ational sequence involves injection of source material into 
de s ignated source grid blocks, transport of dissol ved material thr ough t he 
system and calculation of t he qu antity of dissolved material discharged 
dur ing the time step. 

ERROR ANALYSIS 

The usual method for making error analyses is to select a simple 
one-dimensional model problem for analysis [4] . The expectat ion is that 
the numeri cal errors present in more complex implementations will manifest 
themse lves in a quantitatively similar manner to the simplified problem. 
We also used this strategy. However, rather than a theoretical error 
analys is , ours was a numerical analysis. Thus we had to choose numeri ca l 
va lues for our phys ical probl em. We chose a one-d imensional flow system 
with the length and veloc ity parameters 

L = 100 ,000 f t and v = 1 ft/yr 
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Within this flow system, we considered transport of a stable, non - retarded 
contaminant subject to. the boundary conditions 

p(x=O,t) = 1 an d p(x > O,t=O) = 0 
To examine the numerical dispersion introduced by DVM, we allowed the space 
step , time step, number of velocity intervals and dispersivity to vary 
randomly over the following ranges: (1) ~x (l00,4000) ft; (2) ~t(l00,4000 ) 
yr; and (3) 0((1, 500) ft. A ser ies of ca l cu lations was performed and the 
dependence of numerical dispersion on Pec let number ( P= ~x/cx) and Courant 
number ( C = v ~t/ ~ x) was ex ami ned . Results of the analysis indicated that 
numerical dispersion introduced by DVM increases with increasing Peclet 
number and decreases with increasing Courant number. For comparison, 
consider that a standard finite-difference scheme, which is centered in 
space and time, requires that 

P~2 and c . (1 + ~) ~ 2 ( 14) 

to prevent overshoot [5]. Similar criteria hold for centered-in-time 
finite element implementations [6]. With DVM, the direct dependence of 
numerical dispersion on Peclet number and thus on grid-block size is a 
rather convent ional re l ation, compared to other methods. However, the 
inverse dependence of numerical dispersion on Courant number and thus on 
time increment is quite irregular. The implication is that, consistent 
with the desired resolution of the breakthrough curve and t he shortest 
radionuclide half-life, t he time increment should be made as l arge as 
possible . This has the dual benefit of decreasing numerical dispersion and 
decreasing computer running time . 

The results in Figure 2 were selected from the series of cal cu l at ions 
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Fig. 2. Comparison Between DVM and an Ana lytic Solution. 



107 

performed for the error analysis. In Figure 2, despite the small 
dispersivity (ex = 1.5 ft.) and the large Peclet number ( P= 89), the 
comparison between DVM and the analytic solution is excellent. The reason 
for th is good comparison is t he relat ively large Courant number (C= 7) . 

EXAMPLE RESULTS 

The present implementation of DVM is able to treat radioactive decay 
chains of any length and leach- or solubility- limited sources. However , 

Tab le 1. Probl em Parameters for Comparison of DVM and Analyt ic 
So l uti on 
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A 

B 

c 
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Fig. 3. Comparison Between DVM and an Analytic Solution for a 
Three-Member Chain. 
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presently available analytical solutions can only treat leac h-l imited 
sources and chains of three nuclides or less. Therefore, a compar ison 
between DVM and an analytic solution is presented for a hypot heti cal, three 
member chai n (A-+B-+C). Problem parameters for the compar i son are shown 
i n Tabl e 1. Results of the comparison are shown in Fi gure 3. The compar­
ison between DVM and the analytic solution is excellent. 

SUMMARY 

A new method has been developed to solve the convect i ve-dispers ion 
equati on. The Distributed Velocity Method (DVM) has been impl emented in 
one dimension to provide a basis for error analysis. Res ults of the error 
analysis indicate that, with DVM as with other numerica l techniqu es, 
numerical dispersion increases with increasing Peclet number . However , 
the inverse dependence of numerical dispersion on Courant number is quite 
irregu l ar . The implication is that, consistant with other t ime step 
requirements, the time step should be made as l arge as possib l e. Thi s has 
t he dual benefit of decreasing numerical dispersion and decr eas ing comput­
er runn i ng ti me. Furthermore, because of its ab il ity to t reat decay chains 
of any length, leach- or solubility-limited sources, and l ar ge Pec let 
numbers, the one dimensional implementation of DVM is direc tly app l icabl e 
in risk analysis of radioactive waste repositories. 
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ABSTRACT 

The Environmental Transport Model is used to represent 
the surface movement of radi onucl ides. Thi s presentation 
provides an i ndi cation of the results obtai ned in a study 
of the asymptotic behavior of this model. The nature of 
the Envi ronmental Transport Model is indicated and its 
asymptoti c behavior is di scussed. Then, an approach to 
sensi tivity analysis of this behavior is outlined and 
the par t ial results of such an analysis are presented . 

ENVIRONMENTAL TRANSPORT MODEL 

In the Envi ronmental Transport Model, radionuclide movement is repre­
sented with a compartment or mixed-cell model. With this approach, radio­
nuclides in an area under consideration are divided into a number of 
"compartments" and then radi onucl ide movement between these compartments 
is represented by a system of 1 i near differential equations . The basic 
idea is to place radionuclides which are in physical regions with different 
characteristi cs indifferent compartments and then to determine the di stri­
buti on which results from radi onucl ide decay and from radi onucl ide movement 
between regions . 

The Environmental Transport Model uses an algorithm to construct the 
radi onucl ide transport equations indicated in the preceding paragraph. The 
basis of thi s al gor ithm is a building block called a zone. A zone corres­
ponds to a physical region in an area to be modeled. Further, each zone 
has four subzones (groundwater, soi 1, surface water and sediment) and 
var ious movements of water and solid material associ a ted with these subzones 
are poss ibl e . It is the movements of water and solid material which are 
assumed to be responsible for radionuclide transport. In such movements, 
it is assumed that radionuclides are partitioned between the l iquid and 
solid phases on the basis of di stri buti on coefficients. A system of transport 
equations incorporating decay chain characteristics and regional diversity 
is constructed by linking a suitable number of these zones together. In 
this construction, each subzone has one uniformly mixed compar tment associ a ted 
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with it for each radionuclide in the decay chain under consideration . A 
single zone is represented in Figure 1 and the 1 i nkage of a sequence of 
zones to represent the movement of a decay chain is represented in Figure 

2. 

The Environmental Transport Model was constructed as part of a pro­
ject at Sandia National Laboratories to develop a methodology to assess 
the risk associated with the geologic disposal of radioactive waste. A 
more detailed description of the model is provided in Chapter 4 of the 
project's interim report [1]. Further, a user's manual which describes 
the model and the computer program which implements it is also available 
(2]. 

ASYMPTOTIC BEHAVIOR 

The asymptotic behavior of the Environmental Transport Model is now 
considered. Mathematically, this model is a system of differential equa-
tions of the form 

dqi/dt = h; 
n 

+~ 
J=1 
jFi 

n 

k;j qj - (koi + L: 
j=1 
jFi 

( 1) 

i = 1, ••• , n. When M zones and N radionuclides are considered, n = 
4 MN. In the preceding equations, h; corresponds to a rate of radionuclide 
input from outside the system being modeled, koi corresponds to a radio­
nuclide movement out of the system being modeled and k; . corresponds to 
a radi onucl ide movement between two compartments within the system. The 
radi onucl ide movements referred to in the previous sentence could result 
from a change of location due to physical movement or a change of state 
due to radioactive decay. The system of equations in (1) can be expressed 
in matrix notation as 

dq/dt = h + Kq, ( 2) 

where q and h are column vectors of the qi and the hi, respectively, and 
where K is the matrix whose off-diagonal elements are the ki j and whose 
diagonal elements are given by 

ki i = - ( koi + t 
j=1 

( 3) 

jFi 
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In the following, the elements of h and K are always assumed to be constants. 

For the system in (1) and the equivalent matrix formulation in (2), 
the expression .. asymptotic behavior .. is used in reference to the perform­
ance of q(t) as t + oo . For such systems, it is possible to obtain various 
characterizations of asymptotic behavior. The paper by Thron [3] provides 
a good discussion of such behavior. The result which is most useful in 
characterizing asymptotic behavior for the present study will be stated. 
However, several definitions are needed first. A compartment system is 
said to be open if material can move out of the system. Conversely, 
a system is said to be closed if it is not open; that is, a system 
is closed if material cannot move out of it. Finally, a system is said 
to be completely open if it is open and contains no closed subsystem. 
For example, if all the arrows in Figure 1 represent nonzero flows, then 
the corresponding system is completely open. The desired result is now 
stated; a proof can be obtained in Thron [3]. 

Theorem. For any completely open compartment system satisfying ( t), 
K-1 exists and a unique constant-valued solution is given by q = iK- h. 
Further, (i) if q is any solution to (2), then limt +a> q(t) = -K- h and 
(ii) if hi > 0 for i = 1, ... ,nand q(O) = 0, tfien each componeq_t of 
q(t) increases monotonically to the corresponding component of -K- h. 

APPROACH TO SENSITIVITY ANALYSIS 

For this analysis, we were interested in the following questions: How 
does variation in a site's properties affect variation in the asymptotic 
behavior of the site? Is it possible to determine the relative importance 
of individual variables in affecting the asymptotic behavior of the site? 
The general approach taken was to define a hypothetical site and to postulate 
a set ofconditions at that site. Some of the conditions were ill-defined 
in the sense that they were not given fixed values. Instead, they were 
assumed to be described by variables with specified ranges and distributions. 

After the site was suitably described, it was desired to determine 
the amount of variation in its asymptotic behavior and to determine the 
variables which were most important in influencing this behavior. An 
approach to sensitivity analysis based on regression analysis was found 
to provide a means of investigating the preceding questions. The over­
all approach is described in Iman et al. [4]. Basically, the idea is 
(a) to start with a set of input variables with selected ranges and 
distributions, (b) to select model inputs from these variables according 
to their ranges and distributions, (c) to generate model output with 
the selected inputs, and (d) to assess the relationship between model 
input and output by stepwise regression. Special techniques found to 
be useful include (a) Latin hypercube sampling to select values of input 
variables [5,6], (b) the rank transform to reduce the effects of nonlin­
earity in the relationships between model input and output [7 ,8], and 



112 

(c) the PRESS (predicted error sum of squares) criterion to indicate overfi t 

during regression analysis [9]. 

The site for the sensitivity analysis is described in the next section. 

SITE FOR ANALYSIS 

This paper is derived from a more extensive study [10] in which four 

variations of a hypothetical river receiving a radionuclide discharge are 

considered. In this presentation, some of the analysis results are given 

for one of these four variations. This particular variation corresponds 

to a 1 ake and a region around the 1 ake which is being irrigated with water 

from the lake. Specifically, the surface-water subzone consists of a lake 

and the suspended sediments within the lake, the sediment subzone consists 

of a 1 ayer of stationary sediment beneath the 1 ake, the soi 1 subzone consists 

of a region about the lake which is being irrigated with water withdrawn 

from the lake, and the groundwater subzone consists of a shallow aquifer 

beneath the soil subzone which discharges into the lake. The flows between 

the subzones are similar to those shown in Figure 1. The limited space 

available here does not permit extensive description of this site; however, 

such information can be obtained from Helton et al. [10]. There, the site 

now under consideration is designated as the Lake Zone in Analysis A. 

For this site, some of the data required for the Environmental Transport 

Model is fixed. However, some of the input data depends on one or more 

variables which describe variation in the site's description. Specifically, 

the following variables are considered: X1 - regional erosion rate (units: 

em/ 1000 yr; range: 3, 15; sampling dist: uniform ), X2 - fraction of 

suspended sediments entering the lake each year that are trapped and remain 

in the lake permanently (units: unitless, when sediment entering the lake 

is expressed in kg/yr; range: .2, .9; sampling dist.: uniform), X3- scale 

factor such that the product of X3 and the mass of solids contained in the 

sediment subzone is equal to the rate of sediment excha~ge between the 

sediment subzone and the surface-water ~bzoae (units: yr- , when sediment 

mass isexpressedinkilograms; range: 10-,10; samplingdist.: log uniform), 

X4, X5, X6, X7- distribution coefficient for Cm-245 in groundwater, soil, 

suSface-water and sediment subzone, respectively (units: L/kg; range: 10 , 

10; sampling dist.: log uniform}. Some of the other sites considered 

in Helton et al. [10] have a greater number of variables associated with 

them . 

Thi s site is assumed to receive a release of Cm-245. The effects 

of such a release into each of the four subzones are investigated. In 

each case, the release rate is assumed to be 1 unit/yr; however, as the 

solution of the equation in (2) is linear with respect to h, the convergence 

to steady state is unaffected and the asymptotic concentrations can be 

scaled to obtain the results of other release rates. For each subzone, 
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the following two dependent variables are considered: time to reach 90% 
of steady state concentration (units: yr) and amount of radionuclide present 
in subzone at steady state (units: units). Specifically, Yl, Y3, YS and 
Y7 correspond to time to reach 90% of steady state concentration for the groundwater, soil, surface-water and sediment subzone, respectively, and 
Y2, Y4, Y6 and Y8 correspond to amount of radionuclide present at steady state for the groundwater, soil, surface water and sediment subzone, 
respectively. 

Forthe analysis, 1000 samples were generatedfrom X1, ••• , X7by Latin hypercube sampling with respect to the indicated ranges and distri­butions. Then, each of these samp 1 es was converted into a set of input 
data for the Environmental Transport Model. The model was run with each such set of data four times, once for radionculide input to each subzone, and the resultant values for Y1, .•. , Y8 were recorded. 

VARIATION IN MODEL PREDICTIONS 

Table 1 provides a synopsis of the calculated results indicated at the end of the preceding section. There is great variation in time to 
90% steady state and concentration at steady state for the various pos­sibilities considered. This variation depends on both the subzone for which these quantities are calculated and the subzone receiving the radio­
nuclide input. For example, when radionuclide input is to the soil subzone, the time to 90% of steady state for the surface water subzone varies between 100 years and 24,000 years. However, when radionuclide input is to the 
surface water subzone, the same time varies between 1 year and 50 years. 

SENSITIVITY ANALYSIS OF MODEL PREDICTIONS 

As indicated earlier, sensitivity analysis techniques based on step­wise regression were used. Initially, regression on raw data was tried. 
However, this was not very successful; the regression models generated were limited in their capability to reproduce the predictions made by 
the Environmental Transport Model. This is not surprising as the solution 
to the system of differential equations associ a ted with this model involves a matri x exponential and some of the variables under consideration were 
given large ranges. 

It was then dec ided to try rank regression [ 7,8]. The ide a here 
is simple: the independent and dependent variables to be used in a regression are replaced by their ranks and then the regression is performed 
on this new data set. With such an approach, the resulting regression 
equations predict ranks rather than actual values for the dependent vari­
ables. To convert from a predicted rank to a predicted raw value, linear interpolation on the original set of dependent variables is used. 
The results of such an analysis for radi onucl ide input to the surface-
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water subzone is given inTable2. For each dependent variable included in 
this table, the independent variables selected in the stepwise regression 

are 1 i sted in the order in fhi ch they 7ntered the regression. Further, 
also 1 i sted are the Rank R and Raw R values obtai ned with each such 
entry and the standardized regres7ion coefficients f:fr the final regression 
model. The designation Rank R refers to the f value calculated for 
t~e actual regression on ranks; the designation Raw R refers to a "normalized" 
R value obtained by first converting the predicied ranks to predicted raw 
values by interpola~ion and then calculating R with these predictedraw 
va 1 ues. The Rank R pro vi des an i ndi cation of how successful the ran~ 
regression is in predicting the rank of the dependent variable; the Raw R 
provides an indication of how successful the rank regression is in predicting 
the dependent variable itself. 

For the situation considered, rank regression was successful in picking 
out the dominant independent variables with respect to time to 90% steady 
state and amount at steady state. The Rank R2 values are close to or above 
0.900. I;2dications of the importance of individual variables are provided 
by the R values, the absolute values of the standardizedregression co­
efficients and the order in which the variables entered the regression. For 
example, on time to reach 90% of steady state in the groundwater subzone 
(Yl), all threeof thepreceding considerations indicatethat thetwo most 
important variables are the distribution coefficients for the soil and 
groundwater subzones (X4 and X5). 

SUMMARY 

It is felt that the techniques indicated in this paper and presented 
in greater detail in Helton et al. [10,11] can be used to investigate the 
asymptotic behavior of radi onucl ide releases to the surface environment. 
However, such investigations are conditional. They are based on a situation 
with some set of processes and some set of variables which influence these 
processes. As the processes and variables are changed, the behavior of 
the model, and hence the importance of individual variables which influence 
this behavior, can change. 
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Table 1 

Minimum and Maximum Values for Time to Reach 90% Steady State and Amount of Cm-245 
Present at Steady Statea 

r-
Yl Y2 Y3 Y4 I Y5 Y6 Y7 

Min. .20E+03 .43E+02 .20E+03 .33E- 03 . 20E+03 .54E-02 .20E+03 

Ground- Value 
water Max. .27E+05 .12E+05 .38E+05 .19E+02 .27E+05 .82E+OO .27E+05 

Value 

-r-
I Min. .20E+03 .43E+01 I .10E+03 • 77E+01 I .10E+03 I .34E-01 .1 0E+03 

I Soil Value I I I 
I Max. .38E+05 • 77E+04 I . 21E+05 .92E+04 I .24E+05 I .82E+OO .24E+05 

I Value I I 
I I I 

T 
Min. .20E+03 .45E-02 .10E+03 . 39E- 02 .10E+01 I .llE+OO .40E+01 

Surface Value I 
Water t~ax. .38E+05 .16E+02 .21E+05 .19E+02 .50E+02 I .83E+OO .94E+02 

Value I 
I 

Min. .20E+03 .12E-02 .10E+03 .42E- 03 .40E+01 .16E-01 .30E+01 

Sediment Value 
!~ax. .38E +05 .14E+02 .21E+05 .1 6E+02 .94E+02 .81E+OO .93E+02 

Value 

--I 
Y8 I 

I 
.92E- 03 I 

I 
.20E+02 I 

I 
I 
I 

.84E- 02 I 
I 

. 20E+02 I 
I 
I 

-I 
.24E-01 I 

I 
.20E+02 I 

I 
I 
I 

.96E+OO I 
I 

.40E+02 I 
I 
I 

aThe lefbnost column indicates the subzone receiving radionuclide input at the rate of 1 unit/yr. 

,_. ,_. 
m 
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Table 2 
Sensitivity Analysis Results for Radionucl ide Input to the Surface-Water Subzone 

------ ----- --------- ---------
Time to Reach 90~ of Steady State Amount of Cm-245 at Steadt State 

Subzone Variabl e Rank R2 Raw R2 St. Re9. c. Variabl e Rank R2 Raw R2 St. Re9 . c. 
4*4a 0. 767 0.792 0.558 4 O.fl03 0.643 1.340 
5*5 0.940 0 .930 0.609 5*5 o.cno 0.815 -0.622 

Ground- 4 0 .947 0 .936 0.338 6*6 0.9)7 0.879 -0 .067 
water 1*5 0.950 0 .942 -0.061 4*4 0.952 0.902 -0 .471 

2*5 0.953 0.944 0.080 5 0.958 0.909 .0291 
5 0 .955 0 .949 -0.212 2*6 0.962 0.920 -0.152 

1*5 0.965 0.925 -0.066 
2*5 0.967 0.931 0.083 

----------------------------------------------------------- -
5 0.981 0. 937 0.9'39 5 0.9'i3 O. flll 1.148 

2*5 0.985 0.963 0.076 6*6 0.9713 0.890 -0.212 
1*5 0.988 0. 979 -0.072 1*5 0.9132 0.928 -0.0134 

Soil 2*6 0.985 0.926 -0.170 
5*5 0.986 0.934 -0.118 
6 0.987 0.934 0.168 
2 0.9138 0.947 0.070 

------------------------- -------------------------
3*6 0.698 0.609 0.362 6 0.895 0.760 -1.006 
6 0.765 0.633 0.975 2*6 0.962 0.936 -0 .313 

1*6 0.833 0.740 -0.497 1 0.979 0.952 -0.214 
Surface 1*3 0.853 0.755 0 .178 6*6 0.984 0.970 0.279 
Water 2*6 0.863 0 .753 -0.217 1*1 0.985 0.972 0.130 

2*3 0.867 0.757 0 .100 1*2 0.986 0.972 -0.062 
3*3 0.873 0.775 -0 .579 
3 0.888 0.808 0.597 

3 0.482 0.268 -1.521 6 0.949 0.724 1.442 
3*6 0.677 0 .367 0.684 1*6 0.980 0.883 -0 . 333 
1*2 0.869 0 .717 -0.315 6*6 0.985 0.918 -0.260 
1*6 0.894 0.813 -0.365 1 0.986 0.9 14 0.08fl 

Sediment 6*6 0.904 0.817 0.454 
1*3 0.911 O.fl20 0. 141 
2*3 0.919 0.828 0.423 
2 0.937 0.845 -0.320 
6 0.941 0.850 -0 .276 

al - Rank Xl, I*J- (Rank Xl)*(Rank XJ) 
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Fig . 1 Division of a zone into subzones. Arrows 
represent possible movements of water and 
solid material. 
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Fi g ure 1 r epresents the f l ows assoc iated with a 
single zo ne in greater detail . 
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FROM GEOLOGIC WASTE DISPOSAL 
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Robert M. Cranwell 
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Albuquerque, New Mexico 87185 

ABSTRACT 

The development of a methodology for assessing the risk 
from geologic disposal of radioactive wastes includes a model 
for estimating the i ndi vi dual dose and the resulting health effects 
from potential radioactive releases from a depository. Possible 
pathways to the human include ingestion of contaminated food 
and drinking water, inhalation of suspended radionuclides and 
external exposure rates in two zones. The exposure rates for 
the two zones are subsequently converted to dose and estimates 
of adverse health effects are made by the Dosimetry and Health 
Effects Model. Since the releases represent chronic lifetime 
exposures, 70 year i ntake/70 year dose commitment factors were 
developed from the work of J. K. Soldat and are used to convert 
the becquerel values to a dose commitment for the various body 
organs. Individual risk estimators based on BEIR II and the 
NRC recommendations fromBEIR III are used to estimate the health 
effects from these dose 1 evel s. The ingestion pathway dominates 
the risk of fatal cancers in the scenarios analyzed to date. 
The highest risk estimates in Zone 1 result from the scenarios 
with well discharge directly from the groundwater a qui fer to 
the biosphere. 

INTRODUCTION 

Included in the methodology developed under the Waste Management Program 
at Sandi a Nation a 1 Laboratories is a series of models to simulate the movement 
of radionuclides from a geologic depository through geologic media to the 
biosphere and ultimately to the human. Geologic. transport is handled by 
models such as SWIFT (Sandi a Waste I solation Flow and Transport) and NWFT 
(Network Flow and Transport) to trace radi onucl i ae movementfrom the depository 
until itreachesthe biosphere [1]. 

*Raytheon Service Company 
**The Dikewood Corporation 
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In our reference case the biosphere begins when the groundwater dis­

charges into the ri ver or in a shortened pathway situation where there is 
well withdrawal . At this point the Environmental Transport Model handles 

the movement of the radionuclides [2]. It takes into account the movement 

between surface water, sediment, soil and feedback to shallow groundwater. 

Usi ng these radionuclide concentrations, the hum~r exposure is calcu­
lated from nine pathways. These becquerel (2.7x1o- curie) values are 
converted to dose expressed in sieverts (100 rem) and risk estimates of 

adverse health effects from these dose levels are made. The concepts of 

the models handling human uptake, dose estimates and potential health effects 
will be detailed in this paper. 

METHODOLOGY 

The Environmental Transport model traces the movement of the radio­
nuclides through the environmental media. The four compartments of the model, 

shallow groundwater, soil, surface water and sediments, are handled as a 

mixing cell with interchange between the compartments . 

There are two zones, each with four compartments, in our reference cas e. 

Zone 1 describes the area of the ri ve r at the discharge point and is designed 
to display the effects of well discharge. Zone 2 is downstream from Zone 

1 and takes into account environmental dilution and retardation, resuspension 
from soil and irrigation with river water. The only connection between 
these zones is the surface water compartment. 

The radi onucl ide concentrations in soi 1, sediment and water of each zone 
are the final output of this segment of the Pathways Model. These radi onucl ide 

concentrations Are.then multiplied by concentration ratios to determine the 

radionuclide level in various food sources. 

The ingestion pathway considers milk, beef, plants and drinking water. 
These terrestrial sources may be calculated with or without i rri gati on. 

If a scenario analysis includes a well, it is assumed that drinking water is 
obtained fromthe well discharge and that the surroundingland is irrigated 

with well water. Otherwise drinking and irrigation water is obtained from 
the river. These various food concentrations are combined with uptake rates 

to calculate consumption from the ingestion pathway. The soil concentration 

of each radi onucl ide is combined with a resuspensi on facjor to determine the 
air concentration. The standard breathing rate of 8000m /yr is multiplied 
by the concentration to determine the annual i nhal ati on exposure 1 evel. The 

external exposure is cal culated by combining the environmental media con­
centrations and the average exposure times to soi 1 , sediment, air and water. 

These exposure modes do not account for changes in the eating and 1 i vi ng 
habits of future generations. 

In order to present risk in terms of adverse health effects the becquerel 

per year values for the inhalation and ingestion pathways and the becquerel per 
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m2 or m3 for the external exposure need to be converted to dose expressed 
as sieverts. The exposure to potential releases from a geologic depository 
is expected to be low level spanning the lifetime of an individual. 

\~e have de vel oped 70 year i ntake/70 year dose commitment factors in 
units of Sv/Bq. These dose factors were derived from the ICRP-II model 
and the basic INREM model. The input parameters such as absorbed fractions 
and average energies were taken from Hoenes and Sol dat [3]. The basic 
equations were extended to calculate the 70 year i ntake/70 year dose commitment 
factors. A data base of dose factors for 170 radionuclides is available. 
For our cal cul ati ons we assume that the concentration 1 evel calculated by 
the Environmental Transport and the Human Exposure Model at a given time 
step is present for a 70 year lifetime. 

These dose conmitments expressed in sieverts (100 rem) must be com­
bined with risk factors to estimate the adverse he a 1 th effects from these 
exposure levels. 

The BEIR [ 4] conmi ttee considers the most important health effects from 
low ionizing radiation to be the latent somatic effects expressed as l~tent 
cancers. We have used the risk factors expressed as deaths per 10 rem 
year from BEIR [5]. Since populatio~ stati~ics are everchanging and our 
predictions are extending out to 10 to 10 years after closure of the 
depository, we have two alternatives (1) to assume population fractions 
based on populations today or (2) to calculate a risk to an individual 
with the knowledge that the BEIR risk factors have been derived from 
population statistics. 

We have replaced the population fractions used in calculating risk 
factors based on person -rem with an age fraction. The age fraction is 
defined as the fraction of a 70 year lifetime within each age group. For 
example consider the age segment between 20-30, the age fraction is 0.14 
versus a population based fraction of 0.16 [6]. These age fractions are 
similar to the population fractions and the risk estimators calculated by 
our method do not vary significantly from the population based estimators. 
Our final risk estimators express the probability of an individual dying 
of latent cancer. These estimators are in agreement with the preliminary 
estimators calculated by NRC for use in their _programs. These NRC estimators 
are based on the ranges presented in BEIR [4]. 

In addition to the estimators for latent somatic effects, we compare 
the average annual dose received from the potential releases from the deposi­
tory and a background level of 0.001 sievert (0.1 rem) per year for estimating 
genetic and embryonic effects. 

METHODS FOR PRESENTING RESULTS 

Several methods have been developed to i1 1 ustrate the results from our 
analysis. In Figure 1 the individual cancer risk curve is given for a bore-
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hole scenario for the reference high 1 evel waste depository [7]. The curves 

are the mean value for thirty-five separate runs of the computer code. 

Each of these thirty-five runs had a set of input parameters that were 

sampled from the range of each input variable. The ingestion pathway 

dominates the cancer risk with the external exposure falling approximately 

two orderslower. The inhalation path istwo orderslower than the external 

pathway and only the peak appears on this graph. 

Another method fori 11 ustrati ng some of the uncertainty of our analysis 

is given in Figure 2. There are thirty-five individual points at any 

given timestep. Each point represents the risk to an individual from the 

set of input parameters that were sampled for that computer run. In this 

graph only ..... 50% g>f the thirty-five values are shown with the remainder 

falling below 10- . The mean values are represented by the solid line. 

The mean falls wi
8
thin the upper range of the risk values. The median value 

is below the 10- cut off. 

The effect on the risk estimates of varying the range of several of 

the input parameters to the geologic transport model is illustrated in 

Figure 3. The retardation factor (Kd) ranges of our reference case is 

given in curve #1. This is the same mean curve previously shown in Figures 

1 and 2 . Curve #2 illustrates the effect that increasing the upper range 

of theKdvalueby1000 forall the radionuclides consideredin our analysis. 

The mean risk decreased when the thirty-five computer runs were analyze d. 

In case #3 the upper range of the Kd values was increased by 1000 and 

the 1 ower range of the hydraulic conducti vi gy was decreased by 100. The 

results of this analysis are bel ow the 10- cut off and for our purpose 

considered negligible. 

From this analysis we can see the sensi ti vi ty of the risk results 

to the uncertainty of the input values. If the regula tor is aware of these 

sensitivities, further analysis and experimental measurements of the appro­

priate input parameters may be required. 

Another type of output from our methodology is in the form of a statistical 

analysis to present the radionuclides that contribute most to the risk 

at each time step. The results of a partial rank correlation of the individual 

radionuclide discharges from the Geologic Transport Model and the total 

cancer risk is given in Table 1. This is a relati ve ranking of the contributors 

to risk with time. There are many radi onucl ides contributing at early 

times. Radium-226 is the major contributor to risk after 25,000 years 

post closure. 

APPLICATIONS AND CAPABILITIES 

The Pathways and Dosimetry and Health Effects Models discussed in this 

paper may be used to identify the radi onucl ides that are the major con­

tributors to risk. Our risk estimates are made on an individual basis with 

no dependence on population statistics. However, if a population density 
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is knownorcanbeestimated, these individual estimates are easi ly converted 
to the population based estimates. 

In addition the Pathways and Dosimetry and Health Effects Models are 
independent of the Geologic Transport Mode 1. It i s possible for the user 
to define any type of source and execute these models independently . The 
pathways and human exposure parameters, dose factors and risk estimators 
are easily substituted. Therefore the user i s not bound to those that we 
have used in our analysis. 
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ZONE 2, SCENARIO 1, BOREHOLE, HLW 

INGESTION _ _ ____ _, 

EXTERNAL 
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TIME { years) 

Fig . 1. Conditi onal Probabi li ty of an Individual 
Dy i ng of La t ent Somati c Cancer i n Zone 2. 
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ZONE 2 , SCENARIO 1, BOREHOLE , HLW 
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Fig . 2. Indiv i dual risk from 35 separate runs of 
the model at each time step . The dots represent 
the summation of the risk from the ingestion, 
inhal ation and external path s. 
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ZONE 2, SCENARIO 1, BOREHOLE, HLW 

1- REFERENCE Ko VALUES 
2- UPPER RANGE OF Ko INCREASED"' 1 o3 
3- UPPER RANGE OF Ko INCREASED "' 103 

LOWER RANGE OF HYDRAULIC CONDUCTIVITY 
DECREASED ,..._, 1 0 2 
(RESULTS BELOW 10-8) 

(1) 

(2) 

TIME (YEARS) 

Fig . 3. Changes of the input parameters have marked 
impact on the r isk results . The reference case i s 
given i n curve 1. T~e upper range of the Kd ra nge 
was increased in curve 2. In Case 3 the Kd ran ge 
was inc reased anrl the hydrauli c conductivity wa s 
dec(eased. The r esults of thi s anal ys is are below 
10-ts . 
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ABSTRACT 

Jon c. Helton 
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Tempe, Arizona 85281 

The incorporation and representation of uncertainty in 
the analysis of the consequences and risks associ a ted with 
the geologic disposal of high-level radioactive waste are 
discussed. Such uncertainty has three primary components: 
process modeling uncertainty, model input data uncertainty, 
and scenario uncertainty. The following topics are considered 
in connection with the preceding components: propagation of 
uncertainty in the mode 1 i ng of a di sposa 1 site, samp 1 i ng 
of input data for models, and uncertainty associ a ted with 
model output. 

INTRODUCTION 

This paperisderived from a projectat SandiaNational Laboratories 
to develop a methodology to assess the risk associated with the geologic 
disposal of high-level radioactive waste. The project consists of three 
major parts: the development of models to represent physical processes 
associated with the disposal of radioactive waste in geologic formations, 
the development of techniques for the assessment and use of these models, 
and the application of these models and techniques to a hypothetical waste 
repository. Thedevelopment of uncertainty analysistechniquesbelongs in 
the second category. Here, the designation 11Uncertai nty analysis techni­
ques 11 is used to mean methods by which the inexactness of our knowledge 
with respect to the occurrence of events and processes at a di sposa 1 
site and the inexactness of our capability to describe such events 
and processes can be translated into probabilistic statements (e.g., 
expected values, variances, distributions, uncertainty bounds) about their 
consequences. 

As indicated in the abstract, uncertainty in the analysis of geologic 
waste disposal has three primary components. Process modeling uncertainty 
arises from problems associ a ted with selection of processes to be modeled, 
determination of appropriate para1neters for use in model construction, 
mathematical 1vnnulation ofmodels, andnumerical techniques used in con­
junction with the mathematical formulation of models. Model input data 
uncertainty arises from problems associated with selection of appropriate 
values for model input, data interpretation and possible misuse of data, 
and variation of data. Scenario uncertainty arises from problems associated 
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with the "completeness" of scenarios, the definition of parameters which 

describe scenarios, and the rate or probability of scenario occurrence . 

The preceding sources of uncertainty are discussed in the following three 
sections. 

In general, theobtainableinformation forapotential waste disposal 
site does not provide immediate insight into the consequences and risks 

associ a ted with a depository at that site. Models must be used to process 
the obtainable information into forms which do provide insight with respect 

to the repository. This leads to the following questions: How should 
uncertainty be propagated through the various models required to represent 
a disposal site? How should input data for models be selected as part 

of an uncertainty analysis? How should the combined uncertainty from 
models, data and scenarios be represented and analyzed? The preceding 
questions are discussed in the last three sections of the paper. 

UNCERTAINTY ASSOCIATED WITH PROCESS MODELING 

The time periods over which the performance of waste repositories 
in geologic media must be assessed arelong -from at least afewthousand 

years to perhaps a few hundred thousand years. Obviously, experiments 
and monitoring to gain information on system behavior cannot be carried 
out oversuch time periods. Predictivemodelingprovidestheonly available 

way to evaluate candidate sites, waste forms and repository designs and 
to assess the safety of repositories. Process models are required in 

the following general areas: waste/rock interaction and feedback effects, 

groundwater flow and contaminant transport, surface transport and human 
uptake, and dosimetry and health effects. Discussions ofmodeling efforts 

in these areas in the Sandi a waste i solation project can be found in 

the following reports: Oi 11 on, et a 1. [ 1], Cranwell and Campbell [ 2], 
Campbell, et al. [3,4,5], Helton and Kaestner [6], and Runkle, et al. 
[7]. 

A radioactive waste depository will experience a continuous evolution 
of state due to forces which are independent of the presence of the 

depository (i.e., externally-induced forces), forces which are caused 
by the presence of the depository (i.e., self-induced forces) and, perhaps, 

human intrusion. The modeling of such processes is never exact. Uncer­

tainties arise from a lack of understanding of the processes, a limited 
capability to mathematically represent the processes, and an i nsuffi ci ent 
data base with which to describe a system or the processes acting on 

it. Each of these contributes to uncertainty in the results generated 
by a process model. 

In general, a modeling effort can be thought of as a five step 

process: recognition of features and processes which must be modeled, 
recognition of suitable properties and parameters which can be used in 

the construction of models, development of appropriate mathematical models, 
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development of appropriate numerical algorithms a nrl computer programs 
to implement the models, and validation of models and their i mplementa­
tion. Uncertainty in the calculated properties of a disposal site can 
be introduced at each step of the preceding process. Unfortunate ly, 
it is also difficult to make general s tatements about the quantification 
of such uncertainties. 

UNCERTAINTY ASSOCIATED WITH MODEL INPUT DATA 

Once appropriate models have been selected to represent processes 
at a disposal site, one isconfrontedwith the problem of obtaining suitable 
input data for the se models. The re is uncertainty associated with such 
data for several reasons: measurement error, spatial vari ati on, misinter­
pretation of data. Further, there is the probl em of quantifying these 
uncertainties for use in 1 ater uncertainty analysis. Several methods 
of representingthis uncertainty are possible: pointestimates, interval 
estimates, probability distribution functions. 

There are several possible sources of measurement error. First, 
there is the possibility that the measuring technique is either incor­
rect or misapplied. For example, laboratory tests to determine distri ­
bution coefficients might be conceptually incorrect or conceptually correct 
but mi sappl ied. Also, measurement error could ha ve a phys ical source 
due to the treatment of the material to be studied. For example, a 
specimen is sampled from depth, removed to a l aboratory and then tested. 
In the course of this, the ambient stresses on the specimen are released 
and the specimen may be damaged. A new stress and thermal state are 
then applied and meas urements ~retaken. The resu lt is that the measured 
properties often differ from those in exi stence in the field . Finally, 
measurement error cou ld have a statistical source . For example, commonly 
used estitnators for the autocovari ance of spatial variability may be 
statistically bia sed . 

Data measurements often di splay s i gn i f i cant scatter across a site 
due to spatial variation of rock properties. These properti es would 
vary in space even if it were possible to measure them without error. 
Uncertainty is introduced by replacing such spatial variability by 1 umped­
parameters (i.e., ave rages) or by di stributed but determi ni sti c parameters 
(e.g., trend surfaces ). Spatial variation i s a serious problem. Better 
characterization of a site by more sampling (i .e., more drill holes) 
may lead to compromi s ing the integrity of the s ite . There are various 
techniques available for spati al interpretation and extrapol ation of data . 
The most prominent technique of thi s type is Kri ging. 

Uncertainty can al so arise due t o mi si nterpre ta t i on of data. For 
example, even for similar rock and groundwater conditions, measured da ta 
for distribution coefficients may vary over several orders of magnitude . 
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A possible explanation for this variation is an overly simplistic inter­

pretation of distribution coefficients and a resultant mi s interpretation 

of field data. For this example, more detailed models for the causes 

of radionuclide partitioning may be required for more meaningful inter­

pretation and use of field data. 

The representation of uncertainty in model input data is now consi­

dered. One possibility is to use point estimates. Here, a single value 

is selected which reflects the uncertainty in a given model input. Such 

an estimate might be an average value, a 11 best11 estimate or a conservative 

estimate. Such quantities usually come from some combination of laboratory 

measurements, field measurements, theoretical considerations and expert 

opinion. Another possibility is to use interval estimates. Here, a 

range of values is assigned to a parameter. This range might represent 

measurement error, uncertainty in exact value or spatial variation. As 

before, such a range might be baser! on laboratory measurements, field 

measurements, theoretical considerations, or expert opinion. Finally, 

uncertainty with respect to a variable might be described with use of 

probability distribution functions. However, sufficient information for 

suitable definition of such functions may not be available. 

UNCERTAINTY ASSOCI ATED WITH SCENARIOS 

To performananalysis ofadisposal site, itis necessarytodetermine 

the various scenarios which caul d affect the performance of the site. 

A scenario is defined to be a collection of related events, features 

and processes potentially affecting radi onucl ide movement away from a 

depository and eventual human exposure to these radionuclides. There are 

several types of uncertainty whi ch arise in the consideration of scenari qs: 

uncertainty associ a ted with 11 Compl eteness 11 of scenarios, uncertainty assoc­

i a ted with screening of scenarios, and uncertainty associ a ted with analysis 

of scenarios. 

First, there is the question of 11 Completeness 11
: Are all possible 

scenarios being considered? To provide some confidence as to complete­

ness, a systematic method of compiling scenarios is neerled. Further, 

as it is usually not possible to immediately ascertain the consequences 

associated with individual scenarios, it is necessary to describe the 

scenarios in suitable detail and then to use models to predict their 

consequences. The organizational method must work to group events, features 

and processes into scenarios in a manner that faci 1 i tates the use of 

availablemodelstopredictconsequences. Unfortunately, itis notpossible 

to prove 11 Completeness 11 in the sense of unequivocally establishing that 

all possible scenarios have been compi led. Through care in scenario 

development and appropriate independent review, assurance can be sought 

that a collection of scenarios is acceptably complete. However, this cannot 

be proved. 
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The organizational technique that is being used in the Sandia project 
is now briefly indicated. The events, features and processes that are 
important with respect to the behavior of a repository are organized into 
three categories: ( 1) those which could influence release of radi onucl ides 
from the depository to a nearby aquifer system, (2) those which could 
influence radionuclide movement in groundwater to some surface discharge 
location, and (3) those which could influence radionuclide movement in 
the surface environment and resultant human exposure. Each of the preceding 
categories has a number of sets of conditions associ a ted with it. Appropriate 
unions of these sets are referred to as scenarios and are the basic 
organizational units for the analysis of a disposal site. This technique 
is intended to operate in conjunction with the physical models indicated 
earlier. Additional discussion of scenario development, definition and 
application is provided in Cranwell, et al. [8]. 

Next, there is uncertainty associ a ted with the screening of scenarios. 
The scenario generation technique will probably generate more scenarios 
than can be incorporated into the final analysis of a site. Indeed, the 
first effort at scenario development will probably be to generate as 
comprehensive a collection of scenarios as possible. Then, a suitable 
subcollection of these scenarios must be selected for use in a comprehensive 
site analysis. With the assumption that the scenario development process 
disallows physically unreasonable scenarios, there are two criteria left 
which can be used to screen scenarios for inclusion in the final site 
analysis: consequence and probability. Scenarios with very low consequences 
can be omitted because of their sma 11 potentia 1 to affect risk and to 
cause uncertainty in the analysis of risk. Similarly, scenarios with very 
low probabilities can alsobe omitted. !tis also possiblethat scenarios 
with "intermediate" consequences and probabilities may he screened on 
the basis of risk. Due to the large computational effort required to 
perform a site analysis, it is important to reduce the number of scenarios 
as much as possible . An additional technique that may be useful is 
to seek out scenarios which are "similar" and to find ways to pool such 
collections into single scenarios. 

Finally, there is the uncertainty associated with the analysis of 
individual scenarios. This uncertainty has two components : the prob­
ability that the scenario will occur and the state of the repository 
system after the occurrence of the scenario. The preceding are needed 
to screen scenarios on probabi 1 i ty and consequence and to perform risk 
calculations. Determination of the variables needed to describe the 
scenarios associ a ted with a disposal site is dependent on both the i ndi vi dua 1 
scenarios and the particular site. It is difficult to give specific 
techniques for their determination in a general paper such as this; indeed, 
the thrust of this paper is, given that thesevariablescanbedetermined, 
how can the uncertainty which they impose on assessments of a site be 
studied? However, the following six general approaches might be used: 
application of known physical relationships, laboratory measurements of 
properties and processes, field measurements of geologic conditions and 
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processes, investigation and interpretation of past historic and geologic 
records, synthesis of expert opinion , and deliberate conservatism. Al l 
of these techniques are most useful when their application is as site­
specific as possible . Various of these techniques have been applied 
in the Sandia waste isolation project. Such appl i cations can be found 
in the following papers and reports: Beckman and Johnson [9], Cra nwell 
[10], Cranwell and Donath [11,12,13], Donath, Schwartz and Cranwell [14] , 
and Helton and Iman [15]. 

This completes the first part of the paper. In the preceding sec-
tions, three general causes of uncertainty in the analysis of waste dis ­
posal sites are discussed. Now, the analysis of sucl1 uncertainty is 
considered. The following discussion is divided i nto three sections . 
First, the propagation of uncertainty in the ana lysis of a disposal site 
is considered. Next, tne selection of the actual variable values which 
are used in an uncertainty analysis is considered. Fi nal ly, tl1e repre­
sentation and analysis of uncertainty in model output is considered. 
For the following discussion, it is assumed that the models and scenarios 
required for a site have been sel ected and that there is no computational 
uncertainty associated with the models (i.e., the models are working 
properly). Further, it is assumed that all uncertainty associ a ted with 
the behavior of a site can be incorporated into probabilistic statements 
about either the occurrence of scenarios or the values taken by input 
data for models used to represent scenarios . 

PROPAGATION OF UNCERTAINTY 

In geologic wa ste disposal and many other problems, one general l y 
has a network of interconnected models (e.g., groundwater transport models , 
biosphere transport models, health effects models, etc.). The process of 
coupling these model s introduces tne question of how does one incorporate 
the propagtion of uncertainti es from one model into the cal cu l at i ons of 
another? A possible approach to this problem is a direct calculation 
of the distribution function of the output variable. Specifically, given 
that the distribution functions of the input vari ables to the models 
are known, what is desired i s knowledge of the distributi on function 
of the output variabl e. In principle, it is possible to perform this 
calculation. However, in practice , siJch an effort would be formidable. 
Generally, the best t hat can be obtained is an approximation of the 
distribution func t ion of the models' output variable. Then, thi s approxi­
mation can be analyzed to gain informati on with respect to the uncertainty 
associated with the predictions made by the models. This approximation 
could be determined through use of a procedure to sample values of the 
input variables in such a way asto enablethe corresponding outputval ues 
to produce desirable estimates of the mean, variance and distribution 
function of the models' output. 
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Thus, one initially has a model D which is a function of the variables 
v1 , ••• , vn . Generally, D would consist of submodels o1 ••• , Dk which 
operate in sequence in the sense that Di generates input for Di+1· An 
approximation to the di stri buti on function for D might be constructed 
in the following manner. First, a sequence of samples from the vi would 
be generated by s ome ap propriate procedure. Then, o1 would be managed 
by a program P1 whi c h read the samples from the vi, converted them into 
input for o1 , supplied this input to o1 , and recorded the results generated 
by Dl . Similarly, o2 would be managed by a program P2 which read the 
samp es from the vi and the results generated by o1 , converted this 
information into input for o2 , supplied this input to o2 , and recorded 
the results generated by o2• This process would continue until a file 
containing the actual information of interest (i.e., an approximation 
of the distribution function of the coupled models) was generated. Thus, 
the approximate di stri buti on function would be determined through operation 
of the sampling procedure, the data handling programs P1 , ••• , Pk• and 
the original models o1 , ••• , Dk. 

GENERATION OF INPUT DATA FOR MODELS 

Given that the models to be used have been selected and the variables 
which describe input data for these mode 1 s have been defined, it is necessary 
to generate input data from the given vari ab 1 es and their associ a ted 
ranges for actual use as input to the models. Then, the output generated 
must be analyzed to determine the uncertainty in predictions about conse­
quence and risk associated with the site. Before a possible sampli ng 
technique is considered, several desirable properties for such a method 
are listed : provide for estimates of mean, variance and distribution of 
model output, provide for estimates that have small mean square error, 
pro vi de for estimates of conf i dence intervals, permit i nvesti gati on of 
different di stri buti on assumptions, pro vi de for assessment of relative 
importance of each input variable, be numerically efficient with respect 
to the amount of calculation required, permit correlation among input 
variables . 

There exist a number of sampling techniques which might be used to 
generate input data for models: random sampling, factorial stratified 
sampling, Latin hypercube sampling, quadrature-based sampling. Several 
of these methods are compared in McKay, Conover and Beckman [16]. Of the 
possible sampling methods , the one used in the Sandia project is Latin 
hypercube sampling . This technique to select n different values from 
each of k variables x1 , ••• , Xk operates in the following manner. The 
range of each vari able is div1ded into n nonoverlapping intervals on 
the basi s of equal width or equal probability. One value from each 
interval is selected at random (for equal probability, random sampling 
means with respect to the probabi 1 i ty density in the i nterva 1). The n 
values thus obtained for x1 are paired in a random manner (equally 1 ikely 
combinations) with the n values of x2 • These n pairs are combi ned in 
a random manner with the n va 1 ues of x3 to form n triplets, and so 
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on, until n k-tuples are formed. This is the Latin hype rcube sample. 
A computer program for generating Latin hypercube samples has been de vel oped 
and documented by !man, Davenport and Zeigler [17]. 

For input data generated by Latin hypercube sampling, the fo11 ow­
ing statements can be made about the analysis of the associated model 
output: Unbiased estimates of the mean, other moments and the distribu­
tion function are possible [18, Theorem 1, p. 11]. Variances of the 
preceding estimators may be smaller than variances of estimators arising 
from other sampling techniques; however, this result is related to mono­
tonicity properties of the model. The sample variance provides a biased 
estimate of the population variance; however, the bias is often small 
[18, Sections 2.5 and 2.6]. Sensitivity analysis techniques based on 
partial correlation and stepwise regression can be used to determine 
the dominant independent variables with respect to the dependent variable 
[19]. The effects that different distribution assumptions for the inde­
pendent variables have on the dependent variable can be investigated 
without rerunning the model [18, Chapter 3]. Also, correlations between 
variables can be considered [20]. A variation of Latin hypercube sampling 
known as replicated Latin hypercube sampling can be used to obtain confidence 
intervals for estimators with respect to the dependent variable (personal 
comnunication from R. L. !man with respect to ongoing work). Determination 
of the preceding information is efficient in that it can be accomplished 
with less calculation (i.e., the generation of fewer sample values for 
the dependent variable) than with other sampling techniques which have 
been considered [16; 18, Chapter 4). It is felt that all of the preceding 
considerations fall under the general heading of uncertainty analysis. 

UNCERTAINTY ASSOCIATED WITH MODEL OUTPUT 

As discusse~ in previous sections, there are three sources of uncer­
tainty in consequences or risks predicted for a possible disposal site 
throughpredictivemodeling: uncertainty associatedwithprocess modeling, 
uncertainty associated with model input data, and uncertainty associated 
with scenarios. In practice, the three categories of uncertainty may 
blend together and be difficult to separate. For example, uncertainty 
with respect to the appropriate value of a variable such as hydrauli c­
conductivity could be interpreted as being due in part to each of the 
three sources of uncertainty. In the two preceding sections, the propagation 
of uncertainty in the modeling of a disposal site is discussed. For these 
sections, and probably in the analysis of any disposal site, it is assumed 
that the uncertainties in the analysis can be incorporated into ranges 
and distributions for va r iables which describe data required in modeling 
the site. Such ranges and distributions might reflect uncertainty with 
respect to the value of a physical constant; however, they might also 
reflect uncertainty with respect to the suitability of a model or the 
realism of the description of a particular scenario. 
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By suitable description of input data and orchestration of model operation, it is possible to generate a collection of model predictions with respect to the performance of a site. If the values used in the 
generation of these predictions have been selected in a suitable manner (i.e., the entire range of each variable has been sampled and it is 
possible to associate a probability with each of the samples), then it 
is possible to generate a distribution function which represents the uncer­tainty in the prediction of interest. Further, one can calculate confidence 
intervals for this distribution function and its associated mean and 
variance. However, these confidence intervals are with respect to the uncertainty in the estimates generated by the sampling technique. 

The reduction of uncertainty is now considered. There are several approaches which may contribute to this: sensitivity analysis, addi­
tional data analysis, additional scenario analysis, model validation, peer review. By suitable sensitivity analysis, the dominant variables 
in influencing consequences or risk at a site may be determined. Then, 
additional effort can be directed at understanding the behavior and influence of these variables. In turn, this refined knowledge could result in reduced importance for these variables due to more realistic ranges or 
modeling or perhaps alterations in depository design or location. Such refinements could come from additional data collection and analysis and also from additional scenario analysis. There have been several appli­
cations of sensitivity analysis in the Sandia project: !man, et al. [19], Campbell, et al. [21], Helton, et al. [22], and Helton and !man [15]. Additional reductions in uncertainty could be achieved by model validation 
and refinement. Assurance can be sought that models are both conceptually and computationally correct. In some instances, use of more appropriate or more sop hi sti cated models may reduce uncertainty with respect to the 
sui tabi 1 i ty of model input data and the meaningful ness of model predictions. Finally, there is peer review. Unfortunately, many of the areas of modeling and data needs for the analysis of geologic disposal of radioactive waste 
are not well-defined. Standard techniques and data do not exist. Thus, 
peer review is an important process in the development of a consensus with respect to the appropriateness of models and data used and the appropri­
ateness of uncertainty measures used in conjunction with such models and data. 

We conclude by noting that uncertainty analysis for a waste dis­posal site will probably be an iterative process. It is unlikely that 
an overall analysis for a site will be planned and then performed once, 
thereby giving the information needed to conclude whether or not the 
site is suitable. What is more likely is that there will be a sequence of analyses, with each analysis providing more information on the behavior 
of the site but also i ndi cati ng areas in which understanding is i nsuffi ci ent. 
Each such area will require additional analysis to increase the under­standing of it and thereby reduce the uncertainty in the over a 11 site analysis. It is anticipated that a sequence of analyses would continue 
unti 1 some form of consensus was reached as to the acceptabi 1 i ty of the 
site. 
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Additional discussion of some of the ideas contained in this pre­
sentation can be found in another paper by the authors on uncertainty 
analysis [23]. 
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STATISTICAL METHODS FOR INCLUDING UNCERTAINTIES ASSOCIATED WITH THE 
GEOLOGIC ISOLATION OF RADIOACTIVE WASTE WHICH ALLOW FOR 
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Albuquerque, New Mexico 87185 

ABSTRACT 

A project funded at Sandia National Laboratories by the 
Nuclear Regulatory Commission has as its charter to develop 
a methodology for evaluating applications for nuclear waste 
repositories. Since the Sandia methodology ha s the capabi­
lity of expressing the output variable (for example inte­
grated discharge rates) as a distribution, this report 
illustrates how to put uncertainty bounds on the output 
distribution. Additionally this approach permits a compari­
son against licensing criteria. The licensing criteria 
used in this paper while hypothetical in nature did involve 
guidance from experts. 

INTRODUCTION 

Severa l reports [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] document the 
methodology developed at Sandia National Laboratories for using a given 
set of parameters and random variables as input variables in a computer 
code that simulates repository behavior, in order to obtain output as 
a function of time. The sheer volume of output from the code prohibits 
any comparison with licensing standards as it stands, without some con­
densing. On t he other hand, t he complexity of the computer code output 
permits enormous flexibility in the types of questions that may be 
answered, and in the types of licensing criteria that may be used. 

Thi s paper describes a set of hypothetical licensing criteria and 
shows how the output data may be summarized in order to permit a com­
parison with those criteria. It begins on the premise that the output 
variabl e is available, having been obtained using methodology documented 
in the reports mentioned previously. In particular the following three 
assumptions are made as a basis for the methodology presented in this 
paper. 

1. Computer model s are available which model the various physical, 
chemical and biological phenomena which could affect the 
discharge of radioactive waste to the accessible environment. 
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2. A representative data base is available for use with these 
models. 

3. A sensitivity analysis has been performed on these models to 
identify dominant variables. 

These assumptions should not be taken lightly as a great deal of 
time and effort is needed to satisfy them. It is expected that the 
computer models would be modified as in situ data is obtained and 
research programs provide further insights on the important physical 
and chemical processes. This will lead to an iterative procedure 
which includes model validating and refinement of the data base and 
risk predictions. Space limitations of this paper precludes further 
discussion on this point. 

MODEL INPUT AND SUMMARY OF OUTPUT 

The Sandia methodology uses several computer models in series to 
model various physical and chemical processes. The running of each of 
these models requires that values of the input variables be selected. 
Additionally, the output of each model is used as input for the next 
model in line. However, to simplify the process let us assume that 
there is only one model which requires input and this model in turn 
produces output we can process. The following schematic diagram illus­
trates such a case where k input variables have previously been identified 

as important. Each computer run of the model requires that specific 
values of each of the k input variables have been selected. 

COMPUTER MODEL 

The output could have several possible forms. For example, two 
possibilities for the output are as follows. 

1. Total integrated discharge to the accessible environment over 
some time period on a per isotope basis. 

2. Cancer risk per person over some time period. 
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Certainly the output could take many other terms and will almost certainly 
have a time history associated with it. However, again for sake of 
simplicity let us assume that the output is in the form of total inte­
grated discharge on a per isotope basi s and that the integration takes 
place only to a specific point in time. This means that for a given set 
of computer runs the output can be summarized in a simple matrix where 
the rows represent the number of computer runs and the columns the 
individual isotopes. Cell (i,j) contains the total integrated discharge 
to a specific point in time for the ith computer run and the jth isotope 
for a given scenario. Such a matrix TS represented in Figure ~where 
the number of computer runs has been set equal to 30. 

If attention is now directed at any one column in Figure 1 there 
are 30 estimates of the total integrated discharge for the j~ isotope 
at some specific point in time. The reason that these 30 estimates may 
differ from one another is that the values of the k input variables 
have been changed from run to run. These 30 estimates can be exhibited 
graphically by first ordering the values from smallest to largest and 
then plotting them as a complimentary cumulative distribution function 
(i.e. discharge versus probability of discharge). Such a graph appears 
as a st~irstep function in Figure 2 where the integration has taken place 
over 104 years and each step height is equal to l/30. (Note in Figure 1 
that there are actually 4 steps at the value 10 on the horizontal axis 
where the graph was truncated.) From Figure 2 it can be seen that about 
63% of the time this isotope showed a discharge. 

INDIVIDUAL 
COMPUTER 

RUNS 

1 

ISOTOPES 
,_~--------~~,--------~" 1 

I 
I 
I • 

I 

-······················-·············· • • I I 
I I • • I I 
I I 
t I 
t I • • t I 
I I • • • • I I .•.••.•.•.•..•..•..••.•...•...•..••.... 

30 : : 
I I 

Figure 1. Cell (i,j) contains the output variable at a specific point in 
time on the ith run for the j~ isotope for a given scenario. 
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Figure 2. Example of output for 1 isotope based on 30 computer runs. 

REPLICATION OF SAMPLES TO OBTAIN UNCERTAINTY BOUNDS 

Although Figure 2 does show discharge versus probabi l ity of dis­
charge, there are no uncertainty bounds t hat can be associated with this 
curve. The reason for t his is that a Lat in hypercube sample was used to 
generate the input values and techniques do not exist for placing a 
bound on a distribution function estimated from a single Latin hypercube 
sample . The nonparametric Kolmogorov bounds are appropriate for use 
with random sampl es, but the Latin hypercube sampl e is not random and it 
has never been shown what type of bounds would be provided if the 
Kolmogorov bound s were used wi t h Latin hypercube sampl es . However , t he 
distribution fu nction estimates will usually have smaller variabil ity 
when using Latin hypercube sampling rather than random sampl ing and this 
smaller variabi lity transl ates directly into fewer computer runs . There­
fore, it would be desirable to retai n Latin hypercube sampling but still 
have uncertainty bounds. This is accompli shed by repeating (replicating) 
the computer runs by taking new Latin hypercube samples. For example if 
it were initially decided t hat 90 computer runs could be made , then 
these runs should use input from 3 Latin hypercube sampl es each of size 
30 (3 x 30 = 90) . This means that the summary matrix of Figure 1 needs 
to be expanded to accommodate more run s . Such an expanded matrix i s 
shown in Figure 3. 
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Figure 3. Cell (i,j) contains t he output variable at a specific point in 
time on t he ith run for the j~ isotope for a gi ven scenario. 

Each column i n Figure 3 provides 3 estimates of the compli ­
mentary cumu l ative di stribut ion fu nction suc h as appeared in Figure 2. 
That is, eac h set of run s depicted in Figure 3 can be used to pl ot a 
complimentary cumulat ive distribution function. Such pl ots are given 
for 1 isotope in Figure 4. The vari ability demo nst rated in Figure 4 
i s due to t he different va lues used for t he input variabl es from one 
set of runs to the next . 

The value of having t he 3 curves in Figure 4 is that t hey enable 
t he computation of an average curve by averaging step heights at a given 
value of discharge . In addition to the average, a mea sure of t he varia­
bility is also obtained at each val ue of discharge. For example, consider 
the discharge value of 4.00 in Figure 4. A da shed ver tical line ha s 
been added to the graph at thi s point wh ic h intersects t he three curves 
at 4/30 = .1 3, 6/30 = . 20, and 8/30 = .27 . Eac h of t hese three values 
i s an est imate of the probability of t he integrated di scharge exceeding 
4.00. The average of t hese t hree values , (4/30 + 6/30 + 8/30)/3 = . 20, 
i s used to pl ot t he average curve at the dischar ge value of 4. 00 . The 
average curve is compl eted i n a like manner by averaging step heights 
for all ot her values of discharge . The average curve is the middle curve 
given in Figure 5 along wi t h uncertainty bounds, whic h are t he upper and 
l ower curves. 

The average value computed at eac h discharge value x is a point 
estimate of t he probability of the discharge exceeding x. The standard 
error of t hi s point est i mate at t he disc harge value of 4.00 i s obtai ned as 
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Figure 4. Example of the variability in the output for l isotope 
based on 3 runs of size 30 each. 

[
(4/30- .20) 2 + {6/30 - .20)

2 
+ (8/30- .20) 2] 112 = .04 

3 {3- 1) 

The standard error is computed at other discharge values in a similar 

manner. This is just the usual way of computing the standard error of 

the estimate with independent identically distributed values such as 

these are. 

These standard errors can be used to provide uncertainty bounds 

around the average curve. The reason for this is that the average value 

calculated at a given discharge value x is the mean of 3 independent 
and identically distributed observations, and each of these 3 observations 

is the mean of 30 zero-one random variables, (zero if the discharge 

value for a given curve is < x and one if the discharge value is > x). 

Therefore, the Central Limit Theorem may be used to justify using the 

normal theory limits of+ 2.92 standard errors as approximate 90% uncer­

tainty bounds. (The value of 2.92 comes from a student's t-distribution 

with 2 degrees of freedom.) Of course the width of the uncertainty bounds 

is influenced by the number of computer runs used in each set in Figure 

3 as well as the number of sets used and the desired confidence i n the 

bounds, i.e. 90%, 95%, 99%, etc. 
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Figure 5. Average curve over 3 runs of size 30 each along with 
90% uncertainty bounds. 

There is one minor adjustment needed to obtain the uncertainty 
bounds in Figure 5. This adjustment is necessitated by the discreteness 
of t he step function in Figure 4 and the likel ihood that the graphs wil l 
coincide at some poi nt such as t hose in Figure 4 do for discharge values 
close to 10 . When the curves coincide the standard error is zero. In 
t he meantime nearby discharge values may resul t in considerably 
different values of the standard error. Acting under the belief that 
neighboring values of x should have approximately equal standard errors, 
a moving average (over 3 adjacent observed discharge values) was used to 
smoot h the val ues of standard error . 

HYPOTHETICAL LICENSING CRITERIA 

If a licensing criterion was to specify a release limit for each 
r ad ionucl ide over some time period t hen one may want to consider "nor­
mal ized discharges . " That is , if t he total i ntegrated discharge over 
some t ime period is denoted by Dj for t he j~ i sotope and the licensing 
cri ter ion specifies a rel ease l imit of Lj for the j~ isotope then 

Normalized Discharge = Dj/Lj 
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would define the normalized discharge value for the jth isotope. Further­

more, the licensing criterion may specify that a comparison be made of 

the summation of the normalized discharges over al l k isotopes on a given 

computer run against some upper limit. That is, for the ith computer 

run, the value --

k 
Ti = E Dj/Lj 

j=l 

would be compared against some upper limit. However, since there are 

many computer runs involved it may be meaningful to construct a compli ­

mentary cumulative distribution function of normalized discharges for 

each set of computer runs. Figure 6 contains such curves for 3 sets of 

computer runs when the upper limit ha s arbitrarily been set equal to 1. 

I. DO 0 .----,--,--r--r--,----r--r----,---r---, 

.9 000 
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.4 000 
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. I 000 

0. 0 0 0 L.._----l_----L---L---L--....L---'---"'-----l'------l--1 

0 . 00 . 200 .4 00 . 600 .BOO I. 00 

NORMAL! ZED SUM 

Figure 6. Normalized sum over isotopes for each of 3 runs of size 30 
each when the upper limit for this sum has been arbitrarily 
set equal to 1. 
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Note that the normalizing and summing procedure effectively removes t he 
dimension of "Isotopes" from Figure 3 and that Figure 3 colla pses to a 
single column containing 90 values. These 90 values form 3 sets of 30 
each from which the curves in Figure 6 were plotted. 

The three curves in Figure 6 can be treated like those in Fi gure 4 
to produce an average curve with uncertainty bounds as appeared in 
Figure 5. Such a curve for normalized discharges appear s in Figure 7. 

Figure 7 brings up a very important point. It seems clear t hat if 
the curves in Figure 7 had fallen short of the arbitrary upper limit of 
l then the licensing criterion would be met. However , what happens when 
the upper limit is exceeded? Another way of stating this is to ask 
about the interpretation of this upper limit. That is, given the uncer­
tainties that are incorporated into the input and that the output is 
expressed as a distribution, can the upper limit be exceeded with 
probability .01 or .05? Or should the licensing criteria be stated 
to provide values for these two quantiles? 
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Figure 7. Average normalized sum over 3 runs of size 30 each al ong 
with 90% uncertainty bounds for a given scenario . 
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POST-SENSITIVITY ANALYSIS 

Early in this paper an assumption was made that a sensitivity analysis 
had been performed on the computer models to identify the dominant vari­
ables. Equally important with this pre-sensitivity analysis is a 
post-sensitivity analysis. That is, whereas the pre-sensitivity analysis 
condenses perhaps a very large set of variables down to a smaller list 
which are potentially important the post-sensitivity analysis identifies 
the main contributors to discharge or risk. The post-sensitivity anal­
ysis pinpoints those variables which are influencing the placement of 
the curve in Figure 7. If the curve is showing exceedance of a carefully 
defined upper limit then perhaps the cause of this can be identified as 
a variable for which some very conservative assumptions have been made 
(conservative means in the direction more likely to exceed the licensing 
criteria). On the other hand if the upper limit is not exceeded this 
may be attributed to a variable for which a very liberal (non-conservative) 
assumption has been made. 

The post-sensitivity analysis is based on calculating partial rank 
correlation coefficients given that Latin hypercube sampling was used to 
select the values of the input variables. Both of the concepts are 
explained in [2]. If a time history is available on the output variable 
then a graph of the values of the partial rank correlation coefficient 
can be made over time for each input variable. This allows the behavior 
of each input variable to be observed over time. Two such plots appear 
in Figure 8. The top graph in Figure 8 shows a variable which gradually 
becomes more important up through about 1500 to 2500 years and then 
its importance tapers off. The bottom graph shows a variable which 
continues to gain in importance throughout time. 

INCORPORATION OF SCENARIOS 

All of the procedures demonstrated thus far have been demonstrated 
for a given scenario. However, if it is desired to associate weights 
w1, w2, ••• , Ws with each of s scenarios then this is easily folded into 
the procedure. First with the addition of scenarios the matrix of 
Figure 3 takes on a 3-dimensional aspect as given in Figure 9. The pro­
cedure starts by normalizing the discharges in each cell by dividing 
by the appropriate release limit for the isotope in the cell. Next the 
normalized discharges are summed over isotopes within a given scenario. 
This removes the dimension of "Isotopes'' from Figure 9 and leaves a two 
dimensional figure (runs by scenarios). The weights Wk are then 
multiplied times the normalized discharge for each scenario. The summa­
tion across scenarios for each computer run then reduces Figure 9 down 
to 90 values as before. Once this point is reached the uncertainty 
bounds are formed as was done previously and illustrated in Figures 4 
and 5. 
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Figure 9. Cell (i,j,k) contains the output variable at a specific 
po i nt in time on t he ith run for t he j~ i sotope under 
the kth scenario. 
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ABSTRACT 

This paper intr oduces five of the isotopic tec hniques which can help reduce unce rtainti e s as soc iated with the assessment of radioactive waste di sposal sites. The bas i c pr inciples and practi ­cal considerations of these best known techniques have been presented, showing how much additional site specific information can be acquired at little cost or consequence to containment efficiency . These methods, and the more experimenta 1 methods appearing in the figure but not discussed here , should be con­sidered in any detailed site c haracterization, data collection and analysis. 

INTRODUCTI ON 

An important attribute of potential sites for the geologic disposal of radioactive wastes is their low hydr aulic permeability. This causes difficulties in evaluating thei r f low sy stems. Flow times are too long forlargeartificial tracer experiments. Experiments of acceptable duration yield data on only a few meters of geomedium . Extensive drilling which may seriously hinder isolation effectiveness would be required to charac­terize the site in sufficient detail for detailed hydrologic modeling. This implies that a large uncertainty must be accepted in mode l ing flow regimes and transport times in poorly permeable geomedia. 

Certain isotopic methods existwhi chcanhelp reducethis uncertainty by directly determining groundwater ages . The age of ground water safl1> 1 ed at the level of a potential depository indicates the mean time water has taken to flow from the recharge area. The age of groundwater further down gradient a 1 ong a flow tube indicates how 1 ong ago that water was recharged and the difference in ages reflects the travel time from the proposedrepository. Naturally occurring radioisotopes (either dissolved in ground water, making up part of the wate r itself, or in the geologic material through which the ground wate r travels) may be used to help evaluate the relative groundwater age. This has bearing on nuclear waste disposal site eva 1 uati on s i nee it can identify qynami c f1 ow sytems which may rapidly discharge re 1 eased waste nuclides to the environment or stagnate systems which would aid in containing wastes . Very small amounts of these radi oiso­topes may be detected in ground water due to their radioactivity, although 
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di rect counting fo r some of t he isotopes is now possible by accelerator 
ma ss-spectrometry. If one accounts for all the sources and sinks of the 
isotope, t he t ime since the s ample had its initial activity may be determined 
because radi oisotope concentration decreases according to the radioactive 
decay equation. Groundwater age may be found either by determining the 
amount of radioi sotope which has decayed or by measuring the amount of 
decay product whi ch ha s accumulated. Examples of both approaches are discussed 
here. Fi ve isotopi c methods , indicated by arrows in the acco!l1)anyi ng figure, 
will be summarized. 

The concept of radiometric 11 age 11 of ground water is a difficult one. 
11 Age 11 impl ies the time e lapsed between recharge and sampling and suggests 
that no mixi ng has occurred. A no-mi xing system under natural conditions 
is hi gh ly improba ble. Recharge is usually not f r om single events but is 
an integration of inputs from many events over many seasons. Thus 11 mean age .. 
i s a more useful concept i n groundwater dating. Only tritium, since it is 
partof the wa te r mol ecul e itself, actually reflects the 11 age 11 of water. 
The other isotopes are i nfluenced by different chemistries and may behave 
differently than the water itself. The isotopic dating of ground water 
shoul d thus be considered a tool f or determining the relative age of water 
bodi es in the cont ext of other hydrologic methods rather than a way to i nde­
pendent ly determine the numbe r of years si nee the samp 1 e was recharge water. 

Tritium (3H or T) 

I n n~!ure, triHum (t112 = 12.46 ~ 0.05 years) is produced by the 
reaction N (n,T ) C i n the upper atmosphere. Secondary neutrons from 
cosmic ray spall ation reactions provide the necessary neutron flux. Tritillll 
ente rs the water cycl e as HT afte r reaction with o2• The atmospheric testing 
of nuclear weapons also c reates large quantities of tritium in the strato­
sphere. The tritium cont ent of rainfall increased from a natural level 
of abou t 10 TR*to ove r 2000 TR during peak testing in 1963, and decreased 
r apidly t o about 55 TR s i nee the enactment of the atmospheric nuclear 
t es t ban treaty. This pro vi des an idea 1 en vi ronmenta 1 tracer pulse for 
analyz i ng hydrol ogic systems with transit times up to about 50 years. Unfor­
tunately, t he tritium content of rainwater is not uniformly distributed 
in space or time. Due to variations in the shape and intensity of the 
terres t ria l magnetosphere , higher natural tritium production occurs in the 
polar st ratosphere . Further, the anthropogenic tritium was introduced with 
vary i ng frequency and intensity into the stratosphere at mid to high northern 
hemisphere 1 ati tudes. The tropopause retards its transfer from the 1 ower 
stratosphere, where i t has a mean reside nee time of 1 to 10 years, to 
the t r oposphere whe r e it remains 5 to 20 days before it rains out. The 
po 1 ar and equat ori a 1 t r opopau ses overlap in the winter, encouraging the 
retention of tritium in the str atosphere. In the spring, the polar tropopause 
moves pol eward and t he equi t or ial tropopause moves toward the equator, causing 

*One t r iti um rati o (TR) equals one tritium atom per 1018 atoms of lH. 
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a discontinuity through which tritium readily passes. This results in 
winter tritium minima in rainfall which equal about one tenth of spring 
maxima. Once in the troposphere, tritiated water vapor may be removed 
from the atmosphere by precipitation. Continental precipitation is thus 
in general higher in tritium than thatover the oceans. Agradual rain-out 
effect can be observed as precipitating air masses move inland. 

Because of the complexi ty of the tri ti urn input function, precise 
tritium groundwater dating may be done infrequently and only in very 
well characterized situations. Generally, tritium can be used to indicate 
the presence of young ground waters (mean age of 1 ess than 30 years). 
Waters containing over 10 TR probably contain a thermonuclear test contri­
bution while 20 TR or more would suggest a component of water recharg ing 
si nee 1961. In waste disposal site evaluation, any measurable quantity 
of tritium in ground water would identify a dynamic flow system. In such 
a system, water transport occurs on a much smaller time seale than the 
radioactive decay of potentially discharged waste nuclides. 

Water samples intended for tritium analysis are normally collected in 
500 ml wel 1 -sea 1 ed gas-impermeable containers. Tritium samp 1 es are measured 
by either 1 i quid sci ntil 1 ati on or gas proportional counting. These 
[3-counting techniques relate the activity of the sample to the amount 
of remaining tritium and have a detection level near 10 TR. Water samples 
can be enriched by hydrolysis, thermal diffusion or gas chromatography 
to produce samp 1 es which are measurab 1 e to about 0.1 TR with a routine 
precision of~ 0.2 TR. 

Tritium-Helium-3 (T/ 3He) 

The tritium/helium-3 method of da3ing is an extension of the tritium 
method. Since tritium decays to stable He, original Jritium concentrations 
of the water can be reconstructed

3 
from the amount of He in sol uti on due to 

tritium decay. Since not all He in solution is of this origin, the 
fraction of the

3 
total m~asured 3He attributable to this source must be 

est~mated frgm He and He mass balance. When
3

a simple binary mixture 
of He and He are in sol:f.ti o,r., the amount of He from T decay may be 
obtained from the measured He/ He ratio. The mean tritium age of a sample 
can then be obtained from a modified form of the radiometric dating equation. 

The seasonal fluctuations in the tritium input mu~t be assumed to be 
averaged by mixing processes in the subsurface if T I He ages are to be 
taken as representative. Further, some tritium may be produced within the 
aquifer when uranium or lithium are present. Fortunately this is uncommon 
in normal, near surface ground waters. 

Water samples for 3He analys i s ar~ taken i_f. gas-tight 10 ml conta iners. 
The dissolved gases are extracted and He and He concentrations are measured 
by mass spectrometer. 
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To date, most T/3He dating of water has been used in lakes [1]. The 
method helps determine groundwater influences, gas exchange rates, gas 
renewal, turnover and vertical diffusivity in the epilimnion. Although 
this technique has been suggested as early as 1969, no example of using 
the technique to evaluate waste disposal sites has appeared in the scientific 
literature to date. 

Helium-4 (4He) 

The hel i um-4 groundwater dating technique uses decay-product accumu­
lation to determine how long ground water ~as been in contact with the 
surrounding geologic media. In nature, ~ is ~3~duced pr2~rily by 
charge neutralization of a -particles from U, Th and U decay. 
Since the U and Th are generally bound within minerals in the geologi c 
~edium and because the mean path length of a-particles is short, m~st 

He is formed within the solid matrix. Tile diffusion rate of this He 
into 

4
pore water is poorly known. If a steady-state process is assumed, 

the He content of a static ground water in contact witg U and Th bearing 
minerals would increase quasi-linearly with time . The He input function 
is difficult to estimate. The diffusion rate of 4He in various geomedia 
is poorly characterized. Si nee in oxi di zing environments U can be mobi 1 e 
and form fine-grained mineral coatings on fracture ~r grain walls, the 
opportunity for direct, non-migrational release of He into solution is 
greatly improved. H

4
elium-4 may also rise into a groundwater mass from 

an older, underlying He-bearing groundwater body. 

One to 50 liters of water are sampled for 4He analysis. The di ssolved 
gases (among them 4He) are flushed from the sample and analyzed by gas 
chromatography/mass spectro~try. Although a newly developed technique, 

two studies have employed He dating in conjunction with other geochem­
ical and isotopic daUng methods. Bath, et al . [2] obtained 17 pairs 
of He and correc~d C dates for ground waters from the Bunter sandstone 
in England. The He ages, which rangi.~ from 600 to 85,600 years BP were 
in general greater than the corrected C age. 

rg the Striga mine granite in Sweden, Fritz et al. [3] obtained about 
1.4x10 and 6x10 years

4
groundwater age at the 33TI!m-and 410 m mine levels 

respectively using the He method. As in the case of Bath et al. [3] this 
is also significantly older than corrected radiocarbon ages. Although the 
method v1as successful in identifying very old ground waters in the fracture 
system, the apparent systematic error in the method observed in 

4 
the two 

cases presented here may be due to the release of accumulated He from 
the system. Such releases may be caused by the di 1 ati on of mi crofractures 
in the granite or changes in surface loading due to glacial fluctuations 
in the sandstone. 
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Radiocarbon (14c) 

Like V,itium, 14c (t112 = 5730 + 30 yrs) is produci.~ naturally by the reaction 1 N(n,p) 14c in the upper atmosphere. Free C reacts with o2 to form co2 . Anthropogenic radiocarbon was introduced into the atmosphere 
by thermonuclear weapons testing. These tests i ncreasi~ northern hemi ­
sphere middle 1 atitude atmos pheric concentrations of C from about 100 
pmc* to near twice that. The tropospheric C content peaked in 1963 and 
decreases quasi -exponenti ally

14 
thereafter. Nuclear facilities do not Pf~-

duce appreciable amounts of C and thus do not influence the global C 
balance. The radiocarbon cont1n

4
tof the atmosphere priortodirect sampling may be reconstructed from the C analysis of annual tree rings since they are made up of carbon derived from co2 r..espired during the growing seasons of the annual rings. The analys i s of the 14c content of dendrochronol ogi cally 

dated tree riags has permitted the generation of an 8000 year record of atmospheric C variations. Fluctuations arounrt the atmospheric mean of 100 pmc are neglected s ince they have far smaller influence than other 
uncertainties have in radi ocarbon groundwater dating. 

Unlike the dating of organic materials where an initial 14c activity 
( A0 ) of 100 pmc from the atmosphere can be assumed, dissolved carbonates in ground water derive carbon not only from the soil atmosphere but also 
from mineral carbonates. In water in contact with C02 (~) and a mineral carbonate (e.g. MeC03), the following equilibrium is estaDlished. 

co2(g) co2(aq) 

COz(aq) + H20 0 
H2C03 

0 
H2C03 HC03 + H+ 

HC03 co2-
3 + H+ 

MeC03 co2-
3 

+ Me2+ 

The pH of the solution determines the equilibrium distribution as a func­tion of the temperature-dependent chemica 1 equil i bri urn constants of the 
reactions. At pH values below about 8 . 3, typical of most natural ground 
waters, no appreciable co~- exists, so that the sample taken for radiocar ­
bon analysis is practically all from HC03. If a hydrogen ion balance occurs (i.e., if the pH remains constant, which is a reasonable assumption), 
the equfflbrium reaction set reduces to 

*lgo pmc (percent modern carbon) represents the approximate mean atmospheric 
c activity before anthropogenic carbon was introduced. 
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in which one of the bicarbonates ion produced derives its carbon from the 

~02 ( 11 ) of the soil zone and the other obtains it from mineral carbonates 

1 n tnat zone. If one assumes that a 11 the carbon in the form of H2co3 
and co2(aq) is of gaseous origin, the fraction 

"111 

mH 2
co 3 + l /2 mHco; 

F = * 
mH 2co 3 + mHco; 

represents the proportion of di ssolvect carbon which is derived from C02( g). 

Here the symbol m represents molality and H2co3* includes H2co~ and co2(aq)· 

This fraction may then be used t o determine A0 by 

A0 = F Ag + (1-F) ~in 

where A and Am· represent the 14c activity of the gaseous contribution 

of carb3n and of'lHe carbonate mineral phase respectively. This stoichiometric 

model does not account for exchange processes, fractionation, precipitation, 

dissolution and other geochemical mechanisms. Modification of this model 

which do account for these processes are discussed by Fontes and Garnier [ 5]. 

The bases for these models show the complexity of predicting the initial 

radiocarbon concentrations in groundwater andchemical changes influencing 

that concentration as the water trflels in the subsurface. Nevertheless, 

the atmospheric source function for C i s well defined. Although modeling 

complexity makes accurate absolute dating difficult, if one admits that 

points along a flow path have been affected by similar physicochemical 

processes, then mean rel ative groundwater ages and flow velocities may 

be obtained with confidence. 

Conventionally 14c in ground water is sampled by removing all aqueous 

carbon species from a 50 liter water sample by precipitating them asBaC03 
in alkaline media . The precipitate is transported to the laboratory and 

hydrol i zed to 1 i berate co2• The C activity is measured by gas proportional 

counting or liquid scintillation co~nting . Conventional high precision 

techniques allow the detection of 1 C acti vity to 0.2 pmc (about 9 t 112 
or 52,000 years absolute). Thermal diffusion and 1 aser excitation techniques 

can be used to concentrate 14c in 5 m3 sampl es of water to gain an additional 

3 to 4 t 112 (or about 13 t 112 or 75,00~~ears absolute). Tandem accelerators 

have recehtly been used to measure C concentrations directly by mass 

spectrometry. Some researchers believe that det ection limits to better 

than 17 t 112 (about 100,000 years) will be achieved. Results comparable 

to those ootai ned conventional methods have already been attained at sever a 1 

accel erator facilities . A gr eat advantage of accelerator techniques is the 

very small sample s i ze needed: about 100 ml of water or 10 mg of carbo n. 

Radiocarbon analyses of waters from the nuclear waste disposal test 

facility at Asse mine near Brunswi ck, Germany, show waters containing from 

54 to 84 pmc. [ 6] Although no bomb- t es t carbon can be identified, these 

results suggest r ecent waters, with a mean age no greater than 4,000 years 
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and probably containing a much younger component . The comprehensive geo­
chemical and isotopic investigation at the Stripa mine granite nuclear 
waste test f ac ility [3] included radiocarbon measurements. Waters discharging 
from the fractures in the granite at the mined 330 m and 410 m 1 evel appear 
to have mean corrected radiocarbon ages of approximately 20 ,000yeal's. Further 
analyses of these preliminary results and of t he hydrogeologic and geochemical 
systems at Stripa are necessary before further interpretations can be made. 

Chlorine - 36 (36cl) 

Because of this long half- life (t 112 = 3.0x105 years), chl orine-36 
is well suited for dating old ground waters. It is produced in the atmos­
phere either by thermonuclear explosi~s or ~g small quantities by isotope 
spal 1 ati on by c'3s6'!i c rays convert ing Ar to Cl plus an a'-parti cl e. Con­
centrations of c~6may be empirical ly obtained from site loc~1(;ion data [ 7] . 
Concentration of Cl are usually presented as atoms of Cl per unit 
mass of water. Si nee total chloride concentration is relatively constant 
in !6esh ground waters, this avoids the probl em of dilution by the dissolution 
of Cl-free minerals. 

Once recharge ~gters have infi ltrated, production of 36cl in the sub­
surface will cause Cl ages of ground water to appear too young. Bentley 
[7] has calculated this contribution for various aquifer materials and has 
found it si gni fi cant enough to require a source term correcti on, particularly 
in high urani~t,nd thorium beari ng minerals. Based on waste in ventories, 
the release of Cl into ground water from nuclear wastes stored in geologic 
formations is expected to he negligibl e . Calculations show that nuclear 
wastes such as spent

3
tuels which have a high ~gutron flux will produce 

measurable amounts of Cl f r om intJs;action wi~ Cl inthe geologic envir­
onment according to the reaction '!:1 ( n ,y) 3 Cl • Because of the extreme 
mobility of chlorine in solution, 36cl has therefore been suggested as a 
means of monitoring nuclear waste repositories in salt formations . Although 
the aquatic chemistry of chlorine is much more simple than that of carbon, 
some complications arise with the technique. Some isotopic fractionation 
due to evapotranspiration before recharge or due to ultra..fil trati on effects 
as ground waters pass through si 1 ts or clays may change 3ocl concentrations, 
a 1 though fractionation factor s are not expected to be 1 arge at such a 
high mass number. Cross-form~l?on ground water flow and mixing may al so 
effect resu~ts and subsurface Cl production limits the dating techni que 
to about 10 years in most geologic environments . 

36 Tandem acci~erator mass spectromet ry now allows the detection of one 
Cl atom in 10 extracted from four liters . Although interference from 

36s in the sample has been a probl em with this analytical t echnique recently 
chemical sep~5ation t echniques combi~ with itH~r isotope dilution has 
reduced the S contamination to one Sin 10 Cl. 
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A joint effort between the Nuclear Structure Research Laboratory at 

the University of Rochester and the Department of Hydrology at the University 

of Arizona has developed the techn~~es of accelerator measurement and chem­

ica 1 samp 1 e processing. They have Cl dated a number of groundwater samp 1 es 

fro~6around the world. Bentley and Davis [8] have demonstrated the di 1 uti on 

of Cl by old chloride of marine origin in the Carrizo sandstone aquifer 

in Texas. No appreciable surface production could be identified in a 

sample of modern salt crust from Wilcox Playa, Arizona, and no subsurface 

production was evident in a sample of dome salt from Clear Fork, Texas. 

Waters less than 20,000 years old have been found using this technique 

inthe alluvial aquifer intheTucsonBasin, Arizona. This result is corra­

borated by radiocarbon results. Recent waters have also been found in 

the tertiary alluvium of the i~adrid, Spain~ basin Efnd in the Fox Hills 

Sandstone, North Dakota. Waters in the 10 to 10 year range have also 

been identified in the Fox Hills aq~it,er. In applications ev~luati ng geologic 

repositories for nuclear wastes, Cl dates of about 5x10 years have been 

obtained at the Savannah River Plant, South Carolina. This agrees very 

we 11 with the 3He age. The method is being currently app 1 i ed to the 

wa ters obtai ned from the basalts at the Hanford Reservati on, Washington. 

and from the bedded salts near the WIPP site in New Mexico. 

The Isotope Hydrology Section of the International Atomic Energy Agency 

in Vienna is currently preparing a publication which reviews in detail 

these. and other isotopic techniques used in potential nuclear waste di sposa 1 

site assessment. 
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ABSTRACT 

In accordance with the decision to defer the reprocessing 
of commercially generated spent fuel, we are i nvesti gating the 
implications on risk of direct disposal of spent fuel assemblies. 
To the e xtent possible, we are using the methodology developed 
at Sandi a for the NRC to evaluate risks from the disposal of 
wastes from reprocessing of spent fuel. This allows direct 
comparison of the risks calculated for the two waste forms. 
A number of differences between the two waste forms with impl i­
cations on risk have been identified and investigation of their 
effects has begun. Among these are the presence of gases and 
addi ti anal pl utoni urn and urani urn 1 so topes, the potential for 
differing 1 each behavior, and the difference in the decay heat 
source which determines the overall thermomechani cal response 
of the host media. We have analyzed a number of scenarios for 
a hypothetical geologic repository that have been identified as 
importa nt contributors to risk from the disposal of both repro­
c essed and unreprocessed spent fuel. For each scenario, we 
employ the Groundwater Transport, Pathways to Man, and Dosimetry 
andHealth Effects models of the High Level Waste Methodology. 
Risks are compared for the reprocessed and unreprocessed spent 
fuel wastes and the effects of uncertainty in the parameters 
of the variou s models are compared. 

Several years ago, Sandi a began the development of a me tho dol ogy to 
assess risks from the disposal inbedded salt deposits of high level wastes 
( HLW) resulting from the reprocessing of spent nuclear fuel [1] . This project, 
called the HLWstudy, is nearing completion. Recently, spent unreprocessed 
fuel (SURF) has become a candidate waste form. The question then arises 
as to what extent the methodology resulting from the HLW study could be 
applied to the di sposal of SURF. It is the objective of the SURF study 
to assess the applicability of thi s methodology to SURF disposal and to 
expand and modify the methodology, if necessary. 

The use of the HLW methodology to describe SURF disposal, if success­
ful, is desirable in several respects, 
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(1) It avoids duplication of the developmental effort expe nded in 

the HLW study. 

(2) It allows direct comparison of results of the SURF and HLW risk 
cal cul ations since both are produced using the same methodology. 

( 3) It exercises and extends the HLW methodology. The experience and 

insights thus gained will allow additional checks on the 
methodology. 

The obvious differences between SURF and HLW that may result in differ­

ences in the r i sk and in the variables important to r isk are such things as 

depository geometry and inventory differences, espec ially those i ntroduced 

by bypassing reprocessing. In addition, wewill investigatethe possibility 

that a different scenarios dominate the risk of SURF disposa l than those 

dominating the risk of HLW disposal. We have in mind here those scenarios 

which may involve the decay heat characteristics of the waste. 

At the beginning of each study a design for the mined faci lity was 

assumed from the open 1 i terature. These descriptions were needed to pro­

vi de room and corridor geometry, shaft 1 ocati ons, waste empl acement , density, 

etc. For the HLW study an 1100 acre design was chosen with waste canisters 

emplaced at a density producing 60 kW/acre from decay heat [2]. For the 

SURF study, a 3000 acre design was chosen with an emplacement density of 

30 kW/acre [3-5] . 

The waste radionuclide inventories were taken from available projec­
tions of was te generation rates. For the HWL study, the Bl omeke "Low growth" 

projections were used [6]. In the SURF study, a projection for spent fuel 

assembly discharge rate was used [ 5] along with SANDI A-ORIGEN [7] to generate 

the isotope-specific inventory. 

With the isotope specific inventories we may begin to address one 

of the basic questions to be answered in the SURF study. Th i s question 

addresses the similarity of the sets of scenarios chosen to ana lyze HLW 

and SURF repositories. We sort the scenarios into two general categories , 

1) generic, media-dependent 
2) waste or mining induced 

In the first group we place any scenario that may be postul ated fo r a 

repository-sized tract with the same, or similar geol ogy, independent of 

the presence or absence of nuclear waste or the type of waste. Exampl es 

of scenarios in this category are exploratory boreholes and fau lting in 

the area. Inthe l atter category we would include such scenarios as shaft­

seal fai 1 ure and the thermomechani cal response. This 1 ast exampl e, the 

thermomechani ca 1 response, is one of potential difference between HLW and 

SURF which we feel shoul d be investigated. 
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We have performed a limited anlaysis of the thermomechanical response of HLW and SURF repositories. This analysis was performed using the ADINAT[8] and SANCHO[ 9] codes avai 1 ab 1 e at Sandi a. With these we have the capability to analyze the thermomechanical response of the reference repository and to pr opagate the uncertainties in the thermomechanical parameters. The creep behavi or of the salt is included in thisanalysis. Somepreliminary results a re presented in Figures 1- 3. For this cal cul ati on we have assumed an a xi symmetric repository making the depository a thin disk of radius Rdep. 

I n Figure 1, the heat generation is plotted and has been normalized to that of the HLW repository, 60kW/acre. Initially the HLW emplacements generate heat at twice the rate of the SURF emplacements. Beyond about 90 years, the SURF emp 1 acements generate heat at a greater rate than the HLW emp 1 acements and continue to do so i ndefi ni tely. This results from thei r higher actinide content. In Figure 2 is plotted the radial depend­ence of the surface uplift at the time of maximum central uplift for the two repositories. Both are normalized to the depository radi us. Here we see that the HLW depository has the greater uplift. In both cases, the bulk of the uplift occurs over a distance of approximately Rdeo· In Figure 3 is shown the time dependence of the surface up 1 i ft over tne depository center. Here we see that the response in the HLW depository is nearly over at the time the SURF depository is reaching the maximum uplift . The initial negative displacement results from the treatment of the backfilled drift r egion. This region is modeled as a volumetrically creeping zone and i s intended to account for the higher pore volume in the backfilled region which induces i ni ti al subside nee as this region assumes t he undisturbed state. Aftertimes long \'lith respect to the duration of the thermal pulse, the surface assumes a displacement of about 40 em due to compaction of the backfil led regions. We will continue to analyze the results of these and other calculations in order to better understand the implications of the stresses and strains induced by the thermal response. 

In examining the results of the risk calculations, we have two basic questions to answer, 

(1) What are the important variables and parameters in calculating risks from SURF disposal? 

( 2) If they are not those found in the HLW study, can we under­stand the differences? 

Thus we wi 11 compute risks and perform sensi ti vi ty analyses on a number of scenarios common to both SURF and HLW disposal and wi 11 compare the results. 

The first example presented postulates a U-tube hydraulic connection 1 eadi ng to transport of radi onucl ides through the upper a qui fer (Figure 4). In this scenario, we also postulate a field of withdrawal wells into the upper aquifer, down-dip from the depository. The U-tube may result from 
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some combinations of boreholes, shaft seal failures, or thermally induced 

fractures. In Figure 5 results of a typical risk calculation are shown. 

At each time a scatter of calculated consequences is shown which results 

from scatter in such input data as hydraulic properties and geochemical 

parameters. Also shown are the arithmetic mean and median consequences. 

The sensitivity analysis determines the variables dominating the spread 

in calculated consequences at a given time. 

Results of this sensitivity analysis are shown in Figures 6 and 7. 
In Figure 6 is shown the importance to the consequence of the variable 

determining the duration of the release of radionuclides from the deposi­

tory . The quantity plotted indicates the importance of the variable by its 

proximity to unit magnitude. The first observation is that the importance 

is time-dependent in general. Secondly, the variable is important for both 

HLW and SURF disposal, a frequent result for variables related to the radio­

nuclide source term. 

In Figure 7 is shown the time dependence of the importance of the 

sorption constant, kd, for Am. Here we see that this variable is important 

for both waste reposltories initially, but becomes less important with time 

for SURF repositories. This results from the difference in th~~sumed radio­

nuclide inventories in the two studies. In the HLW the Cm inve24£rY 

is present in sufficient inventory to maintain a nearly 
2
c¢rstant Am 

inventory. In the SURF inventory assumed, 4~e i ni ti al Am inventory 

is somewhat high~~ than in the HLW while the 2 Cm parent is lower. Thus, 

the equilibrium 1Am inventory if
41

1ower in SURF and Figure 7 is showing 

the decay of a larger initial Am inventory, and, along with it, the 

importance of its sorption constant to the risk. 

In Figure 8 is shown a borehole scenario also analyzed. For this 

analysis we chose to look at the total integrated discharge as a measure 

of the risk. A similar sensitivity analysis showed distribution coefficients, 

leach rates, hydraulic conductivities and release initiation time to be 

important forboth HLW and SURF. However, in the SURF analysis, solubility 

limits for Pu and U were also important . These last two variables were 

not important for either HLW or SURF in the U-tube scenario, most 1 ike ly 

due to the higher groundwater flows in that scenario. The result may 

be understood by noting the higher U and Pu inventories accessed in this 

scenario for the SURF repository. 

Preliminary conclusions from the SURF study may now be presented. 

(1) The set of scenarios chosen for the analysis of SURF repositories 
is not expected to differ greatly from those chosen to describe 
HLW depositories. 

(2) The variables of importance in risk analysis are not universal. 

They may depend on the radionuclide inventory, the scenario, the 
depository geometry, and time. 
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The study of risk from disposal of unreprocessed spent fuel in bedded salt will be completed this year. 
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ABSTRACT 

In late 1979, the Nuclear Regulatory Commission initiat­
ed what has come to be known as the "NRC Waste Confidence 
Rulemaking . " This paper pr esents a general background of the 
proceeding , and its current status, as well as a brief dis­
cussion of positions taken by some of the participants on 
various significant issues. 

THE NRC WASTE CONFIDENCE PROCEEDING 

The U. S . Court of Appeals for the Distric t of Columbia Circuit on 
May 23, 1979 rendered a decision r emanding to the NRC two licensi ng ac­
tions i nvolving the expans i on of specific reactor spent fuel pools, for 
consideration of "whether there is reasonable assurance that an off-site 
storage so lution will be reasonably available by the years 2007-2009, 
the expiration of the plants' operating licenses, and if not, whether 
there is reasonabl e assurance that the fuel can be stored safel y a t the 
r eactor sites beyond those dates. " In its decision, the court specifi­
cally rejec ted arguments that the NRC was required to address these 
issues through an adjudicatory proceeding, and, indeed held that in view 
of the breadth of the questions involved a nd the fact "that the ultimate 
determination can never rise beyond a prediction, " the determination 
could be " a kind of legisla tive judgment for which rulemaking would suf­
fice [ 1 ] • " 

In r esponse to this decision, and also as a continuation of previous 
expressions of intent to periodically review the basis for its past ex­
plicit and implicit findings of confidence, the Commission published on 
Oc tober 25, 1979 a notice of its intent to conduct a rulemaking proceed­
ing whose purpose is " sol ely to assess generically the degree of as­
surance now available that radioactive waste can be safely disposed of, 
to determine when s uch disposal or off-site s torage will be available, 
and to whether radioactive wastes can be safely stored on-site past the 
expiration of existing facility licenses until off-site disposal or 
storage is available [ 2] . " 
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Following this notice, the proceeding attracted more than 40 full 

participants, representing industry, states and cities , Federal agencies 

including the Department of Ener gy (DOE) , individuals, and non-profit 

organizations including such entities as the American Nuclear Society 

and the American Institute of Chemical Engineers, and such groups as the 

Natural Resources Defense Council (NRDC) and the New England Coalition 

on Nuclear Pollution. Shortly after a late January , 1980 prehearing 

conference to resolve a number of procedur al issues, the presiding of­

ficer issued an order which, among other things, 

1. sustained DOE's position that the proceed­
ing should deal only with spent fuel and 
not high-level waste f r om reprocessing, 

2. provided clarification that the rulemaking 
would not address low-level wastes, mill 
tailings, etc., nor would it address the 
safety of transportation, 

3. ruled that the proceeding does not repre­
sent a major Federal action having a 
significant impact on the environment, and 
thus an environmental impact statement is 
not required[3]. 

Additionally, the order provided a schedule for written submittals and 

responses to be filed by the participants. 

On April 15, 1980, the U. S . Department of Energy fi l ed its 

Statement of Position, a 740-page document which concluded: 

"1. Spent nuclear fuel from licensed facilities 
ultimately can be disposed of safely off­
site . 

2. Disposal facilities will be in operation 
between 1997 and 2006, and the initial in­
crement of off-site storage facilities can 
be in operation by 1983. 

3. Spent nuclear fuel from licensed facilities 
can be stored safely either on-site or off­
site until disposed of ultimately . " 

On July 7, 1980 the other participants f iled their statements of 

positions . At the risk of oversimplification, it may be said that 

statements of industry groups , professional or ganizations and Federal 

agencies generally favored a finding of confidence, while, on balance , 

States and public interest groups questioned to varying degrees the 

ability of the Federal government to solve a number of alleged technical 

and institutional problems . The four-volume Statement of Position of 
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the Utility Nuclear Waste Management Group, and the Edison Electric In­
stitute, who are participating jointly, expressed support for the De­
partment of Ener gy position, and provided an independent assessment of 
the status of storage and disposal technology, and the basis of our con­
fidence in the l ong-term performance of a mined geologic disposal system. 

On September 5, 1980 participants filed cross-statements on the 
positions taken by others, and on October 6 all participants were r equired 
to file suggestions as to the conduct of further proceedings, additional 
areas of inquiry or other data or studies required to reach an informed 
decision . 

I will return to the chronology of the proceeding and its present 
status in a moment, but first I would like to briefly summarize for the 
benefit of this audience the more significant allegations made on the 
part of those particLpants who would favor a finding of no confidence in 
safe waste disposal, with particular emphasis on those allegations re­
lating most directly to the subject matter of th is symposium - the de­
velopment of standards and criteria, and the uncertainties surr ounding 
prediction of post- closure repository performance . In summarizing these 
concerns, I fear I will depart slightly from a dispassionate r ecital of 
the issues, and give yo u a very abbreviated UNWMG-EEI response. 

Statements by some participants raise a fundamental objection in 
that they claim that, without NRC and EPA criteria and demonstration that 
these criteria will be satisfied, there can be no assurance that radio­
active wastes can be safely disposed of [4,5]. Briefly stated, the UNWMG 
position on this issue is that in no area of human affairs does the ab­
sence of government regulations make an assessment of safety impossible, 
and, indeed such evaluations are routinely performed in other areas . 
Bearing in mind the massive amount of information in existence concerning 
the effects of radiation and what constitutes acceptable levels of ex­
posure, the UNWMG- EEI submission contains many comparisons of radioac­
tive waste hazards to other hazards which are rout inely accepted , for 
example, variations in natural background exposure with geographic loca­
tion. Further, we argue , the ongoing dialogue which DOE maintains with 
both the NRC and EPA gives ass urance that DOE programs are structured in 
a sufficiently flexible manner to accommodate refinements in the develop­
ing regulatory criteria [6,7]. 

Related to allegations regarding the lack of regulatory standards 
and criteria is another argument advanced by some participants that the 
DOE has not demonstrated that it will be able t o comply, and indeed in 
some cases the DOE program is currently at variance with, draft NRC 
technical criteria published in May, 1980[8]. Notwithstanding the fact 
these criteria carry the disclaimer that they do not necessarily repre­
sent even the NRC staff ' s tentative position on the issues, much less 
having been proposed on a formal basis, the UNWMG-EEI has responded to 
these allegations by pointing out what we believe to be misinterpre tations 
of the draft criteria. As one example, the NRC draft criteria refer t o 
establishing site suitability criteria which would lead to "uninteresting 
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sites of little resource value" in order to lessen the possibil ity of 

human intrusion . At least one participant apparently interprets this 

as eliminating salt as an acceptable hos t rock [4] . A reading of t he di s ­

cussion accompanying the draft criteria reveals, however, that NRC is 

concerned with the avoidance of sites which " are sure t o attrac t the 

developer or explorer. " Parenthetically, the UNWMG-EEI believe the pro­

blem of human intrusion has been vastly overstated, in that fai l ure 

mechanisms which conceivably could be caused by intrusion have been and 

ar e included in system safety analyses. Further, other scenarios invol ve 

small numbers of individuals and are based on unrealistically conservative 

assumptions regarding loss of institutional control, loss of markings and 

o t her records, and absence of radiation detection capability [?]. 

Wi t h respect to site selection, some participants have expressed 

reservations concerning the ability of earth scientists to adequately 

a nticipate future geologic conditions. For example, one participant al­

l eges that it is impossible "to predict long-term geologic processes ," 

and that in view of the unknown probability of a geologic event, it is 

impossible to calculate " a reliable risk assessment of the impact of s uch 

an event" and that we "cannot begin to rely on engineered barriers or 

' conservative assumptions ' to overcome the uncertainties [9 ] . " Cl osely 

related to these allegations concerning geologic stability are those 

concerning hydrology. More specifically, some participants have raised 

questions with respect to the ability of the state-of-the-art to ade­

quately characterize hydrologic conditions, the extent t o which ground­

water can influence repository performance, and the characteristics of 

groundwater movement [l O,l l ]. 

Without going into detail, in our view these doubts result both 

from a lack of perspective as to the time period over which a high degr ee 

of containment is required in relation to the geologic time scale, that 

is, the three centuries or so during which fission product activity is 

reduced by ro ughly three orders of magnitude, as opposed to hundreds of 

millenia, and misconceptions regarding the very nature of geologic pro­

cesses, which by and large ope rate extremely slowly and at rates which 

are uniform over very long periods of time. In this and other areas 

germane to prediction of long-term repository performance, we believe 

that existing so-called " gaps " and "uncertainties" in our current know­

ledge turn out to be in our inability to forecast with precision reposi­

tory performance into the distant future, not in our ability to perform 

t hose conservati ve or bounding calculat ions which can b e used to demon­

strate safety[?] . 

Some participants point to data needs concerning radionuclide 

transport as an obstacle to a current finding of conf i dence [4, 9 ]. Indeed, 

in the case of measurement of rock properties, some par ticipants have ex­

pressed the view that it is necessary to conduct the site- specific in­

vestigations, or in-situ testing needed to design and construct a repo­

sitory in order to have confidence that radioactive materials can be 

disposed of safely [4 , 12] . Herein lies what we believe to be a fundamental 

misconception regarding the role of in-situ testing . In our view such 
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t esting is properly used chiefly t o des cribe near-field phenomena and to 
determine the rock-mechanics parameters for design and cons truct i on of 
the mined facility itself , not to verify long-term repository performance 
assessments. Rather, the validity o f such assessments rests on knowledge 
of waste form perfo rmance and geohydrology, areas well enough understood 
today for confidence in ultimate safety [?]. 

Several comments point to the absence of reliabl e models for the 
fundamental so rption process as an obstacle to confidence [9,12 ,1 3]. Fo r 
example, r e ferring to the status of modeling technology in general , one 
par ticipant claims in its position s t atement that "(n)ecessary ma thema­
tical models a r e underdeveloped , undeveloped, or impossible to develop 
[1 2 ] ." By contrast, the UNWMG-EEI take the position tha t available models 
and models undergo ing r efinement a re in fact appropriate fo r safety eval­
uations, and are based on well-established scientific principles . Th ey 
describe phenomena and processes in an approp r iate level of detail, and 
naturall y incorporate approximations for phenomena not precisely under­
stood and, indee d, for computational ease and economy. The us ers of 
such models are well aware of the capabilities and limitations of s uch 
models, and therefore their suitable uses. In our view elegant , highly 
detailed, highly sophistica ted models describing mechanist ically ever y 
conceivable phenomenon affecting nuclide movement are simply not required 
for an assessment of disposal safety[6,7]. 

The foregoing discussion i s not compl e te by any stre t ch of the 
imagination . I would like to stop a t this point , however, to give yo u a 
brie f litany of other t echnical and institutional issues which have been 
r aised , but which time does not permit me to discuss at any length . Such 
technical issues include: 

1. Assertions as to insuff i cient data on long­
t erm s pent f ue l storage in water-filled 
bas ins, including accidents at such poo l s 
and sabotage , and allegations that higher 
dis charge burnup fuel anticipated in future 
fue l cycle designs will be less suitable 
for long-te rm s t o r age [4 ,5,9, 11 , 14]. 

2 . Al legations that current exploration tech­
nology is i na dequa te for identifying suit­
able repository sites , including asser t ions 
as to disruption of the sites ' integrity 
during the characterization phase[9,10]. 

3 . Claims that knowledge of hos t rock 
properties and interact i on mechanisms are 
inadequa t e to assure mine stability fo r 
t he emplacemen t a nd retrievability 
periods [9]. 
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b. Assertions that the data base on spent fuel 
as a waste form is insufficient to allow 
adequate prediction of release rates, in­
cluding claims as to the potential for 
recriticality[4 ,11 , 12,15] . 

5 . Claims that the data base on corr osion of 
potential canister materials and sorptive 
capacity and thermodynamic properties of 
potential overpack and backfill materials 
is inadequate [4 , 9, 12, 13]. 

6. Assertions that technology for adequately 
sealing boreholes and shafts is not avail­
able [ 4, 9, 1 0] . 

Institutional issues include: 

1. Belief that the DOE will be unable to de­
velop and implement an effe c tive waste 
management progr am because its internal 
managerial and organizational structure 
is inadequate[ 12, 16] . 

2 . Assertions that no reliance can be placed 
on the constancy of future Administrations 
and Congresses in their commitment of man­
power and funds for the waste program[4, 10, 

12, 17] . 

3. Doubt that the many Federal agencies with 

authority over various segments of the 
waste management program will be able to 

effectively coordinate their efforts and 
resolve their differences[ 12, 17] . 

4 . Allegations that the Federal government 
in general and DOE in particular will be 
unable to resolve the problem of the role 
of State and local governments in imple­
menting a r epository system[4 ,9, 11 , 12, 16, 
18, 19] . 

5 . Claims that DOE has seriously underes ti­
mated the difficulties involved in achiev­
ing public acceptance of a geologic re­
pository[1 1 , 19,20]. 
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In the few minutes remaining I would like to inform. you as to the 
current status of the proceeding and the implications of the ultimate 
Commission finding for nuclear utilities. 

On December 10, 1980 the Advisory Commit tee on Reactor Safeguards 
issued a report to the NRC in which it concluded that the Commission 
should have a high degree of confidence that radioactive wastes can be 
safely disposed, and safely stored in the interim., but cited institu­
tional issue~ as contributing to uncertainty as to a firm. availability 
date for a geologic repository [21]. 

On January 29 , 1981, pursuant to an earlier Commission order, the 
special NRC internal working group on the Waste Confidence proceeding 
filed its report on the record established to date. The purpose of this 
report was to summarize the record and identify key issues and contro­
versies, and, insofar as possible, indicate how their resolution could 
affect the Commission ' s decision. Also, the report recommends areas 
where, in the opinion of the working group, the record s hould be supple­
mented. In this connection the working group identifies these areas in 
which it believes additional information may be des irable: 

1. Historical and projected DOE Program. 
expenditures and manpower commitments, 
and program. plans which detail the r e­
lationship between those programs and 
specific technical problems and the 
timing of expected solutions , 

2. Information on basalt at the Hanford 
site derived from. r ecent power plant 
siting investigations, 

3. Additional technical studies on DOE's 
analysis of retrievability [22]. 

On March 5 the UNWMG-EEI filed its comment s on the working group 
report, pointing out instances of what we believe to be inadequate 
weighting of the identified major issues based on the evidence submitted 
by the partic ipants, and restating our position that sufficient factual 
information has been supplied for the Commission to make an affirmative 
determination. As of this date, the Commission has not formulated its 
position as to the conduct of the remainder of the proceeding. 

While a negative finding by the Commission in this rulem.aking would 
not necessarily present an insurmountable obstacle to future reactor and 
spent fuel pool expansion licensing, depending on the reason for the nega­
tive finding, the Utility Nuclear Waste Management Gr o up and the Edison 
Electric Institute believe the proceeding provides a unique forum. where 
public concerns, as well as those of State regulatory agencies and local 
governments can be somewhat eased, or, al terna tively, seriously aggrava­
ted. In addition, an affirmative finding on the part of the Commission 
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could create a s tronger basis of support for nuclear power on the part 

of the investment community and the Congress, both traditionally s uppor­

tive of nuclear development but recently having come under increasing 

pressure due to a perceived lack of progress in resolving the high level 

waste disposal question. These, then, are the reasons , most particularly 

public acceptance, for the high degree of interest and involvement on the 

part of nuclear utilities in this proceeding, and this interest and in­

volvement will continue until it is brought to a successful conclusion. 
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ABSTRACT 

Several Monte Carlo and numerical analytic techniques have been 
used to estimate system uncertainty for a moderately difficult hy­
drology problem. Each technique was constrained to use only about 
200 system evaluations because in repository analyses these evalua­
tions are often qui te costly. The results show that the Monte Carlo 
techniques yield reasonable estimates of system uncertainty . The 
numerical analytic techniques failed because of the severely "spiked" 
integrands that must be evaluated. 

INTRODUCTION 

The safe disposal of commercially generated nuclear waste requires 
a careful assessment of the dangers to present and future generations 
posed by the disposal site. A key issue in determining the potential 
risk from disposal is the appropriate evaluation of the effect of the 
uncertainty. Indeed, a large portion of this conference has been 
devoted to discussions of the means by which sources of uncertainty 
can be identified and evaluated. This paper deals with a discussion 
of the relative merits of methods which can be used to evaluate the 
uncertainty in overall system performance caused by the uncertainties 
in component performance . 

In the past, system uncertainty studies have been based on a Monte 
Carlo approach. Either "random" Monte Carlo (Ref. 1) or a form of 
stratified sampling Monte Carlo (Ref. 2) have been employed. At the 
ONWI/INTERA Conference on Uncertainty held in Galveston, Texas, the 
panel on system uncertainty endorsed the use of Monte Carlo techniques 
in general and Latin Hypercube Monte Carlo in particular for system un­
certainty evaluations . However, it was conjectured at that conference 
that traditional numerical analysis techniques might also be effective 
in evaluating system uncertainty. 

This paper reports some work performed to determine the relative 
merits of several Monte Carlo and numerical analysis techniques in the 
evaluation of system uncertainty in a moderately complex hydrologic 
problem. 

The principal cost incurred in evaluating system uncertainty is 
the expense of repetitivel y exercising the entire systems model . In 
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a real case,each run of the model i s likely to be quite expensive. 
Consequently, system uncertainty evaluation calls for a method which 
provides reasonable accuracy with a relatively small number of runs. 
In this study, even though the 11 Systems model., is a single line of 
code, only uncertainty evaluation methods requiring approximately 
200 system model evaluations were considered . This restriction was 
arbitrarily imposed in order to provide a fair comparison between the 
methods employed. 

THE PROBLEM 

The hydrologic problem for solution i s depicted in Fig. l. 
Groundwater flows upward from a lower aquifer to a repository through 

a resistance R1 . Groundwater can leave the repository moving to an 
upper aquifer either through the geologi c formation (resistance R2) 
or through a shaft with cross section W, permeability k, porosity e, 
and length z. The potential difference between aquifers is 6H and 
there is no potential difference between the shaft and formatio n out­
lets in the upper aquifer. 

All of the parameters except shaft length are assumed to be un­
certain. Figure 1 contains a description of the uncertainties. 
Throughout this paper 11 logarithm 11 is meant to be base 10. A variable 
is said to be distributed log-X if the loglQ of the variable is dis­
tributed according to the probability distr1bution X. 

Application of Darcy's Law shows that t, the flow time in the 
shaft, is given by 

zWe ( z Rl z ) 
t = 6H Rl + KW + R

2
kW ( l ) 

The uncertainty in the value of the flow time caused by the parameter 
uncertainties is to be determined. 

METHODS FOR UNCERTAINTY EVALUATION 

Monte Carlo Methods 

Three different Monte Carlo techniques were used to evaluate 
system uncertainty. In the Random Monte Carlo (RMC) technique, a 
value for each input parameter is randomly chosen according to the 
probability density functions (pdf's) of the parameters . This pro­
cedure was repeated in order to form an ensemble of 200 possible 
problem descriptions with each individual parameter distributed 
according to its assumed pdf. In the Latin Hypercube (LHC) technique, 
each parameter's range was divided into 200 equiprobability segments 
according to the parameter' s pdf, and a value of the parameter was 
randomly chosen in each segment. An ensemble of 200 problem descrip­
tions was then formed by randomly choosing without replacement one of 
the set of values for each parameter for each description. 



VARIABLE 

z (m) 

R1 (yr/m 2 ) 

R2 (yr/m 2) 

.1H (m) 

W(m2 ) 

k (m/yr) 

e 
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UPPER 
AQUIFER 

R2 W , k, e, z 

LOWER 
AQUIFER 

RANGE 

400 

(0.2, 20) 

(2, 200) 

(8 , 12) 

(20, 80) 

(3.16 x 1o-3, 31 .6) 

11 o - 3• 1 o - 21 

DISTRIBUTION 

FIXED 

LOG-NORMAL 

LOG-NORMAL 

UNIFORM 

NORMAL 

LOG-UNIFORM 
LOG-TRIANGULAR 

Fig. 1. The problem for soluti on. 
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For these techniques the uncertainty is estimated by performing 

statistical analysis of the flow times evaluated from the descriptions 

in the ensemble . Means, variances, and distribution functions can be 

estimated. 

The final Monte Carlo technique used was the Replicated Latin 

Hypercube (RLHC). In this technique, ten independent twenty-description 

LHC's are performed. The average values of the ten means and variances 

for the LHC's are used as estimates of the system mean and variance . 

Numerical Analytic Techniques 

Several numerical analytic techniques were used to estimate system 

uncertainty. In each case, a numerical integration was attempted to 

determine the first two moments of the pdf of flow time. That is, to 

evaluate six-dimensional integrals of the form 

(2) 

where n is 1 or 2, dfx denotes the pdf of variable X, and (1) is used 

for t in the integrand. 

Two general types of integration techniques were used to evaluate 

the integrals . In Gaussian Quadrature techniques (Ref . 3) the integral 

is approxi mated by a sum of the form 
N 

f f(~) d~ = .L: en f(~) (3) 

n=l 

where the constants c0 and the points ~ are chosen so that any poly­

nomial up to a specif1ed degree can be exactly integrated. The hope is 

that if the integrand looks roughly like a polynomial of appropriate 

degree, (3) will approximate the value of the integral . In this study 

methods based on polynomials up to degree 7 in six variables were 

attempted. Higher degree formulas exist, but the li mitation to approxi­

mately 200 function evaluations ruled out their use. 

The other numerical integration methods used were examples of 

techniques based on the theory of uniformly di stri buted sequences 

(Ref . 4). In these methods recent results in number theory are used 

to choose sequences of points ~ such that 

J -1 N 
f(~) dx = N L f(~) 

- n=l 

(4) 

These techniques have been used successfully in the evaluation of 

multi-dimensional integrals. In this study, sequences with N approxi­

mately 200 were used. 
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FAILURE OF THE NUMERICAL ANALYTIC TECHNIQUES 

After using several integration techniques of each type, none of the approximations to (2) gave results which were physically reasonable. The difficulty is the extreme "bumpiness" of the six-dimensional integrand . Figure 2 indicates the severity of the problem. It shows a plot of the variation of the integrand of (2) with the shaft perme­ability, k, when the other variables are held constant, and n=l . The extreme slope of the integrand is too sharp for adequate integration in six dimensions using only approximately 200 points. 

Spikes also occur in the variation of the integrand with some of the other variables. Consequently, the integration surface is far too complex for either integration method given a few hundred point limita­tion . 

t X dfk 

1 

z - 400 

R1 - 2 

R2 - 20 

.:1H - 10 

w - 50 

e - 3 . 1 6 X 1 o-J 

R~924.8 

10-2+-------~----~------~------~------r-----~------~ 0 5 10 15 20 25 30 

k: PERMEABILITY (m/yr) 

Fig. 2. Why the analytic techniques failed. 
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RESULTS OF THE MONTE CARLO METHODS 

Means and Variances 

The three Monte Carl o techniques all gave values for the mean and 

variance of the flow time whi ch were in good agreement with each other 

and with physical i ntuition. These methods were further tested by 

repeating each fifty times in order to determine the expected scatter 

in resul ts for the mean and variance of the uncertainty . Table 1 con­

tains the mean value of the 50 means and variances cal culated for log t 

for each technique as well as the standard error in the means and 
variances. These results show that with 200 samples all of the techni­

ques prov ide roughly equal estimates of the system uncertainty. More­

over the results are repeatable from analysis to analysis . 

Table 1. Means and Standard Errors of 50 Repetitions of 
Estimators of the Expectation of Flow Time, E(t), and the 
Variance of Flow Ti me, Var(t) 

Evaluation Technique 

Stati sti cs of Estimators RMC LHC RLHC 

Mean of E(t) 3.426 3. 438 3.439 

Std. error of E(t) 0.071 0.026 0.055 

Mean of Var(t) 1.11 2 1 .125 1 .127 

Std. error of Var(t) 0 .066 0.024 0 .024 

Determination of the Cumulative Distribution Function 

Figure 3 shows the cumul ative distribution function (cdf) for 

log t based on the fifty RMC analyses. The solid curve is the best 
estimate. The dashed curves are 95% confidence bounds on t he cdf . 
This information all ows approximate determination of the probability 

of exceedi ng any given value of l og t. 

An alternative approach to event probability esti mat ion i s t o 
treat the Monte Carl os as a set of repeat ed experiments designed to 

estimate event probability. For exampl e, suppose it is necessary to 

estimate the probability that shaft f low time i s less t han twenty 
years. In the 10,000 (50x200) RMC runs, 19 outcomes with t < 20 were 
observed . Using el ementary stati sti cs to est imate p, the probability 

of t < 20 , we find that p i s almost certainly less than 0.0034 . 
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Fig. 3. The cumulative dist r ibution function for the 
logarithm of flow time . 

CONCLUSIONS 

The results of this study lead to the following conjectures about 
the evaluation of system uncertainty where the number of system evalua­
tions is limited to a few hundred. 

• Monte Carlo techniques can accurately estimate 
system uncertainties for moderately complex 
problems 

• Numerical integration techniques fail to ac­
curately estimate system uncertainty. 

The principal advantage of the Monte Carlo techniques is that the 
parameter pdf's are used only to sample the distribution. That is an 
easy task. However, for the numerical integration techniques one must 
integrate these pdf's which are often 11 Spikes 11 for di stributions 
describing geologic variables. This i s significantly less easy. 
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ABSTRACT 

We have examined, by Monte Carlo methods, the uncertain­
ties of a variety of models of different mathematical forms, 
including an atmospheric carbon dioxide model , a marsh 
hydrology model, a model of plutonium movement in a forested 
watershed, and a model of food chain transport of iodine. 
When the uncertainties affecting the predictions of these 
models are partitioned into the sources of error we find 
that: (1) the relative contribution of a parameter to model 
uncertainty may not be reflected by sensitivi ty analysis; 
(2) the mathemati cal formulation of the model is critical 
with simpler models often having lower uncertainties; 
(3) deterministic solutions often give biased predictions, 
especially when stochastic effects are present; and 
(4) assumptions regarding statistical frequency distributions 
are often unimportant. 

Results indicate that little information may be needed 
to reflect the error propagation properties of a model, and 
identify the critical portions of the model (e.g., parameters 
and/or mathematical structure) and make reasonable estimates 
of uncertainties associated with predictions. 

ERROR ANALYSIS 

Introduction 

Error analysis is the systematic determination of uncertainties in 
model predictions. The determination of the causes and extent of model 
uncertainties encompasses aspects of model development, analysis, data 
collection and synthesis, and model simulation and prediction . 

*Health and Safety Resear ch Division, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee 37830. 
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Our studies on the phenomena associated with uncertainties have 
considered a broad range of eco 1 og i ca 1 and env i ronmenta 1 mode 1 s. The 
results provide guidelines that permit the design of experiments and 
models which reduce prediction error. These results have direct app li­
cation to the determination of uncertainties associated with the env i ­
ronmental transport, fate, and subsequent health effects of high-level 
radioactive wastes. 

Background 

Since our early explorations [1,2] and development of an unpub­
lished document by Overton [3], error analysis in ecosystem models has 
become a topic of cons i derable interest. This i nterest was a natural 
development of work on sensitivity analysis (fo r exampl e, see refs. 
4-6) and stochastic modeling (see ref. 7 for a review of this field). 
Over a dozen studies have appeared since 1977 which are directly or 
indirectly related to error analysis. 

Similar interests have been shown in other fields. For instance, 
cl imate models (see Frankignoul [8] for a recent paper in this fie ld), 
atmospheric transport models [9-11], hydrologic models (e.g., 
refs 12-16), and problems of spatial variab ility [17, 18]. 

One of the important results from stochastic si mulation has been 
the application of experimental design to Monte Carlo analysis. By 
using stat i stical sampling designs (e.g., Lat in Hypercube, refs. 19 ,20), 
the efficiency of Monte Car l o simulations can sometimes be increased 
s ignifi cant l y. Steinhorst [21] and Steinhorst et al. [22] have also 
app lied experimental des i gn to "validation" and sensitiv ity studies 
[23] . 

The objectives of each analysis determine the methods applied. 
For the majority of our studies, we have adopted a Monte Carlo method­
ology. For each Monte Carlo study the model parameters are described 
by statistical distributions (e.g., means and variances), a speci fi c 
set of parameters is chosen randomly from these distributions, and a 
model simulation is produced. This process is repeated until the 
s tatisti ca l properties of the model output can be determined. We have 
recently applied this process to rad iologi cal assessment models which 
were developed to provide a deterministic solution to a stochastic 
process [24,25]. The need to address the effect of parameter vari­
ability in radiological assessment models has been addressed by the 
International Commission on Radiological Protection [26], and our 
methods have been applied to evaluate the potential short-comings of 
their recommended prodedures for analyzing predictive variability or 
imprecision as a consequence of input variab ility [27]. 

Sources of Uncertainty 

The uncertainties associated 
summarized under three categories 

with 
[28]: 

model predictions can be 
(1) uncertainties resulting 
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from the structure of the model; (2) uncertainties due to natural variability of the system being modeled; and (3) uncertainti es associated with the estimat i on of model parameters. 

Effects of Model Structure 

Uncertai nty associated with model predictions are partly a func ­tion of the mathematical formulation chosen to represent processes in the system. Deviations of mode l predictions from real-world values can only be detected through experimenta 1 testing or va 1 i dati on of the model. However, error propagation techniques may be used to est imate 
the imprecision or variability associated with model predictions. In addition to predict ive bias, model structure can also influence the 
inherent abil i ty of the model to propagate errors due to parameter variability. 

S i x non l inear models were cal ibrated to the same data and their predi ction uncertainty compared [29]. Differences in mathematica l formul ations caused major differences in prediction uncertainty among the model s. Parameters associated with loss terms affect primarily one state variable and the simpler the term the less the error . However , terms describing relationships between state variables can play a domi­nant role in the propagation of total model errors. Comp lex terms describing these interactions have proven to be more accurate and less uncertain than s impl er terms [30]. 

Assumptions frequently applied in ecosystem modeling can lead to serious errors. This phenomenon is particularly evident when the modeler attempts to explain the behavior of the system from the known behavior of the system components [31]. For example, even if each individual in a population responds d i sconti nuously to temperature , the total population may still respond in a smooth continuous curve because there is genetic variability among individuals. 

In radiological assessment, consideration of individual variability will be of concern when determining compliance with dose 
limits for individuals, but prediction of average doses to the exposed population is more relevant for the assessment of total health effects . 
Therefore, when translating health effects from collective population doses, an over-estimate of predi ctive uncertainty may be expected if 
thi s estimate is based on uncertainty among individuals rather than errors in the population average. Less error is expected in popu l ation averages than among individuals. 

Thus, uncertainties in the final predictions are often determined by the model structure and the questions to be addressed by the model. Estimation bias (deviation of predictions from some desired behavi or) may be a minor component in determining the uncertainties of model predictions [29], yet most mode l s are developed and parameterized to minimize estimation bias. 
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Effects of Natural Variability 

Ignoring natural system variability in a deterministic model 
always results in prediction error. Current models used for 
radiological assessment are deterministic and do not explicitly account 
for natural variability [32]. The prediction of a deterministic model, 
using the mean values of each parameter, is not equal to mean behavior 
of the system when the parameters are allowed to vary around their 
means [33]. The systematic bias introduced can lead to serious error 
in some circumstances [34]. 

Natural environmental constraints place boundaries on model error. 
Natura 1 processes, such as season a 1 changes in 1 i ght and temperature, 
place upper and lower boundaries on possible systems behavior. Models 
which consider these constraints also show bounds on their error terms. 
In an aquatic model [35,36], error was bounded because of seasonal tem­
peratures well above and below the biological optima. For this reason, 
the variability of parameters of radiological assessment models were 
bounded by specification of maximum and minimum possible values [37,25]. 

These results have a direct effect on the design of field valida­
tion experiments. Discrimination between models will be most effective 
when data is collected during periods when conditions are optimal and 
system components are changing most rapidly [36]. 

Effects of Parameter Uncertainty 

Parameter means and variances must be estimated with specific 
model objectives in mind. In our study of the Marsh model [36], 
variance on one parameter, W, was estimated .! priori from knowledge 
about how this parameter varies across marshes. Although this param­
eter was relatively unimportant to model mechansisms, the variance on W 
dominated total prediction uncertainty. When its variance was reduced 
to the variability that would be expected within any specific marsh, 
its importance dropped to reasonable levels. 

Another source of uncertainty is the derivation of parameter 
values from literature data. Data in the literature represents 
examples of judgment and convenience and may not be representative of a 
given situation for which a prediction is performed. This is 
especially true for parameters used for bi otransport, dosimetry, and 
health effects in radiological assessment models. Frequently, 
parameter values developed from the global literature are applied in 
models used to predict the fate of radionuclides in specific locations 
[32]. One can only hope in this case that the results of error 
an 1 ays is wi 11 produce a confidence i nterv a 1 that inc 1 udes the actua 1 
range of values representative of the conditions prevailing at the 
location in question. 
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Simultaneous measurement of parameters can be as important as an 
increase in accuracy of parameter measurements. Carrel at ions obtai ned 
from simultaneous measurements can be included in the analysis with a 
reduction in prediction uncertainty which is often equivalent to 
reducing the variance on individual parameters [35,38]. 

Sensitivity analysis is the most common approach used to decide 
which parameters of a model should be measured most accurately. 
However, the assumptions of the sens itivity approach are seriously 
violated in many ecosystem studies leading to serious errors in the 
results. In our analysis of the marsh model [36] we were able to show that sensitivity analysis directed the researchers attention to the 
wrong parameters. 

Statistical distribution of parameters can have an important 
influence on experimental design. Some parameters are insensitive to 
the distribution from which they are drawn, particularly if their 
variances are small. In th·is case, a triangular distribution ade­
quately represents their contribution to prediction uncertainty . The 
model requires only an estimate of the mean and the upper and lower 
limits which can often be supplied from a small sample size. In 
another case, a simple radiological assessment model with known log­
normally distributed parameters was ana lyzed by assigning a uniform 
distribution to each parameter . The range of these uniform distribu ­
tions was determined by minimum and maximum observed values. The 
results surpri singly increased the predicted mean by l ess than a factor 
of two. The predicted 99th percentile increased by less than a factor 
of three from predictions made using the previously determined 
l ognormal distributions (Schwarz and Hoffman, unpublished). 

Discussion 

Models are proving to be a valuable tool for assessing the impact 
of new technologies. Their ability to combine data, fact, and theory 
to produce a coherent synthesis provides the analyst with critical 
information for making decisions. Therefore, it is imperative that 
techniques for realistic, quantitative assessment of model predictions 
be available . 

The application of error analysis to a variety of models has 
demonstrated the usefulness of this method for determining the 
uncertainties associated with model predictions. The identification of 
the relative sources of uncertainty for a variety of models has clearly 
shown that uncertainties re l ated to model behavior are of t en unimpor­
tant compared to uncertainties generated by v ari ability of the sys tern 
being modeled. Determining the nature and extent of uncertainty from 
all sources is an important aspect of ensuring reliable system mode li ng . 
As error analysis techniques are applied to more models it will become 
possible to combine the practical with the theoretical to ensure that 
all sources of variability are known and uncertainties associated with 
model predictions minimized. 



204 

ACKNOWLEDGMENTS 

Research supported by the National Science Foundations' Ecosystem 
Studies Program under Interagency Agreement DEB 77-25781 and by the 
Office of Nuclear Reactor Regulation, U.S. Nuclear Regulatory Commission 
under Interagency Agreement No. 20 79 07 25 (FNN No. B0748) with the 
U.S. Department of Energy, under contract W-7405-eng-26 with the Union 
Carbide Corporation. Publication No. 1814, Environmental Sciences 
Division, Oak Ridge National Laboratory. 

REFERENCES 

l. R. V. O'Neill, "Error Analysis in Ecological Models," EDFB Memo 
Report 71-15. Oak Ridge National Laboratory, Oak Ridge, 
Tennessee. 31 pp. (197la). 

2. R. V. O'Neill, "A Stochastic Model of Energy Flow in Predator 
Compartments of an Ecosystem," pp. 107-121, in G. Patil, 
E. C. Pielou and W. E. Waters (eds.), Statistical Ecology, 
Vol. 3. Penn State University Press, University Park, 
Pennsylvania (197lb). 

3. W. S. Overton, Modelling Notebook: Sensitivity Analysis as "Prop­
agation of Error" and Model Validation. Oregon State University. 
13 pp. (1971) 

4. M. Brylinsky, "Steady-State Sensitivity Analysis of Energy Flow in 
a Marine Ecosystem," pp. 81-101, in B.C. Patten (ed.), Systems 
Analysis and Simulation in Ecology. Vol. II. Academic Press, 
New York (1972). 

5. R. B. Williams, "Steady State Equilibriums in Simple Nonlinear 
Food Webs," pp. 213-240, in B. C. Patten (ed.), Systems Analysis 
and Simulation in Ecology, II. Academic Press, New York (1972). 

6. J. B. Waide, J. E. Krebs, S. P. Clarkson, and E. M. Setzler, "A 
Linear Systems Analysis of the Calcium Cycle in a Forested Water­
shed Ecosystem," pp. 261-345, in Progress in Theoretical Biology, 
Vol. 3. Academic Press, New York (1974). 

7. R. V. O'Neill, "A Review of Stochastic Modeling in Ecology," J. 
Int. Soc. Ecol. Model. 1: 10-29 ( 1979c). 

8. C. Frankignoul, "On Noise Level of Climatic Models," J. Atmos. 
Sci. 34: 1827-1831 (1977). 

9. R. L. Bohac, W. R. Derrick and J. B. Sosebee, "Sensitivity 
of the Gaussian plume model," Atmos. Environ. 8: 291-283 1974. 



205 

10. Weber, A.H. Atmospheric Dispersion Parameters in Gaussian Plum 
Modeling, Part I, Review of Current Systems and Possible Future 
Developments. EPA-600/4-76-030a. U.S. Environmental Protection Agency, Washington, D.C. (1976). 

11. M. G. Morgan, S. C. Morris, A. K. Meier and D. L. Shenk, "A Proba­
bilistic Methodology for Estimating Air Pollution Health Effects 
from Coal Fired Power Plants," Energy Systems and Policy 2: 287-310 (1978). 

12. 

13. C. A. Cornell, "First Order Analysis of Model and Parameter Uncer-
tainty," pp. 1245-1271, in Proc. International S osium on 
Uncertainties Hydrology, Vol. III, Water Resour. Syst. 1972 . 

14. Y. Onishi, Mathematical Simulation of Sediment and Radionucl ide 

15. 

Transport in the Columbia River. BNWL-228. Battelle-Northwest 
Laboratories , Richland, Washington. 89 pp. (1977a) 

Y. Onishi, Finite Element Models 
Transport in Surface Waters 
Radionuclides in the Clinch River. 
Laboratories, Richland, Washington. 

for Sediment and Contaminant 
Transport of Sediments and 

BNWL-227. Battelle-Northwest 
103 pp. (1977b) 

16. E. F. Wood, "An Analysis of the Effects of Parameter Uncertainty 
in Deterministic Hydrologic Models," Water Resour. Res. 12: 925-932 
(1976). 

17. H. Fluher, M. S. Aredakani, and L. H. Stolzy, "Error Propagation 
in Deterministic Hydraulic Conductivities from Successive Water 
Content and Pressure Head Profiles," Soi l Sc i. Soc. Am. J. 40: 830-836 (1976). 

18. 0. L. Smith and R. A. Freeze, "Stochastic Analysis of Steady State 
Groundwater Flow in a Bounded Domain: I. One-Dimensional Simula-
tions," Water Resour. Res. 15: 521-528 (1979). 

19. R. L. Inman and W. J. Conover, "Small Sample Sensitivity Analysis 
Techniques for Computer Models, with an Application to risk 
Assessment," Commun. Statist. Theor. Meth. A9(17), 1749-1842 
(1980). 

20. M. D. McKay, W. H. Conover and D. E. Whiteman, "Report on the 
Application of Statistical Techniques to the Analysis of Computer 
Codes," LA-6479-MS. Los Alamos Sci entific Laboratory, Los Alamos, 
New Mexico. 15 pp. (1976) 



206 

21. R. K. Steinhorst , "Validation of Deterministic System Simul at ion 
models," ASA Proceed. STAT. Comp. 24: 283-291 (1976). 

22. R. K. Steinhorst, H. W. Hunt, G. S. Innis and K. P. Haydock , 
"Sensitivity Analysis of the ELM Model," pp. 23 1-255, in 
G. S. Innis (ed.), Grassland Simu lation Model. Springer-Verl ag , 
New York (1978). 

23. G. S. Innis, "Role of total systems models in the Grassland Biome 
Study," pp., 14-47, in B.C. Patten (ed.), Systems Analys i s and 
Simulation in Ecology, Vol. III, Academic Press , New York. 
601 pp. (1975). 

24. R. V. o•Neill, R. H. Gardner, F. 0. Hoffman and G. Schwarz, 
"Parameter Uncertainty and Est imated Radiological Dose to Man from 
Atmospheric 131-1 Releases: A Monte Carlo Approach," Health 
Physics 40: 760-764 (1981). 

25. G. Schwarz and F. 0. Hoffman, "Imprecision of Dose Predictions for 
Radionuclides Released to the Environment: an Application of a 
Monte Carlo-Simulation-Technique," Environment International (1981 
in press). 

26 . International Committee on Radiological Protection, "Radionuclide 
Release into the Environment: Assessment of Doses to Man," Annal s 
of the ICRP 2(2) 75 pp. Pergamon Press , Oxford (1979). 

27. F. 0. Hoffman, G. Schwarz and G. G. Killough, "A Crit ique of the 
Use of ICRP-29 1 S •Robust Index• in Evaluating Uncertaint ies 
Associated with Radiolog ical Assessment Models," Health Physics 
39:367-369 (1980). 

28 . R. H. Gardner and R. V. o•Neill, "Parameter Uncertainty and Model 
Predictions: A Review of Monte Carlo Results," in B. Beck (ed.), 
Uncertaint Anal s i s of A uatic Ecos stem Mode l s . International 
In s titute of Applied ystems Analysis, Vienna in press). 

29. R. H. Gardner, R. V. o •Neill, J. B. Mankin and D. Kumar, "Compara­
tive error analysis of six predator-prey mode 1 s, " Eco 1 ogy 61 : 
323-332 (1980). 

30. R. H. Gardner, J. B. Mankin and W. R. Emanue l, "A Comparison of 
Three Carbon Model s, " Ecol. Model. 8: 313- 332 (1 980). 

31. R. V. o•Neill, "Transmutati ons Across Hierarchical Levels," 
pp. 59-78 , in G. G. Innis and R. V. o •Neill (eds.), Systems 
Analys i s of Ecosystems . Internat i ona l Cooperative Publishing 
Hou se , Fairland, Maryland (1979d). 



207 

32 . F. 0. Hoffman, D. L. Shaeffer, C. W. Mi ller and C. T. Garten, Jr. (eds.), Proceedings of a Workshop on the Evaluation of Models used for the Environmental Assessment of Radionuclide Releases , CONF-770901, 131 pp. Oak Ridge National Laboratory, Oak Ridge, Tennessee (1978). 

33. R. V. O'Neill and R. H. Gardner, "Sources of Uncertainty in Eco­logical Models ," pp. 447-463, in B. P. Zeigler (ed.), Simulation Models and Methodology . North Holland Press (1979). 

34. R. V. O'Neill, "Natural Variability as a Source of Error in Eco­logical Models," pp. 23-32, in G. S. Innis and R. V. O'Neill (eds.), Systems Analysis of Ecosystems. International Cooperative 
Publishing House, Fairland, Maryland (1979b) . 

35. R. V. O'Nei ll, R. H. Gardner and J. B. Mankin, "Analysis of param­eter error in a nonlinear model, " Ecol. Model. 8: 297-3ll (1980). 

36. R. H. Gardner, D. D. Huff, R. V. O'Neill, J. B. Mankin, J. H. Carney and J. Jones, "App li cation of Error Analysis to a Marsh Hydrology Model," Water Resour. Res. 16: 659-664 (1980). 

37. R. V. O'Neill, R. H. Gardner, W. W. Christensen, W. Van Winkle, J. H. Carney and J. B. Mankin, "Effects of Parameter Uncertainty in Density-Independent and Density-Dependent Leslie Models for 
Fish Populations," Can. J. Aquat. Sci. 38: 91-100 (1981). 

38. G. Schwarz and D. E. Dunning, Jr., "Impression in Estimates of Dose from Ingested 137cs Due to Variability in Human Biological 
Characteristics," Health Physics (1981, in press). 





209 

MODELS AND CRITERIA FOR WASTE REPOSITORY PERFORMANCE 
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ABSTRACT 

A primary objective of the Waste Management Program is to assure that public health is protected. Predictive modeling, to some extent, will play a role in assuring t hat this objective is met. This paper considers the requirements and limitations of predictive modeling in providing useful inputs to waste management decision making. Criteria development needs and the relation between criteria and model s are also discussed. 

INTRODUCTION 

Calculational models for predicting the consequences of waste management activities should be consistent with applicable criteria; however, definitive criteria for judging the effectiveness of waste management activities have not, as yet, been established. Despite the absence of official criteria, there has been a considerable amount of work on model development. Aside from development of definitive criteria, there are several other areas that should be defined before beginning model development. Model development requires consideration of what is to be predicted, how accurate it must be, and how the results can be validated. 

Over three hundred existing models applicable to the management of radioactive waste have been identified [1]. Yet, an extensive degree of effort in model development continues. Given this situation, one might l ogically ask the questions: Why isn•t what we have good enough?; What are the specific gaps that need to be fi ll ed?; and How can we recognize an acceptable model should one evolve? These questions should be resolved before more extensive model development takes place. Failure to do so could result in an endless quest for some unattainable state of perfection. 

This paper includes a discussion of modeling approaches that are available; consideration of the limitations to modeling; and some comments on model complexity. In light of these limitations, the 

* This work was performed under the auspices of the U.S . Department of Energy by the Lawrence Livermore National 
Laboratory under contract number W-7405-ENG-48. 
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subject of uncertainty is discussed. The ''worst case" approach is 
considered, and, finally, some concluding comments on criteria are 
offered. 

MODELING APPROACHES 

There are several major approaches to the modeling o 
environmental transport. These include: 

o Physical (Analytical) 
o Empirical (Analog) 
o Statistical (Probabilistic) 
o Combinations 

Physical model s are determined by an analytical or theoret ical 
description of the process being modeled based on first principles. 
Due to the infinite complexity of real world processes, physical 
models can never be exact predictive tools. 

Empirical model s are based on experimental data. They consider 
the nature of conditions and events, as well as the observed 
consequences. These are related empirically, thereby eliminating 
the need for a detailed understanding of the underlying theoretical 
basis. They represent an acceptance of the inability to thoroughly 
define the process while making the best use of the data that we do 
have. 

Statistical models use probabilistic inference to characterize 
the process. In some cases this is because the underlying theory is 
stochastic in nature, and in other cases it is a reflection of the 
uncertainty about input parameters or the detailed underlying 
physics. In most cases, model s tend to be based upon a combination 
of these approaches. 

MODEL LIMITATIONS 

There are several wel l known limitations to theoretical 
modeling. Data ·limitations exist where the data required to support 
the model is unavailable. The data may be either unknown or, in 
some cases, unknowable. Whereas it is extrememly difficult to model 
the unknown, it is imposs ible to model the unknowable. Although 
model s requiring unattainable data may be technically and 
~athematically elegant, from a practical standpoint, they are 
essentially useless. 

Computational limitations also occur when the implementation of 
a conceptual model requires a greater level of computer capabi lity 
than is available. Developmental limitations are a result of the 
fact that model development activities do not generally have 
unlimited resources to work with. Frequently time, personnel, 
economics, or other factors limit the desirability or capability for 
model development. 
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Finally, there are always differences betwen conceptual models and reality, and this is a fundamental limitation. Unfortunately, or fortunately, depending on your point of view, the world is not a uniform, infinite, homogeneous slab. The very nature of model ing assumes a predictable universe, yet the world, particularly the geologic part of it, is ful l of surprises. Increased model complexity attempts to account for all possibilities and to give the impression that all conceivable factors have been properly considered. Obviously, however, no degree of complexity can compensate for unanticipated events or unknown parameters. Nonetheless, model predictions can be of use in evaluating the sensitivity of outcomes to various input parameters and for providing a general perception and perspective on the nature of the phenomena. 

There appears to be a tendency to equate model complexity and detail with credibi li ty of results. In fact, models span a very wide spectrum in terms of compl exity from the simplest excercise carried out in a back of the envelope calculation, to a conceptual model in which eJch atom of a system is described by it own series of differential equations. The fact is that, especially in light of the limitations to models, a more complex model does not necessarily yield more valid results . As Bernie Cohen (2] put it 11 Improvements in the handling of the complexities we do understand in no way compensates for the omission of even a single one of the many complexities we don't know how to handle . 11 

Taking it one step further, an inappropriate model yields 
inap~ropriate results - or in the computer lingo, garbage in­garbage out (GIGO). This goes back to the difference between model s and reality . An example of this is seen in the standard man calculational models used for determining MPC's. When the value for the nuclide Nd-144 is converted into mass units, the result is an MPC of 59 Kg per liter. Similar absurd results are found for other very long lived nuclides [3]. 

The quest for perfection in modeling may, in fact, be counterproductive, except perhaps for continued developmental funding. By putting more and more effort into uncertainty resolution, you eventually run into the law of diminishing returns. By pushing it further, you may create more uncertainty than you resolve. Since there will always be residual uncertainty, the quest for perfection will be an endless one. 

UNCERTAINTY 

A commonly heard goal is the resolution of remaining uncertainty. However, uncertainty exists- and it always will. The important question is 11 How certain do we need to be? 11 and not how can we resolve or eliminate uncertainty. Further, it is the magnitude of the uncertainty, rather than its ratio to the resu lt that is important. 
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For example, a 50 rem dose with a factor of 10 uncertainty 
should be of much greater concern than a lo-8 rem dose with a 
factor of 1000 uncertainty. A recent study by SA! [4] gave results 
for the long term consequences of a HLW repository on the order of 
these latter values. 

THE 11 WORST CASE 11 APPROACH 

Considering the 11 Worst case11 approach, there are several major 
problems with this method of analysis. 

First, The results are dependent largely on the imagination of 
the analyst. Given a worst case analysis, it is not very difficult 
to top it. Since probability is not considered in 11 WOrst-case 11 

analyses, the unlikelihood of events is not a constraint in scenario 
development. One need only to stretch one's imagination, therefore, 
to determine events and consequences of greater and greater 
severity. Second, in the public's eye, the results of such analyses 
are assumed to reflect reality. An example of this is seen in 
Brookhaven's WASH-740 analysis which assumed a 50% release of 
reactor core material. This grossly conservative assumption was 
then subjected to exquisite detail in terms of consequence 
analysis. The WASH-740 results have been widely misused in 
arguments against nuclear power. 

To counter these problems, probabilistic analysis may be used. 
An example of this approach is seen in the Reactor Safety Study. 
Such analyses clearly also have their own credibility problems. 
Nevertheless, for technological purposes, the probabilistic approach 
is preferable to the worst case approach. However, in order to be 
meaningful, the probabilistic approach requires probabilistic 
criteria against which to judge such results. 

CRITERIA 

In terms of criteria, it is important to determine 11 How good is 
good enough 11 or 11 How certain do we need to be? 11 Without this 
information an endless search for absolute certainty may be 
initiated. 

Criteria should be the guiding force behind model development. 
Unfortunately, it seems to work the other way around. 

Criteria should be logical and consistent both internally and 
externally. For example radiological criteria should be consistent 
with criteria for nonradiological activities, assuming the goal is 
the optimal protect ion of public health and safety. 

Vague criteria are not useful. Statements like 11 As many passive 
barriers as feasi ble should be used to preclude radionuclide 
movement from the facility, taking into account social and technical 
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considerations" f5] are not sufficiently defined to be capable of implementation. 

Finally, the probabilistic approach to analyzing waste systems 
has merit, but there is a need to develop probabilistic criteria against which to judge the results. 

SUMMARY AND CONCLUSIONS 

Predictive modeling can be a useful tool for assess ing the 
consequences of underground burial of radioactive waste. However, in applying this tool, certain constraints and limitations should be 
kept in mind. These are: 

• Without definitive criteria for acceptability of radwaste 
management, it will be difficult if not impossible to 
determine the form and required outputs of the predictive 
model. 

• Treatment of "uncertainties" should not be attempted 
without fir st defining "How certain do we need to be?" 

• Acceptable levels of uncertainty shou l d be based on a 
consideration of the magnitude of the difference between 
results and criteria or standards rather than the ratio 
between them. 

• Basic l imitat i ons of the modeling process should be 
recognized and dealt with . These include: 

Unknown or unknowable data inputs. 
Constraints of time, money, and computer capacity . 
Differences between the conceptual model and the 
reality it is intended to represent. 

• Model complexity, per se, does not necessarily contribute 
toward validity of results. 
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VALIDATION OF PREDICTIVE MODELS FOR GEOLOGIC DISPOSAL 

OF RADIOACTIVE WASTE VIA NATURAL ANALOGS* 

Jerry J. Cohen+ and Craig F. Smith+ 

Lawrence Livermore National Laboratory 

ABSTRACT 

The incorporation of toxic or hazardous material in the earth 's 
crust is a phenomenon not unique to radioactive waste burial. Useful 
insights on the environmental transport and effects of underground 
toxic or radioactive material can be derived from comparative 
analysis against natural (mineral) analogs. 

This paper includes a discussion of the background and rationale 
for the analog approach, a descr iption of several variations of the 
approach, and some sample applications to illustrate the concept, 
focusing on Radium-226 and Iodine-129 as specific case studies. 

BACKGROU ND 

Predictive modeling based largely upon theoretical principles has 
found wide application in determining potential consequences of 
underground burial of radioactive wastes . This approach, however, 
has definite limitations [1]. The analog approach can provide 
another assessment tool, which may be applied in parallel with 
theoreti ca l modeling to gain additional insight. 

The basis for the approach is field observation and data 
resulting from study of the movement and biological effects of 
underground toxic materials. Obviously, field work may be guided by 
theoretical considerations, and observed data may be useful in 
revi sion or verification of theory. In other words, insights useful 
in development and validation of theory can be drawn from natural 
analog investigations. 

The concept of toxic or hazardous material being incorporated 
within the earth's crust is certainly not unique to radioactive waste 

* 
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Present address- Science Applications, Inc., 1811 Santa Rita 
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burial. Toxic minerals and various forms of hazardous waste have 
resided underground for long periods of time, and resultant effects 
have been observed and documented [2]. The objective of the analog 
approach is to study and derive useful insights from these 
phenomena. Insights derived from such observation might also provide 
a more credible basis for justification of waste management programs 
than those derived from purely theoretical calculations. 

RATIONALE 

The rational e behind the natural anal og approach is based on the 
observation that all mineral constituents of the human body had their 
origin in the earth. It has also been shown that bioconcentrations 
and geoconcentrations of mineral substances are generally related . 
Extreme imbalance in thi s re·lationsh ip has frequently been manifested 
in disease states. For exampl e, Itai-Itai disease is caused by 
excess local cadmium concentrati ons. Similarly, selenium poisoning 
has been observed in areas where excessive soil concentrations of 
thi s element occur . The opposite effect, in the form of deficiency 
disease, has also been noted. For exampl e, goiter is a condition 
resulting from iodine deficiency in soi l s. Per haps t he most notable 
example of such phenomena was the discovery of the low incidence of 
tooth decay in areas of high fluoride concentration. These are among 
several examples indi cati ng that a re lationship exists between 
geologic and biologi c l eve l s for many el ements. 

With this in mind , the analog approach can be used to evaluate 
the potential effects of human activiti es by aski ng the question "how 
have we perturbed the natural order of th ings by underground bur ial 
of radioactive waste?" Although the approach cannot be used to 
predict maximum effects on individuals, it can be useful to assess 
average effects on popul at ions. 

GEOTOXICITY 

One application of the anal og approach is what we have termed 
Geotoxicity Study, whi ch is the characterizat ion and assessment of 
the harmful effects of hazardous mater ial incorporated in the earth ' s 
crust by either man or nature . 

For example, consider the overal l pot ential toxicity of the 
earth's crust as a whole. Some of t he major contributors to this 
toxic ity include such elements as arseni c, barium, chromium, lead, 
mercury, selenium, and cadmium. Using simple toxic ity indices 
(volume of water required t o dilute the inventory of material to 
acceptable drinking water standards, or MPC's), if 1000 year old 
waste from a thousand reactors operati ng for 100 years (108 MWe-Yr) 
were buried undergrou nd, it can be ca lcu l ated that the net toxicity 
of the earth's crust would increase by only one ten millionth of one 
percent . Although such comparison is crude , it is nevertheless an 
interesting example based on l arge scale perspective. However, a 
criti cism of the example might be that the waste would be 
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concentrated in a few repositories, whereas natural toxic materials are spread out homogeneously. 

However, this l atter observation is not entirely valid either. 
Nature has not distributed toxic minerals uniformly. These material s 
have general ly been concentrated in the form of mi neral deposits or 
ore bodies. Theref ore, there may be validity in comparing waste 
repositori es and ore deposits as analogous situations. As an 
example , Tonneson and Cohen [3] have shown that application of this 
approach to hi gh- level radioactive waste repositories indicates that 
such repositories become relatively less toxic than Mercury ore 
deposits within a few centuries, and i n about 1000 years become less 
toxic than typical Uranium ore deposits from which nuclear fuel is 
original ly extracted. Comparisons based solely on toxic ity or 
dilution volume indi ces are, of course, limited since they do not 
consider the potenti al for distribution of these materials in the 
biosphere or their assimilation by humans. 

THE GEOTOXICITY HAZARD INDEX 

To accomodate the other parameters known to influence hazard, t he 
geotoxicity haz ard i ndex was developed [4]. This index inc ludes 
terms for toxicity, persi stence or time effects, availability or 
transport potential, and the buildup of toxic decay daughters. The 
index is defined for each component material and the total i ndex i s 
obtained by summation over all the tox i c materials present. 

In the formul at i on of the geotoxicity hazard index, toxi city, 
persistence, and buildup are factors that highlight the differences 
between a radionuclide and its natural analog. Availab il ity on the 
other hand, i s the term describing radionuc lide behavior in an 
anlogous manner t o its natural (stable element) counterpart. 

As a first approximation, data have been presented by Cohen and 
Jow [5] which describe the relationship between human intake rates 
and crustal abundance for each element based on its overall gross 
average. This value may then be appropri ate ly modified to ref lect 
deviations from the gros s average resulting from specific 
characteristics of the waste form or its geologic setting which may 
differ from that of the natural analog. 

OTHER APPROACHES 

Another analog approach is the mass extraction rate concept 
developed by Fleming [6]. This concept involves determination of the 
mass of earth from whi ch a quantity of a radionuclide must be 
extracted and ingested each day to reach a level of in take defined by 
the maximum permissible dose. The approach has been applied to 
fallout from atmospheric nuclear weapons testing, and also to 
undergroun d radionucl ides resulting from act ivities in the Plowshare 
program . 
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SAMPLE APPLICATIONS 

To i llustrate the analog approach, let us consider some 
examples. First, the EPA model [7 ] for determination of populat ion 
risks from HLW di sposal predict s that release of 3 ci of Radi um from 
a HLW repository would cause 10 heal th effects over a 10,000 year 
period. It is anticipated t hat this model may be utilized in 
specifying criteria f or allowable re l eases of radionuc l ides from HLW 
repositories into the "access ible environment" [8]. Assuming that 
the top 10 meters of soil in the USA may be considered part of the 
"access ible environment, " it can be ca lculated that this soi l layer 
contains a total inventory of 2.6 x 108 ci of naturally occurring 
radium. Applying the EPA model , it can be ca lculated that natural 
radium from the top 10 meters of soi l should, at equilibrium, cause 
87,000 health effects per year in the USA. It is estimated that 
radium exposure accounts for approximately one percent of total 
natural background radiation dose in the USA [9] . Therefore based on 
assumpti ons derived from the EPA model, the total cancer rate in the 
USA from environmental radioactivity should be about 8.7 million 
cases per year. Yet the actual cancer rate from all causes is about 
350,000 cases per year [10]. The total death rate from all causes, 
in fact , is only about 2 million per year. Something must be wrong. 

As another example, consider Iodine-129. A recent ORNL 
report [11] indicated that the potenti al peak dose to the thyroid 
resulting fr om release of Iodine-1 29 from a HLW repository was 3.3 
rem/year. Due to its long half-life and accord ingly low specif ic 
activity it can be calculated, based on the standard man model , that 
if every atom of iodine in t he human body were 1-129, the resu ltant 
whole-body equivalent dose (applying ICRP-26) would be 0.6 r em/year . 

Consider, for example, a Hi gh-Leve l Waste (HLW ) repository 
containing the waste from 106 MWe-Yr of power product i on. Such a 
repository would contain a total i nventory of 107 gm of I-129. 
Assume the repository is si t ed at a depth of 1,000 meters and within 
a watershed of 104 km2 area. Based on average crustal abundance, 
the top 1~000 meter layer of the watershed would contain about 
7.5 x 101~ gm of natural iodi ne. Further, as suming the I-129 from 
the repository is no more nor less available for release to water 
supplies than is t he naturally occurring stable iodine, then the 
I-129/stabl e I ratio in water would be 1.3 x 1o-7. Anyone in 
equilibrium with the environment for that watershed could therefore 
receive an equivalent whole-body dose of only 8 x 10-8 rem/yr and a 
thyroid dose of 7.5 x 10-6 rem/yr. Barring t he highly unlikely 
possibility that the body could fractionate or partition iodi ne 
radionuclides, then once again it must be conc l uded that something is 
wrong with a theoretical mode l predicting a thyroid dose of 3. 3 
rem/yr (- six orders of magnitude higher than the analog est imate ). 

Other recent work, for example that of Pigford [12], predicts that 
I-129 is the limiting nuclide f or High-Level Waste (HLW) disposal, 
from a publi c hazar d standpoint. Given that this i s true, i t might 
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indicate something about the seriousness of the waste management 
problem. 

The uranium ore body has been considered as a natural analog to 
the HLW repository. Such comparison has been suggested as a eossible 
standard for HLW repository performance by an ANSI committee L13]. 

There have been many studies [3,14,15] making comparisons of the 
toxicity or potential hazard based on inventories of toxic ore 
material. In addition, there have been several recent studies that 
address the total hazard of ore bodies in comparison with a HLW 
repository. For example, a recently published EPA document [16] 
presents such an analysis of uranium ore body risks, which can be 
related to those of HLW repositories. 

The Oklo phenomenon [17] is a fortunate natural analog situation 
which provides information of importance to determining long term 
transport potential of radionuclides. Unfortunately, this 
information has not, as yet, been widely applied to provide 
perspective on waste transport issues. 

CONCLUSIONS 

In conclusion, natural analogs can provide useful insight, not 
only for nuclear, but also for non-nuclear hazardous material 
underground disposal. The approach can also be a tool for model 
verification. Finally, the approach provides a focus for studying 
and understanding geotoxic phenomena and the role of natural minerals 
in human health and disease. 
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ABSTRACT 

Nuclear waste presently exists and must be effectively isolated 
from the biosphere for the duration of its toxic hazard; additional 
nuclear waste may continue to be produced in the future. Deep 
geologic repositories apparently offer the best alternative for 
disposal of high level nuclear waste. Such a facility must, however, 
be designed and analyzed in the face of inherent uncertainty and must, 
at the same time, be publicly acceptable. Very conservative design 
techniques, in response to these requirements, typically result in 
unnecessarily high project costs. A risk assessment approach, 
however, results in cost optimization, by defining the public's 
utility function (or trade-off values), and, in addition, allows for 
public examination, by clearly exposing the judgement and decision 
process. 

INTRODUCTION 

Problem Statement 

Large volumes of nuclear wastes of various types and levels of 
radioactivity presently exist, and increasing volumes of waste may 
continue to be produced in the future, especially by the nuclear power industry. This waste is toxic, with the level of toxicity varying 
with type of waste and generally decreasing with time; for high level 
nuclear wastes (HLW), such as spent fuel and waste from both repro­
cessing spent fuel and nuclear weapons program, this toxic hazard is 
high and lasts for thousands of years. The presence of this toxic 
nuclear waste will lead to an increased incidence in health effects 
among the population which comes in contact with it, either directly 
or indirectly through the biosphere. This increased incidence can be 
predicted quantitatively and will be approximately proportional to the 
amount of toxic nuclear waste present. Clearly, existing toxic 
nuclear waste must be disposed of and in a manner which reduces the 
predicted increased incidence in health effects as low as reasonably 
achievable (ALARA). For disposal of future additional toxic nuclear 
waste generated from continued nuclear power production, the predicted 
increased incidence in health affects has to be evaluated in light of 
the alternative of discontinuing nuclear power production; i.e., ALARA 
may not be sufficient. Indeed, continued nucJear power pro·duction is 
being threatened by public opposition pending an effective solution of 
the problem of disposal. 
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Criteria 

Th e primary criterion, which any solution to this disposa l 
problem must satisfy, is that the increased incidence of health 
effects due to nuclear waste disposal be ALARA. However, othe r 
criter ia must also be considered: 

o fea sibility 
o timeliness 
o cost-effectiveness 
o permanence, requ1r1ng no perpetual maintenance 
o publ ic consensus and acceptability 

If it can be cl earl y demonstrated to public satisfaction tha t the 
disposal solution satisfies the above criteria, i.e., a feasible, 
timely , and permanent scheme whi ch has acceptable consequence (no t 
only ALARA) and is also cost-effective, there should be no ratio nal 
grounds for public opposition to continued nuclear power production on 
the basis of waste disposal problems . 

Solutions 

In order to reduce the increased incidence of health effects 
ALARA , the toxic nuclear waste must be effectively isolated fr om t he 
biosphere for t he duration of the toxic hazard. Various alternative 
schemes for ac hieving effective isolation have been previ ou s ly 
evaluated, based on the previously stated criteria. It is generally 
agreed by t he technical community that a deep geologic repository is 
feasible , t imel y, and permanent, and provides the best alternati ve, in 
t erms of estimated costs and predicted consequences, for storage and 
ul ti mate disposal of HLW. Other solutions have been developed for 
disposal of other types of nuclear waste; this paper, however, wi ll 
focu s on HLW disposal. 

It is envisioned that such a HLW disposal facility will consist 
primari ly of surface facilities and deep underground tunnels, connec­
ted by shafts. At such a facility, manufactured HLW packages will be 
received at t he surface facilities, temporarily stored, and possib l y 
modified . Each package will subsequently be transported down the 
shaft and i nto the underground tunnels, which are organized in to 
modular panels . Each package will then be emplaced in an individua l 
receptacl e dril l ed in the floor of the tunnel. The package receptac le 
will be backfilled with engineered material, and subsequently t he 
tunnel s in a f ul l modular panel will be backfilled. Eventual l y, al l 
remaining openings and shafts will be backfilled and sealed, and the 
fac ili ty decommissioned. 

Thus, the facility, as well as the HLW package, must be designed 
and const ructed so that HLW can be safely and efficiently emplaced, 
stored, and possibly retrieved for a period of time prior to 
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decommissioning. Also, all backfills and seals must be designed and constructed to provide a barrier which, in conjunction with the manufactu red HLW package itself and with the host rock, effectively isolates radionuclides from the biosphere after decommissioning. 

In order to develop the public consensus necessary to implement HLW disposal in a deep geologic repository, as well as for design and l icensing purposes, it will . have to be shown at various licensing steps that such a HLW disposal facility will satisfy the previously stated criteria, especially that it will have acceptable conseq uences and also be cost-effective. For analysis, especially in regard to consequences, suitable models representing the repository and its behavior must be developed. This modeling, however, entai ls significant uncertainty, some of which can be reduced (as will be subsequently shown). Typically, acceptable consequences are ensured in the presence of residual uncertainty by a very conservative design approach; however, the safety margin is unknown, as the uncertainty is not quantified, and is achieved at substantial cost. A risk assess­ment approach, on the other hand, incorporates uncertainty and quantifies the safety margin, allowing for optimization of safety margin and costs. 

MODEL 

Physical Model 

The repository system is relatively complex. In order to make it tractable for analysis, the system can be modelled as consisti ng of four basic 11 nested 11 components. These components, as shown schemati­cally in Figure la, are of an increasingly larger scale, encompass ing those of a smaller scale. The components do not overlap (i.e., are mutually exclusive) and equal the whole system when summed or assembled. Each component thus consists of everything within the volume defined by its inner and outer boundaries. Thus, in additio n to liquids (such as groundwater) and gases, each component consists of the following 

o waste package/backfill-
HLW waste, its manufactured canister, surrounding engineered sorpt1ve backfill, plug, and in situ rock (possibly altered) immediatel y adjacent. 

o repository level -
engineered supports, backfill and sea 1 s within underground tunnels, and in situ rock (possibly altered) immed iately adjacent; excludes waste ~ckage/backfiil components. 

o host rock -
in situ rock, including backfilled/sealed shafts and bore­
holes contained therein, extending to the inner boundary of the biosphere; excludes the repository level component. 
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o biosphere-
in-situ rock/soil, flora and fauna, humans, extending beyond the atmosphere; excludes the host rock component. 

The boundaries between these various componen·ts, a 1 though somewhat arbitrary, are significant, as will be subsequently discussed. 

The response of the repository system, as shown schematically in Figure lb, can be considered as the cumulative response of the various components, as shown schematically in Figure lc-f. A function which relates the inner to the outer boundary conditions must be determined only for each component. In assembling the responses of the various components to determine the response of the system, it is necessary that at any given time the outer boundary conditions at one scale (e.g., waste package/backfill component) be identical to the inner boundary conditions at the next larger scale (e.g., repository level component), i.e., be compatible. 

In addition to dividing the system into components for tracta­bility, it is also necessary to discretize time due to the long time frame of interest. Hence, as shown conceptually in Figure 2, the conditions at each boundary can be determined at specific times. The conditions at any boundary (e.g., b) at a given time (t) are a func­tion of the conditions at the adjacent boundaries (e.g., a and c) at that time (t), as well as the conditions at that boundary (i.e., b) and the adjacent boundaries (i.e., a and c) at the preceding time (t-1) . As shown in Figure 2, this analysis is sequential (from t=o) and also often iterative during each time increment, as the conditions at adjacent boundaries at that time are generally unknown. 

Numerical Model 

The functions which relate the inner to the outer boundary conditions over a time increment for each component essentially comprise the numerical model. This model must sufficiently represent the physical processes which are perceived as going to occur during that time increment within that component; hence, the physical processes must be adequately conceptualized prior to defining an appropriate model . Also, properties or parameters of each component must be subsequently determined in order to quantify the model. 

Generally, the thermomechanical/hydraulic response of, and radionuclide transmission through, the repository system over time is of primary interest. This is typically analyzed in a deterministic fashion by artificially coupling thermal, thermomechanical, thermo­hydraulic , and solute transport analyses for each component during the same time interval; these discrete analyses are tied together as previously shown in Figure 2. 
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Uncertainty 

Due to the unusually extreme complexities and long time horizon, 
there are inherent uncertainites in the models, which l ead to uncer­
tainty in the prediction of response, and hence consequences, of the 
repository system. These uncertainties are especially due to: 

o complex interactions/perturbations or the occurrence of 
unexpected events/processes, especially over the long term, 
which have not been conceptuali zed or perce iv ed as going to 
occur and thus not represented by the model • 

o approximation/simplification in models (e.g., artificial 
co uplin g, discretizati on) for tractab ility, and l ack of 
compl ete validation/verification of each model due to time or 
cost limitations. 

o natural variab ility of properti es an d measurem ent 
errors/biases in the determination of properties and 
parameter s (as illustrated in Figure 3), as well as 
s implification/approximation in parametric submodels. 

The uncertainty in the prediction of the response of the system 
is a function of the uncertainty in the prediction of the response of 
each component. Al so, this uncertainty increases with time projec­
tion ; i. e . , the unc ertainty in the prediction of response over one 
time increment increases with the length of the t ime increment and i s 
compounded over subsequent time i ncrements. 

Many of these uncertai nties are difficult, if not impos s ible, to 
quantify objectively, and must be determined with some subjectivity by 
techni ca l expe rts. Thus, as these subjective uncertai nties are 
incorporated, the determination of uncerta inty in the predictions of 
response of the reposito ry sys tem over time also becomes somewhat 
subjective. The magnitude of this composite uncertainty can, however, 
be significantly reduced by reducing some of the various contributo ry 
uncertainties, as follows: 

o in conceptualization and perception of physical processes by 
demonstrations (including observation of prototypes) 
scale models 
judicial site sel ection (where processes are well 
understood) 

o in modeling (of conceptualized and perceived physical 
process ) by 
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validation (through comparisons provided by simplified and 
well defined benchmark tests) 

- verification (through comparisons provided by in situ 
testing, prototype performance monitoring) 

- judicial site selection (where processes are relatively 
simple) 

o in determination of properties and parameters (of model) by 
- util4zing a statistically valid number of sample points 

utilizing multiple types of appropriate tests with 
satisfactory correlations 
quality controlled, reliable tests 
judicial site selection (where properties are easily 
determined, reliable, and relatively uniform) 

The uncertainty in the determination of properties/parameters can be 
reduced, as shown above, but at increasing cost. Hence, the only 
properties/parameters which should be extensively investigated are 
those whose possible range in values are neither very small nor have 
negligible effect on the predicted response, as shown by sensitiv i ty 
analyses of each model. 

The residual uncertainty inherent in the prediction of conse­
quences can be handled in one of two ways: 

o conservative design approach 
o risk assessment approach 

These two approaches will be discussed separately. 

CONSERVATIVE DESIGN APPROACH 

Conservatism 

A conservative design approach has typically been taken in order 
to ensure acceptable consequences of a repository in the presence of 
uncertainty. The conservatism in this approach is due primarily to 
the following: 

Defense in Depth - Each component of the repository is conser­
vatively assumed to act as an independent, rather than sequential, 
barrier to radionuclide transmission. Conservative design limits, or 
performance criteria, are then specified for each component, generally 
in terms of response at each boundary at various times. 

Parametric Design -Threshold parameter values are identified, 
which are bounds on adverse behavior, i.e., below this thresho l d 
value there is no evidence of adverse behavior (e.g ., max imu m 
generated temperature Tt). Conservatively, parameter values 
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significantly below these threshold values are then utilized as bounds for design (e . g., Td<Tt). Where natural variability exists in properties/parameters, a bound (worst case) on determined values is utilized for design. 

Using the above concepts, an upper bound on potential adverse consequences (i.e., worst case; e.g., Tu) is found deterministically with the previously described models and ensured to be acceptable (e.g . , Tu<Td<Tt). As an upper bound, it is extremely unlikely that this value will actually be exceeded; this likelihood is not generally quantified, however. The public often perceives the upper bound as being a threshold, i.e., although the public is assured that the actual adverse consequences will not exceed the upper bound, the public perceives that these consequences might be only slightly below 
the upper bound. By this rationale, the upper bound, which i s very unlikely to occur, must be acceptable. The actual adverse con­sequences will almost certainly be significantly below the accepta­bility limit (e.g., Ta <<Tu<Td<Tt). Divergence between this limit and the actual adverse consequences (e.g., Tt-Ta) is clearly a function of the conservatism, i.e., the divergence increases with increasing conservatism. The amount of expected divergence is considered an indication of the margin of safety. In the conservative approach, however, the margin of safety is not generally quantified and thus unknown. 

Cost Considerations 

If the cost of the repository were unrelated to the margin of safety, clearly the conservative approach which ensures acceptable 
consequences would be satisfactory . However, generally in order to increase the margin of safety, it is necessary to increase the cost. Thus, in order for the unlikely upper bound to be acceptable, as in the conservative approach, the margin of safety and thus the cost will be extremely high. It is very likely, however, that acceptable con­sequences could be achieved at significantly less cost than is possible with this conservative approach. Optimization of design safety margin and costs is suggested, which requires the following additional information not typically generated in the conservative approach: 

o quantification of safety margin 

o determination of relationship of safety margin to likelihood 
of occurrence of adverse consequences 

o assessment of trade-off costs of adverse consequences (i.e., defined by 11 uti 1 i ty" function). 

This information i s, however, generated and utili ze d in risk assessment. 
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RISK ASSESSMENT APPROACH 

Incorporation of Uncertainty 

The inherent uncertainties in modeling t he repository system can 
be quantified and incorporated in analysis of any design, as foll ows: 

o A comprehensive and mutua lly exclusive list of possible 
physical processes can be assembled, and subjective 
probabilities of occurre nce assigned (i.e., fault tree 
deve 1 oped) . 

o Models, as previous l y discussed, are then developed whic h 
represent those physica l processes with significant 
probability of occurrence ; an assessment of the models 
accuracy, or representation, can be made by 11 benchmarking 11 

and a PDF for error estimated. 

o Model parameters whi ch quantify the properties of the system 
are samp l ed; sampli ng errors and biases are filte red and 
corrected, and a PDF, with correlations, for each parameter 
estimated. 

o Discretized analyses, utilizing coupled models and model 
parameters, are performed; uncertainties in the input (which 
is the uncertain results of a previous analysis), the model 
accuracy, and the model parameters (al l expressed as PDF's ) 
are thus compounded to give uncertainty in the resul ts , whi ch 
is also expressed as a PDF. 

o The predicted likelihood (PDF) of results, or co nseq uences, 
for any design can then be evaluated with respect to various 
cri teria, including cost considerations. 

Updating and Remedial Action 

The operating period of t he repository, prior to decommi ssioning, 
will extend over many years and will afford an excellent opportunity 
to help ensure satisfactory performance. By observation and moni­
toring of performance, verifi cation of processes, model s and para­
meters can be achieved, thus significantly reducing their uncertainty. 
The compounded uncertainty in predicted performance is further reduced 
by updating, or using measured r esults, as input for subsequent 
analyses. Hence, the uncertainty in predicted performance should be 
significantly reduced by ver ifi ca tion and updating afforded by 
performance monitoring ; the licensing process specified in 10-CFR-60 
implies updating and reevaluation at each of the licensing steps. 

If updated predictions indicate a high likelihood of unsatis ­
factory performance, remedial action ca n be taken in order to help 
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ensure sati sfactory perfonnance. Such remedi al actions mi ght range from removal of individual faulty wa st e packages to grouting to complete retr ieval; the option of complete retriev al is spec ified in 10-CFR-60. 

Incorporation of Cost Considerations 

As previously discussed, the evaluation of predicted consequences should incorporate cost considerations . In order to incorporate cost considerati ons in the design decision process, a 11 Utility 11 function must f irst be def ined. This utility functi on should express the relationship, whi ch is accepted by those peopl e affected , between the adverse consequ ences and their trade-off costs, as il lu strated in Figure 4a. Clearly, the definition of such a ut il ity function i s subjective and , in the case of HLW di sposal where trade-off costs for cancer incidence and deaths must be defined , very emotionally charged. Although this utility function can be derived from comparable utility fun c tion s (or ri sk assumptions) presently accepted, perhaps implicitly , by society, in this case, this is a political decision; the responsibility for defin ing the utili ty function ultimately fa ll s on Congress and the President (a s the peo pl e ' s elected represe nta­tiv es ) . As illustrated in Figure 4b, a PDF of cost of ad verse consequ ences can subsequ ently be derived from the PDF of adver se consequences and the utility function . An expected value of cost of adverse consequences can then be determined either di rectl y from the PDF of trade-off costs or, without devel oping thi s PDF, by integrating over all l evel s of consequence the trade-off cost of each l evel of adverse consequence (from the utility f unction) times its like lihood of occurrence (from the adverse consequences ) . 

The cos t and effectiveness of variou s remedial actions in improving the likel i hood of sati sfactory performance, and thus reducng the expected cost of adverse consequences, can also be evaluated and compared to assess t he cost-effectiv eness of each remedial actio n. The optimum design would t hus incorpora te pos sib l e remedial act ions whi ch could reduce the expected cost of adverse consequences more than the cost of the remedial ac tions themselves, and give the lowest total cost . 

SUMMARY 

A conservative design approac h ensures acceptable consequences of a deep geo l ogic repository for HLW disposal in the presence of inherent uncertainty by designing for an upper bound, or worst case scenario, typi cally at unnecessarily high cost. 

A risk assessment approach, whi ch quantifies and incorporates uncertainty in the predi ction of consequences, incorporates cost considerations through the def i niti on of utility functions, and 
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assesses the effect of vari ous remedial actions on both co nsequences 
and costs, is feasibl e and can provide reasonable assurance that a 
deep geologic repository for the disposal of HLW will have acceptable 
consequences and also be cost-effective. Thi s assurance is provided 
by clearly exposing, for public examination, the judgement (i. e., 
subjectivity) and decision process , as required by the licens ing 
process . 
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EVALUATION OF UNCERTAINTIES IN GEOLOGIC INFORMATION* 

James T. Neal 
Sandia National Laboratoriest 
Albuquerque, New Mexico 87185 ... 

ABSTRACT 

Geologic uncertainties in earth models and maps are a fact 
of life for earth scientists, although the source and in fact 
existence of such uncertainty is often obscure to those un­
tra ined in t he earth sciences. Means of systematically treat­
ing geologic uncertainty have lagged, especially in decisions 
that involve comparative data or locations. Our means of treat­
ing uncertainty ultimately will influence confidence and credi­
bility in licensing a nuclear waste repository. 

Most geologic information is interpretive as opposed to 
factual; however , in either case conclusions commonly are de­
rived from data having unequal reliability. Decisions can take 
such disparity into account by using information hierarchies, 
by incorporating more realism into mapping, and by more rigo­
rous quantification of models and maps. Information hierarchies 
can rank direct measurement (from outcrops, boreholes, etc.) as 
having greater confidence than indirect measurement (from geo­
physics , etc.). Mapping realism can be enhanced by showing 
individual outcrops and by more precisely defining attributes 
of map units. 

Recognizing the evolving nature of "geologic truth" ap­
pears to undermine confidence, as does acknowledging the in­
herent subjectivity in our information base. On the other hand, 
facing and systematically treating uncertainty ultimately can 
lead to greater confidence in final decisions. 

INTRODUCTION 

Man 's gather ing of knowledge about the earth and its substructure 
has accelerated in recent years because of the increased desire to im­
prove our well being and material comfort. This advancement has been 
possible b ecause of better understanding of earth processes that affect 
physical safety and through the exploitation of resources. Increasing 
population and diminishing resources have amplified this interest and 
prompted 100re concentrated study of earth features and processes. New 

*This work was supported by the u.s. Department of Energy, DOE. 
tA U.S. DOE faci l ity. 
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computational tools have also played a signific ant r ole , especially in 

data processing and earth modeling . 

In spite of this revolution in geo logy, man' s decisions about his 

use of the land continue to be made using information that is either 

incompl ete , or whic h is not equally reliable--in short, o ne of uncertainty . 

Uncertainty affects confiden ce , which is significant for emplacing most 

civil engineered structures , including licensing a nuc l ear waste reposi­

t ory. 

This p3.per addresses some aspects o f nncertainty in geologic infor­

mation that affect confidence. Afte r the identification of those sources 

of uncertainty , means of treating or mitigating them are discussed with 

a vie w toward improving information c r edibility, a nd thus confidence , 

for decisions . 

SOURCES OF UNCERTAI NTY 

Geology has always been a largely q u a l itative discipline , even 

though it increasingly relies on numerical data and support from other 

physic al sciences. The na ture of geol ogy presents the opportunity for 

uncertainty to be manifest in s e veral ways: 

• purpose of project 
• state-of-kno wledge (geologic " truth" ) 

• map characteristics 

• r el iability of information 

The ability t o accept uncertainty has been implicitly the mark of a 

" good geologist." One anonymous definition of good geology is the "ability 

to reach valid conclusions by me tic ulou s observatio n of fragmentary 

evide nce , [ a nd] to extrapolate a reasonabl e projection beyond a vailable 

da ta" [1]. This ability enabl ed early giant s s uch as G. K. Gilbert , N. 

H. Darton , and F . L. Ransome to map large areas, in a way that is con­

sidered largely correct today [ 2] • 

Good geol ogy could be highly inadequate when appl ied to the require­

ments for licensing a nuclear waste repository . Uncertainty is thus 

relative whe n considering information purpose . Uncertainty is also 

abstract semantically; there are numerous opposite terms (Table 1) to 

e xpress certainty, each of which expresses a slightly different shade of 

meaning to each user. 

Table 1. Uncertainty i s Negative i n Compari son With 

These Related Words 

confidence 
credibility 
authority 

conviction 
assurance 
certitude 

quality 
reliability 
accuracy 

plausibility 
probability 
likelihood 

dependability 
performance 
trustworthy 
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Purpose of Proj ect 

Geologic maps have been constructed for different purposes over the 
years. Many have had rather broad objectives , e.g., filling gaps in 
regional knowl edge or improving understanding for oil and gas potential, 
etc. In recent years , more and more maps have been produced for specific 
purposes, e.g., engineering or mining, Wherein a specific course of 
action or decision wa s needed. Varnes (3] calls this purpose "decisive ," 
in contrast with "non-decisive" purposes. These two categories are 
sometimes sufficiently disparate that use of a specific map for other 
reasons is often impossible, or at least undesirable at best (Table 2) . 
Attempts to construct derivative maps (such as by transposing geomorphic 
units to " potential for landsliding" units) have frequently met with 
only limited success, and considerable caution must be exercised in 
this regard. When using archival information that was obtained for a 
different purpose, a conscientious effort is needed to not exceed the 
intent of the original product and to recognize the inherent capabilities 
and limitations. 
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Table 2. What is the Purpose? Geological Information is Obtained 
for Different Purposes 

NON-DECISIVE DECISIVE 

. non-specific projects . specific projects 

. advancement of knowledge . action needed pending outcome 

ExamEles: quadrangle mapping; ExamEles: mineral explora-
research projects tion; mine planning (or 

repository) 

. format more formal (reports, . format less important and 
etc .) more informal 

. timeliness less important . timeliness/ monetary implica-
tions 

. relevance often unclear . limited application 

. scope/style restrictive . proprietary sometimes 

. old information sometimes . information lost when not 
obsolete published 

Decisive information has value for specific purposes, and is often 
used to precipitate a course of action. Such action may require a thresho ld 
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to be reached; the threshold could be influenced by several f actors , 

sometimes operating togethe r [3) : 

• knowledge increase (new data) 
• credibility increase (e.g., new authority enhances believability) 

• recognition that information previo usly thought to be 

irrelevant is relevant 
• decrease in level of effort n e eded by use r to effect 

action (e.g., through increased experience) 

Time can also be a precipitator . That is, a n idea may not have sufficient 

credibility to influence a decision when first presented, but passage of 

time ma y provide the confidence needed to proceed along a given path. 

Clearly perceptions are involved here ; uncertainty and confidence 

play a significant role. These are further addressed in subsequent 

sections of this paper. 

Geologic Truth 

When in graduate school in 1959, the distinguished Dutch geophysicist, 

F. A. Vening-Meinesz, visited our university and guest-lectured on convec­

tion currents in the mantl e and continental drifting. I shall always 

remember that his ideas were revolutionary at that time and how we were 

"de-propagandized" by several professors following his departure . Now, 

just 22 years later, our conceptual models of plate tectonics include 

petrol e um and mineral emplacement schemes, and seismicity and volcanism 

in time a nd place. Regardless of how strong our beliefs are now about 

plate tectonics, future genera tions a r e apt to see things differently as 

a result of new information and new tools. Even then, truth in an abso­

lute sense may still be a l ong way off. 

"Truth" is not evolving, but our conceptual frameworks are, and 

these influence our perceptions , which in turn affect everything that we 

do, such as cataloging and storing information, and even locating indivi­

dual drill holes. Regardless of our desire to be objective and respons­

ible scientists, our informa tion gathering will b e biased by our concep­

tual frameworks. And our models are vulnerable because of the assumptions 

and interpretations we make on the basis of these frameworks. 

Let me show how perceptions of o n e area in the Canadian Shield 

changed over 30 years. The 1928 map (Figure 1, left) relied on the 

conventional wisdom of that time regarding igneous rocks and it was 

heavily influenced by laboratory data and by the ideas of N. L. Bowen 

[ 5 ) and other petrologists. During the thirties and forties , geologists 

in many areas o f the world we r e unable to reconci l e their field observa­

tions with the early ideas derived largely from laboratory observations 

[6). Subsequently, granitization (ultrametamorphism) gained more recog­

nition by American geologists. The result of remapping the same area 

of Figure 1 (right) with this revised perception is a distinctly different 

map. 
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The science of geology relies on the method of multipl e working 
hypotheses, being continually subjected to re-examination in light of 
new data and concepts [7,8] . This fact does not alter our vie w of uncer­
tainty, but recognizes the evolutionary developme nt of all scientific 
thought. 

Credi bility i s t hus a matter of percept ion, which i s not always 
related to truth. Nonetheless , credibi l ity is required for dec isions; 
much of this is derived from how informa tion is ~esented, and how reli­
a ble it is. Our goal t herefore is t o b e accurate a nd t o conve y the why 
of our beliefs. 

Map Characteristics 

Much geologic information is ultimatel y stored in map forma t--an 
excellent communicative device which t he human mind can r e adily understand. 
A map is essentially a two-dimensional miniaturization and gene ralization 
of the field; some maps also include a thi rd dimension ( depth) for multi­
ple stratigraphic units [9) . Most maps are representa tions and interpre­
tations of reality to some extent , and herein lies an element of value . 
That is, the judgement added to what is fact ual has wo rth fo r some speci­
fic use. 

The u sefulness of the map often will ref l e ct the judgements made in 
developing the l egend [ 10]. In defining a t tr ibutes for map units, deci­
sions are r~uired that c01rer the entire range of c oncerns b e ing discussed 
here. Anyone who has ever constructed a map unde rstands the importance 
of the legend; those who are using the map g a in confidence through recog­
nizing the exactitude and care with which the l e gend was developed [1), 
and by using it. When honest uncertainty is revealed i t s hould be more 
an aid than a detriment. Such intellectu a l ho n e sty c a n b e accomplished 
by showing alternative interpretations (Fig ure 2) , or by displa ying in­
formation sufficient for the user to reach his own interpreta t ions [2]. 

Reliability diagrams are sometimes used by map maker s to expres s 
graded confidence in information, such as on the Army Map Se rvice topo­
graphic series. SUch honesty can be expressed i n ma p symboli s m of several 
kinds and provide added credibility to the pro duct . 

Institu ting conservatism by the inclusion of some features, e.g., 
faults, is sometimes essential when constructing c ertain maps. To omit 
s uspected features could l ead the user to t he poss ibly unjusti fied belief 
that they do not exist [12]. 

The l ocation of lines and boundaries for map units is usually judge­
mental, requiring that criteria or definitions b e e stabli shed. Errors 
(or degrees of unreliabili ty) can be introduced from several source s, 
including interpretation and generalization (being intentionally less 
reliable) [ ll] • 
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Reliability of Information 

Earth scientists are frequently blessed--sometimes even overwhelmed-­

with information of all sorts. But the simple truth is that not all 

information has equal worth. Information reliability, or the probability 

of its accuracy, is highly variable. Reliability affects confidence 

which has been known all along, but attempts to systematically treat 

confidence have been few. 

A hierarchy of information sources (Table 3 ) can be constructed 

and used for some types of decisions. Geologists recognize that some 

information is inherently more accurate a nd can scale estimated reliabi­

lity, however qualitative, and use the relative worth to influence deci­

sions. caution is necessary because these estimates could be misleading 

when judging that a specific item of information is necessarily more 

like ly to be accurate as a result of its source. Adding to (or detracting 

from) the reliability of information and its credibility are other quali­

fying elements such as simplicity, homogeneity, and the scientist's 

reputation. 

Table 3. Confidence Hierarchy of Geologic Information 

Type of Information 

1. Measurements: 
a. direct (e.g. , sample or field observation) 

b. indirect (e.g., borehole geophysics or force field) 

2. Interpretations: 

3. 

a. direct (rrom direct measurement, e.g., empirical 

models) 
b. indirect (from indirect or sp:trse 

} measurement base) conceptual 
models 

Informed but poorly supported explana-

tions (educated guess) 

*+Additional weighting factors: 

a. agreement with intuition 

b. simplicity/homogeneity (structural, litrologic) 

c. amount of supporting data (see Table 4) 

d. authority (scientist's reputation) 

e. interpolations favored over extrapolations 

Reliability* 

High 

Low 

Another way of evaluating the quality of information considers data 

interpretation, comparing data density with maturity of knowledge in a 

given field (Table 4). This soows that inferior data density is canpen­

sable by greater relative understanding in a given field of knowledge 
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Definitions 
Very Well Understood: Sound, stable theoretical basis, confirmed by adequate experi-

mentation, and with few unexplained phenomena. 
Well Understood: Theoretical basis confirmed by some experimentation and/ or field examples. 
Poorly Understood: Limited number of hypotheses and usually operable rules- of- thumb. 
Very Poorly Understood: As many hypotheses as experts. 
Educated Guess: Thoughtful ideas of a professional in the field or expert opinion based 

on virtually no data. 

Table 4. Quality of Data Interpretatio n. The dashed lines sugge s t approximate equiva lency, 
or tradeoffs, between the two properties. 

(chart courtesy R. L. Link, Sandia National 
Laboratories, unpublished) 
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a nd suggests t hat field locations can be canpared with respect to types 

a n d amount of data. Similar tradeoffs involving data density can be 

developed for geol ogic simplicity, amount of rock exposure, etc. The 

ideas of formally assessing confidence in geologic information are being 

i ntroduced i nto the formal area screening of the Nevada Nuclear Waste 

Storage Investigations, performed by Sandia National Laboratories. 

In general, our earth model s and information bases gain in their 

qua lity ( and thus usefulness) through their predictive capacity. And 

this requires validation and time; the more facts that fit the o l d models, 

t h e greater the credibility of the models. 

TREATMENT OF GEOLOGIC UNCERTAINTY 

Having recognized the sources and nature of uncertainty in geologi­

c al information, we are confronted with treating it in an enlightened , 

systema t ic way. With r espect to the geologic disposal of high-level 

r adioactive waste, one approach for handling uncertainty would introduce 

conservatism by: 

• avoidi ng potentially adverse features where possible; 

• f a voring simple sites, those most stabl e, and those easily 

understood; and 
• c onstraining design and performance of engineered canponents. 

I have already canmented on weighting information reliability. In 

some instances , it is also possible to evaluate the likelihood of alter­

nat i ve hypotheses. Such evaluations are useful in performing safety 

a s sessments wh ich rel y on probability studies. An example of interpre­

tive differences between faulted and flexed veins is described by Brown 

[13] ; regional statistics in that case provided the basis for determining 

the likelihood of the correct interpretation. Such methods have been 

a p plied extensively to mineral exploration where economic risk is involved , 

b ut are also applicable to other problems. A summary of the treatment 

o f geologic uncertainty is shown in Table 5. 

CO'OCLUSIONS 

Uncertainties i n geol ogical information arise from several sources 

b ut can be treated. The concepts discussed here are very much interre­

l ated , and most of the words invo lving certitude are overlapping in 

me a ning. Mu c h of this topic is subjective; muc h involves perceptions , 

and e v en fee l ings, all of which reaffirms our human nature , but does 

not canpranise our need to be as objective as possible. Uncertainty 

cannot be eliminated, but it can be understood , reduced, and treated, 

t hus lending confidence to decisions. 
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Table s. Tre atme nt of Geo logic Unc ertainty 

Uncertainty Sou rce Treatment 

Purpose of projec t ~Clear understanding of 
intent, e.g., problems 
and limitations 

Knowledge level ~Evaluate consequences o f 

Reliability of i nfo rmation 

Map characteristi cs 
--classifying sche me 
--outcrops 
--interpretat ion 

alternative hypothese s 

~Weighting (scaling/grading) 

~precision in definition 
~reliability designation 
~intellectual honesty 
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ABSTRACT 

Repos i tory modeling needs to cons i der the environmental 
changes tha t can occur from the natura l geol ogi c processes 
of: (1) t ectoni c movements, (2) i gneous activi ty, (3) non­
tectonic deformati ons, (4) climate changes, (5) eros ion , 
depos i tion, and dissol uti on, and (6) groundwater movement. 
Rates and mechan i sms of t hese processes are well establi shed 
by the present state of knowledge in the earth sc iences, 
indicating that they operate in an orderly manner at very low 
ra t es over thousands to tens of milli ons of years . Conse­
quentl y, fu ture condi tions ca n be forecast with confidence 
for at l east 10,000 years. Signifi ca nt uncerta inty does not 
occur until the ti me frame of a few hundred t housand to a 
million years. Sel ecti ve s i ti ng can further red uce the 
number of t hese variabl es t hat must be cons idered in modeling 
and reduce t he range of others. Knowledge of the geologic 
processes involved i s important for planni ng and eval uating 
the geol og ic investi ga ti ons at a prospecti ve s ite . 

INTRODUCT ION 

Changes caused by natural geologi c processes have been considered 
to be potential sources of un certai nty in model ing long-term performance 
of a repository . In order to eval uate the s ignifi cance of these pro­
cesses and the dimens ions of t he uncertainti es that would be introduced 
over a repository l ifetime, we have cond ucted an extensive review of 
the available literature on the mechanism, rate, periodicity, and 
occurrence of the re l evant geol ogic processes . Results are summari zed 
briefly in t hi s paper. 

Thi s s tudy has addressed the na tura l geologi c processes . excluding 
those perturbations resulting from cons truction and operation of the 
repository or other human activities. The reason for thi s emphasis is 
that the natural processes will be investigated in site characterization 
to evaluate the s ui tabil i ty of a s i te before consideri ng t he works of 
man. Additionally, the na t ural processes opera te on a much larger scale 
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and can influence a repository over much l onger per i ods of time. 

RATES OF GEOLOGIC PROCESSES 

The types of geolog ic processes that can be impor tant for post­
cl osure performance of a repository are summa r i zed in Tabl e 1, along 
with their typical rates or rec ur r ence times. Two main cl asses of 
these processes may be defi ned. Tect oni c mo vements and climate changes 
may be cl ass i fied as "primary" processes i n that they act i ndependently. 
The remai nder occur as a res ul t of or are greatl y infl uenced by other 
processes and may be classifi ed as "secondary" . 

Of the processes listed i n Tabl e 1, groundwat er movement i s 
pa r t i cul arly important because i t i s considered to be the principal 
means whereby radionucl i des mi ght be t ra nspor ted t o the access ible 
envi ronment. However, rates of groundwater movement are diffi cul t to 
cite because of the number of compl ex fact ors i nvol ved. The rate at 
wh ich groundwater moves th rough any medium i s de t ermined by the hydraul ic 
co nductiv i ty, or permeabil ity , of the medium and the hydrauli c gradi ent. 
The criti cal question for a repos i tory of how l ong may be r equired for 
f l ui ds to reach the accessi bl e env i ronmen t depends addi tional ly on the 
l ength of the prospective fl ow paths. Such f l ow paths may have complex 
geometry and typica ll y would be very much longer t han t he dept h of the 
repos i tory . Permeabi l ity, hydrauli c gradi ent , and f l ow- pa th lengths 
each can vary over orders of magni t ude and mus t be determined indi vi dual ly 
for any site. 

In previous generic analyses , ra t es of groundwater movement i n the 
range of 3 mn per year to 60 mm per year have been ass umed for rocks of 
low permeability [1]. However , t here i s substanti al geol ogi c ev i dence 
that actual rates of groundwater movement i n the field may be much 
lower t han estimated from laborat ory tests . Isotope dating of ground ­
water at prospective repository s i tes has i ndicated t ha t t he fl ui ds 
have been isolated from the l arger hydrologic system for hundreds of 
t housands of years [2] [3]. In other envi ronments , such as t he gee­
pressur i zed zones i n t he Gul f Coast [4] , there i s geologi c evidence 
that fl ui d migration has been restric ted for as long as tens of mi llions 
of years. 

Groundwater movement i s par t i cul ar ly i nf l uenced by the ot her geol og i c 
processes. For example , deformati ons may affec t permeability by increas­
ing fracturing in the medi um or may change hydrauli c gradi ents. Eros ion/ 
depos i t i on or climate changes may affect hydraul i c grad i ents by changi ng 
base l evel s or introduci ng add i tional sources of water . However, it i s 
important to note that groundwat er movement i s a "passive" process in 
that the parameters determi ning di rection and rate of flow no rmal ly do 
not change without outs i de influence. Accordingly , in areas where 
t ectoni sm, volcanism, or ot her deformat i on i s not occurri ng or expected, 
t he re i s no reason to ant i ci pa t e changes in hydraul i c conductiv i ty below 
t he expected depths of erosion. Simila rly, hydrauli c gradients sho ul d 
rema in wi thin the range of climate- induced variations if there are no 



Table 1. Summary of Rates for Geologic Processes 

Tectonic Activit~: 
Plate tecto nic movements (relat1ve motion of plates occurring across pla te boundaries) --1 .5 to 16 cm/yr - 2.6 cm/yr average rates averaged over mill i ons of years. [5] [6 ] 

Rates of slip on individual strike-slip faults, averaged over thousa nds to millions of years -less than 0.1 cm/yr to 6.6 em/yr . [7] 

Uplift a) To 0.08 cm/yr over periods of 120,000 
to 450,000 yr in large areas of south­ern Cal iforn1a. [8] [9] 

b) 1 cm/yr over last 45,000 years in 
Ventura area, California . [8] 

c) 1.8 to 3.6 cm/yr in Transverse Ranges 
of Californ ia over periods of few 
years : 0.43 to 0.48 cm/yr average 
over last 100 years. [10] 

d) Less than 0.03 cm/yr over last 660,000 yea rs in southeastern United Sta tes. [11] 
e) 0.00003 cm/yr differential uplift over 100,000 years in Texas Gulf Coast. [12] 

Igneous Activity: 
Periodicity of basalt flows in Columbia Plateau -several flows per million years up to 12m y ago, more than a million years between flow units to 6 my ago, and no activity since. [26] 

Climate Changes: 
Sea level: Fluctuates over range of 85 to 140 

meters (average range estimated at 
100 meters) with change occurring at 
rate of 0.1 to 1 em/yr. [13] [14] [15] 

Non-tectonic Deformations: 
Salt Diapirism: Less than 0.003 to 0.2 cm/yr 

averaged over millions of years. 
[16] [17] 

Erosion: 
Erosion/Deposition 
Typical rates of 0.0002 to 0.08 cm/yr 
estimated based on historic sediment 
loads in various streams in the US [18] ; 
0.04 cm/yr (810 min 2,100,000 years) on 
lower Colorado River [19]; 0.003 to 
0.004 cm/yr average over 115 to 180 m y 
in Northern New England. [20] 

Deposition: 0.01 cm/yr in Western US desert basi ns, 
averaged over 3m y [211 to 0.2 cm/yr 
offshore of Gulf Coast, averaged over estimated 2. 5 my. [22] 

Salt Dissolution: - 0.005 to 0.016 cm/yr of dissolution (vertical component) averaged over 
drainage basins in southeast New 
Mexico, based on present-day dis-
so 1 ved salts. [23] 

16,000 cm/yr 
6.3 cm/yr 
0.3 cm/yr 

- 0.01 cm/yr at solution-depression 
in southeast New Mexico, averaged over 
600,000 years . [241 

Groundwater Movement: 
(poor confining formation) 
(good confining formation) 
(highly confining formation) 

Rates are calculated on basis of representative permeabilities and assumed hydraulic gradients Ill; actual conditions will vary. 
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changes from uplift , til t ing, or downwar ping. The conclusion t hat may 

be drawn from thi s relationsh ip is that if a site can be shown to be 

stable with regard to overall geol ogic processes, there i s no rea son to 

expect changes in groundwater movement. 

DIMENSIONS OF CHANGE FROM GEOLOGIC PROCESSES 

A major objective in selecting and demonstrating geolog ic stabi lity 

of a repository site is the identifi ca tion of regions wherein geologic 

processes have operated very slowly and without s i gnificant change in 

rates for periods so much greater than the time of concern for the 
repos itory , that t he uncertai nty of the ir future performance i s very 
small. In accomplishing this, some potential geologic hazards can be 

avoided compl etely; t he likelihood of others can be minimized, and the 

impact of others can be miti gated by design or construct ion procedures. 

Figure 1 compares the dimensions of change for some typi ca l natural 

geologi c processes acting over a period of 10,000 years to the typical 

depth of a reposi tory and to the dimensions of a typical hydrol og ic 

regime or system. The ranges of process rates are based on the data 
summarized in Tabl e 1. Rates at a well-chosen si te represent the typical 

long-term (i.e., 10,000 years) rates at places that are considered s t able 

with regard to the subject process. A typical range of hi gher , "moderate" 

rates also i s s hown for addi tional perspective. 

For eac h of t he processes represented on Figure 1, the dimensions 

of the changes that may be anti cipated over a 10 ,000-year period are 

orders of magnitude smal ler than the dimens ions of a r epos itory or of 

the surrounding hydrologic system. With ca reful sel ection , sites can be 

identifi ed where the changes over such periods coul d be less than 0.1 

percent of the repos itory depth, and a correspondingly sma ll er fraction 

of the extent of the hydrol ogic system. At such s i tes, there can be 
cons idera ble confidence that the changes in t he geo logic environment 
from natural processes do not introduce signifi ca nt uncer ta inty for 
modeling repository performance. 

LENGTH OF THE GEOLOGIC RECORD 

Figure 2 compares a repos i tory lifetime of 10,000 years with the 

length of t he geologic record in some of the geol ogic setti ngs that 
presently ar e being cons idered for repository siting. Al so included in 

thi s comparison i s the range of time (35,000 to 500,000 years ) over 

which the exi sting Sei smic and Geol og ic Siting Criteri a for Nucl ear 

Power Plants [25] r eq ui re investigations of the age of most recent fault 

mo vement to determine whether faults are "capable''. This is shown 

because it i s an accepted standard with whi ch the industry has consider­

able experience, using existing technology to perform the required in­

vesti ga tions successfull y in many parts of the United States. 
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The geol ogic record for each of the geologic settings i ndicated on 
Figure 2 i s several orders of magnitude longer than the period of concern 
for a repository. Although the geologic record i s not complete in any 
one place, the abi li ty to evaluate the history of geologic processes over 
such long periods of time l eaves little doubt as to the nature and rate 
of their continued operation over the repository lifetime. Accordingly, 
any doubts as to the continuing operation of the natural geologic pro­
cesses do not add s ignifi cant uncertainty to modeling of repository 
performance. 

CONCLUSIONS 

The exi sting information on the mechani sms , occurrence, and rates 
or periodicity of the natural geol ogic processes can be used i n sel ec­
tion and eva luation of prospective repository sites in order to mi nimi ze 
uncertainties for modeling long- t erm perform~ance. The geologic in­
vestigations for s iting and site cha racterization should be appropriate 
for each process acting at a prospective si te. They should cover a 
distance from the si t e adequate to evaluate the relevant process and its 
influence; and they shoul d address a period of geologi c time adequate to 
confidently establ i sh geologic history. These requirements must be 
determined individually for each site and for the different types of 
investigations performed at a s ingle site; arbitrary standards for dis­
tance and length of geologic hi s tory are unl ikely to be suitable. 

In choosing a site, emphasis should be placed on identifying places 
where the rates of geologic processes are demonstrably low. At the 
same time, adverse conditions that are not suitable for modeling may be 
recognized and avoided in siting. In this manner, sites can be sel ected 
where the uncertai nty resulting from changes in geologic processes would 
be insignificant for modeling repository performance over periods on the 
order of 10,000 years. 
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ABSTRACT 

Isolation of high-l evel radioactive waste over long 
periods of time requi res protection not only from natural 
events and processes , but al so from the deliberate or 
i nadvertent activities of futu re societies. This paper 
evaluates the likel ihood of inadver tent human intrusion 
due to the los s of soci etal memory of the repos itory site . 
In add iti on measures to prevent inadvertent i ntrusion, 
and to guide future societies in any decision to deliber­
ately intrude i nto the repository are suggested. 

INTRODUCTION 

In addi tion to the uncertainties regarding the knowledge of the physical facto rs relating to long-term conta inment of radioactive waste, there has been a concern over the uncertainty of human behavior in rela­tion to t he repos itory . [1] One major aspect of this concern is the possibil ity of human intrusi on, either inadvertent or deliberate, into the buried waste at some t i me in the f uture. Inadvertent or accidental intrusion i s based on the ass umption that no institutional control remains at the site , that all physi cal markers onsite have disappeared, and that all public records and social memory of the s ite have been lost . Some commentators have al so questioned the abi l ity of future societies to decipher the message contained on site markers and in site records. [2] Inadvertent intrusion could then occur as a result of search for minerals , curiosi ty over the heat source, or as a result of the search for scientific knowledge . D~ li berate or intentional intrus ion is based on the assumption that fu ture generations will make a conscious decision to breach the reposi tory in order to recover the hi gh-level waste itself, as a mi neral associ ated with the site . A f urther as sumption would be the potential attracti veness of the s i te as a target for terrorists and saboteurs. I would al so note that the concern over human intrusion is not only limited to high-level radioactive waste , but i s a l so of concern in the disposal of low-level radioactive waste, particularly since the shall ow land burial makes the possibility of a breach easier than in the case of a geologic repository . The remai nder of th i s paper will discuss the validity of the various assumptions on which the human intrusion scenario is premised, with 
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the objective of reaching some conclusions on the likelihood of human 

intrusion occurring. 

ANALYSIS 

Most of our recent history is based on records that have been passed 

down from generation to generation, and the history of earlier periods is 

based on writings which have been recovered through archeological excava­

tion. However our earliest written records are only about 5,000 years old 

and human development began considerably before that. In addition, some 

of the societies that had writing used it for only very limited purposes, 

or else they wrote on materials that have not survived. [3] As a result, 

adequate historical documentation is sometimes dependent on other sources 

than writing, such as oral tradition and physical artifacts. Before the 

invention of writing, the accumulated knowledge of a civil ization was 

transmitted from one generation to another by word of mouth. Much of this 

oral record was eventually written down [4] and thus served as a mechanism 

for preserving knowledge of the ancient world. The ancient Greeks 

collected the accounts of warfare and political practices and the expedi ­

tion against Troy, for example, was the basis for Homer's Il li ad and 

Odyssey. Although these epics were eventually written down, they began 

as a part of the oral tradition. [5] In fact the site of the ancient City 

of Troy was identified by the use of Greek tradition and the details in 

the Homeric poems. [6] Simi larly, the histories of the ancient Hebrew 

narrators were eventually incorporated into the Old Testament. The 

Celtic bards, Anglo-Saxon scops, Scandinavia scalds, German minnesingers, 

and the troubadours of France are al l prime examples of the oral tradi­

tion. In primitive societies of more recent times, the spoken word was 

used to guide future generations through birth, death, marriage, hunting, 

and harvest. In Polynesia, verbal transmission was carefully regulated 

and was extremely accurate. [7] The Harepo of Tahiti, the Tuhuna of 

the Marquesas Islands, and the Rogo Rogo of the Gambier Islands all 

were trained by the priests and were required to pass examinations on 

the retentiveness of their memories. The Dahomeans utilized the unique 

recordkeeping system of appointing female officials to remember what 

their male counterparts did. The Shamans of the North American Indians 

were entrusted with the knowledge and transmission of sacred texts, as 

well as magic formulas for treating sickness and for successful hunting. 

The critical point that emerges from this discussion of the oral tradi­

tion is that even before writing, records were kept and information was 

transferred from generation to generation, and this information survived 

to later be incorporated into written records. [8] 
Although the oral tradition was successful in a number of instances 

for passing knowl edge on to future generations, the key development in 

terms of expanding the human ability to communicate and transmit knowl ­

edge to the future was the advent of writing and printing. The earliest 

known writing, cuneiform, is credited to the Sumerians, who lived in 

Southern Mesopotamia around 4000 B.C. The use of cuneiform was spread 

by the Assyrians, Babylonians, and other people of the Near East, and has 

brought us knowledge of a number of compl ex and highly developed cultures . 

At approximately the same time that cuneiform was being developed, the 

Egyptians started the writing form known as heiroglyphics. The earliest 
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known examples date back to 3000 B.C. and have supplied us with extensive 
knowl edge of ancient Egypt. The development of parchment suitable for 
writing on both sides gave rise to the copying of numerous manuscripts for 
the li braries of the Hellenistic World . In Europe during the Middle Ages 
the church became the protector and repository of knowledge. Shristian 
doctrine was systematized and recorded at this time and many r.ionastaries 
contained scriptoriums where highly ski lled monks would copy ~ 1d recopy 
sacred texts, as well as hi storical, literary and philos~phi ca l writings. 
The bi rth of the great univers ities of Europe in the 13th Century stimulated 
a new demand for books and the univers ities established their own manu­
script copy centers. With the increased use of printing in the 15th Century, 
the widespread communication of knowledge became possible. Thi s was the 
dawn of the modern era of communi cations. [9] 

The historical record provides us with many precedents for the 
survival of highly complex information over long periods of time. From 
as early as 3000 B.C. onward abs tract information in the areas of religion, 
sci ence, mathematics and engineering has been transmitted to future 
genera tions. [10] We have extensive knowledge of ancient civi lizations 
through the survi val of books and written records such as: 

- Akkadian - Sumerian dictionaries ; 
- Hammurabi' s Code; 
- the extensi ve records of Ancient Egypt; 
- the Torah of the Old Testament; 
- records of Minoan civi lization of Crete; 
- the great books of Greece and Rome: Homer, Plato, Demosthenes, 

Thucydides, Herodotus , Vergil, Lucretius, and many others; 
-manuscripts and texts from ancient China; 
- Mayan books, such as the Dresden Codex . 

There are also many exampl es of books and records that have survived 
from the earliest days of Western civilization, [11] including records 
that have been kept continuously fo r centuries: 

- the tax and l and ownership records of England that have been 
kept since 1066 A. D.; 

- the archives of the Eng li sh courts maintained since 1156 A. D. 
with very few gaps; 

- the specifi c l egal rules of many European nations; [12] 
- the complex body of Church doctrine; 
- the record of the development of research sc ience from the 

Middle Ages; [13] 

All of this information from the ancient world and from modern 
civil ization , has surv ived a wide range of material and manmade hazards -
fire, war, weather, natural disasters, negligence and willful destruction. 
Even during the so-ca ll ed "Dark Ages" in Europe, Christian monastaries 
served as centers of enlightenment and were responsible for the preserva­
tion of many varieties of information . In addition, cultures flourished 
i n other parts of the world. [14] In other words the "Dark Ages" wa s a 
l ocal ized phenomenon. 
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There have been cases where information has not been passed down 
to us from the past . We don 1 t have the answers to such questions as: 

- who built the Megali ths? 
- how were the pyramids constructed? 
- what caused the disappearance of the Mayans, the Olmecs, and 

the Aztecs? 
-who were the Tiahuanaco 1 S, Indi ans , builders of fortress 

cities in the Andes before the time of the Incas? 
- who were the Etruscans? 
- what was the purpose of the huge diagrams made by the Nazca 

Indians of South America 
- who were the 11 mound builders 11 of North Amer i ca? 

Although we don 1 t as of yet know t he answers to these questions , 
because no written records provide us with this information, we at l eas t 
possess knowl edge of the cul ture of these societi es, as well as knowl­
edge of the site itself , j ust as t he culture of Rome and Greece , and 
the site of Rome and the Acropolis were not forgotten during the Dark 
Ages. Many of these so-ca ll ed 11 Lost Civ ili zat ions 11 

- the Mayans , the 
Khmers of Angkor Wat, t he Incas of Machu Picchu - were not discovered by 
the outs ide world until centur ies after t hey were built. However, the 
l ocal nat ives di d know about them and in fact, provided the i nformation 
that eventually l ed to the discovery of these sites. [15] When archeo­
l ogists were digging at a hill ca ll ed South Glastonbury Castl e in England, 
the po ss ible site of King Arthur 1 S Camelot, one old man came up and 
asked them anxious ly if they had come to release Arthur! [16] The 
memory of the s ite had lived on i n local legends fo r cent uri es. As 
mentioned previously, ancient legends al so l ed to t he di scovery of the 
city of Troy. In other words, these sites were not compl etely forgotten 
and their discovery was not i nadvertent and fortuitous . 

McNiel, an eminent historian, compares civilizations to mountai n 
ranges: 

11 
••• it is only within t he frame of geo logical pa l eontol ogy and 

universal history that mountains and civilizations rise and 
pass away . On shorter t i me scal es, they consti tute enduring 
l andmarks . 11 [ 17] 

He went on to show how enduring civili zations were, by compari ng a 
culture map of Eurasia as it ex is ted in 500 B.C. wi t h t he same map 
2000 years later. The map was essentially the same, the fu ndamental 
cultural structure unchanged over 80 generations. Although the institu­
tions within t hese civili zations may change or cease to exist , t he 
specia lized function of an institution, for example , information pre­
servation and transfer, and t he body of critical informatio n to be 
preserved, can survive t hroughout the existence of the civi lization . 
The l ongevi ty of human institutions has been a major i ssue in the 
disposa l of high-level radioactive waste. However, the primary emphas i s 
has not been on human intrusion, but rather on the extent to which human 
ins ti t utions shoul d be involved in the long-term management of the s ite 
vi s-a-vi s natural and engineered barriers. [18] Although, one funct ion 

of an institution is to transfer information, retention and transfer of 
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information about the repository site is not dependent on the existence 
of the same institution over a long period of time. 

Obviously, one cannot predict with certainty that the informat ion 
on the repository will not be l ost. However, there has never been a 
global blackout of knowledge and al though there are examples of informa­
tion that has been lost from the past, these occurred before the wide­
spread use of writing and printing. Modern information transfer and 
storage systems would decrease the probabi lity of this happening today. 
The preponderance of historical evidence indicates that the likelihood 
of information los s is small . Our efforts should be directed towards 
careful and deliberate marking of the site, an understandable explana­
tion of the design and nature of the repository, as well as storage of 
information about the site in multipl e offsite locations. This will 
further minimize the chance that memory of the s ite will be lost, and 
ensures that comparative texts do exist to enabl e future generations to 
decipher the site records. [19] Any event cataclysmic enough to destroy 
onsite markers and all offsite records would make the hazards posed by 
loss of the repository location small in comparison. 

Onsite markings should range from very si mple markers using universal 
symbols to warn of the danger, to compl ex descriptions of the mine and 
its contents. Both types of markers should be made of material s that 
are impervious to destruction by time and the elements. [20] In situ 
"tell tales" could also be placed in the repository media to alert 
would-be mineral explorers of the nature of the repository in the case 
t hat societal memory of the site was lost . [21] The speci fic languages 
to be used for marking the site should be those that have the hi ghest 
potential for surv i val . These would be those spoken by the largest 
number of people--English and Chinese--and a language spoken in a place 
remote enough to survive a natural or man-made holocaust--for example, 
Spanish, which i s scattered throughout the corners of South America. 

It is unlikely that any future generat ions would utilize different 
languages than those language groups used at the time the repository was 
developed. Before writing, language change was relatively rapid. The 
invention of writing stabi li zed l anguage to the point where radical 
change no longer occurred. [22] Even if a natural or manmade holocaust 
occurred, the survivors would not have to evolve a new system of writing, 
unless only young children survived, an extremely unlikely possibil ity . 
Therefore, we can assume that future generat ions will be able to decipher 
the message left at the repository. 

In the event that the memory of the site is lost, there is a high 
probability that any future society that possesses the knowledge and 
capability to locate and explore for resources at 600 meters would also 
have the knowledge to recognize what they have found, [23] how to 
mitigate adverse consequences, and would establish administrative 
control over the area. [24] 

Reliable documentation of the site l ocation and the nature of the 
repository will also be key factors in minimizing the hazard that could 
result from deliberate intrusion into the repos itory. It is imposs ible 
to predict what the probability is for deliberate intrusion, but it is a 
possibility that cannot be i gnored. Even if a repository site is an 
"unattractive " locati on in terms of exi sting resource potential, the 
high l evel waste itself may be an attractive resource and there may al so 
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be other site location resources and natural features that prove va luable 
to future generations. However , any effort to recover those resources 
will be based on a conscious societal decision. Our obligation to 
future generations is to assist them in making an informed decision on 
whether to breach the repository or to conduct any type of operation in 
its genera l vicinity. Documentation should present a full explanati on 
of repository design, the nature of the waste including potenti al resource 
use, and an assessment of the potential hazards from breach of the 
repository to enable future generations to fully evaluate the costs and 
benefits of intrusion. The remaining measure to be employed to minimize 
the possibility of deliberate human intrusion is to evaluate the existence 
of site resources of current or future value in making a site suitabil­
ity decision. This type of site sel ection criteria will also work to 
minimize inadvertent human intrusion. In neither case, however, wi ll it 
foreclose on its own credit the possibility that human intrusion wi ll 
occur. 

One type of deliberate human intrusion that would not be a col lective 
societal decision would be intrusion by terrorists or saboteurs Although, 
a repository might seem to be an attractive target, there is little 
possibility that terrorists could covertly breach a repository. Breach 
of the repository would require extensive use of machinery for drilling 
and excavating over a considerable period of time, and it i s highly 
improbable that a terrori st group could accomplish this without being 
detected and stopped by government authorities . 
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ABSTRACT 

A simplified mathematical model has been developed to screen potential mined geological repository sites taking into account the uncertainty in the input data. Initial input .data that was assumed constant was inventory of radio­active wastes, number and size of cannisters, size of repos­itory, and the ground water flow area. Though there is some uncertainty in these data, by far the greatest uncertainty pertained to leach rate of the waste form and cannister, ground water velocity, retardation rates of nuclides relative to ground water, distance to the biosphere and flow rate in the receiving waters in the biosphere. These were varied over realistic ranges from 1 to 4 orders of magnitude. The results showed that there are a wide variety of combinations of these parameters that allow a waste repository to be sited without exceeding the maximum per­missible concentrations of isotopes in drinking water. It is concluded that for the artificially-created nuclides it is the intermediate time period, greater than 1,000 years and less than 1 million years, that poses the greatest problem. 

INTRODUCTION 

This conference is concerned with uncertainties associated with the Regulation of the Geologic Disposal of High-Level Radioactive Waste. Can we reduce or finesse these uncertainties sufficiently so that we will not be paralyzed by analyses but can move forward to actua lly putting high­level radioactive waste underground? 

To do this we need to look at the system as a whole and not set arbitrary limits on how individual components behave. We need to be con­servative and have some redundancy built into the system and utilize defense in depth principles but for the initial screening of $ites we can afford to use very simple models to predict what the worst accidents will cause. We have been consistent admirers of Occam's principle which states that what can be done with fewer assumptions is done in vain with more . Therefore, we have used a brute force, simple model approach to show that, in the multiparameter system that represents a waste repos itory with the associated waste form, cannister, overpack, backfi ll and geology 
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and hydrology, there are an infinite number of combinations that wi ll 
result in concentrations released to the biosphere that will be less than 
some stated fraction of the maximum permissible concentrations. Possibly, 
more important, one can show that there are certain combinations of 
parameters that are not s uitable for a waste repository system. 

MODEL DEVELOPMENT 

The model is unsophisticated in that it does not take into account 
explicitly dispersion or buildup of daughter products. Rather, it does 
calculate the mass flow rate of radioactive material leached from the 
waste form - cannister system in grams per day by mu lti plying the l each 
rate times the cannister area. The solubility limit for each of the 
i sotopes of concern is used as the default value. The volumetric flow 
rate in cubic centimeters per day of each isotope is then calculated by 
multiplying the ground water velocity times the equivalent aquifer area 
and dividing by the retardation factor. The time of travel of each 
nuclide is determined by dividing the distance to the biosphere by the 
ground water velocity and multiplying it by the retardation factor. The 
steady state non-decayed concentration of radionuclides moving through 
the ground water is then equa~ to the mass flow rate divided by the 
volumetric flow rate or gm/cm . The activity of each nuclide is then 
calculated by taking into account its decay during its travel time to the 
biosphere. The concentration in the ground water is diluted by mixing 
with receiving stream and this instantaneous concentration is compared 
with the MPC for that isotope. 

No reconcentration of the nuclides in the biosphere is assumed. For 
many isotopes such as H-3 this is correct, whereas for others at some 
trophi c levels, magnification can be as much as 106. Though the results 
are presented as ratios of the permissible concentrations, it must be 
remembered that these are not necessat·ily the doses that will be received 
unless one takes hi s entire water intake untreated from this water course. 

INPUT DATA 

The parameters that were fixed in the analysis were the initial 
inventory of radioactive waste, the number and size of cannisters, the 
size of the repository, and the ground water flow area. The parameters 
that were varied were : leach rate of waste form and cannister of lo-1 to 
l0-5 in increments of 10 in gm/cm2-day, ground water velocity 0.1, 10 , 
and 1000 m/yr; retardation rates of 1, 100, 1000, and 10,000; distance to 
the biosphere of 500, 1000, 1500, 5000 m; and stream flows of 1, 10, 100, 
and 1000 m3jsec. The retardation factor and the leach rate are subject to 

considerable uncertainty. The retardation factor has to be a function of 
the chemical form, the soil matrix, the pH and Eh of the transporting water, 

subject to the law of mass action and competing ions, and the exhaustion of 
sorption sites. The leach rate is a function of the exact waste form, the 

temperature, pH, Eh, and competing ions of the leach water. The difficulty 

in defining a procedure for leach rate is indi cative of the many factors 

that determine the leach rate. For well defined, porous media the ground 
water travel time is relatively easily determined. However, for fracture 
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flow, the determination i s not so simple. The 21 isotopes of most concern 
were taken as the source terms and are li sted in Table 1 with their 
activities in the year 2070 for the reprocessing cycle of the Final Environ­
mental Impact Statement on Management of Commercially Generated Radioactive 
Wastes [lJ . Thi s case assumes that nuclear power capacity grows to 250 GW 
in the year 2000, that al l plants operate for 40 years and that the last e 
plant s huts down in 2040. This, then, would mean wastes from a total of 
6400 GWe years would need to be disposed. 

RESULTS 

The full results are too voluminous to be reported here. Therefore, 
only the results from three isotopes of different half-lives, permissible 
concentrations, and sorption characteristics are reported here:l) Strontium 
90, relativel y short half-life (relative to age when placed in a repository) 
28.9 years,

5
maximum haza rd with a max imum permissible acceptable concentra­

tion of 10- mi crocuries per li ter, and medium sorption of 10 ml/gm ; 
2) Pluton ium 239, with long half-life 24,390 years of medium hazard with 
a maximum permissible concentration of lo-4 ~Ci/ml, and high sorption of 
250 ml/gm; and 3) Iodine 129, of ver~ l ong hal f- li fe of 17,000 ,000 years, 
of maximum hazard with a MPCW of 10- and no sorption ato ml/gm [2J . 

The times to reach the biosphere at a distance of 1000 meters fr~m the 
reposi tory, ignoring decay, for a ground water velocity of 2. 74 x 10-
m/day and for retardation factors (time of travel of nuclide relative to

6 time o} travel of W§ter) of 1, 100, 1000, and 10,000 are 1 x 10 ; 1 x 10 ; 
1 x 10 ; and 1 x 10 years. For any other distance, ground water flow or 
retardation factor, the time of travel is linearly related . The ca l cula­
tions are made for re l ease into the biosphere into a river wi th a flow of 
1 m3jsec. For other river flows, the concentrations and doses are 
linearly related . 

The maximum permi ss ibl e concentrat ion factors used were those of the 
ICRP 2 and 6 [3, 4] prior to the publication of ICRP-30 [5]. The permissi ­
ble concentrations of Sr 90, Pu 239, and I 129 are decreased by a factor 
of 24, increased by 2.7, and remained the same, respective ly , in ICRP-30 . 

Strontium 90 

Using a ground water velocity of 0.1 m/yr, the time of f low of the 
water to the nearest poi nt in t he biosphere, 500 m, i s 5000 years . Since 
the half- life of Strontium 90 i s appro~imately 30 years, then the percent 
not decayed at that time is 8.5 x l o-5 1. Therefore, at these activity 
level s, the leach rate and the retardation factors are immateri al because 
t he concentration of the nucl ide in the biosphere is already greatly 
below the permiss ibl e concentrati ons, as s hown in Figure 1. However, 
when the ground water velocity is increased to 10 m/yr, then leach rate 
and retardation factors do become important . As would be expected for 
a retardation fa ctor of 100, the time for t he Strontium 90 (not the water ) 
to reach the biosphere is the same as for the water traveling at 0. 1 m/yr . 
Consequently, as seen in Figure 2, only when the retardation factor is 1 
are there any concentrations of Strontium 90 in the biosphere above the 
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permissible limits . 

While it might at first be thought that these cal culations are super­
fluous in that. everything should be linearly related, it should be noted 
that decay is a function of base 2 and that leach rates are solubil i ty 
limited so that one can see, as in Figure 2, inst ances where two l each 
rates still have the same biosphere concentrations. Thi s, of course, must 
be in the higher leach rates. 

When the ground water velocity i s increased another factor of 100, 
then to have the same concentra!ions as in the first scenario, the retarda­
tion factor must increase by 10 . Thi s is sh~wn in Fi gure 3 whe~e all 
concentrations with retardation factors of 10 are less than 10- MPC. 

Plutonium 239 

The same sort of profiles hold for Plutonium 239. However, because 
of the longer half-life of Pu 239, 24,390 years, at 500 meters and with a 
retardation facto r of 1, the activity remaining is almost 90%. However, 
for highe§ retardation factors, say 100, t he amount remaining i s only 
7.5 x 10- percent of the initi al amount. 

As can be seen in Figure ~· line AZ, a retardati on factor of 1 and a 
leach rate of 0.1 x lo-4 gm/cm /day, is essentially hori zontal . This, in 
effect, says that for l ong lived isotopes, the time of travel from points 
near to the repository to more distant points i s short rel ative to the half­
life. For example, the time to travel from t he 500 meter point to the 5000 
meter point is 450 years . In that time period, the activity of the 
Plutonium 239 has decreased about 1%. 

Iodine 129 

In Figure 5, where I-129 i s shown at the highest ground water trave l 
rate calculated, it can be seen that for the case of 1 m3/sec the maxi mum 
concentrations are only200 times the MPC values . For more realistic f l ows, 
the MPC would not be exceeded . 

CONCLUSIONS 

This s imple model has shown its worth in that one can see the isotopes 
that are, in fact, of concern and the parameters that need to be reduced or 
increased to make the concentrations less than the permissible limits. In 
effect, it tells you what combinations of parameters will give you 
satisfactory sites. One can also see what range of uncertainty one can 
tolerate within these parameters and s till have satisfactory sites. 

In addition, one can see that, for l ong and very long-lived i sotopes, 
short term delays in releases, say 1000 years, do not, in fact, have any 
appreciable effect on the dose rate or integrated doses. (For Plutonium 
239, thi s reduces the activity and , therefore, the concentrations and 
integrated doses by less than 3 percent . ) Consequently, the ma in purpose 
of 1000 year contai nment can on ly be to assure no problems with short hal f-
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lived isotopes and to retain the isotopes past the peak thermal periods. Yet, as shown in Figures 1-3 , if one can show relatively slow travel times or moderate retardation coefficients, the same delay can be achieved. 
It can also be seen in Figure 4 that, for rapid flow and high toxicity, the leach rate must be extremely low to make a difference in the dosages. 

In Figure 5 it can be seen that the absolute value of the ratio of the concentration to the MPC is such that hazard will be low for any of the leach rates used, taking into account isotopic dilution and reasonable river water dilution . Therefore, one can see for the man-made isotopes that it is the intermediate time period that most likely must be most closely designed for, since it is likely not to be buffered sufficiently by the natural system nor of such low concentration that it can be simply diluted. 

The other conclusions reached could have been postulated a priori, but are here stated for completeness and because the figures do verify them. For safer disposal sites, one would prefer: 

l . Slow ground water velocity to high velocities; 2. Low leach rates to high leach rates; 
3. High retardation ratios to low retardation ratios; 4. Longer distances to the biosphere to shorter distances; 5. Larger river flows to smaller river flows. 
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TABLE 1 

RADIOACTIVITY INVENTORY - IN YEAR 2050 

ISOTOPE ACTIVITY, CURIES 

H-3 2 X 106 

C-14 2 X 105 

Fe-55 2 X 106 

Co-60 2 X 107 

Sr-90 1 X 1010 

Tc-99 3 X 106 

I- 129 8 X 103 

Cs-135 8 X 104 

Cs-137 2 X 1010 

Th-232 2 X 10-5 

U-235 7 X 101 

U-238 2 X 103 

Np-237 2 X 105 

Pu-238 7 X 106 

Pu-239 7 X 105 

Pu-240 2 X 106 

Pu-241 7 X 107 

Pu-242 5 X 103 

Am-241 7 X 108 

Am-243 1 X 107 

Cm-242 4 X 106 

Cm-244 3 X 108 

* 250 MWe in year 2000, phase-out; 

1990 reprocessing start. 240,000 

MTHM total 
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ABSTRACT 

This paper summarizes estimates of potential uncertainties 
in the separate components of a calculation of long-term popula­
tion dose and health effects resulting from a known release of 
plutonium to a freshwater s urface-water system. The components 
discussed include (1) radionuclide concentrations in the surface 
waters, (2) intake by an exposed individual per unit concentra­
tion in surface waters, (3) dose to an individual per unit 
intake, (4) size of the exposed population and its age distribu­
tion, and (5) the incremental cancer risk per unit population 
dose. For each component we discuss an uncertainty based on the 
range of possible values indicated by available data and an 
uncertainty based on an expected distribution of values about 
the mean for the exposed population. The analysis emphasizes 
significant uncertainties in the fraction of ingested plutonium 
absorbed into blood from the gastrointestinal tract and the risk 
factor for induction of bone cancer by alpha-particle irradi­
ation. 

INTRODUCTION 

Estimates of potential uncertainties in predicting the long-term 
post-closure performance of a geologic repository for high-level radio­
active waste involve consideration of (1) uncertainties in predicting the 

* Research sponsored by the Divi s ion of Health, Siting, and Environ-
ment, Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory 
Commission under Interagency Agreement DOE 40-550-75 with the U.S. Depart­
ment of Energy under contract W-7405-eng- 26 with the Union Carbide Corpor­
ation. 

tconsultant. 

ttPresent affiliation: Industrial Safety and Applied Health Physics 
Divi s ion, Oak Ridge National Laboratory. 
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transport of radionuclides from a repository to the biosphere, e.g . , via 

groundwater flow, and (2) uncertainties in predicting the population dose 

and number of health effects resulting from a release to the biosphere. 

The major thrust of this symposium has been directed toward the first of 

these considerations. In this paper, however, we concentrate on the 
second, and discuss the results of a preliminary study of potential uncer­

tainties in estimates of long-term collective dose and health effects 

resulting from a known release of a long-lived radionuclide to the bio­

sphere . 

Estimation of the uncertainty in a calcu l ation of long-term collec­

tive dose and health effects as a function of time after a release to the 

biosphere involves consideration of the uncertainty in each of the fol­
lowing: (1) the radionuclide concentrations in man 1 s exposure environment 

as a function of location and time after the release; (2) the radionuc l ide 

intake by exposed individual s per unit concentration in the environment; 

(3) the dose to an exposed individual per unit intake; (4) the number of 

exposed individuals and their age distribution as a function of time; and 

(5) the risk of induction of fatal cancers per unit population dose. In 

thi s analysis we assume a known release of plutonium to a freshwater 

s urface-water system and consider subsequent exposures via ingestion of 

contaminated drinking water. 

The analysis emphasizes estimates of the potential uncertainty in 
each of the five separate components listed above for the purpose of 
identifying those components whose uncertainty contri butes s ignificantly 

to the overall uncertainty in the number of health effects per unit 
release. No attempt is made, however, to rigorously combine the separate 

uncertainties to obtain a proper estimate of the uncertainty in health 

effects. Rather, the largest uncertainties in the separate components are 

used to provide semi - quantitative estimates of potential uncertainties in 

population dose and health effects. 

Two different types of uncertainties are discussed in this paper. 

For the first, the uncertainty i s described by the range of possible 
parameter values obtained from available data. This type of uncertainty 

i s appropriate if the primary concern is estimation of any potential 
effects which might be experienced by any exposed individual. It is 

important to recognize, however, that the range tends to emphasize extreme 

parameter values which may occur only with very low probability in an 
exposed popu l ation, particular ly if the data on which the range is based 

are extensive. Therefore, we also consider a second type of uncertainty 

described by the distribution of values about the mean experienced by the 

exposed population, e.g., the standard deviation . This measure of uncer­

tainty is appropriate if the primary concern is estimation of collective 

dose and health effects. 



281 

ESTIMATES OF UNCERTAINTIES IN SEPARATE COMPONENTS 
OF HEALTH EFFECTS CALCULATION 

Radionuclide Concentrations 

For a release of plutonium to surface waters, the relevant quantity 
for determining exposures due to ingestion of contaminated drinking water 
is the time-integrated concentration of plutonium in the receiving waters. 
We have studied the uncertainty in this quantity using a mixed-tank model 
given by Eqs. B-25 through B-33 of Ref. [1]. The predicted time-inte­
grated concentration of plutonium in the receiving waters is sensitive 
primarily to variations in the plutonium distribution coefficient (Kd) and 
the rate of sedimentation [1] . The range of reported Kd values for fresh­
water systems is about a factor of 70 [2,3], whereas the sedimentation 
rate within a large system (the Great Lakes) varies only by a factor of 
three [1]. The predicted range of time-integrated plutonium concentra­
tions is thus dominated by the range in Kd values and is about two orders 
of magnitude . For a particular freshwater system, however, the data 
indicate that the mean Kd value can be determined with a standard devia­
tion of less than one order of magnitude [3]. Therefore, with site­
specific data for the distribution coefficient and sedimentation rate, it 
should be possible to obtain a standard deviation of the time-integrated 
plutonium concentration for an exposed population of approximately one 
order of magnitude. 

Individual Intake 

Ingestion of contaminated drinking water is assumed to be the primary 
pathway for i ntake of plutonium by exposed ind iv iduals following a release 
to a freshwater system. The individual intake rate per unit concentration 
in the receiving waters is proportional to three factors - the total 
intake rate of water, the fraction of the total water intake from the 
contaminated receiving waters, and the frac tion of plutonium in receiving 
waters which is transmitted by water treatment systems. An analysis of 
available data [4] indicates that the range in predicted values of the 
individua l intake rate of plutonium could be as large as two orders of 
magnitude . For a particular site , however, it should be possible to 
determine the transmission of plutonium by water treatment systems with 
negligible uncertainty. Therefore, for collective dose assessments, we 
require only an estimate of the total intake rate of contaminated water by 
the exposed population. Available survey data on normal populations [5] 
indicate that this quantity could probably be determined with a standard 
deviation of less than one order of magnitude. 

Dose per Unit Intake 

The analysis of the uncertainty in the dose to an individual per unit 
intake of plutonium is based on the assumption that bone is the cri tical 
organ at risk. The dose to bone per unit intake is defined by the 50-year 
dose commitment [6], 
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DCF(50) = Sf1 f 2 '(1-50A8) / AB , 

where DCF(50) is the 50-year dose-equivalent commitment per unit activity 

of intake, S is a dosimetric factor giving the dose equivalent per unit 

residence time of activity in bone, f 1 is the fraction of ingested pluto­

nium absorbed into blood from the gastrointestinal (GI) tract , f 2 ' is the 

fraction of absorbed plutonium deposited in bone, and AB is the biological 

removal constant for plutonium in bone in units of 1/yr. 

An analysis of available data [4] indicates that the ranges in values 

of the S factor and the quantity (l-50As)/AB are each only a factor of 
two, and the range in f 2 ' is only a factor of four. Furthermore, these 

ranges are very much less than the range of values for the GI-tract uptake 

fraction, so that the uncertainty in this parameter essentially determines 

the uncertainty in the dose per unit intake . In this paper, therefore, we 

examine in some detail data on the GI-tract uptake fraction for soluble 

plutonium. 

Figure 1 shows selected data for GI-tract uptake of soluble plutonium 

nitrate in a variety of adult mammals. The nitrate form is expected to be 

reasonably characteristic of environmental plutonium [16] . The earlier 

value of 3 x l0- 5 adopted for occupational exposures in ICRP Publication 

19 [15] was based on the first chronic feeding experiments in the rat [8], 

whereas the value of 1 x 10-4 recently adopted in ICRP Publication 30 [16] 

was based on the chronic feeding experiments in the hamster [12]. 

The data in Fig . 1 show that the range in values of the GI-tract 
uptake fraction is three orders of magnitude. From the point of view of 

estimating an uncertainty in the GI-tract uptake fraction applicable to 

the mean value for an exposed population, the following results in Fig. 1 

are significant: (1) consistently high uptake in the rat and guinea pig 

for plutonium biologically incorporated into or added to feedstuffs 

[9,11]; (2) an increase in uptake with decreasing mass administered for 

recent data in the rat [10]; (3) significantly greater uptake following 

chronic feeding of hamsters compared with acute feeding [12,13];* and (4) 

relatively low GI-tract uptake in the pig , the animal among those studied 

which has a digestive tract most similar to man's [8] . If we consider 

only the recent data in the rat, hamster, and guinea pig involving chronic 

feeding at low mass levels of intake and incorporation or addition of 
plutonium into a normal diet, conditions which should be most appropriate 

for human exposures to plutonium in the environment, it seems that the 

uncertainty in the GI-tract uptake fraction is about one order of magni­

tude . If, on the other hand , we also include the available data on the 

* These experiments also showed that uptake of plutonium in the 

valence state Pu(VI) is the same as uptake of Pu(IV) for both fasted and 

normally fed hamsters. This result suggests that the early measurement of 

f 1 = 2 x 10-2 for Pu(VI) in the rat [8] was probably due to extreme fast­

ing and not to a dependence of uptake on the oxidation state of the 
administered plutonium. 
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pig because of its greater similarity to man compared with the other 
mammals , it appears that the uncertainty may be as large as three orders 
of magnitude. Thus, while the data on individual animal species under 
similar conditions of intake indicate that the var i ab i lity in values of 
GI-tract uptake about the mean for an exposed human population is likely 
to be about an order of magnitude , the mean value appropriate to that 
population may be uncertain by three orders of magnitude. 

Additional data on GI-tract uptake in the pig would be very useful in 
estimating a value which is applicable to human populations, especially in 
light of the apparent trend in Fig . 1 that measurements since 1978 give 
higher values than earlier results . Data on humans would also be 
extremely valuable since the applicability of data on other mammals to 
human experience i s always open to question. 

Exposed Population 

The number of health effects res ulting from a release of radionu­
clides to the environment depends on both the number of exposed i ndivid­
uals and their age distribution . Future projections of exposed popula­
tions are particularly speculative because the exposures occur primarily 
in the geographical region near the point of release of the plutonium to 
surface waters, and the s ize of the exposed population depends on migra­
tion as well as birth and death rates . An analysis in ref. [4] s uggests 
that projections of exposed populations on a local and regional scale may 
be uncertain by as much as two orders of magnitude for time periods in the 
future beyond a few hundred years. The uncertainty in the number of 
health effects due to the uncertain age distribution of future populations 
was estimated to be about a factor of two . This uncer ta i nty is negligible 
compared with the uncertainty in the number of exposed individuals. 

Risk of Cancer Induction 

In t hi s paper we cons ider the ri s k of induction of bone cancer s from 
alpha-particle irradiation us i ng ri s k factors given in the recent BEIR 
report [17] . Thi s type of cancer i s of interest because many long-lived 
radionuclides in high-level waste, including plutonium , are alpha-emitting 
bone seekers . 

The cumulative risk of bone sarcomas from alpha irradiation as a 
function of absorbed dose predicted by the two different models for the 
cumulative risk coefficient given in Table A-27 of ref . [17] are shown in 
Fig. 2. Both models are derived from fi t s to available data on humans , 
which occur only fo r high dose levels above 10 Gy (103 rads). At expected 
doses from environmental exposures , i . e . , <10- 3 Gy (10- 1 rads), however , 
the cumulative risk predicted by the two models differs by four orders of 
magnitude or more . 

The BEIR report [17] emphasizes that the risk of cancer induction 
from exposures to radiation at environmental levels i s largely unknown and 
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t hat the est imates of risk suc h as those i n Fig. 2 depend muc h more on t he 

assumed mathematical fo rm for the dose- r esponse f unct i on t han on the data 

themselves. If we assume that the linear risk factor is the appropriate 

mode l for estimating cancer risk from a l pha irradiation at envi ronme nt 

levels of exposure, then the uncertainty in the risk factor due only to 

the variability in available human data at high doses would be about one 

order of magnitude [17]. The linear model is perhaps the more reasonable 

choice because it provides the greater estimates of risk; furthermore, it 

is difficu l t on the basis of both ani ma l data and t heoretical consider a­

tions to rule out a linear component to the dose-effect re l at i ons hip wh ich 

should become dominant at low doses. The BEIR report [17 ] cautions, 

however, that the linear model does not necessarily provide overest imates 

of risk (and may, in fact, underestimate risk) because of evidence that 

the risk per unit dose of alpha radiation increases with decreasing dose 

rate. There are likely to be additional uncertainties involved in 

applying limited data on special human and animal populations to a more 

het erogeneous human population that would be exposed to env i ro nme ntal 

pl utonium, but these uncertainties are difficult to quantify. 

SUMMARY AND CONCLUSIONS 

The analysis of uncertainties in the five separate components of a 

calculation of the number of health effects per unit release of plutonium 

to a freshwater s urface- water system is summarized i n Tab l e 1. Order- of­

magnitude estimates are given for both the range of expected values and a n 

uncertainty in the mean of the distr·ibution of va l ues which would be 

experienced by an exposed population. The range i s appropriate for con­

sidering potential effects on each exposed individual, e.g., for the 

purpose of determining compliance with applicable radiation protection 

standards, whereas the uncertainty in the mean i s appropriate for con­

sidering collective dose and health effects. 

The uncertainty in the mean in Table 1 has a somewhat different 

interpretation depending upon the particular paramet e r . For the environ­

mental concentration and individual intake, the uncerta inty in the mean 

represents a standard deviation wh ich shoul d be achievable on the basis of 

site-specific measurements. For the dose per unit intake, the smaller 

value also represents a potential standard deviati on of the mean, but t he 

larger value represents the current uncertainty in what the appropriate 

mean value for an exposed population should be. The uncert ai nty in t he 

mean for the populati on is the same as the range of projected values; in 

thi s case, the parameter does not have statistical attributes. For the 

cancer risk the given lower limit is based on the ass umption that a li near 

ri sk factor is the correct mode l at low doses. A possible upper limit 

assuming the li near model cannot be determined, and, furthermore, there i s 

no compelling evidence t hat this mode l provides estimates of risk that 

would actual l y be experienced in a normal human population. 
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The analysis in this paper suggests that potential uncerta i nti es i n 
the dose per unit intake, the s ize of future exposed popul ations , and t he 
cancer risk per unit dose are most important f or det ermi ning an uncer­
tainty in the mean for a predicted number of health effects in an exposed 
population . Uncertainties in environmental concentra t ions and indivi dua l 
intake appear to be potentially les s important. Further exper i ments cou l d 
perhaps reduce some of the uncertainties (e.g., meas urements of GI -tract 
uptake of plutonium in man), but it seems unreali s ti c that t he r i s k fac t or 
for cancer induction can be determined for environmenta l l evel s of expo­
sure. For the risk factor, it may be more reasonable t o use limi t ing 
values, which can be estimated from available data , i n or der t o prov ide 
conservative estimates of the potential health detriment t o man. 

In this analysis we have not combined the esti ma t ed uncertainties in 
the separate components to obtain an es t i mate of t he overall uncertainty 
in the number of excess health effects per un i t r elease of plutoni um to 
the biosphere. We caution that s imply combining ranges of va l ues for t he 
separate components to obtain a range of pos s i bl e effects tends to place 
misleading emphas is on extreme res ults whi ch wi l l occur only with a ve ry 
low probability in any exposed population . Based only on the uncertain­
ties in the second column of Table 1, we may crude ly esti mat e an overal l 
uncertainty in health effects of at leas t 2 to 3 orders of magnitude , 
exclusive of any additional unknown uncertaint ies i n t he cancer risk 
factor which could increase the overall uncertainty. A more quantitat i ve 
and rigorous analysis of the overall uncertainty mus t be performed wi t h 
care because of likely correlations among some of the di fferent compo­
nents, particularly correlations of the intake rate, dose, and cancer r is k 
with age at exposure. Such an analys is s hould t a ke into account estimat es 
of probability distributions of the separate components over thei r ass umed 
ranges in order to generate probabili t y di s tributi ons for the expect ed 
number of health effects. 
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Table 1. Estimated uncertainties in separate components 
of health effects calculation for plutonium 

Component 

Environmental concentration 

Individual intake 

Dose per unit intake 

Population and age 
distribution 

Cancer risk per unit dose 

Range 
(Orders- of-magnitude) 

2 

2 

3 

<2 

>4 

Uncertainty in mean 
(Orders-of-magnitude) 

1 

<1 

1-3 

<2 

>1 

~ 
00 
00 
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Fig. 1 - Selected data for GI-tract uptake of plutonium nitrate in mammals. 
The sources of the data are as follows: rat - ref . [7] (1955), ref. 
[8] (1956), ref. [ 9] (1978), and ref. [10,11] (1980); hamster - ref. 
[12 ,13] (1979, 1980); guinea pig- ref. [10,11] (1980); and pig­
ref. [8] (1956) and ref. [14] (1962). The values adopted for occupa­
tional exposures in ICRP Publications 19 [15] and 30 [16] are indi­
cated at the bottom of the figure. 



~ 
U) 

a:: 
w 
> 
f.-
<l 
...J 
:::> 
~ 
:::> 
u 

10-5 

290 

ORNL- OWG 81- 5550R 

DOSE (Gy) 

100 ~--~--~---,.---~---r---.--~
 

10-6 

10-8 

10-10 

BONE SARCOMAS FROM 

PARTICLES 

QUADRATIC- EXPONENTIAL 

10-1 101 

DOSE (rod) 

Fig. 2 - Cumulative risk of induction of bone sarcomas vs. absorbed dose of 

alpha radiation for two different models of the cumulative risk 

coefficient given in Table A-27 of ref . [17]. 
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Af3STRACT 

B. E. Kirstein 
T. E. Al oert 

A perforr.1ance assessment tnodel for multipl e barrier packages containing 
unreprocessed spent fuel has been developed and applied to several 
package designs. The objective of this work was to develop input to 
programmatic decision making concerning engineered barrier package 
development. Package performance i s determined in terms of time to 
initial release and period of ti me over wh ich release occurs. The model 
contains a state-of-the-art corrosion rate data base which includes 
pitting, crack growth, and uraphitization, as well as bulk corrosion. 
Corrosion rates for oxic and anoxic conditions at each of t\W temperature 
ranges (25-100 and 100-250 C) are used. The model uses a rigorous 
treat1:1ent of radionucl i de release after contact of the waste \'lith Hater 
which includes resistance of damaged barriers and special backfills, 
te1.1perature calculations that account for convecti on and radiation, a 
subroutine to calculate nuclear gamma radiation field at each barrier 
surface, and detailed stress calculations. The model was used to assess 
post-repository closure performance for several designs which were all 
variations of basic designs from the Spent Unreprocessed Fuel (SuRF) 
program. Although the data base is limited, the calculation results 
suggest that waste packages can be designed which will not completely 
degrade for at least a few hundreds of years in salt, basalt, granite, 
and shale med ia. The calculation results suggest that delay times for 
ragionucl}de discharge froM the package to the repository on the order to 
10 to 1U years may be possible using a few inch thickness of intact 
sorption backfill. 

ItJTRODUCTION 

This paper discusses recent work to develop and apply a model for 
assessment of the waste isolation capabi liti es of multi-oarrier 
engineered waste packages emplaced in deep geologic repositories. 
Uncertainties encountered and methods used for dealing rlith such 
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uncertdinties are highlighted. Further modifications and applications of 

the model are currently in progress . 

Objectives 

Tile objective of the work discussed was to develop an assessment model 

from state-of-the-art analytical models and data concerned with various 

near-field effects on the waste package. The results of the analysis are 

intended to be rough (order of magnitude) estimates of the expected 

release-free package life and nuclide release characteristics after 

package failure. The chief use of such estimates has been to carry out 

comparisons of different package designs. Such compositi ons have been 

useful in providing design and development program focus. 

Scope 

To date the work has been confined to studies of packages to contain a 

single PWR fuel bundle as described in the conmercial waste EIS1 which is 

3. 3 percent enriched with 33,000 MWD/MTU burnup and 6.5 year cooled. 

Ti me zero in the analysis is the ti me of repository closure . The 

analysis scenario is a flooded repository. The study was directed toward 

determining time at \thich repository water contacts the v1aste (l each 

begin time) and nuclide release rate for specific nuclides during the 

time thereafter. 

Was te Package Uesi gn 

The basic type of design in the study was a set of multipl e cylindrical 

containers with a specialized backfill surrounding the unit . For the 

purpose of the study the "package" was considered to include the 

backfill. This is not necessarily consistent with some other documents. 

One of the multiple cylinders may actually be a sleeve placed in the 

enplacement borehole . Figure 1 depicts a half cross-section of a maximum 

package . A package concept may contain some or all of the elements 

depicted. The stabilizer is a filler placed around an unreprocessed, 

intact fuel bundle and may be a segmented solid, cast-in-place solid or a 

gas (e. g. , air, nitrogen, argon, or helium). All des i gns considered in 

the study are variations on this basic concept. 

MODEL DESCR IPTION 

The BARIER model treats the package as a series of barrier elements. 

Each is successively attacked as repository water infiltrates the 

package. Once a particular barrier el er:1ent is breached due to stress 

loads or is removed by bulk corrosion then attack of the next inner 

barrier proceeds . Once the water reaches the waste form a nuclide 

release model calculates the release profile. 
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A Barrier Element 

Figure 2 is a sche1:1atic of a barrier element in the rnodel. The figure 
shows a 1/2 l ongitudinal cross section through the cylinder of the 
element. All the possible components of a given el ement are shown. Al l 
or some of these components may be present in a particular el ement . The 
solid wall may be composed of two material s. ~·laterial #1 is the base 
material and is treated as a structural material . Materi al #2 is a 
cl adding wi th no structural strength. 13etween the composi t e wall and t he 
next element there 1:1ay be either a gap fi ll ed \'lith gas or a f ill er 
tnaterial. The presence or absence of the individual components of one 
element is conveyed by setting the diamter boundaries of each component. 
That is, if the outside diameter of material #1 is set equal to the 
outside diameter of material #2 then there is no cladding in that 
element. Each layer shown in Figure 1 (the maxi~um pdckage) would be 
represented as an element in Figure 2. For exampl e, the overpack and its 
adjacent filler to the outside. 

The Performance Model 

The perfortnance model calculates the behavior in time of a package v~hic h 
is a composite of elements described above. 

Assumptions and Ground Ru l es. The model assumes that al l packages behave 
exactly the same and the one cal culated i s representative of all the 
packages i n the repository. The model is therefore deterministic and the 
calculational ~ethods are biased to provide the earl iest failure time 
(therefore conservative). Tile repository is assumed to be sealed and 
flooded with characteristic ground water. There is little or no velocity 
of flow in the repository water. It is assumed that the package of 
concern has had a "normal" history. That is, it has suffered no damaging 
events and is ~anufactured to the the expect ed standards. 

The model is concerned with no special events such as earthquakes, 
volcanism, direct human intrusion, etc. The performance behavior 
calculated is related to the sure, slow degradation of the package and 
resulting subsequent release of waste materials. 

Model Procedure. A diagram of the program flow is shown in Figure 3. 
The basic procedure in the packaye degradation phase is a time step 
routine. At each time step a heat transfer model (conducti on, 
convection, thermal radi ation) calculates the temperature profi l e in the 
package . A nuclear radiation model then calculates the radiation field 
at the outside of the wall of current concern (this will later be coupled 
to the corrosion model ) . The corrosion model then calculates the amount 
of bulk or local corrosion for this time step. The next step is a 
calculation of the mechanical stresses to allow a check for barrier 
element integrity . The existing Hall thickness is compared to the 
necessary wall thickness t o withsta~d f~rce s f rom re~ository lithostatic 
cr fror.1 thermal pre :>sure l oads . It is then de ter1nincd whether t;1e 
barrier i s intac ~ or na~ fa il ed. If the uarri er is intact the 
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calculations are repeated for the next time step . If the barrier hds 

failed and is leaking, then the next inner ele1nent is subjected to 

corrosion and the process is repeated. ~hen the l ast el~nent is 

penetrated the nuclide transport ~ode l then cal culates the nuclide 

release profile. 

DISCUSSION OF UNCERTAINTIES 

The individual models in the procedure described above were devel oped to 

provide conservative best estimates and be compatibl e with the quality 

and quantities of data available to support the models. Therefore, the 

individual models are of varying complexity and uncertainty. This 

section contains discussion of the significant uncertainti es encountered 

during the performance assessment work. 

Corrosion Model. The corrosi on model used for the study i s a 

constant rate model. Temperature dependence is handled in discrete 

ranges. (Within a range of temperature one rate is used.) Different 

mechani sms are considered by choosing the l argest of bul k rate, pitti ng 

rate, crack growth rate, or graph itizati on rate. The effect of radiation 

on the corrosion rate has not yet been incorporated. 

The corrosion rates used involve signifi cant uncertainties and are 

considered to be order-of-magnitude estimates at best. l·luch of the 

uncertainty li es in the lack of data at precisely the r i ght temperature, 

pressure and 11ater chemi stry conditions of concern . Interpolations and 

occass i onally extra pol ati on to the necessary set of conditions must be 

made. Of particular conern is the need for better localized corrosion 

data. A further uncertainty is due to the constant rate assumption . 

Most corrosion engineers observe long term corrosion to be a 

self-limiting phenomena. As time goes on the rate generall y decreases 

significantly. Unfortunately the rate reduction occurs over very l ong 

ti mes and is due to complex circumstances. The current data and 

phenomenological understanding are insufficient to allow more than a 

simpl e linear extrapolation in time. The results are likely to be very 

conservati ve showing l oss rates of metal s much higher than would actually 

occur over long periods . The model will tend to predict package failure 

much earli er than actual times due to this problem. The result i s the 

tendency toward costly over design to account for l arge uncertainties. 

t~echan i cal Stress i1odel . The r1echanical stress model is an 

analytical, multi-layer equilibri um stress calculation . The model is a 

rigorous treatment and has been validated against recognized stress 

model s such as the STEALTH code. Nevertheless it is simplifi ed in its 

geometric treatment and assumes that the forces are non-directional 

(lithostatic) . Effects of non-uniform shearing or localized stress are 

not l!CC01mted for. In that sense it i1ay make less-than-conservative 

i> r ect ictions. 
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Oata on mdterial properti es (bulk modulus, shear ;nodulus) for 1-1all 
materials and especially backfill materi als are lacking. This is 
particularly true for specific conditi ons of concern. We have used 
conservative numbers where esti mates had to be made. This again tends to 
guide design activiti es toward costly overdesi gn . 

IJucli de Transport l11odel. The major source of uncertainties in the 
nucl ;ere-transport model is the 1 ack of data . Two key types of data 
needed are solubility data for specific nuclides and equili brium sorpti on 
coeffici ents for specific nuclides in a particular backfill at condition 
of interest. 1~ough esti mates have been used for these calculations with 
an effort to bias on the conservative side . 

RESULTS 

A l arge number of design variations in both creeping u1edia (salt) and 
hardrock (basalt , granite) have been investigated. This section 
summarizes some results obtained for a sampling of the cases considered. 
Note that these results are not to be considered conclusive or 
necessarily proof that long-life packages can be provided . Rather the 
results are useful for comparison of alternatives for further development 
and to indicate that l ong-li fe packages are worth considering in 
comprehensive developnent programs. 

Salt Repository 

Simpl e cases for the salt repository are summari zed in Table 1. These 
results are for oxic conditi ons in the repository. Except for the unclad 
stainless steel case the cast stabil i zer packages are long lived because 
the waste form is not crushable and only oulk loss of containment 
breaches the package. 13ecause of the aggressive env i ronment the 
stainl ess steel can fails early due to local corrosion (pitting or 
cracking) . This is remedied by the addition of a thin zircaloy cladding 
t o protect the can. The case with a segmented steel (crushable) 
stabi lizer, Bl.20tl, di splays a long life time due to a heavy sleeve li ner 
in the borehole which is also protected by zircaloy . 

Figure 4 shows typical profi l es for Pu-239 release from the package after 
failure some key values were al so summarized in Table 1). These results, 
which show very long release times, are typical of most results ootained . 

Hard Rock Repository 

Sample results for the hard rock repository are shown in Tabl e 2. The 
results are simi l ar to those for salt. Packages are computed to last 
somewhat 1 onger mainly due to the 1 ess aggressive environment 
encountered. ~ote that an uncl ad can i ster inside a s imple cast iron 
sleeve l ooks promising (concept BE.34N). Nuclide release profiles are 
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Table 1. Sampl e Resu lts for Packages in a Sal t 
Repository, Oxic Conditi ons . 

PACKAGE DESCRIPTION Pu·239 TRANSPORT 

Time to 
ThickneM Leach Botln Peak Dlacheree RoloiCI/Yrl 

Component Met.,&.a ICMl IYul Time (Vnt RoloiCI/Yrl • • 105 y..,-, 

StebUi~..- c. •. lNd -
Cen1U• 304 SST 0 .64 

8 .4 a 10' 11 7. 10' 14 
S.._wl hon 0.64 35 2.8 a1o5 

Bode fill Sand·O.nto nlte 42. 

Stabillzer CauLNd -
C.nltiW Z iruloy 0.64 

6.8. 10' 10 6. 10' 12 
s ..... Iron 9.0 2,600 2 .8 x 1o5 

Badtlill Sand O.ntonlte 34. 

Stabitlz• C.u Lnd -
CW~iltM 304 SST 0 .64 

2.8x 1oli 8 .1 x1o· 11 •• 10' 14 
s~oa .. Iron 0.64 1,500 

sr . ..... ca.d Z~tc.e kty 0.4 
s.~uu Sind-Bentonite 42. 

Sta.biUur S tMI Segment~ -
Cenluer Steel 0.64 

2.8. 105 8 .1 x 1o·10 8. 10'12 
s ....... Iron i . 1,600 

Sloovo Clod Zlrceloy 0.4 
Bod< fill Sand·Oenronitt 33. 

St.tlUbw CanLN<I -
2.8 a 1o5 1 a1o·8 

C.nluw Zirc.aJoy 0 .64 2,500 4a1o·11 

Bade fill S..nd Bentonite 28.0 

Table 2. Sample Results for Packages in a Hard 
Rock Repository, Oxic Condi tions . 

PACKAGE DESCRIPTION Pu·2JII TRANSPORT 

Time to 
Thiele noM La.d\ S.gtn P .. k OilcN..-ge Rete (C.,tYr) 

Compon~nt Mater lei ICMI IYnl Tlmo iYnl RoloiCI/Yrl •• 1oSy_. 

StabUi.l:er StMI Segm.nta -
C.nistw SteM 0.64 

Sloan 304 SST 9 . 12,000 2.8 x1o5 6.6. 10' 10 4. 10'12 

SMeve C'-d Zirc:.kly 0.13 
Badtf ijl Sand·Bentonlt.. 33. 

StabJiiz.er C..• Laod -
Canbter lnconel 0 .64 

SNeve I ron 0.64 1,300 2 .8 . 1o5 8.2. 10'11 1 • 10'14 

Bode liM S.nd.O.ntonite 42.0 

Stabil i.Lw C•u LNd -
CH~Istw 304 SST 0 .6 4 

s ...... tron 8 . 1,800 2.8 x 1o5 5.8. 1o·10 8. 10' 12 

Beddilt Sand.a.n1onhe 34. 
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essentially the same for these packages as they were in the salt 
repository. 

1. 
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ABSTRACT 

Difficulties in characterizing hydrogeological conditions 
at a potential repository site will create uncertainty in 
model predictions of radionuclide t ransport in groundwater 
flow systems. In thi s paper we carry out a series of 
stochastic simulations to investigate the reduction in that 
uncertainty when hydraulic conductivity data are available 
to characterize the heterogeneous nature of the porous medi um. 
Results suggest that unless a considerable number of field 
measurements are available, transport predictions will be 
subject to large uncertainties. 

INTRODUCTION 

Model studies of the far-field hydrogeological environment will form an integral part of any site evaluation program for a high level radioactive waste repository. It is therefore important to develop an appreciation for the magnitude of uncertainties in model predictions of radionuclide transport in groundwater flow systems. Previous research has indicated that mass transport is very sensitive to the heterogeneity in hydraulic conductivity [1]. Accordingly, the hydraulic conductivity variations at a specific site are considered to be a realization of a 
stochastic process. The parameters describing th is stochastic process include the mean and standard deviation of the lognormal probability density function for hydraulic conductivity [2], and terms describing the spatial autocorrelation between nei ghboring values of hydraulic conductivity [3]. A prime concern in waste management is to determine how the sampl ing program will influence the level of confidence which can be placed in predictions of radionucli de migration . In this paper we investigate the reduction in uncertainty when various quantities of hydraulic conductivity data are availabl e to constrain the patterns of variability in hydraulic conductivity. 
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METHODOLOGY 

The flow system investigated is shown in Figure 1. Radionuclides 

are assumed to enter the flow system as an instantaneous pulse at the 

start of the simulation. An initial requirement for this study is a 
two- dimensional cross section along which the variation in hydraulic 

conductivity is exactl y defined. Because such information is not 
available for any real sys tem, it i s necessary to generate this field 

from a known stochastic process. Thi s realization is then our analog 
of a real-world site. To construct the hypothetical field section, the 
porous medium is divided into a set of discrete blocks . Values of 
hydraulic conductivity are generated for each block using an algorithm 

that allows neighboring block values to be correl ated [3]. The 
parameters descri bing the heterogeneity ar e independent of location 
within the flow domain (statistical homogeneity). 

Rei a s e Zone 
40m I e 

u 

• • • • • . • • _Y. 

• • • • • !.- • • _Y. Grid A 20m 
24 Points • • • • • • • • v. 

100m ] a 200m "' 300m 

Grid B 
36 Points 

~ •• , ... . z. ,. 

:: UU~J[!Y,li!,J!UJJJUhlJJtm 
b 100m a 200m 300m 

Fig. 1 Flow domain and sample gr ids used to select hydraulic conductivity 
values from hypothetical fi eld section. 

This study considers 2 different sample grids . Each dot shown on 

the grids in Figure 1 corresponds to a location where a hydraulic 
conductivity value has been obtained. Each column of the sampl e grid 

can be thought of as a borehol e with measurements obtained at three 
different depths. To s implify the analysis , t he possi bility of measure­
ment error i s not cons idered. 

Usi ng Monte Carlo s imulation, frequency histograms on model output 
are formed by the repetitive simulation of mass transport in a large 

number of realizations. Conditional simulation techniques [4] allow 
field measurements to be incorporated in each reali zation. Each 

reali zation can be thought of as one possible representation of the 
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actual conditions at the repository site. Due to the spatial auto­
correlation, known values of hydraulic conductivity exert an influence 
not just at the point where the value is fixed but over a surrounding 
neighborhood [5]. 

Transport in each realization is simulated using a hybrid determin­istic-probabilistic technique [6]. A summary of simulation parameters 
follows. The parameter s ~Y and cry define the mean and standard 
deviation of the log (base 10) hyaraulic conductivity distribution. 
The estimates of these parameters formed from the measurements on the 
sample grids are denoted Yc and Syc ; respectively. The integral scales 
Ax• Az are a measure of the average distance (in meters) over which 
neighboring values of hydraulic conductivity are correlated [3]. 
Porosity is assumed constant with the value ~n · The number of realizations comprising the Monte Carlo simulation is denoted MC. Finally, the 
transport simulation is based on trac king NP reference particles using 
a timestep 6T. 

RESULTS 

The hydraulic conductivity realization serving as the hypothetical 
field section is contoured in Figure 2. Simulation of transport yields a time of initial mass arrival at the water table of 28000 days. The 
maximum quantity of mass crosses t re water table at 41500 days. The 
time of last arrival is 64000 days. 

Figure 3 shows a series of nonnormalized frequency histograms on 
selected transport times for a reference case and conditi onal simulations of this field realization using sample grids A and B. The reference case 
represents a situation where no hydraulic conductivity values are fixed. In this case, the parameters of the hydraulic conductivity distribution 
are the same as those used to construct the hypothetical section. 

Study of Figure 3 indicates that fixing the 24 values of hydraulic 
conductivity reduces the coefficient of variation (v) in the time of 
initial arrival at the water table by 13.0% relative to the reference 
case. A decrease in the coefficient of variation can be taken as a 
measure of the reduction in uncertainty in prediction. Using sample 
grid B with 36 measurement points leads to a reduction of 31.3%. The 
coefficient of variation in the time at which the maximum quantity of 
mass crosses the water table shows no difference between the reference 
case and the simulation with 24 measurement points. Fi xing the 36 
hydraulic conductivity values leads to a reduction of 17.5%. For the 
time of last arrival at the water table, no significant difference in 
the coefficient of variation occurs when preserving the 24 data points; 
while a 15.9% reduction is observed for the 36 data points. 
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Hydraulic Conductivity Field (m/day) 

Jly = - 1.4 5 

Ax = 11 .1 

Fig. 2 Hydraulic conductivity variations represent ing conditions at field 
site . 

Di f ferences in Yc from ~Y and Syc from cry will contr ibute to the 
differences between these arr1val time distributions and those in the 
reference case. If these di f ferences are accounted for, it can be shown 
tha t the particular arrangement of t he heterogeneiti es which develop as 
a consequence of the data set are contri buting to an increase in the 
mean time of initial arrival. Note that for the sample grids considered, 
t he mean arrival times can sti ll di ffer si gnificantly from the arrival 
times for the hypothetical fie ld site . 

One surprising res ul t observed in Figure 3 is that the variability 
in t he arrival time distributions remains relatively large, even though 
grid B represents a fairly dense sampling. This behavior can be 
expl ai ned by recognizing that the certainty with which the seepage 
vel ocities are determined strongly influences the ability to predict 
transpor t . To investigate t he uncertainty in seepage velocities, 
probabi l ity distributi ons can be defined fo r Vx and Vz, t he velocity in 
each of t he coordi nate directions, and e, the direction of the velocity 
vector . 

Figure 4 shows sets of freq uency histograms on Vx, Vz, and e at 
locat ion a (Fi gure 1). Thi s block has a known hydraulic conductivity 
value i n both sample gri ds. For such locations the uncertainty in the 
velocity refl ects t he uncertai nty i n t he hydraulic gradient. The hydraulic 
gradient i s vari able because of differences in the overall arrangement 
of t he heterogeneous elements away from the measurement points in each 
realization. 

The mean Vx decreases in compari son to t he reference case because 
the hydraul ic conductivi ty value preserved i s lower than ~y · Fixing the 
hydraulic conduct ivity val ues on sample grids A and B leads to more 
symmetrical distributi ons with a 46 .8% and 53.1 % reduction in the 
coeffi ci ent of vari ati on ; respectively , relative to the reference case. 
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Fig . 3 Frequency histograms on the time of initial arrival at water 
table, the time the maximum quantity of mass crosses the water 
table, and the time of last arrival. 
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Fig . 4 Frequency hi stog rams on Vx , Vz , and a at l ocation a (Fi g. 1) . 
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The middle set of histograms are formed on Vz. The positive mean 
for Vz in the conditional simulations indicates transport with a 
downward component across the low hydraulic conductivity block. The 
vari ability in Vz i s reduced significantly in fixing the 24 data points 
with a smaller further reduction using the 36 points . 

The l ower set of histograms are formed on the direction of the 
velocity vector. The angle +90 with respect to the horizontal is 
vertically downward. The magnitude of Se reflects the variability in 
the direction of transport from a given location in the flow system. 
The di stribution for e shifts in the conditional simul ations to a greater 
frequency of downward-directed velocity vectors . However, there is no 
reduction of the variability in the direction of transport from location 
a using either sampl e grids A or B. 

The velocity distribut ions shown in Figure 4 are typical for blocks 
with known hydrauli c conductivity values. The average reduction in the 
coeffici ent of variation for Vx in all 24 bl ocks located on sampl e grid 
A is 54 . 2%, relative to the reference case. For sample grid B, the 
average reduction in all 36 blocks i s 57.9%. The average value for Se 
in those blocks located on grid B in the reference simul ation is 24.0°. 
For the conditional simulati on using sampl e grid A, the average of Se 
for the 24 bl ocks is 22 .8° . Using sampl e grid B, the average of Se for 
the 36 blocks is 21.3° . Although preserving the hydraulic conductivity 
values reduces the variability in the magnitude of the velocity , the 
variabi lity in the direction of transport from those bl ocks is only 
slightly constrained using sample grids A or B. 

Now let us consider the reduction in uncertainty in the velocity 
for a block l ocated between two blocks with known hydraulic conduct ivi ty 
values, such as location b in Fi gure 1. At such points , both the 
hydraulic conductivity and hydraulic gradient are unknown. For al l those 
blocks located in simil ar positions to location b on grid B, the average 
reduction in the coefficient of variat i on is 10.1%, relative to the 
reference case. Farther away from the data points, the reduction is 
even less . 

These simul ations suggest that considerabl e hydraulic conductivity 
data may be necessary to obtain a reasonable degree of confidence in 
predictions of site behavior. For sample grids A and B, hydraulic 
conductivity data do not go far towards reducing the uncertainty in the 
seepage velocity. The data seem most effective in l ocally influencing 
the magnitude of the mean velocity and in reducing the uncertainty in 
t he velocity at the measurement points. 

CONCLUSIONS 

Spati al variations in hydraulic conductivity play a critical role 
in controll ing radionuclide transport in groundwater f low systems. They 
give rise to macroscopic dispersion and are a major component cont ributing 
to the uncertai nty i n predicting radionuclide migration. Results from 
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our stochastic simulations suggest that unless a considerable number of 
fi eld measurements are available to constrain the patterns of spatial 
variation in hydraulic conductivity, large uncertainties can be 
associated with the seepage velocities. As a consequence, transport 
predictions will be subject to large uncertainties. 

Further research into the factors influencing the uncertainties in 
transport predictions is essential if groundwater transport models are 
to be utilized in a program of site evaluation. In particular, me thods 
for reducing the magnitude of the uncertainties in predi ction should be 
investigated. In this light we can include in situ velocity measurements, 
inverse simulation, and design of efficient sampling strategies. 
Detailed scenario evaluations involving future events disrupting the 
integrity of the groundwater system wi ll be relatively unimportant if 
large uncertainties are present in predicting transport under existing 
conditions. 
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ABSTRACT 

Two studies are discussed in this report. The first is a deterministic 
study of the relative impact of dissolution time and transit time for two 
values of dispersivity per unit path length. The second is a 
probabilistic sensitivity study which analyzes the relative and absolute 
impact of input uncertainty on performance uncertainty. 

INTRODUCTION 

An important consideration in the promulgation of regulations, and the 
allocation of resources for research is the relative and absolute impact 
of the waste package and the geologic environment on overall repository 
performance. For many migration scenarios, the fluid motion i s through 
cross-sectionally constrained pathways {e.g., boreholes, shafts, breccia 
pipes, etc.) and in such cases, two qualitative features stand out. The 
first is that there exist reasonably well defined discharge points from 
these pathways into aquifers and surface water systems, and the second is 
that the reduction in peak concentration due to transverse dispersion is 
small. It is then possible to characterize the waste migration by sets 
of two quantities; the average transit t ime {TT) of a short pulse and the 
temporal dispersion {S) the pulse experiences, as seen at the discharge 
point, one set for each pathway. 

For each path and under the assumptions used in deriving the usual 
advection-dispersion equation, it may be shown [1] that the ratio of TT 
to Sis independent of velocity and retardation. Specifically, 

S/TT = {20/L) l/ 2 
{1) 

where D is the longitudinal dispersivity and L is the path length . 

The waste package is characterized by two quantities: the corrosion {for 
breech) time {TC) of the cani ster, and the dissolution t ime {TO) of the 
waste form. The implicit assumptions are made that neither temporal nor 
canister variations of these parameters are great. 
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In this report, two types of studies are discussed. The first of a 
global deterministic sensitivity analysis of TT and TO, for two values of 
TT/S and fi xed TC, displayed as contour plots . 

The second is a probabilisti c sensitivity analysis which inves tigates the 
effect two uncertain parameters TT and TO have on the uncertainty in the 
performance. It is performed for a variety of median values for TT and 
TO and dispersivity per unit length. 

For both studies, 10 runs were made. Two fixed values for TT/S were 
used, one (TT/S = 10) corresponding to very littl e dispersion per unit 
length, and one (TT/S = 1) to very large. The latter is designed to 
mimic the effects of some transverse dispersion. TC was set to 500 yrs. 
Two types of waste were considered: spent fuel (SF) and reprocessed high 
l evel waste (HLW). The performance measure was the peak release rate 
(Ci /yr) for 106 MWE-yr repository. 

The performance was evaluated separately for 3 groups of nuclides: Tc -99 
and I-129 (Group 1 ) ; all other fission products (Group 2); and the 
actinides (Group 3). Within a group, the assumption was made that both 
dissolution times and retardation factors are the same for different 
nuclides. 

Had ingestion rem/yr been chosen as a performance measure, then I-129 and 
Ra-226 would have taken on a significantly greater role in the 
performance of their respective groups . 

Due to space limitations , not all of the results are reproduced. For a 
complete set of plots and supporting information, the reader is referred 
to Reference [2]. 

METHODS 

Performance is computed by first calculating the flux (fraction/yr) 
assuming no decay. Then the potential hazard (Ci) as a function of time 
is mul tiplied by the fractional flux and the maximum over time of the 
product is calculated: 

J i = Max j ( t) Hi ( t) 
p t 

where Hi(t) =pot ential hazard (Ci) for group i 
j(t) =fractional flux 

Ji = peak flux (Ci/yr) for group i. 
p 

j ( t) is given by : 

TO 
j ( t) = J- J G ( t-t I )dt I 

0 

( 2) 

(3) 
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with G(t) = 
1 2 2 

2 3 TJ l/2 exp-(t-TT) /(2S t/TT) 
(2nS t /T ) 

The function G(t) is the Green's function for the one-dimensional 
advection-dispersion equation subject to semi-infinite boundary 
conditions [1]. The integral in (3) can be calculated analytically in 
terms of error functions, or numerically. 

(4) 

The evaluation of performance probability distributions is done by first 
discret.izing the input probability distributions to sufficient accuracy 
and appropriately truncating them. Then the output is computed for all 
possible combinations of the inputs, while the associated probabilities 
are kept track of [2]. 

DETERMINISTIC SENSITIVITY STUDY 

Figures 1 through 4 give the contour plots for 4 of the 10 deterministic 
runs. 

From Fig. 1 it can be seen that so long as TT is less than the half-life 
( A) of the main species present (Tc-99, A = 2 x 105 yrs), then 
there are distinct regions where the flux is independent of TD 
(TD << S = TT/10) or TT (TD >> S). When TT > 105 yrs, then the 
flux is ah1ays dependent on TT no matter howlarge TD is. 

Comparing Fig. 2 with Fig. 1 indicates that when there is at least one 
major species for which significant decay is occurring, as in the 
actinides, then TT always has an impact on flux , but again, for TD << S, 
flux is independent of TD. 

Comparing Fig . 3 with Fig. 2 indicates that variation in dispersion 
generally has little effect on flu x. Specifically , to achieve the same 
performance for TT/S = 1 as seen from TT/S = 10 requires a change in TT 
of rarely more than a factor of 3. 

Comparing Fig. 4 with Fig . 3 indica tes that SF is s ubstantially more 
hazardous than HLW, requiring factors of 3 to 5 for TT, or factors of 10 
to 20 for TD, or some combination. 

PROBABILITISTIC SENSITIVITY STUDY 

In the second study, either TT or TD or both, were given lognormal 
distributions with a 2 order of magnitude spread between the 1st and 99th 
percentile, with the median values for each ranging from 103 to 106 
years (except for the combination [106, 106], which was not performed 
due to program constraints). For each combination of median values, the 
uncertainty in flu x is computed and displayed as a bar graph with 99, 75, 
50, 25 and 1 percentile tick marks . The bar graphs are given in groups 
of 3, with the first representing the case where both variables are 
uncertain and the second and third where TT and TD are respectively set 
to their median values with certainty. 
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Fig. 5 reproduces results from one of the 10 runs. This case illustrates 
several features common to all cases. In particular (a bar over a 
variable denotes median value): 

1) For TIJ >> """"5" and IT less than the half-life (A) of any important 
species in the group, then performance uncertainty is a function only 
of TD. 

2) For TD << S, then perfonnance uncertainty is a function of TT only. 

3) For TT greater than the half-life of any important species, then TT 
uncertainty is always important. 

4) For iD ~ ~. then the impact of TT uncertainty is greater than 

(for TT7S = 10) or equal to (for TT7S = 1) the impact of TD 
uncertainty, for TT less than A. 

The first 3 conclusions essentially follow from the deterministic 
results of the preceeding section. 

CONCLUSIONS 

There are well defined areas, determined by the value of the ratios~ 

and~. where both performance median value and its uncertainty are 
primarily a function of either TD or TT and their respective uncertainty 

spread. When ii >>A , then TT and its spread are always important in 
determining median performance and uncertainty. To equalize the impact of 
the actinides in SF and HLW requires either a factor of roughly 3 to 5 
longer TT or a factor of 10 to 20 longer TD or some combination, for SF. 
Variations in TT/S from 1 to 10 (equivalent to variations in D from L/2 
to L/200) rarely shifts equal performance contours by more than a factor of 
3 for TT. 
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SOLUTE TRANSPORT IN POROUS MEDIA WITH IMMOBILE-WATER ZONES 

K. L . Kipp 

Water Resources Division 
U.S . Geological Survey 
Denver , Colorado 80225 

ABSTRACT 

Three ma t hematical models describing one-dimensional flow 
with single- species solute transpor t and diffusion i nto an 
immobile- wa t er zone are compared with reference to migr a tion 
of r ad i onuclides in two media tha t are candidates fo r a waste 
repository . The fir s t model includes disper sion in the 
flowing- wa ter zone and treat s the concentration profile in the 
immobile- water zone explic itly. The second model has no 
spatial dimension in the immobile-wa ter zone . The third model 
is based on the assumption of concentration equilibrium between 
the f lowing- water and immobile-water zones . The f irst model 
r equir es numerical inversion of the Laplace transform solution . 
Analytical solutions a r e available for the second and third 
models ( a nd some special cases of the firs t). Evalua tion and 
compar i s on using parameter ranges f r om frac tured granite a nd 
tuff show: a ) the mechanism of diffusion into an immobile­
water zone provides signi ficant transport r ate reta rdation and 
peak concentration a ttenuation; b) the simplifying assumption 
of an infinite immobile- water zone thickness is invalid ; and 
c) the simpler models are adequa t e for high diffusional 
transport r a tes . 

I NTRODUCTION 

A recent topic of interes t in migration of r adionuclides by flow in 
porous and f r ac tured media is retar dation and a ttenuation provided by 
diffusion into a nd out of immobile- water zones . Two conceptual geom­
e tries of the phys i cal system will be conside red. 

The first geometry ( f i g . l a) is of a r ock, such as gr anite, con­
t a ining a tra nsmission fracture (with aperture 2b) with dead- end, side ­
branch fractures ( of length i ) . The proportion of the ma in fract ure 
wall open t o the dead-end f r ac tures i s designated a . The porosity of 
the rock matrix is assumed to be zero . The second geometry (fig . lb) is 
of a r ock with nonzero matrix po r osity ( Es) and ver y l ow hydraulic con­
duc tivity , so that fluid f l ow is through frac tures of aper ture 2b . 
Spacing be tween adj acent parallel f r actures is 2i . Fr actured tuff or 
shale a r e examples . The transmissive f r acture will be referr ed t o as 
the "fl owing-wa ter zone" and the side-branch frac tures (geometry 1) or 
the por ous rock (geometry 2) as the " immobile- wa t e r zone ", with refer­
ence to the pr esence or lack of water movement . 
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A B 

Fig. 1. Simplified Schema tic Drawings of a Fractured Crystalline 

Rock (lA) and a Fractured Porous Rock (lB). 

As a solute (radionuclide species) is transported by convection 

a l ong the transmissive fracture , diffusive transport into and out of 

dead-end fractures or porous medium occurs, decreasing the net rate of 

transport and the peak concentration resulting from release of a finite 

s lug of solute. 

The purpose of this paper is to compare three mathematical models 

describing this physical system, indicate the conditions under which the 

simpler models are valid, and illustrate the potential of immobile-water 

zone diffusion to retard and attenuate radionuclide transport in two 

potential nuclear-waste repositor y media: namely granite and tuff. The 

first model (profile model) treats the concentration profile in the 

immobile-water zone explicitly and i ncludes dispersion in the f l owing­

water zone ; t his is the most realistic model of the physical system and 

has not appea red previously in the literature with the source term and 

boundary conditions given here . The second model (mixing model) has no 

spatial dimension in the immobile-water zone ; this implies physically a 

well-mixed immobile-water zone with a uniform concentration profile. 

Coats and Smith [1] were the first to present the solution of this model 

as their dead-end pore model . The third model (equilibrium model) is 

the most simplified being based on the assumption of concentration 

equilibrium between the flowing-water and immobile-water zones at all 

points a l ong the transmissive frac ture . It i s the limiting case of the 

other two models for an infinite diffusional-transport rate . 
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Assumptions 

The following assump t ions have been made: 

1. One- dimensional transport in the z - direction of a single 
solute species in the flowing- water zone , 

2. One-dimensional transport in the x-direction by diffusion in 
the immobile- water zone, 

3 . No sorption or reaction of the solute species, 
4. All parameters constant in space and time, 

5 . Species concentrations sufficiently low to not affec t the flow 
field by density or viscosity variations, 

6 . Mass flux at the interface between the flowing- water and 
immobile-water zones distributed continuously along the trans­
missive fracture even though actually occurring a t the entrances 
of discrete side-br anch fractures , 

7. Apertures of the side-branch fractures or pore sizes of the 
porous rock large enough to allow movement of solute molecules 
in the immobile-water zone. 

TRANSPORT EQUATIONS 

Dimensionless Groups 

The transport equation may be written using the following dimen­
sionless paramet ers: 

c c c 
0 

c 
s c c s 
0 

n z 
L 

t; X 

9. 

e =~ 
L 

y D 
VL 

b b 
0. 

a9. 
or--

€: 9. 
s 

D L 
e m 

g_2 v 

dimensionless concentration in flowing-water zone, 

dimensionless concentration in immobile-water zone, 

dimensionless length down the flowing-water zone 
fracture, 

dimensionless length into the immobile-water zone , 

dimensionless time, 

dimensionless dispersion coefficient in the 
flowing-water zone, 

dimensionless volume ratio of flowing-water to 
immobile- water zone, 

dimensionless rate coefficient (ratio of diffusive 
transport rate to convective transport rate), and 
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dimensionless transport rate from the immobile­

water zone to flowing-water zone, 

C is the concentration in the flowing-wa ter zone , 

C is the concentration in the immobile- water zone , 
s 

L is the length from the entrance of the flowpath to the mea sure­

ment point, 

C i s the source scaling concentration, 
0 

V is the uniform velocity in the flowing-wa t er zone , 

D is the dispersion coefficient, 

D is the effective molecular diffusivity in the immobile-water 
m 

zone, 

r i s the r a t e of speci es transport f rom the immobile-water zone t o 

the flowing-water zone per unit volume of flowing-water zone, and 

a , b, i a nd E are as previously defined. 
s 

Several of the parameters that comprise a a nd e are difficult to dete rmine 

for an actual medium. This gives rise to some uncertainty in assess­

ment of the importance of diffusion into the immobile-water zone f or 

tra nsport-ra te retardation in rela tion to radionuclide waste disposal. 

Transport i n the Flowing-Water Zone 

Profile Model. A dimensionless form of the transport equation in 

one dimens ion which describes tran sport in the flowing fluid (including 

convective, dispersive and source sink t erms) is: 

ac a2c ac + aa=yanz- - an R 
(la ) 

Boundary Conditions: a t n 0 - y dC + - c 
an 

F(8) (lb) 

as n -+ CX> c -+ 0 (lc) 

Initial Condition: at e 0 c = 0 (ld) 

The source f unction for this evaluation is given by: 

F(e ) = H( e) - H( e - e ) 
s 

(2) 

whe r e H represents the unit s tep function, and as the dimensionless time 

a t which the source slug of solute ends. 

Trans port in the Immobile-Wa ter Zone 

The concentrat ion profile in the immobile-water zone i s governed by 

a dif f usional tra nsport mechanism. The transfer rate from the immobile 
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water to the flowing-water zone is the diffus ive flux whic h depends on 
the concentration gradient in the immobile-water zone at the interface : 

dC a2c s s 
(3a ) ae e~ 

Boundary Conditions: a t t;, 0, c 
s 

= c (3b) 

de 
t;, 1, s 0 (3c) a t 

a c;, 

Initial Condition: a t e 0, c 0 (3d) s 
The second boundary condition states that no solute leaves through 

the back end of the side-branc h f r ac tures or crosses the s ymmetry bound­
ary midway be tween flowing- zone fractures in the porous medium. The 
transfer-rate expression i s : 

R 0 . (4) 

Mixing Model. This s impler mode l has no spatial dependence in the 
immobile-wate r zone; the solute concentration in the immobile-water zone 
is completely mixed to a uniform concentration throughout its thickness : 

ac 
s - a R (Sa) ae 

Initial Condition: a t e 0, c 0 (Sb) s 
Transfer Rate Expression : R - f3 (c - c ) 

s ( 6 ) 

The transfer rate in the mixing mod el is simply proportional to the 
difference in concentration between the flowing- wa ter and immobile- wa t er 
zones . The transfer-rate coefficient, f3 , has been made the same as for 
the prof ile model by letting the transfer-rate constant be Dm/£2 , which 
is a characteristic-rate scale fac tor for diffusion in the immobile-wa t er 
zo ne . Combining equations la , Sa, and 6 gives the model equation 
formulation. 

Equilibrium Model . The solute concentration in this s imples t model 
is in equilibrium between flowing- water and immobile-water zones at 
each point a l ong the trans missive frac ture: 

c = c . (7) s 
The governing equation is obta ined by comb i ning equations la, Sa , and 7. 

MATHEMATICAL SOLUTIONS 

The s olution for the general profile model requires numerical inver­
s ion of the Lap l ace transform . The me thod used, Crump [2], i s based 
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upon application of the trapezoidal r ule to the Laplace inver sion inte­

gr a l, which y i elds a Fourier- series representation of the function 

sought . Acceleration of the convergence of the i nfinite sum involved is 

obta ined us ing the epsil on a l gorit hm . The computation is done to a user­

specified accuracy . 

Solutions for the simpler models or for other boundary conditions 

have been presented by Barker [3], Skopp and Warrick [4], Rae and Lever 

[5], Coats and Smith [1], Lindstrom [6] and Lapidus and Amundson [7] . 
Lack of space prevents inclusion of a ny of these solutions here . 

MODEL PARAMETERS FOR TWO MEDIA 

Evaluation and comparison of these models of transport with an 

immobile-wa ter zone wer e done using parameters estimated to characterize 

two media that are candida tes for high-level nuclear waste disposal; a 

fractured granite and a frac tured tuff . Parameter values came from a 

variety of sources including Rae and Lever [5], Lundstrom and Stille [8] , 

Olkiewicz e t al [9], and Grisak, Pickens and Cherry [10] . Val ue r anges , 

with corresponding dimensionless parameters , a r e given in Table 1 . 

It should be no ted that the fractured gr anite was characterized by 

a n effective porosity for the immobile-water zone, because no data were 

avail a ble on side-branch f racture apertures , lengths, or distribution 

down the flowing- water zone wall . 

b 

i 

£ 
s 

D m 
D 

v 
L 

y 

Table 1. Paramet er Ranges for Granite and Tuff 

Granite Tuff 

0 . 05 - 0 . 5 mm 

0.5 - 5 m 

0 . 005 - 0 .03 

0 . 0003 - 0 . 2 

0.002 - 10,000 

0.0006 - 0.03 m2 /yr 

0 . 0004 - 5 , 000 m2/ yr 

0.0001 - 0 . 1 km/yr 

1 - 10 km/yr 

0.0004 - 0.05 

1 - 10 mm 

1 - 20 m 

0 . 30 - 0 . 45 

0 . 0001 - 0 . 03 

0.002 - 3 ,000 



327 

SENSITIVITY ANALYSIS OF PROFILE MODEL 

A sensitivity analysis was done for the profile model, because it 
is the most realistic r e presentation . A base- case set of parameters was 
selected for granite: where b = 0. 5 mm, 1 = 1 m, Es = 0 . 005, Dm = 0.03 
m2/yr, V = 0 . 001 km/yr, and L = 1 km . The dispersion coefficient was 
taken to be zero fo r most of the analyses to emphasize the effects of the 
diffusional exchange with the immobile- water zone . 

The base case (8 = 30) and the results of varying the diffusion 
rate parameter ( 8) while holding the volume ratio parameter (a ) constant 
are shown in figure 2. For very large 8, the elution curve approaches 
the delayed but unattenuated profile characteristic of equilibrium 
sorption with no dispersion in the flowing-water zone. For very small 
8, the curve approaches that for a noninteract ing solute with only 
convective transport and no peak attentuation . The transition through 
intermediate 8 values contains a curve with maximum- peak attenuation . 
It should be noted that a dimensionless-time uni t is the time required 
for an impulse of solute to be t r anspor t ed to the measurement point by 
convection only . 
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Fig. 2. Solute Elution Curves for the Pr ofile Model with Varia­
tion in Diffusion Ra te. 
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The results of decreasing both volume ratio and rate coefficient 

by increasing immobile-water zone thickness, t , are shown in figure 3. 

Note that as t + ~, results underestimate peak concentration rela-

tive to f inite thickness cases, unless a and 8 are much less than 1. 

This indicates that the Rae and Lever [5] solution overest imates the 

effects of the immobile-water zone of these two media on nuclide trans­

port. 

COMPARISON WITH SIMPLER MODELS 

The profile- transport model was compared with the simpler mixing 

and equilibrium models for parameter values representative of granite 

and tuff. For the mixing- model comparison in figure 4 , it is apparent 

that for large values of the r ate coefficient, 8, the transport rate in 

the immobile-water zone is fast enough for a uniform-concentration pro­

file to be established rather quickly . Thus the mix ing model, whi ch 

assumes a unifo rm-concentration profile in the immobile-water zone , 

yields solute-effluent curves nearly equivalent to profile model curves . 
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Fig . 4 . Solute Elution Curves Compar i ng the Profile Model with the 
Mixing Model and Equilibrium Model . 

It appears that the situa t ion i s adequately modeled by the simple 
equilibrium model for rate coefficients grea ter than about 5 (fig . 4) . 
Large ~ values mean a rapid transfer rate between flowing-wa t er and 
immobile-wa t er zones which leads t o a r apid es t ablishment of equilibrium 
concentrations . Further evaluat ions showed t hat if the ratio of rate 
coefficient to volume r a tio was gr ea t e r than about 50 , the equilibrium 
model was adequate . The equil ibrium model char acterizes the effec t s of 
diffusion into and ou t of the immobile -wa ter zone as a retarda tion 

coefficient, 1 + l , which is ana l ogous to equilibrium sorption retarda-a 
tion . It depends only on relative volume of immobile - water zone avail­
a ble fo r temporary storage of solute . 

GRANITE VERSUS TUFF 

Using a typica l se t of parameter values for frac tured grani te and 
f r ac tured tuf f , the profil e model produced the curves in f i gure 5 . 
Increased r e t a rda tion and peak a ttenua tion of the tuff i s due t o the 
larger r el at ive volume of t he immobile-wa t e r zone . It is the volume 
r a t io that mos t strongly governs trans por t be havior i n the sys tem wi th 
the condition of 1,000 yea r s convective t raveltime , over the range of 
diff usion coefficient assumed. It is possible that the effective sizes 
of the solute species or complexes might be quite large relative t o the 
a perture sizes of the side-branch fractures or porous immobile-water 
zone ; thi s would make the effective dif f us ion coefficient, Dm' much 
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Fig . 5. Solute Elution Curves Comparing The Granite with the Tuff . 

smaller. Under these condit ions, the effect of the immobile- water zone 

on nucl ide- transport rates could be gr eatly reduced. 

CONCLUSIONS 

1. It appears that nuclide-solute diffusion into and out of an immobile­

water zone pr ovides a mechanism for significant transport- rate r e­

tar dation a nd peak-concentration attenuation in fractured granit e 

and fractured tuff. Fur ther work needs to be done in parameter 

measurement t o confirm that the immobile- wat er zone is as accessible 

to a given solute species as these transport models assume. 

2. The assumption of an infinitely t hick immobile- water zone is no t 

valid in that it leads to overes t imation of retardation and at t en­

uation effect s . 

3 . The simpler mixing and equilibrium models for this system are ade­

quate to simulate situations where the ratio of the rate coefficient 

to the volume ratio ter m is large (S/a greater than about 50) . 

These situations have r apid diffusional- transport rates, relatively 

large flowing- water zone volumes, or both. 
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ABSTRACT 

For radioacti ve waste di sposal, it is desirable that the integrity 
of the geological environment be preserved . Therefore, in order to 
minimize drilling, it is important to be able to predict the existence 
and characteristics of fractures beneath the surface . 

Fractures include fa ul ts, and range in size from kilometers to microns. 
They are a major factor in the selection of a site for radioactive waste 
disposal primarily because of their potential as pathways. Furthermore, 
large fractures could act as foci for seismic activity which may impact 
on the disposal vault . 

Some fracture characteristics may be regarded as being more or less 
predi ctab 1 e. They can be grouped, according to ori entation, into sets 
and systems which are (1) evident at all scales, (2) identifiable from 
place to place over large areas, and (3) likely to occur at depth. Pre­
liminary investigations show that where there is a high concentration of 
fractures at the surface, irrespective of orientation, there is, cor­
respondi ngly, a high concentration in the subsurface; where there are 
few fractures at the surface, there tend to be few at depth. 

Besides the aforementioned characterist i cs, there are several others, 
such as continuity, number of intersections, depth of penetration and 
frequency which commonly show variations, at all scales, from place to 
place. These variati ons make it difficult to predi ct, from surface 
observations, the fracture conditions that may exist between the vault 
and the biosphere. An attempt is being made to overcome these uncertain­
ties by grouping fractures according to genesis and history rather than 
orientation. The initial results are encouraging . 
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THE INFLUENCE OF GEOCHEMICAL VARIABLES ON LONG-LIVED 
RADIONUCLIDE MIGRATION AND RISK ASSESSMENT* 

Ernest A. Bondietti 

Environmental Sciences Division 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT 

The uncertainties associated with predicting long-lived radionuclide migration from geologic repositories are large because of the 1 ong times considered and the 1 ack of a geo­
chemical history for the artificial elements. The long-lived radioelements can be categorized according to their inherent chemical properties and geochemical interactions which con­tribute to varying levels of uncertainty in the predicted risk. The elements Am, Th, and I, although quite different in tenns of mobility, have the least uncertainty associated with predictions of their long-tenn behavior once a reference case is detennined. The chemically similar elements Np, Pu, and U represent a second case where the presence of mobi 1 e oxycations contributes to complicated solid-solution partitioning evaluations. A third category, created for technetium, considers an element for which one parameter (evaluated with difficulty), redox potential, contributes most to uncertainty, with a small difference in assumed geochemical environment resulting in either a highly retarded or highly mobile chemical fonn. 

INTRODUCTION 

Proposed technical criteria [1] for the disposal of high-level radioactive waste place major emphasis on the engineered portion of the geologic repository. In 1 arge measure, this is because substantial uncertainties exist with respect to the natural geologic barrier's capacity to retard or limit releases of radioactivity to levels below accepted standards [as defined by the U. S. Environmental Protection Agency]. Perfonnance objectives for the geologic setting do exist, however, because after some time period following the intrusion of groundwater the integrity of the engineered barrier will degrade to such a degree that a release of radionuclides will occur . It is the role of the natural barrier to control such releases to below acceptable levels in the event that the release rate from the engineered portion exceeds acceptable levels. 

In addition to the reality that predicting releases or transit concentrations of radionuclides is subject to large uncertainties 
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imposed by the time frames considered (1 o3 years and greater), it 
must also be recognized that any predictive model is also subject to 

mechanism and parameter estimation errors and therefore cannot be 
considered anything more than a mathematical formulation of sci enti fi c 
judgnent. This statement follows largely from the fact that it is 
impossible to validate the geochemistry of the long-lived artificial 
elements under repository conditions. Under such constraints 1t 1s 
extremely difficult, if not impossible, to evaluate the degree to which 
bias has affected the accuracy of any predictions. 

MIGRATION UNCERTAINTY AS A FUNCTION OF GEOCHEMICAL VARIABLES 

The potential water-driven migration of radioactive elements out 
of a repository will be a function of: 

radioelement species, 
time (decay, equilibration), 
nature of sorption surfaces, and 
groundwater composition, flow rate. 

The importance of each of these geochemical variables cannot be 
quantitatively evaluated under repository conditions because the exact 
combination of variables and their net influence is a site and 
time-specific function. However, the long-lived elements can be 
evaluated as to risk; that is, for which elements, because of their 
inherent chemical behavior, is there the largest risk that a migration 
assessment error waul d result in transport exceeding the established 
safety margin? 

The risk question can be addressed by grouping the elements into 
categories according to the sensitivity of their migration to changing 

chemical conditions: 

Category I. 
II. 

III. 

Th , Am ( =Qn ) , I 
Pu, Np, U 
Tc 

Category I elements are those whose mobility characteristics are 
impacted to the 1 east extent by geochemical variations around those 
assumed for the repository. That is, although Am and Th are relatively 
immobile, equally important is the fact that groundwater conditions 
other than the reference case will not impact greatly on predicted 
mobility. For example, if the carbonate content is assumed to be x , 
then a 2x or 4x difference in actual composition will not likely 
contribute to highly different migration rates. The anion I- is 
retarded to such a minor extent that we might assume a retardation 
factor of 1; that is, I- will move at the same velocity as water. 
Again, variations in groundwater composition are not of major 
importance when this zero retardation assumption is made. 
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Category II elements are very similar chemically except for the 
redox stability of the various oxidation states. The oxidation states 
of importance are likely to be U(IV), U(VI), Np(IV), Np(V), Pu(IV), and 
Pu(V). Examined separately, the tetravalent state [as well as Pu(III)] 
could{ealist\_cally fall into Category I. It is the potential presence 
of uo2+, Pu02 , Np02, and their complexes, that warrants a separate 
class for this group. The redox environment may be the most important 
variahle, followed by solute composition and sorption surfaces. This 
group is characterized by the fact that even if the redox composition 
of the groundwater is much different than the reference case, retarda­tion is still operative. That is, if U(VI) or Np(V), instead of U(IV) 
and Np(IV), actually dominates the source teryn species, retardation 
will still occur. For U(VI), the key variahles become carbonate 
concentration and sorption surfaces, while for Np(V), pH and sorption 
surfaces may be more important [2]. Inherently, this category contains 
the most complicated group. 

Category III, created to accomodate Tc, considers the case where a 
single parameter, redox environment, dominates the factors contributing 
to uncertainty in migration rate. That is, under reducing conditions a 
very insoluble species like Tc(OH)4 may exist [3], while only _a small 
increase in 02 content would favor a very mobile species, Tc04. Thus 
Category III reflects characteristics found in I and II llut is sepa ­
rately designated to emphasize the very small margin of 11 ef-ror 11 in the 
high retardation [Tc(OH)4] vs. high mobility [Tc04J prediction. 

The appendix presents some ill ustrati QJlS of why these elements 
were grouped in this way. The classification scheme is largely a way 
of defining commonalities from which a risk evaluation can be discussed. 

DISCUSSION 

Category II, composed of U, Np, and Pu, is the most complicated in 
tenns of migration uncertainty. In addition to the redox uncertainty, 
which is really a question of considering how confident one can be 
about the long-term reduc ing capacity of a groundwater flow path, 
variables such as sorption surfaces and complexing ligands are also 
important. For cationic species, regardless if they are anionic due4 ~o groundwater solutes [i .e., carbonate complexes of U(VI) - U02(C03)3 , 
or organi callY-compl exed Pu (IV)], competition for the metal will exist 
betwen the solid phase sorbant and the sol uti on phase 1 i gand. This 
interaction has been handled in the transport equation by a retardation 
factor and an equilibrium assumption. For uranium complexed by 
carbonate ions, however, it was concluded that equilibration was so 
slow in a sandstone aquifer that a removal rate model was better for 
calculating migration than the transport equation [4]. 

Experience indicates that the more hydrolytic or highly charged 
species [U(IV), Th(IV), Rare earth (III)] are much less mobile than 
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U(VI). Indeed, if the real world migration of U(VI) under rP.pository 
conditions can be quantified, we could use comparative data such as in 
the appendix to establish ranges of likely Np(V) and Pu(V) migration. 

In this discussion, the tetra- and trivalent oxidation states have 
been treated as being 11 insoluble ... This is a qualitative judgement, 
but when all possible species are considered it is a fact that migra­
tion potential increases in the order IV ~ III < V ~VI < VII, or 
spe<fifically, Pu_(IV} ~ .Am(III) < Np(V) ~ U(VI} < Tc(VII). The oxyions, 
Npo2, UO~~, Tc~4 are the greatest contributors to the mobile fraction. 
Organic eomplexes, although important [2], were not considered because 
at natural concentrations their role should be minor and should not 
affect the overall perspective discussed above. 

The literature on migration of the artificial elements is 
inadequate to assign quantitative uncertainties to mi9ration 
predictions. Those properties of groundwater, rocks, and the elements 
which interact to affect migration, especially near the low retardation 
spectrum where rates may be within a factor of 100 of the transit time 
of water, have been inadequately investigated. More attention needs to 
be given to ranges of possible migration rates given the variables 
listed earlier. Detailed mechanistic studies, although .. good science, .. 
should be conducted in the overall context of which investigations 
offer the most realistic means of reducing knowledge uncertainties, as 
opposed to fine-tuning a numerical data set. For example, determining 
the stability constant for the Np(V)-carbonate interaction is far more 
important than refining the U(VI) constant . It can also be argued that 
sorption is a complex interrelationship between surface sites, solute 
ions , and chemical species, and therefore empirical data approximating 
projected repository conditions may be the most useful for assessment 
purposes. No amount of thermodynamic data will substitute for this 
empirical approach, provided t hat the empiri cal studies are not 
entirel.y 11Cookbook 11 number gathering . 

SUMMARY 

A quantitative evaluation of the uncertainty associated with the 
migration of long-lived radioelements is extremely diffi cult . Although 
a myriad of 11 Kd 11 type numbers has been generated by waste 
management contracts, these data are laboratory numbers that only 
qualitatively bear any relationship to actual migration conditions. 
There has not been a study which attempts to determine the validity of 
these values under real-world conditions because such a study would be 
difficult to do. Therefore, any statistical uncertainty analysis based 
on these laboratory studies generates more numbers but will not 
contribute to our understanding of geochemical uncertainty. Because of 
the long time frames considered in repos itory evaluations, migration 
assessments can only be qualitative despite the large emphasis on 
mechanistic and simulation assessment methodology. 
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Based on the availahle laboratory and field data, the long-lived radioelements can be evaluated on a aualitative basis as to what geo­chemical variables contribute to uncertainty. Given the establishment of reference sets of retardation values, determined by site-specific research, it is su~gested that the uncertainty in migration rates will be least for Category I elements (Th, Am, I) because of their simple chemical behavior. Uncertainty will increase, and is probably greatest, with Category II elements (U, Pu, Np), which may actually represent the most difficult group because redox environment, groundwater chemistry, and sorption surface characteristics interact to affect solid-solution partitioning. Category III, Tc, is subject to less uncertainty than Class II because redox is the dominant variabl e . On the other hand, the 11margi n of error 11 rests sol ely with the redox prediction. 
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APPENDIX 

Illustrations Using Laboratory Data 

Tables Al through A5 were abstracted from waste disposal research 

reports to serve as examples of how the various elements behave on a 

com~arative hasis. No credence should be placed on the absolute values 
of 'Kd" (ratio of adsorbed to aqueous distributions, units of ml/g) 

nor should one table be numerically compared with another. Table Al 

indicates that despite a wide range of solute compositions, Am(III) 
shows high adsorption to clay minerals, as does plutonium, although the 
final oxidation state distribution was not given [Pu(IV) was used 

initially]. Neptunium (V) showed poor adsorption and in absolute terms 
is more affected by solute composition than Am(III) or Pu(IV?). That 

is, the much lower sorption argues that the risk of migration is 

greater than kn or Pu and that 1 ess margin for error would exist 
because the sorption parameter value is closer to zero. Remember the 

absolute magnitude of these numbers is unimportant because they are 
laboratory-derived. Under field conditions, the exact form of the 

retardation parameter may not be expressed as 11 Kd, 11 but it is certain 
to conclude that Np(V) will migrate faster than Am(III) and Pu(IV). 

Tab 1 e A2 a 1 so presents a c omparison of two actinide species as a 

function of experimental sol uti on composition. It can be noted that 
U(VI) is poorly sorbed when carbonate is present, while Am(III) is more 

strongly adsorbed when compared to the NaCl solution. This same effect 
on kn(III) behavior is also apparent hy examining Table Al. Tables Al 

and A2 demonstrate that although chloride and calcium affect Am(III) 
sorption, the absolute magnitude of the sorption remains higher (or at 
least as high) as for the oxycations, Np(V) and U(VI). Further 

discussions on chloride complexation and Ca(II) competition are beyond 

the scope of this paper. 

Table A3 represents data for two sedimentary rock materials taken 

from the Rustler Formation, New Mexico. The aqueous phase represents 

deionized water equilibrated with the rocks until solute saturation was 

apparent. The dominant constituents of the aqueous phase do impact 
adsorption. In saturated CaS04, sorption of Np(V) and U(VI) is poor, 

but when the more alkaline, dolomite-saturated solution was used, Np(V) 
sorption increased more dramatically than U(VI) or Pu(IV). In any 
case, Np(V) and U(VI) present the more mobile case, and are the most 

sensitive to geochemical influences when a safety margin is anticipated. 

Table A4 compares several rock types under very similar groundwater 
compositions. The purpose of this example is to illustrate how insen­
sitive Am(III) is but how sensitive Np(V) and U(VI) remain (remember 

Table A3). Plutonium cannot be evaluated adequately because no 
oxidation state distribution was reported, although Pu(IV) was the 

initial oxidation state. The low Kd values suggest some Pu(V) 
formation. 
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Table AS gives a more complete comparison of relative sorption under different solid-phase conditions. Note the poor U and Np sorption and the even poorer affinity of Tc04 and I-. 

A more realistic but still artificial example is presented in Table A6. Here, actual groundwater and shale from a site of migration of Pu, Am, On, and U were evaluated [6] to detennine what happens to the adsorption of three oxidation state species when alkaline water from leaching of a disposal trench encounters both acidic (natural) shale and shale preneutralized to simulate 20 years of contact with alkaline water. What can be seen is that the relative behavior of Np(V) and U(VI) reverse, largely due to the effect of carbonate complexes on U(VI) and not Np(V). Again, we see the more pronounced effect that groundwater composition has on these two oxidation states when compared to Pu(IV). 
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Table Al . Sorption of Np, Pu, and Am as a Function 
of Aqueous Compositiona 

Kd, ml/g 

Solid Aqueous Np(V) Pu(?)b 

Venni cul i te 88 mM NaCl 61 1600 

0. 52 mM NaCl 33 2300 

0. 36 m~ NaHC03 1 2 6800 

0.40 mM CaCl 2 28 4600 

Montmorillonite 88 mM NaCl 80 900 

0.52 mM NaCl 46 6800 

0.36 m!i NaHC03 9 7500 

0.40 m!i CaCl2 18 5300 

alnfonnation taken from reference [1] with some modification. 

Am(III) 

180 

2900 

12000 

412 

200 

4200 

14000 

1100 

bpu (IV) was initital oxidation state but final species not 

characterized. 
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Table A2. Sorption of U and Am as a Function 
of Aqueous Compositiona 

Solid 

11 Sandstone .. 

1 

2 

Solution 

15 m_t! NaHC03 

169 mM NaCl 

1 5 m_t! NaHC03 

169 mM NaCl 

aTabl e XXII I in reference [2]. 

Kd, ml/g 

U(VI) 

118 + 34 

9200 

3.3 + 1.4 

580 

Table A3. Comparative Sorption of Pu, U, and Npa 

Solid 

(Rustler formation, 
New Mexico} 

magenta (gypsum) 

culebra (dolomitic) 

aReference [3]. 

Aqueous 

15 m_t! CaS04 

0.4 m~ ca2+, 

1.0 m_t! HC03 

Np(V) 

6. 6 

200 

Kd, ml/g 

U(VI) 

2.2 

11 

Jlrn(III) 

1.1 X 105 

2.3 X 103 

2 x 1 o4 

3.3 X 102 

Pu (IV) 

400 

"-2000 
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Table A4. Comparisons of U, Np, Pu, and Am Sorption 
to Three Rocks from Similiar Aaueous Phasesa 

Kd' ml/g 

Solid U(VI) Np (V) Pu(?) 

Quartz monzonite 0.3 0.5 225 

Basalt 2.8 0.5 60 

Shale 6.7 49 145 

arable VII in reference [ 4]. 

hn(I II) 

1323 

1033 

962 

Table AS. Multi-element Behavior Towards Two Rock-Typesa 

Kd' ml/g 

Solid Ra Th Pu(?) Np(V) U (VI) Am Tc04 I-

Granite 500 4 x 1 o3 320 63 6.3 3 x 1 os 0.5 0.8 

Bentonite/quartz 158 316 160 13 16 500 0.32 0.32 

arable V in reference [6]. 
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Table A6. Effect of Shale Acidity on the Sorption 
of Np, Pu, and U by Conasauga Shalea 

Conasauga Shale 
Treatment 

Intact 

Ca (OH)2-treated 

Final 
pHb 

5.8 

7.9 

aReference [2] in main text section. 

U(VI) 

41 

14 

Kd, ml/g 

Np(V) 

5 

70 

Pu (IV) 

51 

53 

bThe initial pH of the actual groundwater after tagging with Pu, Np, and U was 9.1. 
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ABSTRACT 

The Eldora stock (Colorado) intruded the 1. 5 bill~8n year old 
Idaho Spri~s Formation 58 million years ago. Radiogenic Ar was lost 
from, and Sr redistributed in, recrystallized minerals as a function 
of distance from the contract. Previous studies (1) have shown that the 
elemental and isotopic systematics for K, Ar, Rb, Sr, U, and Pb can be 
explained by heating of the intruded rocks as a function of distance 
from the contact. The Eldora stock is one of the best documented 
intrusives in terms of geochronologic, mineralogic, geochemica 1 and 
heat flow interpretations (1). New studies have been undertaken to 
address the problem of elemental migration from the high SiO stock 
into the more basic Idaho Springs rocks; as this allows the stoc~ to be 
treated as analogue for high temperature radwaste without benefit of 
canister or overpack. Our data show no movement of elements from the 
stock into the intruded rocks except perhaps within 2-3 m. from the 
contact where magma infiltration is noted. Lanthanide and actinide 
variations in the intruded rocks are due to pre-stock emplacement 
events, and Rb-Sr whole rock and stable 0 isotopic data argue for 
closed system behavior of the Idaho Springs Format ion. The intruded 
rocks are thus considered favorable for consideration for radwaste 
storage. 

INTRODUCTION 

In cases involving igneous rock intrusion, the intrusive body is 
treated as a heat engine chemically different (in cases examined) from 
the intruded {ocks. 

6
In the case of a high temperature intrusive which 

took some 10 -to-10 years to crystallize, this represents a type of 
worst case scenario for possible elemental transfer from intrusive into 
intruded rocks. Study of U, Th, the lanthanides, Rb-Sr geochronology, 
stable 0 distribution, and various other elements in the intrud~d rocks 
as a function of distance from the contact allows the problem of 
elemental transfer to be made. We have chosen to study new samples 
obtained from the Eldora stock, Colorado as previous geochronologic, 
mineralogic, geochemical, and heat flow model studies are among the 
best documented (1). These earlier studies were oriented toward 
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behavoir of individual mineral isotop ic systematics, however, and while 

the diffusion and hea t flow models provide valuable informa tion, the 

problem of elemental and / or isotopic per t urbations of whole rocks 

systems have not been previously addressed in detail and no attempt has 

been made to use the Eldora stock for purposes of a radwaste analogue. 

Samples were collected in Summer 1980 from the stock and from the Idaho 

Springs Formation at the contact to 5,000 m. removed from the contact. 

The fresh stock rocks range in composit ion from monzonite to 

granodiorite . The rocks of t he Idah o Springs Formation consist 

predominantly of alternating felsic- and mafic-rich plagioclase-­

hornblende gneiss with occasional secretion pegmatites . The a ge of t h e 

Idaho Springs Formation is approximately 1.5 - 1.6 billion years and 

the rocks were regionally metamorphosed approximately 1 . 4 billion years 

ago (1) at which time the pegmatites were injected . Because of their 

more complex history, elementa l variations due to pre-stock emplacement 

thermal events must be carefully deciphered before attempting to 

interpret the stock-induced effects at 58 mi llion years ago . 

METHODS 

Samples from the stock, and of felsic, mafic and pegmatites of the 

Idaho Springs Forma tion were taken along a traverse essentially 

identical to tha t used by previous inve stigators (1) . A map of the 

traverse was made (2) and fresh samples were obtained fro m the contact 

outward to a distance of 5,000 m. Samples from another site near 

Antelope Creek, Colorado of both stock and Idaho Springs Formation wer e 

also taken for compara tive purposes . Splits of the samples were used 

f o r thin section preparation, for fission track study , for Rb-Sr and 

K-Ar geochronologic study, for neutron activation analysis , and for 

stable 0 isotopic analysis. The petrography was carried out at both the 

University of New · Mexico ( UNM) and Lawrence Berkeley Laboratories, the 

Rb-Sr work at UNM, the stable 0 analyses at the University of 

California at Rivers ide, and the NAA analyses at the Los Alamos 

National Laboratory. The techniques employed have been described 

e lsewhere (3) . 

Discussion of the earlier work (1) 

The pre viously reported Rb-Sr , K-Ar a n d U, Th- Pb radiometric ages 

and other data are of value in allowing essential heat models for the 

Eldora stock to be calculated. In brief , the stock is known to be 

steep-to-vertical on the sides, and the heat distribution about the 

stock fairly uniform based on radiogenic Ar, Sr and Pb behavior in 

minerals and the distance from the contact of the orthoclase- microcline 

transition (400° C at di stances from 300-800 m. from the contact). The 

model advocated by earlier workers (1) is that for a dike with large 

vertical extent downwards, thickness equal to the average EW dimension, 

and NS dimension also equal to the average of the stock, and 

non-convective cooling is assumed. This model has been shown to best 

explain the isotopic variations as a function o f distance from the 

contact (1) . Unfortunately, most of these studies were aimed at 

-· 
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behavior of specific minerals and not whole rock samples for elements 
other than a few Rb-Sr data (e.g., a whole rock isochron of 1.4 to 1.6 
billion years is given, but scatter is severe). Of interest, though, is 
that radiogenic Pb from the stock was shown to be confined to within 3 
m. from the contact; and in this zone there is petrographic evidence 
for infiltration of the Idaho Springs Formation by fluids from the 
stock. 

Discussion of the New Results 

The loss of radiogenic 
40

Ar from minerals as a function of 
distance from the contact is well known ( 1); thus we determined the 
approx imate distance from the contact of the current samples by 
determining their K-Ar ages . In addition, we have carried out Rb-Sr 
whole rock age determinations on samples both at, near and removed from 
the contact. The whole rock isochron (4; in press) age is 1.5 ± 0.1 
billion years, in exact agreement with earlier work. Minerals from 
various whole rock samples are more reset near the contact than removed 
from it, a

87
fact pointed out earlier (1). However the fact that 

radiogenic Sr was redistributed within, and not removed from, the 
whole rock samples is significant. Further, there is no evidence for 
gain of Rb or Sr in the Idaho Springs Formation from the Eldora stock 
except possibly within the 1-co-3 m. immediate contact zone where some 
mixing of magmatic fluids with the metamorphic rocks occurred . 

To further investigate the matter of closed versus open system 
conditions, as well as to address the problem of conductive versus 
convective calling, trace element and stable isotopic analyses of the 
samples used for Rb-Sr whole rock geochronology were carried out . The 
rare earth chondrite ratio versus rare earth atomic number distribution 
plot is shown in Fig. 1. Samples la, lb are from fresh stock materia 1 
and samples 2, 3 from stock-plus-meatmorphic rocks in the 1-to-3 m. 
contact zone. These four curves are all similar and show pronounced 
enrichment of the light rare earths (LREE) a fact noted by separate 
studies (5). Curves Sa, 6a are from mafic units of the Idaho Springs 
Formation whereas curves Sb, 6b-l and 6b-2 are from felsic units. The 
LREE are depleted in the mafic units but enriched in the felsic units; 
this behavoir is noted not only for these samples taken 20-to- 25 m. 
from the contact (nos. 5 , 6) but for samples taken 2,500 m. from the 
contact where resetting of K-Ar mineral systematics due to heat from 
the contact is not noted. Our interpretation of these data is that some 
REE partitioning between mafic and felsic rocks took places during the 
1.2 - 1.4 billion year regional metamorphism mentioned earlier. Open 
systems were evidenced for that time by the formation of secretion 
pegmatites and K-Ar and Rb-Sr mineral ages; and some pegmatites are 
enriched in Eu whereas others are depleted, especially when adjacent to 
mafic units. 

The stable oxygen isotopic data _fre shown in Fig. 2 with del 
18o 

plotted versus the (Fe/Sc) x l£ ratio which is good indicator of 
behavior due to <]xidation as Fe + /Sc ratios in many

2 
rockj. are commonly 

different than Fe +/Sc; hence any change in the Fe +/Fe+ ratio will, 
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Eldora Stock and Idaho Springs 
Formation = Contact Zone 
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Figure 1 . Rar e earth element distribution plots for Eldora Stock (nos . 
la , l b ) , I daho Springs Formation (Sa , 5b , 6a , 6b) , and mixed 

sampl es (2, 3). 
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with open systems for 0 isotofl~ exchange, comnonly show a strong 

correlation of increasing del 0 i:'Ath increasing Fe/Sc. Our data, 

however, show a narrow range in del 0 (8-to-9 o/oo) for Eldora stock 

and stock-metamorphic mixes (in the contact zone) and fairly narrow 

range in Fe/Sc. The Idaho SpiJ.~gs Formation samples show a 

significantly greater range in1gel 0 and a wider range in Fe /Sc , but 

there is no correlation with 0 vs. Fe/Sc as a function of distance 

from the contact. This indicates essentially closed system conditions 

for oxygen in the intruded rocks and no exchange of oxygen from the 

stock and the Idaho Springs Formation. In t urn, this implies a lack of 

convective cooling (usually accompanied by hydrothermal solutions; 6) 

and colling by conduction appears more likely . Other chemical data 

support these conclusions (5) . 

The rocks of the Idaho Springs Formation possess low porosity and 

permeability, and the numerous fracture fillings and veinlets appear to 

be pre-stock in age . Except in the 0-3 m. zone of mixing of some fluids 

from the crystallizing stock due to infiltration into cracked and 

deformed parts of the Idaho Springs Formatign acco~panying emplacement, 

closed system conditions for the 10 -to-10 years for stock 

crystallization of the Idaho Springs Formation is demonstrated by the 

geochemical data. If rocks of the Idaho Springs (or equivalent) 

Format. ion were to be used for the storage of radwaste, especially when 

one considers the very small volume of canisters and their lower 

temperatures, breaching of radwaste canisters would result in only 

local (em. ?) migration of radionuclides. We thus consider these rocks 

suitable for possible storage of radwaste. 
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ABSTRACT 

The Canadian concept for nucle~r fuel waste disposal 
involves emplacement in a crystalline rock formation in the 
Canadian Shield. The concept is now being assessed generi­
cally . Processes within the vault, the geologic formation 
and the biosphere are being analyzed by field and laboratory 
research, and predictive mathematical models . Information 
from these analyses is being incorporated into a system 
simulation employing lumped-parameter models of the processes, 
coupled to yield an estimate of risk for the overall concept 
in the post-closure phase. The uncertainties in parameters 
are accounted for by performing a Monte Carlo calcu lation 
with the coupled models to give a probability/consequence 
risk analysis. Results demonstrate that the approach adopted 
provides a suitable framework for establishing the acceptabil­
ity of a nuclear waste disposal concept, including a syste­
matic treatment of the uncertainties. 

INTRODUCTION 

The Canadian Concept for nuclear fuel waste disposal involves immobilization and emplacement in a crystalline rock formation in the Canadian Sh ield. Currently, the program is in a research phase to 
acquire the knowledge necessary to determine the acceptability of the concept and to develop procedures to compare potential dispo sal sites, once acceptability in principle i s demonstrated (1). 

During the research phase, post-closure assessment studies are being done to predict how radioactive material might escape from a disposal vault and mi grate through the geosphere and biosphere to cause a radiation dose to man. The purpose of the assessment is to assist in establishing research priorities, to assist in the design of the disposal system and to form a basis for submission to the public, the scientific community and regulatory agencies. 
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In constructing a methodology to assess the risk associated with the 
disposal of radioactive waste in t he Canadian Shield, several important 
factors must be considered. First, processes governing the movement of 
radioactive contaminants through the manufactured and natural materials 
in the disposal system and through the biosphere are very complex and, in 
many cases, are not well understood. Consequently, models to anal yze 
these processes are not fully developed, and appropriate idealizations 
that would allow mathematical analysis have not been agreed upon by 
researchers. 

Second, characterization of crystall ine rock, particularly at vault 
depths, and of physical and chemical conditions that would exist after 
construction of a nuclear waste disposal vault has only recently become 
the subject of intensive investigation . This is ref l ec ted in large 
uncertainties in the input data used in the analytical models. Al so, i n 
the present phase of the study, the risk assessment i s generic. Data are 
taken from many sources, including several field research areas in the 
Canadian Shield, and this resu l ts in a l arge var i abi lity in data values. 
Thus, analytical results obtained using singl e data values become vir­
tually meaningless. Instead, the risk assessment methodology must deal 
quantitatively with the variability in resu lts . 

Third, the disposal system will consist of many components operating 
together to reduce the potential -for exposure to radiation. The effec­
tiveness of the disposal system should be assessed by considering the 
operation of the system as a whole, rather t han by dealing with individ­
ual components. The latter course would lead to an exaggerated idea of 
the importance of the components . In the best of circumstances , it could 
l ead to an over-designed and, therefore, overly expensive system. In the 
worst case, it could lead to poor design by misdirecting limited resources 
to research in areas that are not optimum in the sense of reducing the 
overall risk of waste disposal. Therefore, in determining the dependence 
of radiation exposure on the many parameters that specify system behav­
iour, parameter values should be varied simultaneously and the resu lts 
in terpreted statistical l y (2 ,3). 

With these considerations in mind, the SYVAC (Systems Variabi l ity 
Analysis Code) computer program has been developed to perform generic 
as sessments, taking into account the variability and uncertainty in the 
state of the disposal system and its surroundings (4,5). A short descrip­
tion of the code and a recent assessment study illustrating its use 
follow. 

THE SYVAC COMPUTER PROGRAM 

SYVAC is an executive program that combines responses from several 
components to simulate overall system response. The transport of radio­
nuclides through a system component, such as a rock mass, i s represented 
by a submodel that depends on system parameters. Submodels represent ing 
all components of the system are executed in sequence unde r the control 
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of SYVAC to provide an estimate of the consequence associated with a given set of parameter values. 

A Monte Carlo analysis is performed , i.e ., many consequence estimates are made, each time using a set of parameter values obtained by random sampling from specified distr ibutions. The end result is a histogram of consequence estimate versus frequency of that estimate. Intermediate detailed data are saved for subsequent analysis. 

It i s important to note that SYVAC is designed to allow different system structures (i.e., linking of subsystems) to be defined at execu­tion time, and to allow alternative submodels representing subsystem behaviour to be easily inserted. Also, it allows submodels of arbitrary compl exity to be used. No physical assumptions are made by SYVAC con­cerning the behaviour of a subsystem. For example, the response of a subsystem may be highly nonlinear and may depend on the state of other subsystems . 

CURRENT ASSESSMENT 

SYVAC has been used with simple models for the vault, geosphere, and biosphere. The vault submodel assumes that water flows in a vertical direction through the rooms and pillars of the mined region. The flow through a room is determined by the ratio of permeability of the room to that of the pillars . The release of radionuc lides from containers of used fuel deposited in the vault is assumed to be controlled by the so lubility of U02 in granite groundwater, except for small fractions of some radionuclides (Cs, I), which migrate to the fuel- sheath gaps during irradi at ion and which are assumed to be released instantaneously upon conta iner failure. Mass transport away from a container i s calculated as one-dimen sional transport across material surrounding the container. Containers fail according to a time-dependent function that depends on system parameters. 

The radionuclide source produced by the vault submodel is used by the geosphere submodel to predict, as a function of time, quantitie s of rad ionuclides leaving the rock and entering the biosphere. The predic­tion i s made by assuming one-dimensional convection of radionuclides without hydrodynamic dispersion. The holdup of radionuclides by chemical interaction with the rock is accounted for by using the retarded-velocity method. 

Nuclides entering the biosphere are assumed to enter one of two compartments, which represent soil or a lake. In the so il compartment, radionuclides are distributed between the solid and liquid (groundwater) phases assuming the partitioning mechani sm i s ion exchange, that equi­librium i s attained and that the ratio of concentrations in the solid and liquid phases is independent of concentration . In the lake perfect mixing i s assumed. The loss of radionuclides from both compartments , due to runoff, i s t aken into account. The fifty-year committed dose equivalent 
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to an individual in a group rece1v1ng maximum exposure is estimated from 
soi l and lake concentrations using dose/concentration ratios computed by 
the FOOD-II (6) and NEPTUN (7) programs. 

Tables 1, 2 and 3 li st the parameters for the vault, geosphere and 
biosphere submodels respectively, along with the values, or distributions 
of values, used. 

Figure 1 shows the results of 1000 estimates of maximum do se equiv­
alent to an individual in the most exposed group. On this hi stogram, 
vertical lines are drawn at the natural background dose, at 1% of natural 
background and at 1% of the regulatory limit for members of the public. 
Approximately 700 other cases, in which no dose results before one 
million years (due to an estimated transit t ime to the surface exceeding 
a million years), were excluded from the histogram. This time cutoff was 
arbitrarily chosen, but was justified on the basis that doses beyond this 
time are due mostly to 238U and its daughters, which are already present 
in nature. 

An alternative way of plotting these results i s shown in Figure 2 
where the complementary cumulative probability is plotted against the 
annual dose equivalent estimate. Again, possible measures of accept­
ability are indicated and the probabil ity of exceeding those measures can 
be read from the curve. For example, the probability of a consequence 
estimate exceeding 1% of natural background can be read as 0.005, or 
0.5%. 

CONCLUSIONS 

The method being adopted for risk assessment for the Canadian nuclear 
fuel waste management program is based on an analysis of the behaviour of 
the overall system rather than individual components. It is recognized 
that there will always be uncertainties in the present and future states 
of the system, and that the risk asse ssment must take these uncertainties 
into account. We believe the system variability analysis approach in­
cludes a systematic treatment that provides a framework for establishing 
the acceptability of any nuclear waste disposal concept including a 
systematic treatment of the uncertainties . 
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Table 1. Probability Distributions of Vault Parameters 

Parameters 

Amount of fue l in vau l t 

Number of containers 
in vault 

Temperature of vault 

Effective area of a 
conta iner for diffu~ 
sion 

Effective area of a 
container for flow 

Thickness of buffer 

Amount of Cs and I i n 
gaps 

Hydraulic conductivity 
of rock 

Hydraul ic gradi ent 

Hydraulic conductivity 
of buffer 

Diffusion coefficient 
i n water at loooc 

Solubility of U02 

Mean time for container 
fai lure 

Container fa ilu re rate 

Effecti ve poros i ty of 
buffer for diffusion 
and flow 

Radionuclide di st r i bu-
tion coefficients in 
buffer 

Va l ues Di stribution 

350 000 Mg Constant 

246 000 Constant 

l00°C Constant 

9. 3 m2 Constant 

4.9 m2 Constant 

1 m Constant 

0.7% Constant 

lo-12 to 10-7 m/s Un iform in log 

10-5 t o 10-3 Uni form 

lo-14 to 10-8 m/s Un iform in log 

0.1 - 1.0 m2/a Un i form 

mean va lue = 3xl0-7 mol /m3 Log normal 

1000 - 5000 a Un iform 
Gauss ian 

Uniform in log 

depends upon nuclide Uniform 
• 
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Tabl e 2. Probability Distributions of Geosphere Parameters 

Parameters 

Path l ength 

Porosity 
Permeability 
Hydraulic gradient 
Surface sorption 

coefficient 

Values 

l - 40 km and 
40 - 1000 km, 
probabi li ty of the 
first range is 
twice that in the 
second range 
10-6 to 10-3 

lo-19 to lo-14 m2 

10-5 to 10-3 

Depends upon 
radionuclide 

Distribution 

Uniform in 
each range 

Uniform in log 
Uniform in log 
Uniform 
Constant 
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Table 3. Probability Distributions of Biosphere Parameters 

Parameters 

Fraction of precipitation les s 
evaporation penetrating so il 

Volume fraction of water in 
unsaturated soil 

Soil bulk density 

Soil compartment depth 

Discharge lake depth 

Dose/Concentration Ratios 

Discharge soil area 

So il distribution coefficient, Kd 

Discharge lake area 

Precipitation (less evaporation) 

Catchment area/discharge lake area 

Values Distribution 

0.45 Constant 

0.2 Constant 

1500 kg/m3 Constant 

l.2m Constant 

15 m Constant 

Depends upon Constant 
radionuclide 

20 to 200 km2 Uniform 

Depends upon Uniform 
radionuclide 

1 to 1000 km2 Uniform 

0.3 to 0.7 m/a Uniform 

1 to 10 Uniform 
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ABSTRACT 

A simpl e mathematica l model was used t o eval uat e the 
effect of varying hydrologi c transport pa rameters on the move­ment of 2 39 Pu f rom the proposed WIPP radi oactive waste repos i ­t ory through the Rustler aquifers t o t he Pecos River. The 
eva luation concluded that the parameters with the most signi­ficant effects in the dose cal culations are the hydraulic con­
ductivity (K) and the distribution coef fi cient (Kd)· This i s mostly due to t he uncertainty associated with bounding these values in a system where radionucli des may exist in various chemica l forms and flow through aqu ifers dominated by fract ure flow. However, in all plausi ble cases calculated con­cent rations were les s than permi ss ibl e l evels for dr i nk i ng water. The evaluation was a useful first approximation to un­certainties analysis. A better understanding of the bounding values of the ~ and K paramet ers in f racture f l ow system is needed. 

INTRODUCTI ON 

The mission of the Environmental Evaluat i on Group (EEG) is to pro­vide a techni cal eval uati on of the rad iol ogi cal aspects of the proposed Waste Iso l ation Pil ot Pl ant (WIPP Project) fo r t he State of New Mexi co . A significant portion of t hi s eval uati on involves t he geol ogi c and hydrologic suitabi lity of the site. Si nce t he time table for the WI PP Project i s ahead of that for t he ONWI program, EEG has been forced to make evaluations in some cases prior to t he ex i stence of a proposed methodology. The case di scus sed in t his paper in volves a simple para­metric analysis of a hydrol ogic t ran sport eva l uation . 

The proposed WI PP Site i s located i n Southeastern New Mexico, 40 km east of Carlsbad , and 24 km northeast of t he Pecos River at the closest point. The repos i tory hor i zon would be in t he Salado formation (pre­dominately halite) about 650 m bel ow t he surface. The Magenta and 
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Culebra aquifers are locatd in dolomite layers in the Rustler formation 
about 460 m above t he repository. Fl ow in these aquifers is believed to 
be primarily due to fracture permeability. The transport of nuclides 
from t he repository t hrough these aquifers to t he Pecos River has been 
considered to be one of the most si gnificant pathways. 

In the Draft Environmental Impact Statement on WIPP the Department 
of Energy (DOE), using a geosphere-transport model developed by Intera, 
modeled the tran sport of radionuclides from several breach scenarios to 
the Pecos River through the Magenta and Cu lebra aquifers, [1]. Only 
s ingl e values were used for the various aquifer parameters. Recently 
another modeling study by D'Appolonia has incorporated parameter varia­
t ion [2] . Greenfield obtained reasonable agreement with the results in 
the Draft EIS by using a simplified hand ca l culation in which dispersion 
was neglected [3] . This cal culat i on was useful because it suggested 
that the Intera Model contained no significant conceptual or mathemati­
cal errors and also emphasized the inter-relationships of the key para­
meters. 

However, this calculation did not answer the question of whether 
th i s model was truly conservative or whether plausible changes in one of 
the parameters might lead to significantly higher concentrations in the 
Pecos River . The sensitivity of the various transport parameters on the 
arrival time and concentration of 239 Pu in the Pecos Ri ver was evaluated 
by Wofsy in order to answer thi s question [4]. 

METHODOLOGY 

Site specific data and ranges in values found in the literature for 
field or l aboratory studies were used to estimate the plausible changes 
that might occur in the various parameters of the transport equation. 
In the fina l analysis the va lues considered plausible were chosen sub­
jectively. 

This is a simplified approach with a data base that does not permit 
the probability of occurrence to be computed. The principal value of 
the procedure is to determine which parameters have plausible values 
that may lead to non-negligible radionuc lide concentrations in the 
accessible environment. On ly these critical parameters need to be cha­
racteri zed more precisely. 

This analysi s uses the same release rate of 239 Pu into the Rustler 
aquifer that was used in Communicat ion Event 1 in the WIPP Safety 
Analysis Report (SAR) [ 5] . No uncer~~inty was assumed in this release 
rate. The anal ysis was limited to 9 Pu because it comprises about 
three-fourths of the cu ries in the repository during the period 
from 1,000 to 100,000 years and would be the dominant radionuclide in 
the Pecos River if it is sufficientl y mobile. 
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Transport Equations 

The transport equations used are shown in Table I. These equations assume one-dimensional, homogeneous, and darcian type flow . The average nuclide velocity is less than the average water velocity in all cases 
where the distribution coefficient is greater than zero. Time of travel of a nuclide can be determined by the bottom expression which can also be used to obtain the sensitivity of varying the individual parameters . 

Due to radioactive decay the calculated concentration of a nuclide reaching the biosphere will decrease exponentially with time. This is shown graphically on Figure 1 where the 239 Pu concentration is seen to be especially sensitive to arrival time between 1,000 and 100,000 years. Consequently, the expected arrival time is the dominant value in the evaluation. The parameters chosen by DOE led to an estimated 
arrival time for 239 Pu at the Pecos River of 140 million years. Since 239 Pu arrival times of much less than one million years are of most 
significance, the parameters evaluated were those that might change by orders - of-magnitude. 

Changes in effective porosity were not considered because values 
usually do not vary by an order-of-magnitude and the effect on radionu­clide travel time is significant only in cases where the distribution 
coefficient (Kd) is less than about one m£/g. Also, aquifer density 
changes were not considered since they vary by much less than an order of magnitude. 

Table 1. Key Transport Expressions 

Average linear velocity 
of water, v = K (ll h) 

e M. 
ft /year 

Average nuclide velocity, r = v ft /year 

Time of travel of nucl i de, T= d(e + PKd) years 
K (ll h ) 

Where: 
M. 

K = hydraulic conductivity, ft /y 
e = aquifer porosity 

~~ = hydrauli c gradient 
p = aquifer density, g/mt 
d = distance, ft. 

Kd = distribution coefficient, mt /g 
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Hydraulic gradients have the potential of changi ng significantly in 
some locations if hydrologic condit ions change drastical ly ; which might 
occur over a severa l thousand year period. However, Davis has concluded 
that the average gradient in the Rust l er aquifer would increase by no 
more than 3 1/2 times even if the probable recharge area were saturated 
all the way to the su r face [6]. Consequently, variation in t he 
hydraulic gradient was not included in the analyses. 

Hydrauli c Conductivity 

Flow in the Rustler aquifers is believed to be governed by fractu re 
flow and fo r this reason it is diff icult to know what areal average 
hydra ulic conducti vi ty (K) va l ue is appropriate to use. The DOE used 1 

foot per day for the first 5 miles and 4 feet per day for t he next 10 
miles . An average K value of 10 feet per day for the entire path length 
was chosen as the worst plausible case . While this choice is probably 
conservative, higher values are certainly possibl e, and there is no way 
of knowing at present if this is truly an upper limit for this parameter. 
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Di stribut i on Coefficient 

The problems with determining ~ values are well known to workers 
i n this field . Variations occur between laboratories; with changes in 
water sol ution; with the chemical state of the nuclide; and with loading 
ef fects. Variations in observed values of several orders-of-magnitude 
have been reported for some radionuclides. An average Pluton i um ~ 
value of 10 ~/g was chosen as the worse plausible, although calcula­
t i ons were also perfo rmed for values of 1 and 0 mt/g . 

Heterogeneity Effects 

The discussion up to thi s point has been limited to plausible 
vari ations in average transport parameters. Use of average values is 
reasonable if the aquifer and the nuclide form are relatively homoge ­
neous . However, with radionucl ides that are present in all sorts of 
physical forms and matrices and with an aquifer where fracture fl ow is 
beli eved to be dominant it may not be conservative t o assume t hat al l 
nuclides have average behavior. 

Radioactive decay of a nuc li de also affects the possible signifi­
cance of a smal l, mobile subpopulation of nucl ides. For example, 1% of 
the 239 Pu nuclides arriving at a time of 2,800 years would result in 
almost 3 times the concentration (and radiation dose) caused by the re ­
main i ng 99% arriving at 200,000 years. 

Heteorogeneity in ~ values could be expected if there is a vari­
ation in the chemical state of a portion of the plutonium nuclides. 
Thi s is possible due to their variable form at time of sto rage and the 
presence of chelat ing agents in the repository. Also, column infiltra­
tion studies often show that smal l populations of transuranics will move 
ei ther wi th t he speed of water of much more rapidly t han predicted by 
t heir Kd values. These analyses considered that 1% of the plutonium 
movi ng with the speed of water or 10% moving at 0.1 times the speed of 
water were plausible conditions . 

No calculations were made using heterogeneous hydraulic conducti ­
vi ty values . It is apparent that in an aquifer where fracture flow is 
dominant some particles of water will move, at least for a time, at a 
vel oci ty si gnificantly more rapid than the average velocity . The extent 
that t hi s might infl uence early arrival times at a distance of 15 mi l es 
i s unknown. ·Another uncertainty is the possible relationship between 
veloci ty heterogeneity and Kd heterogeneity since water particles 
mov i ng more rapidly through fract ures probably have lower than average 
effective ~ values. 
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FINDINGS 

The calculated concentrations of 2 ~ 9 Pu in the Pecos River for the 

various modifications are shown in Table 2. The highest plausible value 

is 1.7 pCi/t. This value results from transit times of 28,000 and 

113,000 years. This should be compared to 15 pCi/t permitted in the EPA 

drinking water standards for finished drinking water. 

These calculations are believed to bound the concentrations of 
zj~Pu in the Pecos River. However, an excepti on is the possible effect 

of heterogeneity on hydraulic conductivity values and perhaps a combined 

K and Kd heterogeneity effect. 

The limited scope of this evaluation needs to be kept in mind. Un­

certainty in the source term was not conside red and concentrations of 

other radi onucl ides were not estimated. 

Table 2. Peak Plutonium-239 Concentrations 
in the Pecos River 

Modification Pu-239 Concentration 

Base Cased 
tpCi/t~ 

< 1-50) 
Kd = 10 mt/g (2.6-6) 
K = 10 ft/d' ~ = 10 mt/g 1.7 
Kd 1 mt jgC 7.0 
Kd = 0 mt jgC 37. 

1% Pu-239 moves at l.Ov 0.37 
10% Pu-239 moves at 1.ovc 3.7 
10% Pu-239 moves at 0.1v 1.7 

(a) Base case conditions (from WIPP Safety Analysis 
Report) are: 
• hydraulic gradient = (3.8-3); 
• distribution coefficient (Kd) = (2.4 + 3) mt/g; 
• hydraulic conductivity (K) = 1 ftjday; 
• distance = (2.6 + 4) ft; 
• porosity = 0.1; 
• aquifer density =. 2.0 g/mt 

(b) ( 1-50) = 1 x 1o-50 

(c) These modifications are not considered plausible. 
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CONCLUSIONS 

This simpli fied parametric analysis was useful because it indi cated 
the considerable range in plaus ible nu clide arrival t imes in the bio­
sphere (Pecos River). However the range of values used, while they 
appear reasonable, were obtained subjectively with no attempt to make 
probabil ity and uncertainty determinations. 

The results suggest that uncertainty in the average values used by 
DOE could be large enough to warrant a more sophis t i cated analysis where 
probabilities cou ld be expressed in quantifiable terms. Efforts should 
also be made to better understand the low probability "tail" of both the 
distribution coefficient and hydrauli c conductivity in fracture - flow 
systems. For example, can the log-normal distribution that appears to 
fit K values in most media be extrapolated to the 1% level in fracture 
systems? 

A methodology that is able to accurately assess t he uncertainty as­
sociated with radionuclide breach and transport will probably not be 
available within the next few years. Yet there i s a need for workers in 
this field to try to reach early agreement on an approximate methodology 
that can be used on an interim basis. Several potential advantages 
could come from the existence of such methodology: 

(1) more precision in designing field sampling programs to 
optimize the usefulness of collected data; 

( 2) a better ability to estimate "realist ic" bounding cases; 

(3) a means by which relative uncertainty between alternative 
designs and projects could be es t imated. 
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COMMENTS ON THE NRC APPROACH TO RADIOACTIVE WASTE 
DISPOSAL STANDARDS AND THE TECHNICAL APPROACH TO 

PERFORMANCE ASSESSMENT IN THE NWTS PROGRAM 

INTRODUCTION 

H. C. Burkholder 

Office of Nuclear Waste Iso l ation 
Battel le Memorial Inst i t ute 

The uncertainties associated with the disposal of radioact i ve 
wastes is an important topic and one that has been given insuffici ent 
technical attention. The Nuclear Regu l atory Commi ss i on and i ts con ­
tractor, the Oak Ridge National Laboratory, s hou l d therefore be com­
mended for sponsoring this meeting. 

This paper is divided into two parts. The first part is a commen ­
tary about what was presented and what was not presented in the first 
two and one-half days of thi s meeting concerning the Nuclear Regulatory 
Commission's appr oach to sett i ng radioactive waste di sposal standa rds . 
The second part is a description of the techn i cal approach to perform­
ance assessment in the National Waste Termin al St orage Program. 

The comments concerning the NRC approach to waste di sposal stan­
dards are made as a member of the "technica l public"; the description 
of the NWTS technical approach to performance assessment i s made as a 
member of a DOE contractor organization . 

NRC APPROACH TO RADIOACTIVE WASTE DISPOSAL STANDARDS 

A draft of the Nuclear Regulatory Commi ss i on ' s proposed rad i o­
act i ve waste disposal standards (10 CFR 60) appeared i n t he Federal 
Register during 1980. Key passages from this draft are the following: 

"In considering whether there shou l d be 
other barriers , a key question which 
needs to be answered is whethe r i t is 
prudent, i n vi ew of the natu re of t he 
prob l ems and uncerta i nt i es i nvol ved, to 
rely on the geol ogic setting al one to 
accomplish the functions stated above . " 

Federal Register/Val. 45, No . 94/p . 31396 

" ... it is desirable to specify technical 
criteria associated with the regu latab le 
elements in such a manner as •• . t o pred­
icate the i r techni cal just i fication on the 
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results of quantitative modeling •.• in 
those instances where quantitative model­
ing can contribute to their technical 
justification." 

Federal Register/Val . 45, No. 94/p. 31398 

"The Department shal l design waste packages 
so that there is reasonable assurance that 
radionuclides ••• will be contained for at 
least the first 1,000 years afters decom­
missioning ..• start in g 1,000 years after 
decommissioning ... ,the radionuclides 
will be released from the underground 
facility at an annual rate that ••• i s in 
no case greater than ••• one part in one 
hundred thousand of the total activity 

II 

Federal Register/Val. 45, No. 94/p . 31400 

Summa rizing, the first quote says that the key issue associated 
with geologic disposal is the degree of reliance on geologic bar riers 
and that the uncertainty in site-related models and data is the reason 
for the concern . The second quote says that it is desirable to use 
models in providing a techni cal basis for regulatory standards, and the 
third quote provides an example of the numerical component performance 
standards in the regulation. 

What has so far been missing from the standards is a quant itative 
analysis of the uncertainty in site-related mode l s and data and a quan­
titative analysis which relates the component performance standards as 
a set to the overall system performance standa rd. Since these analyses 
are desirable from the draft text of 10 CFR 60, their presentation by 
the NRC at this meeting for r eview by the parti cipants would have been 
welcomed. Because such a basis has not been provided, the proposed 
standard cannot be subjected by others to a technical review for 
correctness . Hence the standard may be forcing isolation system 
development activities in directions that do not lead to improved 
performance or justified i ncreases in the confidence that it can be 
achieved. 

From the presentation of the NRC rationale, the developers of the 
"package lifeti me" standard apparently are interested in des i gning the 
components of the isolation system. Therefore , NRC should start its 
contra ctors appl ying performance assessment and uncertai nty analysis 
technologies to provide the quantitative technical bas i s for a proper 
set of component performance standa rds. Th is technical basis needs to 
be part of the standa rads so that a meaningful review of the standa rds 
is possible and so that future implementers of the standards will 
understand the situations for which the standards are applicable . 
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This i s a serious matter. There are billions of dollars of future 
government expenditures riding on these standards, and it is important 
to ensure that the benefits to future generations and the peace of mind 
of the present generation are commensurate with those costs. 

The Department of Energy strongly supports the principle that 
nuclear wastes should be isolated in a conservat ively designed system 
of multiple barriers which act in concert to protect present and future 
humans and their environments from the waste. The Department has not 
endorsed the concept of numerical standards on isolation system com­
ponents but instead has stated the following in its "Confidence 
Rulemaking" document: 

"Waste containment within the immediate 
vicinity of initial placement should be 
virtually comp lete during the period 
when radiation and thermal output are 
dominated by fission product decay. Any 
los s of containment should be a gradual 
process which resu lts in very small 
fractional waste inventory release rates 
extending over very long release times, 
i.e., catastrophic losses of containment 
should not occur ." 

TECHNICAL APPROACH TO PERFORMANCE 
ASSESSMENT IN THE NWTS PROGRAM 

The performance assessment activities in the NWTS program can be 
conceptually understood by examining Figure 1. In order to accomplish 
the disposal of commercial radioactive wastes in the United States, the 
NWTS Program must characterize and select sites, design and construct 
underground repositories, design and manufacture waste packages, obtain 
licenses to operate the facilities, and develop the technology neces­
sary to accomplish the previous four items . All five of these activi ­
ties require decisions for whi ch technical bases are required. The 
role of NWTS Performance Assessment is to provide those bases through 
use of mathematical modeling technology and relevant data. These 
modeling applications in turn require an isolation system performance 
model consisting of submodels for the three major subsystems, the waste 
package, the repository, and the site, and these submodels in turn re­
quire models for individual isolation system phenomena. Finally, the 
individual models require laboratory, in situ, and field information 
both to develop the models and to provide values for the parameters 
necessary for their application . 

NWTS Performance Assessment operates on the general principle that 
future isolation system performance should be predicted as realis­
tically as resonably possible and the uncertainties in those best­
estimate predictions should be quantified to the extend practical. This 
principle places some stringent demands on the application of 
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performance assessment modeling technology and those demands in turn 
place other demands on the development of the technology. As a conse­
quence, the NWTS Performance Assessment capability will contain two 
levels of models, an integrated system of simple mode ls and an uninte ­
grated system of complex models. In applying the technology, a large 
number of simulations of system futures will be made using the inte­
grated system of simple models. These simulations will include dete r­
ministic modeling of processes using distributions for the event 
occurrence probabilities. The performance measure values from these 
multiple simulations will be combined to provide a best-estimate 
prediction of performance and confidence limits on that best-estimate 
prediction. Then a small number of these simu lations will be checked 
using the unintegrated set of complex models. This approach attempts 
to strike a balance between efficiency and accuracy in performance 
assessment applications. The approach is efficient because many calcu­
lations are made with simple models and accurate because a portion of 
the results from the simple models is checked against the results from 
the complex models. 

In understanding the NWTS performance assessment technology appli ­
cation approach, it is helpful to define what the approach i s not as 
well as what it is. Approaches not being used in NWTS Performance 
Assessment include traditional risk assessment (fault/event tree ana­
l ysis) and worst-case/maximum credible scenar ios /design bas is scena ­
ri os. The former is not be ing used because nuclear waste isolation 
systems are passive, nonoperating systems composed of components which 
degrade rather than fail, and isolation system performance i s dominated 
by continuous processes rather than discrete events. The latter is not 
being used because it is especially difficult to define the boundary 
between the cred i ble and the incredible for this problem and t he use of 
these concepts improperly focuses activities on the definition of the 
credible/incredible boundary rather than the understanding of isolation 
system behavior. The worst-case/maximum credible scenario/design basis 
scenario approach also distorts the design of the system toward the 
prevention or mitigation of extreme and unlikely conditions when sys ­
tem performance is usually dominated by less extreme, more li kely 
conditions. 

The NWTS performance asssessment technology development approach 
follows a forma l and logi ca l sequence of activiti es. First, there­
quirements for the modeling capability are defined. Th is involves the 
definition of performance specifications for both the integrated system 
of simple models and the unintegrated set of complex models. The per­
formance specifications define "what" equations or relationships the 
various models describe and "what" model interrelationships are needed 
for particular applications. Second, exist ing models are compa red with 
the performance specifications to determine what models are already 
available for use, what models can be modif i ed for use, and what models 
need to be developed. Next, the models requiring modification and the 
new model developments are provided by a process that includes indivi ­
dual model design specifications, model coding, model verification, 
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model validation, and model limitat i ons definition. The indiv i dua l 
model des ign specifi cat ions def ine "how" the equations or relationships 
defined the individual mode l performance specifi cations are so lved in 
the computer programs. The model vertifications check to determi ne if 
the computer programs, as coded, meet the design speci fications {i.e., 
that they do the calculations correctly) through use of analytical 
benchmarks and code-to-code comparisons. The mode l validations check 
to determine if the computer programs meet the performance specifica­
tions {i.e., that they pred ict the truth to an acceptable degree) 
through comparisons with laboratory , in situ, and field data including 
the results from natural analog studies. The model limit ations defini­
tions use the results from the validation activity to determine the 
conditions under which the mode ls are not valid. Finally, t he model s 
are integrated by a process that includes systems model des ign spec ifi­
cations, model coding, and code check ing . The systems model design 
specifications define "how" the mode l interrelat ions hip s defined in the 
systems model performance specifi cation are accomp li shed in the systems 
code (or codes). The systems model cannot be verified because there 
will neither be an analytical benchma rk nor another systems mode l to 
whi ch it can be compared. The verifi cation of the systems model must 
therefore rely on careful checking of t he code. Likewise, the sys tems 
model cannot be independently validated because it is not possible to 
conduct tests of nu clear waste isolation systems over time periods of 
interest to performance assessment. Thus, the verification and valida­
tion of the systems performance model must be inferr ed from the verifi­
cation and validation of the indivi dual models whose interact ions it 
rna nages. 
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UNCERTAINTIES IN PREDICTING LONG-TERM 
ENVIRONMENTAL IMPACTS FROM GEOLOGIC REPOSITORIES 

D. B. Sh i pler 
Office of Nuclear Waste Isolation 

Battelle Project Management Division 
505 King Avenue, Columbus, Ohio 

J. T. McGinni s 
Battel l e Columbus Divis i on 

505 King Avenue, Columbus, Ohio 

J. L. Owen 
Bechtel Group, Inc . 

50 Beale Street, San Francisco, Cal ifornia 

ABSTRACT 

The assessment of environmental impacts of construc­
tion and operation of a deep geologi c repository for high­
level radioactive waste can be carried out using methods 
wel l-establ ished for conventional rad ioactive waste manage­
ment and production faci lities . Uncerta inti es of assess­
ments in impacts of repositories increase with time after 
closure and are re l ated to predicting long-term conditions 
of the accessibl e human environment (e .g., population 
trends and di stributi ons , water use, land use , diets , and 
habits ), and long-term chan ges in ecosystems, and geologic 
and hydrologic regimes surrounding and above the repository. 

Primary concerns are related to t he therma l and fissio n 
product decay period which is in the order of several hun­
dred years . Thermal changes in the immediate vicinity of 
the repository could have a direct effect on root sys t ems 
and indirect effects on ground water reg imes, poss i bly con­
tributing to l ong-term changes in ecosystems. 

Re l eases of radionucl i des to the accessibl e environ­
ment are not expected to occur under predi cted condit ions 
and would not occur for thousands to tens of thousands of 
years under extraordinary circumstances . The characteri s­
tics of the human environment at t hat time cannot readily 
be predicted and therefore uncerta inti es in consequence 
results may be l arge . 

BACKGROUND 

As part of the National Waste Terminal Storage (NWTS) li cens ing 
program , a number of topical reports are being devel oped to provide 
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an approach to the documents that will be required for a license appli­
cation to the Nuclear Regulatory Commission (NRC) for a nuclear waste 
repository. These reports are both general in nature, such as the 
Preliminary Information Report (PIR), and the NWTS Licensing Plan, and 
specific in nature, such as Licensing Topical Reports on defined issues. 
The PIR consists of two parts: Part 1, which is similar in scope to a 
safety analysis report, and Part II, which is similar to an environ­
mental report. The purpose of the PIR is to provide the NWTS program 
with information on how well the technical program is meeting developing 
licensing requirements, to identify important licensing issues, and to 
provide a working document for the U.S. Department of Energy (DOE) and 
the NRC to facilitate discussion of the issues and requirements . 

The environmental analysis, Part II, identifies the data needs and 
methodologies for evaluating potential environmental effects. It also 
provides a preliminary analysis of potential impacts resulting from 
repository construction, operations, decommissioning, and long-term 
isolation. Thi s report [lJ provides most of the basis for this paper . 

To provide an assessment of potential impacts, an environmental 
setting was defined. A reference site in a salt dome in the Gulf 
Interior Region (GIR) was chosen for this analysis . Baseline conditions 
were developed from informat ion in published environmental reports on 
nuclear power plants and other projects in the GIR. Thus, the reference 
site was representative of realistic conditions, both favorable and 
unfavorable. This site did not comply with certai n NWTS program siting 
criteria for a nuclear waste repository and is not among the sites under 
investigation by DOE. With this site as the baseline and the repos itory 
description developed for Part 1 of the PIR, potential environmental 
impacts were identified for the two major phases of the project: short­
term (construction, operation, and decommissioning) and long-term 
(isolation). 

SHORT-TERM ENVIRONMENTAL EFFECTS 

Analyses indicate that the short-term environmental impacts of a 
repository are similar to those of any large industrial project l ocated 
in a rural area: 

Primary impacts during construction are: 

o Commitment of resources including land uses, water, 
ecological habitat, subsurface mineral resources, 
construction materials, energy, and labor supply, 

o Wind-blown particulates, air emissions, erosion, 
runoff from disturbed surface soils, and excavated 
salt, and 
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o Socioeconomic effects resulting from the in­
migration of a l arge labor force into a rural 
area. 

Primary impacts during operation are: 

o Mined rock handling, storage, and disposal, 

o Commitment of resources including land uses, water, 
subsurface mineral resources, process materials, 
energy, l abor supply, and spent fuel, and 

o Effluents consist ing of ai r emissions from the coal­
fired steam faci li t ies, windblown sal t, leachate 
runoff from the excavated salt stockpil e, and trace 
rad iologi cal emiss ions . 

Because the operations l abor force is approximate ly the same size 
as the construction labor fo rce, t he transition from construction to 
operation should not result in increased soc ioeconomi c impacts. 

Pri mary impacts during decommissioning will be simi lar to those 
during construction, with two exceptions: 

o Potential occupa tional exposures to radiation during 
decontamination, and 

o Socioeconomi c impacts to local communities from the loss 
of employment and the out-mi gration of repository workers. 

Repository accidents would be caused by either natural phenomena 
or facility malfunction and could re sult in a failure of environmental 
control and mitigation sys tems. Accidents can be class ified as reposi­
tory accidents involving radioactivity, not involving radioactivity, 
and transportation accide nts involving radioactivity . Transportation 
accidents not involving radioactivity are a function of increased rail 
or highway usage. 

LONG-TERM ENVIRONMENTAL EFFECTS 

Long-term environmental effects are those resulting from permanent 
emplacement of nuclear waste in a deep geolog ic repository. Environ­
mental effects of i sol at ion under normal conditions, as well as those 
caused by phenomena that result in release of radionuclides to the 
biosphere , must be considered . These phenomena may be induced by 
natural events, human interfere nce, the waste itself, and/or the 
repository. The time period of primary concern is 10,000 years after 
repository closure because this is the period of time required to 
reduce the radiological r i sk of fission products in the spent fuel. 



384 

Evaluation of potential environmental impacts during the i solat ion 
phase present a unique challenge, primarily because of the long time 
frame involved. Traditional methodologies for impact analysis require 
definition of baseline conditions. However, environmental baseline con­
ditions cannot be defined for extended time periods (beyond 40 to 50 
years) because of the unpredi ctability of human sociolog ical, political, 
economic , and technical development. Although theorization and con­
jecture may be fascinating exercises, the range of conditions is almost 
boundless. Therefore, performance assessment methods have been developed 
to analyze the disposal system after the repository has been sealed. 
These methods analyze the combined effects of phenomena that might affect 
the disposal system. Three kinds of future conditions can be identified: 

o Conditions under which radionuclide releases from the 
package would not occur, 

o Conditions under which radionuclide re leases from the 
package occur but radiation doses are not received by 
people, and 

o Conditions under which radionuclides are released and 
a resultant radiation dose is received by peopl e. 

Mathematical models have been developed and applied to gain confi­
dence that long-term performance of the disposal system will be accept­
able. These studies show that, under normal conditions, the effects 
for several thousand years will be limited to thermal expansion and 
subsidence in the "near-field" (areas near the repository). These 
studies have also predicted the consequences of releases of radionuclides 
from the repository in the far future. The vast majority of possible 
disposal-system conditions would not deliver any measurab le doses to 
people. Some possible, but unlikely phenomena, such as ground-water flow 
directly through the repository, could deliver radiation dose s that would 
be a fraction of the doses delivered by natural background radiation [2]. 

If the disposal system performs as expected, the radioactive waste 
emplaced in it will remain isolated from the biosphere for hundreds of 
thousands to millions of years. This long-term containment and isola­
tion will be provided by the multiple barriers of the waste package, the 
repository structure, and the site . In the absence of human interference 
and other unexpected phenomena, the repository will perform its contain­
ment and isolation function while the radioactivity of the waste is dimin­
ished by decay. Potential environmental effects of this normal condition 
will be limited to the effects of heat emanating from the emplaced waste 
and subsidence resulting from compaction of the backfi ll material sur­
rounding the waste canisters . 

The assessment of long-term performance requires analysis of the 
phenomena, or potential events, that are important to the future integrity 
of the system. This analysis results in the identifi cation of phenomena 
for assessment of potential environmental effects. These phenomena can 
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be classified as either natural or human-induced. All of the natural phenomena are incredible (probability l ess than 1 x 10-7) . The human­induced phenomena have greater probability of occurrence (although such probabilities have not been calculated), but would result in relatively low releases of radioactivity to biological pathways. 

Impacts of the repository during isolation on cultural resources, and vice versa, are indirect, speculative, and complex. The issues 
involved with interactive human uses are, however, cultural in nature. Given that the repository must remain isolated and unbreached for an extremely long time period, some social/cultural measures must be taken to prevent human penetration of the area. A short-term measure involves some sort of institutional control of the site, such as placing the area under the jurisdiction of the U.S. Government or a regulatory agency. 

The fact remains, however, that the waste materials in the reposi­tory must be isolated for a longer time period than human beings have yet planned for. It is apparent that 250,000 years of institutional 
control is far beyond the scope of our cultural capabilities and that radioactive-waste isolation in a continentally located geologic reposi ­tory cannot be dependent upon institutional stability and must take into 
account radical cultural change. 

For the most part, successful isolation will depend upon stable geologic conditions and permanent sealing of all shafts. Even under 
these conditions, the possibility exi sts for human interference with the site. Essentially, once the repository has been abandoned, it becomes a cultural resource, an archaeological site. Our responsibility to unknown future generations requires us to make some attempt at establish­ing a very long- term communication resource . When all other records have been lost, the archaeological record will remain. Present-day archaeo­logical investigations document a history of habitation reaching back at least 10,000 years, which gives us some confidence in attaining our 
objective. 

UNCERTAINTIES IN ENVIRONMENTAL PREDICTIONS 

Remaining uncertainties in predicting short- term environmental 
impacts of repositories are primarily related to socioeconomic issues and include: 

o Potential methods (tax incentives, protection of pro­
perty equity , and participation in direct community 
services) to mitigate adverse socioeconomic impacts 
induced by the influx of a large construction and 
operating work force and by the severe reduction in 
labor force when the facility is decommissioned, and 

o Public concern over transportation of waste. 
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Uncertainties in predicting long-term environmental impacts of 
repositories can be categorized as: 

o Ecological 

- Lac k of understanding of the biologic response to 
small changes in soi l, and ground and surface water 
temperatures. 

o Physical 

- Ability to predict performance of fractured and, 
perhaps, water-bearing rock masses above and around 
the repository. 

o Socioinstitutional 

- Ability to provide permanent markers and/or means 
of reducing the potential of inadvertently contact­
ing the repository, and 

- Ability to predict the conditions of the accessible 
environment and the characteristics of the human 
culture inhabiting it. 

These issues are currently being studied by the Office of Nuclear 
Waste I solation (ONWI) as part of the ongoing NWTS program. Alternative 
mea sures to miti gate the adverse socioeconomic effects of repository 
development also are being studied. The Waste Isolation Performance 
Assessment Program (WIPAP) and other performance-assessment programs , 
including in s i tu testing, are addressing the issue of predicting long­
term rock mass response. A licensing group task force i s studying the 
issue of human intrusion. Other issues, such as research into the 
effects of temperature increases on soils and biota and the issue of 
public concern about waste transportation, require further considerati on. 

REGULATORY REQUIREMENTS 

Preliminary assessment indicates that environmental impacts are 
within an acceptable range of effects provided the design of systems, 
such as the coal- fired steam generator, mined rock handling facilities , 
and waste-water treatment, incorporates mitigation of environmental 
effects . The reference repository design used in the evaluation would 
comply with existing air, water, and solid waste regulatory requirements. 
However, such regulations are continuously being updated, either through 
additiona l leg islation or interpretation by the courts, and will require 
constant surveillance to assure compliance. 

Compl iance with National Environmental Policy Act (NEPA) and 
Counci l on Environmental Qual ity (CEQ) requirements will be reviewed 



387 

by t he NRC. Such requirements are reflected in draft environmental 
report (ER) guidelines for a geologic repository [3] . The PIR, Part II, 
was based on these guidelines as well as existing ER guidelines for 
other nuclear facilities licensed by the NRC. In response to new CEQ 
guidelines issued in November of 1978 [4], the ER guidelines for all 
nuclear facilities may be revised. 

SUMMARY 

In summary, by focusing attention on critical environmental issues, 
ONWI documents are providing a basis for assessment of the environmental 
aspects of the licensing program. Many of the environmental issues 
i dent i fied in this analysis are being addressed and others are being 
cons idered for inclusion in the NWTS program. Continued surveillance 
of environmental regulations i s required to assure compliance with 
appl icable regul atory requirements. The present policy of maintain i ng 
communicat i on with the NRC should provide for compliance with the NRC's 
li censing environmental guidelines. 
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THE ROLE OF DETERMINISTIC AND PROBABILISTIC MODELING 
IN LONG-TERM WASTE ISOLATION SAFETY ASSESSMENTS 

Albin Brandstetter 

Office of Nuclear Waste Management 
Battelle Project Management Division 

Columbus, Ohio 43201 

ABSTRACT 

The Department of Energy, as part of the National Waste 
Terminal Storage (NWTS) program, i s developing and testi ng a 
comprehensive methodology for assessing the postclosure per­
formance and safety of nucl ear waste isolation systems. Dif­
ferent analysis methods will be used for components of this 
methodology in order to best utilize the current state of 
the art and to minimize the uncertainties inherent in long­
term predictions. Thi s approach will make it possible to 
realistically define the potential range of future system 
states and to quantify the margins of safety provided by in­
dividual system components and by the overall system. 

INTRODUCTION 

The assessment of the postclosure performance of nuclear waste 
isolation requires the analysis of future changes in the site, the re­
pository, and the waste packages[!]. Consequently, it requires tech­
niques to analyze natural phenomena (climatic, hydrologic, geologic, 
and geochemical changes), repository- and waste-induced phenomena (ther­
mal, mechanical, chemical, and radiation effects), and to evaluate 
potentially interfering future human activities. The analysis meth­
odo l ogy must include all important phenomena, their interactions, and 
their implications with respect to the health and safety of future gen­
erations. The analysis methods must recognize differences in the com­
plexity of the phenomena, in their importance with respect to component 
and overall system performance, and in the source and magnitude of 
unce rtainti es associated with each phenomenon. Following is a descrip­
tion of the rationale for the selection of appropriate analysis tech­
niques and of the approach planned for their application to postclosure 
safety assessments. 

RATIONALE 

Different analysis techniques have to be selected fo r different 
phenomena to account for differences in their importance to overall 
system safety, in their complexity (including space and time 
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variability) , and in the source and magnitude of uncertainties. Fol ­

lowing are relevant def i ni t ions and the rationale for selecting appro­

priate techniques. 

Categories of Phenomena 

The phenomena t o be anal yzed have been classified into events and 

processes. Events occur suddenly, instantaneously, or, in relation to 

geologic time frame s , over short pe ri ods . Processes occur gradually , 

over long time peri ods . Examples of events are earthquakes, floods , 

and meteorite impac t s. Examples of processes are long-term climatic 

changes, ground-water f l ow, and waste package degradation . 

Categories of Techniques 

The mathemati ca l techniques have been classified as determin i st i c , 

stochastic, and probabili sti c . Deterministic models assume that t he 

variables f oll ow de f inite l aws of certa i nty. They ignore the chance of 

occurrence of t he variables and also t he uncertaint i es in the variates . 

Stochasti c models assume t ha t the chance of occurrence of the var i ab l es 

and/or the uncertainties in t he va r iates follow definite probab i l i ty 

distributions. They def i ne t he sequence or the spatial distr i but i on of 

the occurrence of the va ri ates probabi l istically. The models may be 

purely random if the variates are cons i dered to be independent among 

themselves , or non- pure r andom if some dependency among the variates is 

considered. Probab il isti c model s consist of deterministic and stochas­

tic components. The deterministic components assume that the va ri abl es 

follow def inite l aws of certa i nty; the stochastic components assume 

that the chance of occurrence of the var i abl es and/or the uncerta i nties 

in the variates follow defi nite probabi l ity distributions . Dete rmin i s­

tic, stochastic, and probabi listic models or model components may be 

time-dependent or time-independent . 

Uncertainties 

The choice of the app ropri ate met hod or combination of methods for 

modeling a particular phenomenon depend s on the source and magn i tude of 

the uncertainties inherent in s imulat i ng that phenomenon. Uncerta in­

ties in the predi ct i ons a ri se from three major causes: (1) limi tations 

in our understanding of t he bas i c phenomena, (2) limitations in the 

capability of current mathemati cal analysis techniques, and (3) l imi ta­

tions in our abil ity to cha racteri ze or adequately measure the analys i s 

parameters ( i.e., due t o a l imited number of measurements and due to 

inaccuracies in indi vidual measu rements). Some of these uncertaint ie s 

are signifi cant for model i ng the current system; they become compounded 

by the l ong time f r ame of concern. 
Uncertainti es vary greatly between phenomena to be analyzed. For 

some engineered system components, fo r instance, many years of experi­

ence exist, including t heo reti cal research and pract i cal operat ing ex­

perience. Therefore , engi neer ed system performance can be predicted 

with a fa i r amoun t of ce rtai nty provided the external forces acting on 
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the engineered system can be predicted. On the other hand, quantitive 
understanding of several natural phenomena, including geologic and hy­
drologic processes, is quite limited. Different approaches are there­
fore necessary to analyze different phenomena. 

CHOICE OF APPROPRIATE METHOD 

Deterministic methods will generally be used to simulate cause­
effect relationships, including time-dependencies of processes. Stoch­
astic methods will be used to define (1) occurrence probabilities of 
events that cannot be modeled deterministically, (2) uncertainties in 
cause-effect relationships, and (3) uncertainties in the model param­
eters. Since there are uncertainties in most, if not all, phenomena we 
need to model, probabilistic met hods would be the more general 
approach. Whether probabilistic methods will be used, however, and how 
strong the stochastic versus the deterministic compo nent will be in a 
particular model, will depend on the relative magnitude and importance 
of the three sources of uncertainties mentioned earlier. It becomes 
obvious, therefore, that a comb ination of deterministic and stochastic 
methods is necessary to define the system uncertainties while keeping 
the data needs and computational efforts within realistic bounds. This 
essentially will be the approach for modeling events and processes to 
be used in the NWTS program for long-term waste isolation safety 
as sessments. 

Modeling Approach for Events 

The time of occurrence and magnitude of events will generally be 
modeled by stochastic methods. For example, the time of occurrence of 
an earthquake or meteorite impact will be defined stochastically; prob­
ability distributions will define their magnitudes (e.g., the intensity 
of an earthquake or the size of a meteorite). The effects of an event 
of a given magnitude occurring at a given time, however, will be mod­
eled deterministically (e.g., the effects of a magnitude-S earthquake 
1000 years after repository closure on rock stresses, hydraulic conduc­
tivities, etc.). 

Modeling Approach for Processes 

The cause-effect relationships of processes, including their 
changes with time, will generally be simulated by deterministic models. 
Most current ground-water flow and radionuclide transport models, for 
instance, are deterministic. Efforts are in progress, however, to in­
troduce stochast ic aspects to consider uncertainties in the input data. 
For example, ground-water flow models being developed will compute the 
mean and the variance in the flow field (velocity and direction) on the 
basis of the mean and the variance in the hydraulic conductivity, por­
osity, and gradient. The radionuclide transport models can then com­
pute the mean and variance in the radionuclide concentrations on the 
basis of the mean and variance in the flow field instead of using an 



392 

empirical dispersion coefficient. Until these models are fully opera­
tional, however, parametric studies and sensitivity analyses will be 
performed to quantify the uncertainties. 

A similar, although not identical, approach is being developed 

to consider the uncertainties in simulating long-term climatologic, hy­

drologic, and geologic processes, such as climatic and tectonic 
changes. The input parameters can be defined by probability density 
functions. Repeated simulations with parameter sets selected at random 

from these functions will result in a series of sequences of future 
system states within realistic ranges and will define the associated 
uncertainties. 

Integrated Systems Analysis Approach for Events and Processes 

Probabilistic methods will then be used to analyze the synergistic 

effects of events and processes. These methods will involve determin­
istic modeling of the cause-effect relationships of long-term processes 
and the stochastic superposition of randomly occurring events on these 

processes. The effects of this superposition on the system components 
can be analyzed deterministically. At the same time, uncertainties in 

the input parameters for both events and processes can be defined by 
probability distributions. As a result, not only will the range of 
potential future system states be defined, but the associated uncer­

tainties can also be quantified. Not all of these capabilities are 
fully operational at this time, but sufficient progress is being made 
to indicate the feasibility of this approach. 

STEPWISE APPROACH TO SAFETY ASSESSMENT 

Theoretically, the stochastic superposition of events on processes 
will result in an infinite number of combinations of events and pro­
cesses. It is, therefore, impossible to predict a single time series 
of system states. Consequently, multiple analyses will be required to 

determine the range of all possible future system states. It is not 
practical to apply this superposition to detailed modeling of the en­
tire waste-isolation system due to the complexity of the system and the 
component processes. The range of possible future system states, how­
ever, can be determined in a stepwise approach. 

First, only the effects of natural hydrogeologic system changes 
will be evaluated by multiple analyses with simple models which will 
define the range of potential future hydrogeologic system states. 
Next, the effects of potential human interference will be evaluated by 
multiple analyses which will define the range of potential future 
states of the major system components directly affected by the inter­
ference. From these analyses, a more limited number of analyses will 
be selected for more detailed evaluations which can be expected to de­
fine possible future system states at specified levels of confidence or 
with specified margins of safety. The assessment will demonstrate that 

the selected analyses actually bound potential system states, and de­
fine the related uncertainties. 
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Care will be taken that the selected analyses remain realistic, 
that i s, that unrealistic analyses will be avoided . Consequently , the 
analysis of unrealistic and so-called nonmechanistic scenarios is 
neither necessary nor advisable, as sometimes suggested as proofs of 
repository safety. Advocates of that approach believe that if it can 
be shown that the repository is safe for these unrealistic, more than 
worst-case scenarios, then it will also be safe for more realistic 
scenarios with considerable margins of safety. This approac h is not 
valid for the following fou r reasons: 

1. The unreali st ic analyses are not necessary since it can be 
shown how safe the system will be on the basis of realistic 
analyses which also define the levels of confidence . 

2. There is no assurance that the unreal i stic scenarios actua ll y 
bound potential system performance; that is, there may be 
realistic cases that are worse. 

3. The unrealistic approach by itself (without other reali st i c 
analyses) does not provide a quantitative measure of the ma r­
gin of safety . 

4. The unrealistic approach may increase system costs needlessly 
to provide unnecessary and ill-defined margins of safety . 

CONCLUSION 

In summary, the long-term safety assessment will be based on nu­
merical ana lyses, including mathematical modeling and more qualitati ve , 
subjective judgements. Neither a strict ly stochastic nor a str ict ly 
deterministic approach can be expected to be adequate, because the 
former does not recognize the cause-effect relationships of t he phenom­
ena and the latter does not recognize the uncertainties in the analy­
ses . Thi s applies to the overall approach rather than just to model­
ing, si nce deterministic and stochastic eva luations wi l l be performed 
not only by modeling, but also by other quantitative and qualitat ive 
methods. Consequently, a judicious combination of these approaches is 
needed to account for the cause-effect relat ionships, the time­
dependence , the spatial variability, and the uncertainties in the sys­
tem performance. Important information about t he system safety will 
not be apparent without the appl ication of all of these techniques . 

As explained before, the selection of the appropriate approach for 
analyzing a particular phenomenon depends on the type of phenomenon, 
its importance to overall system safety, and the source and magnitude 
of the uncertainties. These approaches will change wi th time because 
improvements can be expected in our understanding of the basic phenom­
ena, in mathematical analysis techniques, and in our ability to measure 
the analysis parameters . 

The uncertainties in predicting waste isolation system per formance 
over thousands of years are significant. However, our current 
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know l edge of the i mportant phenomena, the state of t he art of mathemat­

ical model i ng i n support of qua l itative and s impl e r quant i tati ve eva lu ­

ations, and our ability to measure the system parameters are adequate 

to prove the long- term safety of repositories . Our analysis capabili ­

ties will be sufficient to analyze the important events and processes 

realistically and to define the related uncertainties. In addi tion, we 

will be able to show that our analyses are founded on a sound scien­

tific basis. 
Other papers in this symposium provide additional justificat i on 

for using a combination of analysis methods. They a l so gi ve det ail s on 

the current NWTS approaches for modeling particular phenomena, fo r 

quantifying uncertainties, and for assembling the individua l techniques 

into a comprehensive analysis system. 
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AEGIS METHODOLOGY AND A PERSPECTIVE FROM 
AEGIS METHODOLOGY DEMONSTRATIONS 

F. Harvey Dove 

Pacific Northwest Laboratory 
Richland, Washington 99352 

ABSTRACT 

Performance assessment of long-term waste i so lation 
i nvol ves a number of dist i nct analytical steps. The Assess­
ment of Effectiveness of Geologi c Isolation Systems (AEGIS) 
Program currently has the methodology for performing these 
analyti cal steps . The methodology is appl icable at vari ou s 
l evels of sophi stication, depending on the analytical need 
and the amount of information available . 

Demonstrations of AEGIS methodology began in 1978 . 
Experience gained from these demonstrations has been useful 
in di recti ng further methodo logy devel opment and has illumi­
nated t he need for stochastic approaches to the interpreta­
ti on of dat a . Appli cati ons of AEGIS methodol ogy has shown 
that the geos phere can prov i de an effect ive barri er to the 
migrati on of most radionucli des even when released by 
hypothet i cal, catastroph i c processes. 

INTRODU CTION 

The Assessment of Effecti veness of Geologic Isolati on Systems (AEG IS) 
Program has been developing and appl ying methodology to evaluate the post­
closure performance of a geol og i c repository for the deep disposal of 
nuclear waste. Methodol ogy development began at the Pacific Northwest 
Laboratory (PNL) i n 1972 with studi es of geologic isolation systems per­
formed under the Advanced Waste ~1anagement and Waste ~1anagement Systems 
Studi es Programs sponsored by the Atomic Energy Commiss i on (AEC) and the 
Energy Resea rch and Devel opment Admini stration (ERDA). On 1 October 1976 , 
the Waste Isol ati on Safety Ass essment Program (WISAP) was establ i shed. 
WI SAP was supported by t he Office of Waste Isolation (OWl), managed for 
t he Department of Energy (DOE) by the Union Carbide Nuclear Corporati on. 
Si nce 1 July 1978 , OWl was rep l aced by the Office of Nuclear Waste I sola­
t ion (ONWI), managed for DOE by the Project Management Di vi sion of the 
Battell e Memorial Institute. On 1 October 1979, WISAP was replaced by 
two separate programs--the Waste/Rock Interaction Technology (WRIT) Program 
and the AEG IS Program. 

The obj ecti ves of the AEGIS Program are to: 1) develop the capabili ­
t i es needed to assess the post- cl osure safety of waste isolation in geo log i c 
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formations, 2) demonstrate the assessment capabiliti es by performing analy­
ses of reference sites, 3) apply the assessment methodology to ass i st the 
National Waste Terminal Storage (NWTS) Program in site sel ection, waste 
package and repository design, and 4) perform repository site analyses 
responsi ve to the time schedul e and to the level of soph i sti cati on required 
to meet the licensing needs of the NWTS Program. 

The firs t methodology demonstration occurred in 1978 as an application 
of consequence analysis to a hypotheti ca l repository release in bedded salt 
(Paradox Ba si n) . Since that time, AEGIS methodology has been used i n sev­
eral, site- specific appli cations of increas i ng complexity. AEG IS hydro­
l og i c, contami nant transport, and dose codes will be used to support in 
situ experiments at the Nevada Test Si te and to evaluate the basis for EPA 
draft standards . These applications represent an awareness that AEGIS 
methodology, which has been primari ly devel oped for repository l icens ing 
act ivities, has immedi ate usefulness in other technical areas of the NWTS 
Program. The usefulness of the methodology as a whole or in part is expect­
ed to increase in future years . 

Thi s paper summarizes the AEGIS methodology, the experience gained 
from methodology demonstrations , and in parti cular , provides an overview 
for the fo l lowing subj ect areas: 

• estimating the response of a repository to perturb i ng geolog i c and 
hydro l ogic processes that could compromi se the integr ity of the 
repos itory and result in releases of radioactivity to the surround ing 
environment 

• estimati ng the transport of radionuclides from a repository to man 

• assessing the sources and magnitudes of uncertainties associ ated with 
the models and methods used for future projections . 

AEGIS METHODOLOGY 

Federal legislation requires that geologic repositories be licensed by 
the Nuclear Regulatory Commi ssion (NRC) and meet radiation protection stan­
dards being establ i shed by the Env ironmental Protection Agency (EPA) . 
Research programs are in progress to determine acceptab l e waste forms , 
canister designs to contain t he waste , backfill materi al s to f ill the voi d 
spaces in t he mined repository, and geol ogical formations that i solate the 
repository from the accessib le environment. These components compose a 
system for disposal of high-level waste . Whil e speci fic performance cr i­
tera may be imposed on i ndividual components, the ultimate test of the 
repos itory will involve an evaluation of the total geologic i sol at i on system 
as a unit. 

The performance assessment of long-term waste isolation involves a 
number of distinct analytica l steps. Initially, the specific nature of the 
engineered components in the repository and of the surrounding geolog i c and 
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hyd rologic systems must be adequately understood. Because natural geologic 
processes and future human activities may alter these systems over time, an 
evaluation must also be made to determine if there are any quantifiable 
processes or a series of events in geologic time, for affecting the integrity 
of the repository. If such a process is identified, the transport of radio­
nuclides from the repository to the environment and the environmental impacts 
can be estimated. AEGIS currently has the methods for performing these ana­
lytical steps. 

The AEGIS approach is applicable at various levels of sophistication, 
depending on the analytical need and the amount of information available. 
For example, in the site selection and evaluation phase, preliminary assess­
ments based on minimal data will probably be adequate. However, in later 
phases of site qualification and licensing, more detailed information will 
be provided, and AEGIS personnel will be required to perform a thorough 
performance assessment with increased accuracy and reduced uncertainty. 
The analytical methods are being continuously improved to eliminate analyti­
cal deficiencies identified during methodology demonstrations as the site 
selection and licensing process develops. The AEGIS approach for evaluating 
the effectiveness of a geolog ic repository has been discussed by Silviera 
et al. [1]. An appreciation for the AEGIS methodology can be obtained from 
the schematic diagram of the AEGIS analysis followed in the basalt reference 
site initial analysis (RSIA) as shown in Fig~re 1. The dotted lines indicate 
exi sting capability not used in the basalt analysis or new capability to be 
added in the near future. 

Conceptual Model Development 

The analysis begins with a search and compilation of all the availab l e 
geological, hydrological, and geochemical information for the region under 
study. Much of this information is obtained from sources such as federal 
and state publications, DOE-sponsored programs, Landsat imagery [2], DOE 
Geologic Project Managers, other government agencies (e.g., USGS), and gen­
eral scientific literature. Because ground water is the most probable 
transport mechanism for radionuclides released from deep underground reposi­
tories, the local and regional geology and hydrology must be evaluated. 
This involve identifying the various aquifer systems, their hydrologic char­
acteristics, and their recharge and discharge locations. Extensive data 
tabulations will require the use of a computer storage and retrieval system 
such as the Comprehensive Information Retrieval and Model Input Sequence [3]. 

The geologic history of the region is determined through studies of the 
various rock types and their distribution in the area, and of the regional 
and local structural features. This geologic understanding and considera­
tion of natural geologic processes of the region contributes to the prepara­
tion of a conceptual model . Additional information involving the influence 
of geochemical effects on the integrity of the repository includes a chem­
ical analysi s of the ground water and the mineral types that may contact the 
ground water, as described by Deutsch [4]. This additional information can 
provide insight into the origin and source of ground water, residence time, 
and chemical evolution of the ground-water sys tem. 
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The preparation of a conceptual model of the hydrologic sys tem i s per­
formed with the cooperation of Geologic Project Managers who are actively 
i nvolved with i dentifying and characterizing the geological and hydrolog i cal 
properties of a particular site. The resu l t is a compos ite description of 
the region, which should include potentiometri c maps, structure maps for 
the various geologic and hydrologic un i ts, pumping and recharge di stribu­
tions, and boundary condi t i ons . Often this information must be interpolated 
from drilling logs, static well measurements from the same aquifer, topo­
graphi c maps, meteorological measurements, and stream flow records. Speci­
fi c information that occasionally must be interpreted from incomplete f i eld 
data includes: 1) the locations and amounts of ground-water recharge and 
di scharge at formation outcrops and perimeters, and 2) the hydrau li c connec­
tions between deep confined aqu ifers, s hallow unconfined aquifers, and 
surface-water systems. The conceptual model forms the common basis neces ­
sary to obtain compatibility between the hydrologic systems s imulation and 
the geologic process simulation. 

Hydrologic Systems Simulation 

After the conceptual model of the hypothetical repository si te and 
region has been developed, computer codes are used to s imulate f l ow patterns 
within the hydrol ogic system. The hydrologic codes used as part of the 
AEGIS methodology include the Variable Thickness Transient [5], and the 
Finite-Element , Three-Dimensi onal Grou nd-Water code [6]. Informati on 
obtained from t he hydrol ogic models i s t hen used for input into the source 
term model and the rad ionuclide transport model . 

An important characteristic of the AEGIS computer code usage is the 
interactive computer system at PNL. Interact ive computer sys tems al low 
the user to recei ve immediate response from the computer, greatly enhanci ng 
code and model devel opment. Because the AEG IS computer codes must be 
adapted to model the conceptual descript i on of t he particular repos i tory_ 
r eg i on, the interactive computer system makes that process much more efflc­
ient and, more importantly, substanti ally increases t he involvement of 
hydrologists and geoscientists i n the AEGIS computer operations . Thus, the 
output from these codes can be readily used to eva l~ ate and refine the con­
ceptual model of the regional and loca l hydrogeolog1c sys t ems. 

Geologic Process Simulation 

The geol ogy surroundi ng a repository will continue to change over geo­
logic t ime. Projections of the poss ibl e evolutionary paths can be made 
from knowl edge of the geo logic history of the region, the existing states 
of the geologic and hydrologic systems, and the scientific unders tandi ng 
of the geologic processes in effect . AEGIS staff use the conceptua l 
description of the existing hydrogeology as a focu s for evaluating 
future states of the system. A team of consultants i s employed to help 
characterize the natural processes that could affect t he repos itory . A 
computer model is used to assi st the AEGIS staff and consultants in the 
analysis and in keeping track of the potentially large numbers of 
natura l processes and interactions. 
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Based on these considerations, AEGIS methodology identi f ies and quan­

tifies a set of processes that could lead to a loss of repository integrity 
and that need to be further analyzed. AEGIS scientists seek to provide an 

auditable method for the derivation and quantification of these objection­
able states, with estimates of the plausibility and time of occurrence. 

In this process, AEGIS scientists can also provide the justification for 
discarding other objectionable states as being implausible. 

If the Geologic Simulation Model [7] identifies a process or series 
of events that would cause a loss of repository integrity, the input data 
for the hydrologic models are modified to reflect the boundary conditions 
surrounding that objectionable state. The information obtained from the 
Geologic Simulation Model is further used as input into the development of 

a source term model. 

Source Term Modeling 

Analysis of ground-water trans port of radionuclides from a nuclear 
waste repository is dependent upon an appropriate definition of a 11 source 
term11 --a projection of the rate of release of radionuclides from the reposi­
tory [8]. Development of the source term is directly influenced by the 
loss of repository integrity, aquifer interconnections, and the near-field 
flow regime. In addition, local ground-water chemistry, canister and back­

fill materials, and the temperature profile from the heat generated by the 
nuclear waste must be considered. Ground water that hypothetically contacts 
the waste may be an oxidizing or a reducing agent and affects the waste 
leach rate and solubility limit. The WRIT Program at PNL supports AEGIS 
applications by defining a source term; however, the development of a useful 
model requires a multidisciplinary approach incorporated into AEGIS method­
ology demonstrations on an ad hoc basis. The source term model provides 

radionucide concentration profiles to the transport model. 

Transport Modeling 

The codes used for radionuclide transport, like the ground-water codes, 

are multidimensional and interactive. These codes include the Multicompo­

nent Mass Transport code [9] and the GETOUT code [10]. Radionuclide migra­
tion as affected by the geologic medium is simulated by a distribution 
coefficient (Kd). The Kd is a measure of the ability of a geologic medium 
to retard a given radionuclide. A storage and retrieval system for experi­

mental data on sorption/desorption analyses for a wide variety of radionu­
clides, ground-water compositions, and rocks and minerals is the Sorption 
Information Retireval System [11,12]. In addition to distribution coeffici­

ents , other code input includes: 

• ground-water flow velocity 
• longitudinal dispersivity 
• of ground-water flow path length 
• dimensions of the stream tube 
• nuclide half-lives 
• a matri x describing radionuclide chain decay 
• porosity 
• leach rate information . 
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After the radionuclide concentrations are mathematically introduced 
into the ground-water movement patterns, waste movement patterns are out­
lined over elapsed time. Contaminant transport results are summarized by 
both the point-source concentration versus time profile and by concentra­
tion versus arrival distribution curves for significant radionuclides that 
are hypothetically released to the biosphere. When appropriate, dose 
models are used to calculate radiation doses to man directly or to man 
through his food chain. 

Dose Modeling 

When radionuclides are released to the atmosphere or to surface waters, 
they may disperse or they may accumulate in the environment. Even short­
term (acute) releases can lead to long-term environmental contamination, 
which in turn leads to long-term irradiation of individuals and populations. 
Pathways of human exposure to these radionuclides include direct radiation 
from contaminated air, water, sediment, and soi l; ingestion of contaminated 
drinking water, aquatic food products, terrestrial farm crops, and farm 
animal products; and inhalation of airborne materials. These exposure 
pathways are evaluated by AEGIS staff using computer codes such as KRONIC, 
SUBDOSE, DACRIN, and PABLM [13,14,15,16]. Site-specific information 
about demography, local crop production practices, eating habits, and 
recreational activ ities are required as input for these codes. 

A PERSPECTIVE FROM AEGI S METHODOLOGY DEMONSTRATIONS 

Demonstrations of AEGIS methodology began in the summer of 1978 with 
a release consequence analysis of a hypothetical repository in bedded salt 
[17]. Professionals from Bechtel National, Inc. provided technical support, 
and the analysis was promptly completed using VTT and MMT codes in a test 
of WI SAP consequence methodology . A chronological listing of methodology 
demonstrations, beginning with this bedded salt test case, i s shown in Fig­
ure 2. A comparison of numerical results from hydrologic models developed 
by INTERA and PNL for the Waste Isolation Pilot Plant (WIPP) site in the 
Delaware Basin of New Mexico followed in the winter of 1978. With equiva­
lent input data and equivalent data interpretations, the hydrologic model 
developed from the SWIFT code and the hydrologic model developed from the 
VTT code produced the same results [18]. 

In 1979, release consequence portions of the WISAP methodology were 
applied to analyze hypothetical sites in Swedish bedded salt and in 
Swedish granite for the International Nuclear Fuel Cycle Evaluation (INFCE) 
Program. The FE3DGW code was used to characterize the multilayered hydro­
geologic system of bedded salt and the multilayered hydrogeologic system 
of fractured granite [19]. These applications represented a definite 
increase in modeling complexity and an opportunity to apply a porous-flow 
model (FE3DGW) to a regional, three-dimensional, fracture-flow s imulation. 
A more complete demonstration of WISAP methodology was included in the 
release scenario and consequence analysis applied to the Hainesville Salt 
Dome in the first reference site initial assessment [20]. The release 
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Fig. 2. WISAP/AEGIS Methodology Demonstrations 

scenario was developed using a team of consultants and PNL s taff, and the 

concensus of professional opinion endorsed the stability of the salt dome 

with respect to natural disruptive mechanisms. However, the technical 

group considered a human-intrusion scenario involving solution min ing to 

be of sufficient significance to justify a release consequence ana lysis. 

The FE3DGW, VTT, MMT, and PABLM codes were used in the consequence analys is, 

and a near-field assessment of the solution cavity and surrounding hydro­

geologi c media was required to obtain a radionuclide source term. The 

FE3DGW code was used for these near-dome simulations, and the point source 

of contamination was introduced into the regional hydrologic and transport 

analysi s [19]. Because of the difficulty in projecting demographic pat­

terns, food-consumption habits, and exposure pathways, dose calculations 

using the PABLM code were limited to the operational aspects of t he solu­

tion mining scenario at 100 yr and 1 ,000 yr after repos itory closure. 

In the fall of 1979, the second reference site initial assessment for 

a hypothetical repository in the Columbia Plateau Basalt was initiated. 
This analysis benefi ted from knowledge obtained through earlier develop­

ments of the Geologic Simulati on Model for basalt [21]. The Basalt Waste 

Isolation Program (BWIP) of Rockwell Hanford Operations has supplied exten­

sive data and useful criticisms of technical phases in the AEGIS ana lys is. 

The basalt assessment is the most comprehensive demonstration of the AEGIS 

methodology attempted to date, with completion schedul ed for April 1981. 

The third reference s ite initial assessment is scheduled to begin in the 

fall of 1981 with application of the AEGIS integrated methodology to a 

hypothetical repository at the Nevada Test Site . 
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General Uncertainty Categories 

Sources of uncertainties associated with the models and methods used 
in AEGIS methodology demonstrations can be organized into four general 
categories: 

1. time considerations 
• short sample time 
• long projection time 

2. accuracy considerations 
• code selection 
• data interpretation 

3. precision considerations 
• field measurement tolerances 
• model calculational tolerances 

4. human considerations 
• political stability 
• public perception. 

The inability to quantify many of these sources of uncertainty leads to 
the use of bounding calculations, conservative estimates, and profess ional 
concensus. 

Estimating Repository Response 

Experience gained from AEGIS methodology demonstrations has been he l pful 
in di recting AEGIS methodology development. The discussion of the Geol og i c 
Simul at i on Model by Foley and Petrie [22] wi l l address some of the above 
uncer ta i nties and their incorporation into the AEGIS methodology devel opment . 
A useful percepti on of the uncertainties involved in regional data base 
limi tati ons and how they can be accommodated in a practical sense i s di s­
cussed by Schalla and Leonhart [23]. Variations in data for the Co l umbi a 
Plateau Basalt establish the background for a case example in the determ i na­
tion of a significance criterion defining the loss of repository i ntegri ty, 
as discussed by Zellmer and Lindberg [24] . Preliminary modeling results 
usi ng the Geologic Simulation Model in the Columbia Plateau Basal ts are 
summar i zed by Petrie and Foley [25]. 

Es timati ng Radionuclide Transport 

Experience gained from AEGIS methodology demonstrations estimati ng the 
t ransport of radionuclides from a repository to man has illuminated t he need 
for stochastic approaches to the interpretation of data variati ons [ 26 ,27 ] . 
Inves ti gations toward modification of existing hydrologic and t ranspor t 
codes to i ncorporate time, accuracy, and precision considerati ons of uncer­
tai nty are in progress. To date, uncertainty associated wi th modeli ng of 
contami nant transport has received more attention by AEGIS staff t han t hat 
associ ated wi th hydrologic flow modeling. Geostatist i cal modeling of pore 
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velocity is discussed by Devary and Doctor [28] as an example. Experience 
and insight is combined in the basic development of contaminant arrival 
distribution concepts known as "Geohydrologic Response Functions" [29]. 
These response functions are proposed as a means of providi ng simple sum­
mary results to those in or contributing to the decision-making process in 
nuclear waste management. 

AEGIS Perception 

In summary, three conclusions are highlighted by the AEGIS methodology 
demonstrations: 

• Performance assessment of the repository site will always be 
data 1 imi ted. 

• Useful modeling results for performance assessment can be obtained 
from the best technology and data available at the time of analys i s. 

• The geosphere can provide an effective barrier to migration of most 
radionuclides even when released by hypothetical, catastrophic 
processes and events. 
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ABSTRACT 

Assessment of the post-closure performance of a nuclear 
waste repository has two basic components: the identification 
and analysis of potentially disruptive sequences and the pat­
tern of geologic events and processes caus ing each sequence, 
and the identifi cation and anal ys is of the environmental con­
sequences of radionuclide transport and interaction subsequent 
to disruption of a reposiitory. The AEGIS Scenario Analysis 
Task is charged with identifying and analyzing potentially 
disruptive sequences of geologic events and processes. The 
Geologic Simulation Model (GSM) was developed to evaluate 
the geologic/hydrologic system surrounding an underground 
repository, and to describe the phenomena that alone, or in 
concert, could perturb the system and possibly cause a loss 
of repository integrity. 

The AEGIS approach has been to use an unintegrated series 
of models for repository performance analysis; the GSM for a 
low-reso lution, long-term , comprehensive evaluation of the 
geologic/hydrologic system; followed by more detailed hydro­
geologic, radionuclide-transport, and dose models to more 
accurately assess the consequences of disruptive sequences 
selected from the GSM analyses. This approach can be used to 
estimate the liklihoods of potentially disruptive evolutionary 
developments within the geologic/hydrologic sys tem. The more 
costly consequence models can then be focused on a few disrup­
tive sequences chosen for their representativeness and effec­
tive probabilities. 

GEOLOGIC SIMULATION MODEL 

The AEGIS Geologic Simulation Model is at present specifically 
designed for analysis of a hypothetical repository in the Columbia River 
Basalts of the Pasco Basin, Washington, although adaptation to other geo­
logic terranes is in progress. It i s designed to meet a wide range of 
performance criteria. Some of these criteria are: 1) auditability, 2) 
ability to accommodate objective and subjective input, 3) facilitation 
of parametric and sens itivity studies , 4) facilitation or assistance in 
describing disruptive sequences and their probabilities, 5) establishment 
of limits or initial conditi ons for input into the consequence analysis 
models, and 6) flexibility to accommodate an increasing data base. 
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An interactive, computerized approach with a quas i-determini stic, 
process-response methodology was adopted for the following reasons: 

• Significant interactions exi st among disruptive phenomena. For 
example, climate, precipitation, glaciation, sedimentation , and 
ground-water recharge are all synergist i c. This requires modeling 
of each process in as deterministic a manner as possible to iden­
tify and allow potential interactions. 

• Most phenomena are time-dependent, and initiation and consequences 
cannot always be considered s imultaneous ly. A t ime-integrated, 
process-response model is necessary to accommodate gradual changes 
and to incorporate their effects into the geologic/hydrologic system. 

• Uncertainties in data, in the way some processes should be modeled, 
and in the understanding of some processes that appear inherently 
stochastic dictate reliance on probability distributions rather than 
on discrete numbers for the values of most input variables. Further, 
the sensitivity of the model output to variations in the input must 
be analyzed for cost-effective studies. The data-handling and book­
keeping requirements imposed by these criteria make computerized 
analysis a necessity. 

• The methodology must explicitly reveal the conceptualization of the 
geologic/hydrologic system and its implementation to geoscientists 
to provide for peer review and auditability of the study. A user­
interactive computer model is necessary to allow review by knowledge­
able scientists who are not familiar with computer usage. Thi s capa­
bility also allows specialists a comprehensive overview of the entire 
model and encourages interaction among specialties . 

The GSM simulates geolo~ic and hydrologic system response, as a result 

of ongoing processes and the passage of time, for a period of a million 
years. Thi s time frame is long enough to accommodate requirements for 
performance analyses for thousands, tens of thousands, or even hundreds of 
thousands of years . It is not, however, so long that significant changes 
in the details of global tectonic activities and their rates must be con­
sidered . Figure 1 shows the model time frame in perspective with present 
experience in design, which emphasizes the need for care and innovation 
in developing the assessment methodology. Figure 2 shows the time inter­
vals used in the process-response model: 100 years for the first 
20,000 years, 1000 years for the next 180,000 years, and 10,000 years for 

the remaining 800,000 years . This has the advantage of saving computer 
time while concentrating analysis on the geologic near term (1 ,000 to 
ure 2 also shows that the selection of time intervals for integration, 
hence the resol ution of the analysis, mirrors the availability and relia­

bility of geologic data from the past 20,000, 200,000, and 1 million years . 

The GSM is composed of a main program, which incorporates the system 
conceptual model, and peripheral packages to control data input and output 

and to perform statistical analyses of output data for summarization and 
interpretation . The main model consists of eleven submodels, each of which 
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addresses a class of potentially disruptive phenomena: l) climate, 2) con­
tinental glaciation, 3) deformation and faulting, 4) geomorphic events , 
5) hydrology, 6) magmatic activity, 7) meteorite impact, 8) sea-level fluc­
tuations, 9) s haft seal failure, 10) sub-basalt basement faulting, and 
ll) features not detected during construction of the repository. These 
submodels were developed in cooperation with specialists in the relevant 
geoscience di sc iplines (Figure 3). Each submodel is as phys i cally based 
and sophisticated as computer-system and cost limitations allow . Each is 
necessarily s ite specific to maximize the knowledge of relevant geologic 
processes and rates . 

Details of the GSM are described in Petrie et al . [1]. However, Fig­
ures 4 and 5 show the simpl i fication of the three-dimensiona l confined 
ground-water system of the modeled area to a one-dimensional one , which 
was necessary to fit into the GSM . This abstraction is adequate for the 
purpose of s imulation model i ng as long as its behavior is compatible with 
that of the complex models used in later consequence analyses . 

Clearly, many of the processes included in the GSM are subject to 
uncertainties that may result from lack of adequate field data, or lack of 
understanding of a phenomenon or of a process that is inherently stochastic 
at our present level of understanding. For this reason, input data are in 
the form of probability density functions (PDF), or scalars or polynomial 
functions with associated PDF uncertainty terms. Use of PDFs gives the 
GSM the flexibility to incorporate objective and subjective input data 
from a variety of geoscience disciplines. 
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Fig . 3. The types of data used for site-specific modeling. 
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The GSM can be operated in single-run and Monte Carlo modes. The 
single- run mode is interactive and provides for user selection of desired 
disruptive events and associated rates or magnitudes . This allows an 
expert i n the relevant discipline to evaluate the output of the GSM for 
sensitivity studies or to determine its reasonableness, and to 11 fine tune 11 

any submodels that do not appear to behave realistically. 

The Monte Carlo mode uses the pre-established PDFs for inputs of 
individual phenomenon occurrences , rates, magnitudes , and phase relations . 
Hundreds or thousands of individual mjllion-year simulations in a Monte 
Carlo r un generate a large number of disruptive event sequences that may 
then be analyzed by geoscientists for plausibility (Figure 6). The ones 
found plausible are assessed for liklihood by a statistical package, and 
those that exceed appropriate regulatory or other (see Zellmer and Lindberg 
[2] ) standards are chosen for more detailed consequence analyses. 

Input from geoscientists is critical at all stages of the disruptive 
sequence analysis, scenario selection, and conseouence analysis. The GSM 
is designed to complement and focus these efforts by providing broad out­
lines of long-term geologi c and hydrologic changes that might occur in the 
vicinity of a repository, and by placing bounds on their magnitudes and 
probabilities . A later paper in this sequence [ 2] will describe some pre­
liminary results from the basalt GSM to illustrate this process. 
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ABSTRACT 

Limitations are encountered in assembling hydrologic data 
for a broad geographic region, such as the Columbia Plateau in 
the northwestern U.S., into a conceptua l mode l of the hydro­
logic system. These limitations may become resonant in sub­
sequent numeri ca l simul at ions of hydrologic system behavior. 
Included among such data limitations are irregular spatial 
distribut ions of data, decreases in information with increasing 
depth from the land surface, uncertaint ies about the reliabil ­
ity of reported hydrologic data, dispar ities in time-dependent 
parameters, and lack of field verificat ion of data . The pre­
paration of a regional hydrologi c system description, t herefore, 
first involves a comprehensi ve data eval uati on, wherein the 
data are classified and ranked in terms of their utility to the 
study. The resu lts of this evaluation are essential in planni ng 
fut ure data acquisition activities, as well as in selecti ng and 
developing model s. In turn, iterative use of modeling, data 
refinement, and data acquis ition is considered to be highly 
effective. The case example of preparing a hydrologic system 
description for the Columbia Plateau, as required for reposi­
tory siting, illustrates methods of determining the accuracy of 
certain data, compensating for data limitations, evaluating the 
need for acquiring additional data, and refining data through 
iterat ive techniques. Emphasis is placed on professional sub­
jectivity, which has proven to be essential in data base 
evaluation and refinement. 

INTRODUCTION 

When model1ng natural systems on a regional scale, aata limitations 
are inevitab le. Thi s paper describes the type and magnitude of data uncer­
tainties that affect conceptual and numerical modeling of the Columbia 
Pl ateau regional hydrologi c systems. Specific limitati ons include: 

o irregular spatial di stributions of data 
o decreases in information with increas ing depth from the land surface 
• uncertainties about the reliability of reported hydrologic data 
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• disparities in time-dependent parameters 
• and lack of field verification of data. 

Systematic evaluation of the data produced by field studies before 
they become the building blocks of conceptual and computer models is nec­
essary. The accuracy of field measurements can influence a modeler's 
treatment of the data and his subsequent conclusions. Figure 1 depicts 
the iterative relationship among data acquisition, data evaluation, and 
modeling. 

~ DATA ~ .d EVALUATION ~ 

DATA 
ACQUISITION MODELING 

Fig. 1. The iterative process used in systems characterization 
and simulation 

In this paper we briefly discuss the Columbia Plateau area and its 
hydrologic framework. A discussion of data evaluation, compensation, 
refinement, and level-of-confidence methods follows . Examples are pre­
sented to indicate the importance of ranking data sources according to 
re 1 i ability. 

SETTING AND BACKGROUND 

The lavas of the Columbia Plateau (Figure 2) comprise a tholeiitic 
flood-basalt province of moderate size (approximately 77,000 square miles) 
and moderate volume (estimated at 77,000 cubic miles [1]). The Columbia 
River basalts are unique in that the horizons high in primary porosity 
(e.g., flow contact zones and some interbedded sediments) are often sepa­
rated by thick sections of the dense flow interiors . Characteristically, 
laterally transmissive horizons occur within ''interflow zones" (along flow 
contacts) and are confined between thick, extensive layers of dense (col­
umnar) basalt. These sections of the dense flow interiors result when 
large volumes of lava extrude in a short time. The net effect is a hydro­
geologic system that resembles a classical, confined, multiple aquifer 
complex. 

Data generated through irrigation well reconnaissance studies and 
waste-management programs at Hanford over the past two decades has dras­
tically improved our Columbia Plateau ground-water information [2]. Our 
ability to use subsurface data to differentiate between individual flows 
is a relatively recent development. Any evaluation of data for the Colum­
bia Plateau must account for the sequence of development of these events. 
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Fig 2. The Pasco Basin within the Columbia Plateau 

EVALUATION OF DATA 

The precept that all data can be of some value to a study begs 
severa l questions, the first of which concerns the value of erroneous 
data. If we can recognize, evaluate, and understand the nature of an 
error, we can avoid errors associated with the use of such erroneous data. 
Because all data has a degre~ of error, a determination of what consti­
tutes a tolerable error must be made preceding data evaluation . Also, 
data evaluation should be a continuing and iterative component of every 
study. The effectiveness of an evaluation is controlled by the degree of 
communication among the investigators, who must systematically classi fy 
and rank data (in terms of reliability and importance). A spec ified meth­
odology should be applied consistently throughout the study. Whenever 
professional subjectivity is a feature of the methodology, the basis for 
such judgments should be appropriately documented. 

The following paragraphs discuss methods of evaluating hydrologic 
data (in vi ew of the Col umb ia Plateau reg ional study). We will consider 
the role of geologic data in hydrologic evaluations, methods of compensa­
tion and refinement, and the degree of confidence to be placed in the 
data. 

The Role of Geologic Data in Hydrologic Evaluations 

Regional hydrologic studies must initially draw information from geo­
logic studies, maps, and reports. Stratigraphic data, for example, often 
proves useful to initially delineate hydrostratigraphic units and geo­
hydrologi c structures for the Columbia Plateau. 
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Not all geologi c data can be used to interpret hydrologic patterns. 
The available geol ogic data may not have been collected with hydrologic 
interpretation in mind, but rather for geotechnical studies, facil ity sit­
ing, economic evaluations, background environmental studies, or academic 
research. Each of these types of studies may employ different col lection 
techniques and investigative methods. Consequently, problems with data 
integrati on may exist at the outset. 

Methods of Compensation and Refinement 

Data may be interpolated, extrapolated, corroborated, and verified 
by model trials, depending upon their original quality and the needs, 
objectives, and structure of a study. Methods of compensation and refine­
ment also vary according to the scale of the study. Regional hydrologic 
studies generally require large volumes of data, but tend to require a 
lesser degree of accuracy for individual parameters . A variance in data 
sources that may be unacceptable for a site-specific study may be within 
acceptable limits for a regional study. Interpolation and extrapolation 
properly employed can extend the uti lity of certain data. In the perform­
ance of these techniques the premise regard ing the values of each datum 
becomes important. For example, data that are not considered good control 
points could possibly be used in a supplementary or supportive capacity 
to enhance cont rol by interpolation, extrapolation, or corroboration . 

Assigning Confidence Levels to Data 

As mentioned ear li er, if we are to assume that every datum is of 
some value to a study, we must systematically evaluate the worth of all 
the available data within the context of the study's objectives . Thus, we 
can assign a confidence leve l to each datum or data group. Decisions con­
cer~ing the reliability of data are based on the subjecti ve judgments of 
professionals familiar with data co llection techniques . Some cri teria 
typi ca ll y used to eva luate data are reflected in the answers to the fol­
lowing questions : 
1. How were the data collected? 

What methods or techniques were used and was quali ty 
assurance reviewed? 
What equipment was used and who co llected the data? 

2. What exact ly do the data represent? 
Do the data support old, or infer new, information? 
Do the data suppl ant or conflict with other data? 

3. When were the data collected? 
---_- Are the data useful as historical or current records? 

How do the time frames of individual data points compare? 
4. Where were the data co llected? 

Is the spatial and stratigraphic distribution sufficient? 
5. ~were the data collected: 

- Were the data assembled for research? 
Were the data assembled for regulatory compliance or 
enforcement? 
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The above list is only an example; the questions and ranking system 
necessarily differ from one study to the next. Tailoring criteria to a 
specific study is the province of experienced and _knowledgeable profes­
si ona ls. Thei r conc lusions, in turn, should become a part of the data 
record. 

EXAMPLE 1--UNCERTAINITES CAUSED BY DECREASE IN INFORMATION 
WITH INCREASING STRATIGRAPHIC DEPTH 

In dealing with a multi-l ayered, confined ground-water system such 
as present in the Columbia Plateau, it is necessary to identify discrete 
zones of lateral ground-water transmission or to delineate several such 
zones with common hydrauli c characteristics. As demons trated in Figure 3, 
the number of wells penetrat ing to successively greater depths below the 
land surface decreases significantly. Of 295 selected wells in the Pasco 
Basin for whi ch drillers' logs are available, more than 90% bottom out 
within the upper 600 ft of the Columbia River Basa l t . This may be com­
pared with the minimum thickness of basalt within the Pasco Basin, which 
is on the order of 5000 ft. 
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Fig. 3. Di stribution with depth of Pasco Bas in wells f or wh ich dri ll ers ' logs were available [3] 

Al though deep wells are relatively rare, available data for such 
wells tend to be comparatively more complete than the data on shall ow 
wells. Thi s condi t ion i s primarily accounted for by Federal and state 
agency-sponsored investigations of deep aquifers . 

Compensation for deficiencies i n the qual ity of data on sha llow 
sources and deeper hydrologic units i s commonl y made by borehole corre­
l at i on. Using correlation methods, we can take advantage of the enhanced 
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quality of data for deep wells to interpret data for shallow wells. Also, 
shall ower wells can be used to interpret the probable stratigraphy within 
and be low t he depths penetrated by surrounding "shallow" wells, us i ng the 
assumpt ion t hat deeper strata mimic the proportions and configurat ions of 
shallower format i ons. Values predicted by this technique for the stra­

tigraphi c surfaces in the Pasco Basin were within one percent of subse­
quently fie ld-measured values. 

EXAMPLE 2--UNCERTAINTIES CONCERNING THE RELIABILITY OF DATA SOURCES, 
TEMPORAL EFFECTS, AND THE NEED FOR FIELD VERIFICATION 

The Washington State Department of Ecology receives information on 
well l ocations through water-well reports. If these reports are inaccu­
rate, seri ous errors in hydrologic interpretation may result. Frequently, 

during fi e ld checks of the location of some of the large production we ll s , 
the WSDOE staff members find that water-well drillers have not accurately 
reported well pos i tions. Summers and Weber [3] note, for example , that 8 
of 59 we ll s reportedly sampled in the Pasco Basin outside the boundaries 
of the Hanford Site were not found during their field survey. Thi s resu l t 

s uggest s t hat the location of the wells was erroneously charted. It i s 
not unreasonabl e to assume that a substantial fraction--perhaps as high 
as one-th ird--of the well locations shown on well reports is incorrect . 

Reports filed with WSDOE by well drillers, however, do conta in useful 
information about the well's location by township, range, section and sub­
section ; a well construction schedule; and dat a on the e levat i on of t he 
land surface, depth to water, well lithology, total depth, casing, and 
pumping. To test the reliability of this data source, we selected two 
t ypes of information for scrutiny: 1) the ground-surface elevat ion est i ­
mate by t he driller, and 2) the depth to water (or static water-level 
elevation ). Errors in est imating these parameters can be more ser ious 
than errors rel ated to temporal changes in the potentiometric surface . 
For purposes of this paper, seasonal variations in a water table, l ong­
term water level changes, the effects of short term well pumping, and 
interference f rom nearby wells are classified as temporal changes . 

We se l ect ed a sampl ing of 56 wells from a network of 135 wel ls from 
an area of approximately 120 square miles south of Spokane, Washington. 
All but 2 of t he 56 wells represent discrete aquifers in the Wanapum 
Basal t Formation; the exceptions represent a composite of two aqui f ers. 
Simple cr i ter ia were used to select the 56 target wells for this st udy. 
The vert ica l error for survey closure could not exceed +1 ft and the well 
dr ill ers ' report had to include estimates of the ground~surface elevation 
and depth to t he water level. 

Est imat es made by the five busiest drillers were examined. The dr i l ­
lers are ar bitrarily referred to as A, B, C, D, and E. Error dist r i bu­
tions f or ground -surface-elevation estimates were calculated and plotted 
according to the individual driller (Figure 4). The resu l ts are hi ghly 
variabl e . Essentially, Driller C's data tend to underestimate dept hs and 
overest imate out li er features by upwards of 100ft. The data of Dr il lers 
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A and B vary less than C's, but Driller A also has a tendency to under­
estimate. Driller D committed only small or modest errors, but consis­
tently underestimated the actual surface elevations. In comparison, 
Driller E overestimated slightly on only two occasions. 
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(10 WELLS) 

DRILLER D 
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DRILLER E 
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Fig. 4. A comparison of the accuracy of the ground-surface elevation 
estimates by the five most prolific drillers 

Figure 5 provides even more insight into the uncertainty that sur­
rounds potentiometric information provided by drillers. Once again, 
Drillers A and Bare seen to commit modest to severe errors, and Driller 
C shows the greatest scatter. Before temporal corrections, Driller D 
easily surpassed the apparent accuracy of Driller E. The perceived per­
formance of all of the drillers improved when we made all of the measure­
ments time-equivalent and adjusted for errors caused by cascading water, 
well interference, and short-term water-well impacts. The reliability of 
estimates by Drillers C and D improved very little under this treatment. 
(D's estimates were good to begin with.) To put these water-level resid­
uals into perspective, we should note that the static water levels in 
these wells typically range between 50 and 200 ft in depth. Also, all of 
these wells were drilled between 1971 and 1980 (most of them in the last 
four years). If the water level s at the time of drilling had been mea­
sured using appropriate methods, they would have been measured by steel 
tape or electric sounder and probably would be accurate to at least the 
nearest tenth of a foot. Although such accuracy may not be necessary for 
the modeling of an entire region or a sub-basin several thousand square 
miles large, it emphasizes how varied the data recorded by different dril­
lers can be. This variability not only applies to drillers' data, but 
also to data recorded by state agencies, researchers, consultants, and 
other sources whose records we have reviewed and compared. When such 
field-verified samplings are made, each source providing a particular 
parameter can be ranked according to reliability in terms of the sensi­
tivity of the numerical model. 
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Fig. 5. Compari son of water-level residuals by individual drillers 

CONCLUSIONS 

With few exceptions, data limitations must be considered in every 
study. Studies of regional magnitude that involve characterization of 

natural systems (such as the hydrologic system) may contain the problems 
presented in this paper. Researchers and modelers must be cognizant of 
the accuracy of information sources. The reliability of data sources 
should, thus, be determined before initiating data input and construction 
of model parameter distribution maps (i.e., potentiometric surface maps). 
Data evaluation techniques (e.g., field verification) make these determi­
nations through systematic classifications and rankings according to their 
use to the study and to the reliability of the information sources. Upon 
completion of a preliminary assessment, numerical simulations can be 
employed to provide feedback. Model feedback also can be used to plan 
future data acquisition and to revise computer codes. This iterative loop 
should be considered a continuing and essential component of the reg iona l 
study. 
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ABSTRACT 

Characterizing potential perturbations to the hydrogeo­
logic system is a critical factor in computer modeling of the 
geology and hydrology of deep-underground, nuclear waste 
repositories. In this paper, calculated ground-water flow 
rates for various natural perturbations are used to define 
the threshold value of flow that signifies loss of repository 
i ntegrity caused by a gradual increase of ground-water flow 
rate through the repository over geologic time. Our work 
suggests that an increase by one order of magnitude in the 
ground-water flow rate through a hypothetical basalt reposi­
tory is a useful threshold value for preliminary assessments. 
An improved threshold value can be obtained by using output 
from the Geologic Simulation Model (GSM) for basalt rather 
than the simple, single-valued flow rate calcu l ations. 

INTRODUCTION 

Release scenarios for underground nuclear waste repositories gen­
erally assume that, following a breach, ground water transports the radio­
nuclides away from the repository. Often not addressed, however, is the 
definition of "breach." For use in the Geolog i c Simulation ~lodel (GSM), 
described in the previous paper by Foley and Petrie [1], we propose that 
"breach" can be defined as ground-water movement through the repository 
exceeding a certain threshold value, or volumetric flow rate. A method 
of determining this threshold value for release scenario modeling is to 
compare the natural, unperturbed flow rate or "base case" with that asso­
ciated with the proposed release scenarios. The threshold value deter­
mined by this method should equal or exceed the natural flow rate, but 
shou ld be much lower than that associated with the release scenarios 
to allow for uncertainties inherent in the calculations . 

The need for a threshold value is obvious when one considers the 
amount of data output by the GSM. Without having this value for use as 
a filter, the data analysts would be required to examine each GSM run to 
determine if the results warrant further detailed study. By providing 
for automatic machine sorting of runs with flow rates exceeding the 
threshold value, the data analysts can immediately focus on those runs 
that are of greatest interest, thus saving a great amount of time, 
energy and money. 
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In general, thres hold values and release scenarios dealing with com­
plex and variable natural systems cannot be generic. They must, depending 
on scale, be either site- or region- specific. If region-specific, the 
region should not encompass more than a single geologic or hydrologic prov­
ince or subprovince. Ideall y , one should focus on a region and then gradu­
ally increase concentration on a s pecific subregion or site as data becomes 
available and as the understanding of the local geologic and hydrologic sys­
tems increases. For exampl e, the GSM model s the Pa sco Basin region of the 
Columbia Plateau province in southeastern Wa shington state (Figure 1) . The 
Hanford Site, located at the center of the Pasco Basin, is being investi­
gated as a poss ible r epos itory location. The base case flow rate, release 
scenarios and threshold valves discussed in t his paper were developed from 
a conservative interpretation of available data specifically for the Pasco 
Basin region . 
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Base Case Flow Rate 

The base case f l ow rate is the es timated rate at which ground water 
could flow through a repository in the Pasco Bas i n under the present hydro­
l ogic conditions. The GSM assumes that much of the water discharging into 
the Pasco Bas in originates in the topographically higher region to the 
northeast where the deep aqu ifers of the basin are recharged (Figure 2). 
The volume of ground water that cou ld flow from these aquifers and through 
the repository is probably quite low, but can be estimated using the 
Darcy equation, 

where: 
Q = flow rate 
K = permeability 
A = cross sectional area 

Q = KA 6H 
6L 

6H = hydraulic head difference 
6L = flow path length. 

A---4--------------------------------------~---A ' 
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Fig . 2. Schematic Southwest t o Northeast Cross-Section of the 
Ground-Water Model Area Showing Ground-Water Flow Direction 
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The hydrologic data used in the calculation of the base case flow 
rate is given in Table l. These data were obtained from three boreholes 
that penetrate the Umtanum unit (proposed repository horizon) of the Grande 
Ronde basalt at the Hanford Site . Us ing the ARHCO [2] data for DC-1, the 
calculation results in an upward flow of 0.007 m3jday/km2 through the 
repository. Downward flow volumes of 0. 020 and 0.019 m3 j day/ km2 are 
obtained by using the data from DC-2 and DC-6. Of these values, the 
upward flow appears to have the greatest potential for transporting radio­
nuclides to the acces s ible environment. Consequently, for analytical con­
servati sm, we assume for the base case that ground-water flow through the 
repository will be in an upward direction due to a 2m hydraulihead dif­
ferential across the Umtanum unit and yield a flow volume of 0. 007 m3jday/ 
km2 of repository area. Note, however, that ground-water investigations 
are still continuing and that recent data may suggest more horizontal than 
vertical flow. 

Table 1. Base Case Vertica l Ground-Water Flow 
Through the Repository Site 

t.Ha 
Well Reference ~ 
DC-1 LaSala and Doty [3] 0 0 
DC-l ARHCO [2] 2 0.007 
DC-2 Apps and Other s [ 4] 5.49 0. 020 
DC-6 Apps and Other s [ 4] 5.1 8 0. 019 

A = KA t.H 
t.L 

K = 3.048 x 10- 7 m/day (Deju and Fecht [5]) 

A = l km2 

t.L = 82 m (ARHCO [2]) 

Q 
(m3/day/km2) 

(upward flow) 
(downward flow) 
(downward flow) 

a Change in hydraulic head across Umtanum unit 
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Disruptive Phenomena and Release Scenarios 

In developing release scenarios for a nuclear was te repository in the Pasco Basin several potential disruptive phenomena were analysed. These were: climatic change, glaciation, magmatic acti vity, folding, faulting, shaft sea l failure, undetected features, geomorphic processes, meteorite impact, alteration of the hydrologic system and man. As a result of the analyses four release scenari os were developed: 1) climatically-induced increase in recharge and ground-water flow through the repository, 2) fault rupture of the repository, 3) fractur­ing of the repository host rock by folding, and 4) borehole penetration of the repository. No attempt was made to quantify the probability of occurrence for these scenarios, but the probabilities are thought to be quite low. The potential effects on ground-water flow through the reposi ­tory associated with each of these scenarios will be discussed briefly. 
Increased Recharge Scenario 

The increased recharge scenario describes an increase in ground-water flow through the repos itory that results from climatic change at the recharge areas for the deep aquifers of the Pasco Basin-- the Wanapum and Grande Ronde Basalts (Figure 3). Increased recharge could result from increased precipitation, glacial ice or other climatically- related phenomena. This scenario relies on the several assumptions listed below. 
1. Present hydrauli c heads immediately below and above the Umtanum unit (reference repository host hori zon) are similar to those at borehole ARH-DC-1 as reported in ARHCO [2]). 

2. Present hydraulic heads of the aquifers in the Odessa area are similar to those reported by Luzi er and Burt [6]. 

3. Hydraulic conductivity of the Umtanum unit is 3.048 x 10-7 m/day (Dej u and Fecht [5]) . Vertical and horizontal hydraulic conduc­tivities are assumed to be similar . 

4. The thickness of the Umtanum unit at the reference site i s 82 m (ARHCO [2]). 

5. Potentiometric surfaces of the aquifers in the Odessa area rise to the ground surface due to increased recharge. (Figure 4). 

6. Potentiometric surfaces of the basalt aquifers in the Pasco Basin rise also (due to the increased recharge), and the percent hydraulic head loss from the recharge area at Odessa is held to the same per­centage as present in both aquifers (Figure 4) . As a firs t order approximation we assume that discharge to the Columbia River has no 
s ignifi ca nt effect . 
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431 

As a result of the increased recharge in the Odessa area the head 
differences between t he upper and lower aquifers (Figure 3) in the Pasco 
Basin increase from the conservative base case value of 2 m to 10 m. By 
substituting the 10 m head difference into the Darcy equation and holding 
the other parameters constant an upward flow volume of 0.037 m3jday/km2 
through the repository results. Therefore, the hydraulic head changes 
proposed in this scenario cou ld increase ground-water flow through the 
repository by a factor of nearly 5 over the base case situation . 

For the fault intersection scenario, the repository conceptual model 
shown in Figure 5 was used. The following assumptions were made: l) the 
fault zone intersects the repository and allows hydraulic interconnection 
of the upper and lower aquifer systems , 2) the hydraulic conductivity of 
the fault zone is 0.02 m/day, 3) the effecti ve width of the fault zone is 
2 m, and the length is l km, 4) the repository horizon i s 82 m thick and 
5) the hydraulic head in the l ower aquifer system ranges from 2.0 to 10.0 m 
higher than i n the upper aqu ifer system. Because there appears to be no 
data concerning the hydraulic conductivities of young fault zones in the 
Columbia Plateau basalts, the value given by LaSa la and Doty [ 3] for 
fractured, brecciated or weathered Grande Ronde basalt was used . This 
value i s of the same order of magnitude as that used by Baca [7] for frac­
tured basalt in his preliminary repository modeling effort . The hydraulic 
head different ial value of 2m was taken from a report on hydraulic testing 
of Well DC-1 by ARHCO [2] . This data source was used because of the long 
period of time over which test ing occurred and scarcity of data concerning 
the hydrol ogic proper ties of the Grande Ronde basalt. The 2 m value repre­
sents the conservative base case conditions and the 10 m value, obtained 
from the increased recharge scenar io, represents the maximum expected value. 

Using the above assumptions, the tota l volume of ground water flowing 
through the fault zone from the lower aquifer system, through the reposi­
tory , and i nto the upper aqu ifer would be 0.448 m3jday/km of fault length 
for a 2m head differential and 2.44 m3/day/km for a 10m head differential . 

The folding scenario assumes that the repository will be located in 
a low permeability horizon and that at some time after closure tectonic 
stresses will cause an increase in the permeability of the repository host 
horizon. The increased permeability acting in conjunction with a hydraulic 
head different ial between the upper and lower aquifer systems will cause 
ground water to flow through the repository and result in intermixing of the 
upper and lower aquifer systems . 

The rock fracturing scenario assumes the following: 1) the hydraulic 
conductivity of t he disrupted zone is 0.007 m/day, 2) hydraulic head differ­
ential between upper and l ower aquifer systems ranges from 2 to 10 m, 3) the 
repository hori zon i s 82 m thick, and 4) the repository is 1 km2 in area. 
The hydrauli c conductivity value is a weighted average of values reported 
by LaSala and Doty [3] for the Grande Ronde Basa l t. The 2m hydraulic head 
differenti al between the upper and lower aquifer systems is a conservative 
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value based on a hydraulic testing report of drill hole DC-1 [2]. Thi s 
value was used because of the duration of testing and the scarcity of 
hydrologic data for the Grande Ronde Basalt. The 10m value, taken from 
the increased recharge scenario, represents the maximum expected head 
differential. 

Using the above assumptions, the maximum amount of ground water that 
could flow through the repository is 171 m3/day/km2 for a 2 m head differ­
ential and 854 m3/day/km2 for a 10m head differential. 

Borehold Penetration Scenario 

Becaus~ his activities cannot be predicted with any certainty during 
the next 10 years, we assume that man will cause a repository breach. The 
scenario assumes that after the repository is sealed and administrative con­
trol is lost, an exploratory borehole is drilled through the repository . 
No attempt was made to calculate the probability of occurrence for the 
release scenario. This scenario provides an estimate of the amount of 
ground-water that could flow through a typical borehole. The borehole is 
assumed to be uncased below 110m because: 1) this may allow a higher , 
more conservative flowrate, and 2) if a cas ing was installed it would 
degrade in sca ling ability with time. 
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The borehole is assumed to be s imilar to borehole ARH-DC-1 on the 
Hanford Site. The geology, hydrology, and well structures of that borehole 
were used in developing the scenario. The equation used to calc~late the 
flow rate through the borehole was derived from the well-known Thiem equa­
tion; geology and well structures were taken from LaSala and Doty [3], 
Gephart and others [8], and ARHCO [2]; hydraulic head data were taken from 
ARHCO [2] and Gephart and others [8]; radius of influence was taken from 
Gephart and others [9]; and transmissivity data were calculated from Gephart 
and others [8], LaSa la and Doty [3] and ARHCO [2]. 

Well ARH-DC-1 was drilled to a depth below 1480 m, and except for casing 
to a depth of 110m, the borehole i s open. The well penetrates the Umtanum 
unit (the repository horizon) between about 888 m and 970 m below the ground 
surface. Because the conservative choice of head difference across the 
Umtanum unit is approximately 2 m (under present conditions with the lower 
aquifer having the higher hydraulic head), water would flow up the well if 
the well was not obstructed. The flow rate up the well (and through the 
Umtanum unit) would b3 approximately 18.3 m3jday under present hydrologic 
conditions and 91.5 m /day under conditions of the increased recharge scenario. 

Threshold Flow Rate Value 

As stated earli er , one method of defining a threshold value is by com­
parison of the base case and release scenario flow rates. Using the infor­
mation given in this paper one find s that, except for the increased recharge 
scenario, the potential estimated flow rates assoc iated with the release sce­
narios exceed the base case flow rate by orders of magnitude. Thus, for con­
servatism, the threshold flow rate value constituting a breach in the GSM 
will be defined as any flow rate exceeding the base case flow rate by one 
order of magnitude. For the data discussed in this paper, the threshold 
value would be 0.07 m3jday. 

One must recognize, however, that the accuracy of this threshold value 
may be questionable because of the many uncertainties associated with its 
determination. The base case and release scneario flow rates were calculated 
using si ngl e value parameters. In reality, these parameters will have 
ranges of values. For exampl e , reported values of permeability for the 
Columbia River Basalts range over seven orders of magnitude. Thus, perme­
ability cannot be defined as a single value. Rather, the entire range of 
values as well as uncertainties associated with these values must somehow 
be factored into the analysis. 

One method of addressing thi s problem is to use the results of the GSM 
runs to help define the threshold value. Because the GSM uses density curves 
for much of its input, the calculated flow rates will also be in the form of 
ranges of values. The calculated flow rates for several hundred or perhaps 
several thousand simulation runs may have a distribution such as i s shown in 
Figure 6. With thi s type of information one can choose a threshold value 
with much greater confidence than i s possible with single-value calculations. 
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BASE CASE 

FLOW RATE 

Fig . 6. G.S.M. Output Showing Comparison of 11 Base Case 11 and Release 
Scenario Fl ow Rates 

Conclusions 

The use of threshold values to determine if a breach has occurred dur­
ing GMS runs can greatly reduce the amount of effort that would otherwise 
be associated with data analyses. However, if the threshold value is to 
have any validity it must account for the inherent variations and uncertain­

ties associated with the data and method used to determine it . In general, 
if single-valued parameters are used the results may be suspect. The prob­

lem can be partially alleviated by us ing the resul ts of GMS simulations to 
help define a more accurate threshold value that is based on distributions 

of values rather than on single values. 
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ABSTRACT 

Examples of statistical output and spec i fic results 
from the AEGIS Geologic Simulation Model are presented in 
this paper. One goal of the statistical analysis is to 
disclose and demonstrate interrelations among variables. 
The two devices used for the AEGIS model for this analysis 
are contingency tables and correlation matrixes. Another 
goal is to provide a degree of characterization of signi ­
fican t parameters. This goal is met initiall y through 
use of cumulative distribution functions and density 
curves. Examples are provided of uses of the statistical 
information derived by the above methods. 

INTRODUCTION 

This paper presents some tentative results from the AEGIS 
Geol ogic Simulation Model. A summary of the modeling theory can be 
found in Foley and Petrie [1], with a complete characterization given 
in Petrie et al. [2] . Particular emphasis will be placed on those 
results with application outside the Hanford site. The observations 
are tentative because the input data are being refined, the model logic 
is under review, and ongoing field work may provide new information that 
could cause changes to the basic conceptualization of the system. 

To provide adequate background some typical examples of statistical 
output from the model are considered before presenting specific results. 
This output is used for prel iminary analysis [3] and is designed to be 
re la tively simple to use and present because: 

• The large amount of data generated by the model must be considered 
in a timely manner . 

• The uncertainty inherent in the data may not justify extremely 
complex analysis . 
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• It i s eas ier to avoid what has been called the Cassandra effect 

(i.e . , being correct but not believed) because some people beli eve 

t hat compl ex stati stical analysis serves to confuse the issue. 

The system does al low for complex analysis; however, an exploratory 

da ta analys i s approach i s used first. 

STATISTICAL ANALYSIS 

One goal of the statistical analysis i s to disclose and demonstrate 

inter rel at i ons among variables. To this end, two devices are used in 

the AEGIS model : co ntingency tables and correlation matrixes. Tabl e 1 

s hows an example of a contingency table. If a relation exists between 

t he t wo variabl es, a pattern in the numbers will be found. A correl a­

tion matr ix (Tabl e 2) serves the same purpose as the contingency 

tabl e : it highli ghts re l ations between variables. A value of 1 11 

indi cates a perfect positive relation between corresponding variabl es; 

a 1 -l 1 is a perfect negative relation. A zero indicates no relati on 

between corresponding variables. These numbers prove nothing in 

themsel ves; it is the process of finding the geologic expl anation for 

a given value that is worthwhile. 

Another goal of the statistical package is to provide a degree of 

characteri zation of significant parameters. This goal is met in i t i ally 

through t he use of cumulative distribution functions and density 

curves. Figure 1 shows an example of a probability density funct i on 

(PDF) for the depth to the repository at 20,000 years into the future . 

Fi gure 2 s hows t he corresponding cumulative probability curve . Figure 3 

shows t he same curve but with an uncertainty term on the axis (95% 

confi dence). Thus, one component of uncertainty, the precision, is 

defined. Accuracy, the other component of uncertainty, cannot be so 

easi l y measured. Given t hat t he model is built with a "worst case 

bi as , " any i naccuracy should be conservative. However, two important 

warnings on biasing the model toward the worst case should be made. 

First , t oo much worst case bias is unrealistic, and may identify most 

events as potential ly harmful. This is undesirable because significant 

events do not get the study they need when study i s diverted to 

un impor tant ones. Second, with all the interactions and time lags 

among the various events and processes, it is not always obvious what 

the wors t case may be. For example, Table 3 shows the current best 

esti mate for changes in hydraulic conductivity caused by faulting 

events. Incorporating this information into the model becomes signi­

fi ca nt onl y i f f aulting events within l km of the site are cons i dered. 

Doing so would be "worst case" because this would introduce a bias 

toward hi gher hydraulic conductivity values. However, this would 

introduce a maximum bias on the order of only 4%. 
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Table 1. Contingency Table 

y 
1 2 3 4 5 6 Total 
6 2 0 0 0 0 8 

2 1 3 1 0 0 6 
3 0 2 4 1 0 0 7 

X 4 1 0 2a 4 1 0 8 
5 0 0 0 3 1 0 4 
6 0 0 0 0 0 

Total 8 7 7 9 3 0 34 

aNumber of points in cell (4,3) 

Table 2. Correlation Matrix Highlighting Relations Among Variables 

HCNEGRa HCSWGRb HCNEWSc HCSWWSd RDEPTHe 

HCNEGRa 1.000 -0.857 0.999 -0.857 0.044 
HCSWGRb -0 .857 1 .000 -0.856 1.000 0.016 
HCNEWSc 0.999 -0.856 1.000 -0. 856 0.044 
HCSWWSd -0 . 857 1 .000 -0.856 1 .000 0.016 
RDEPTHe -0.044 0.016 0.044 0.016 1 .000 

aHead value at the start of the N.E. Grande Ronde ground-water flow 
system. 

bHead value at the start of the s.w. Grande Ronde ground-water flow 
system. 

cHead value at the start of t he N.E. Wanapum - Saddl e Mountain 
ground-water flow system. 

dHead val ue at the start of the s.w. Wanapum - Saddle Mountain 
ground-water flow system. 

eDepth to the repository. 
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Fig. 3. Cumulative probability curve with an uncertainty term on 
the Z axis. 

Tabl e 3. Changes in Hydraulic Conductivity 
with Faul ting Eventsa 

Di stance from 
Epicenter (km) 

0.0 - 0. 1 
0.1 - 0.5 
1.0- 2.0 
2.0 - 5.0 
5.0- 10.0 
10.0 - 25.0 

Percent Reduction in 
Hydraulic Conductivity 

50% 
25% 
15% 
4% 
2% 
1% 

aThis table i s valid~ for the Pasco Bas in. 
Furthermore, while it i s based on the best 
data currently available (Crosby unpublished 
Consultant Report, 1980), it is tentative and 
s~bject to change with new information. 
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Several uses have been identified for the information shown in 
Figure 3. For instance, it can be used to quantify the amount of 
uncertainty in the amount of eros ion that will take place during the 
first 20,000 years . If this value is low enough, an argument can be 
made that river erosional factors need no longer be studied. The 
cumulative distribution curve also can reduce the uncertainty in the 
analys i s because the depth t o the repository affects the probability of 
drilling into the repository. In addition, the curve is used in a 
detailed analysis of a meteorite impact case because a greater number 
of meteorites can potentially affect the repository if erosion has 
removed part of the protective cover. 

A question raised during the modeling effort was whether the 
uncertainty in unders tanding the current system state invalidates 
any attempt to extrapolate into the future. To explore this question, 

the model was stri pped down to two components, one that set the start­
ing conditions of the model and one that evaluated these conditions in 
terms of ground-water f low. Any elements that allowed for changes with 

time were removed . Figure 4 shows an exampl e of one PDF (of several) 
used to set the hydraulic conductivity of part of the Model Cross 
Section [1). Thi s s tripped-down version of t he mode l was run in the 
Monte Carlo mode. From this experiment, the ground-water flow for the 
southwest ground-water system PDF wa s found as shown in Figure 5. 
While the scatter was large, it was smaller than expected. The hydrau­
lic conductivity at the tightest part of the flow path seemed to be 
controlling (i.e., forming a bottl eneck) the ground-water flow. To 
test this idea, the hydraulic conductivity of the repository was set to 
an extremely low value . Figure 6 shows the result of thi s experiment. 
Figure 7 shows the result of setti ng the value of the hydraulic con­
ductivi ty at the repository at a low but reasonable value. Both of 
these trials caused a significant reduction in the flow velocity. 
These results suggest that: 1) if a critical controlling point in a 
system can be identified, it may be necessary only to reduce the 
uncertainty at that point to an acceptable level rather than to rework 
the whole system; and 2) undue pessimism with regard to system perform­
ance may cause an obvious sol ution to a problem to be overlooked . 

Results from the AEGIS Geologic Simul ation Model emphasize this 
latter point when considering 11 di sruptive 11 processes t hat may affect a 
repository conta inment system. For instance, arguments have been made 
in proposed repository- s iting regulations that no site shou l d be 
located where it could be affected by a continental glacier. However, 
the modeling effort has identified several benefits from being close to 
a large ice sheet: 

• lowered head gradients (thus slowing down the ground water flow) 
• reduced ground- water recharge area 
• increased distance between the waste and the biosphere 
• reduced uncertainty in man-caused effects. 
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Fig. 6. Probability density function with the hydraulic conductivity 

of the repository set at an extremely low value. 
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Fig. 7. Probability density function with the hydraulic conductivity 

of the repository set at a low, but reasonable, value. 
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This i s not to say that continential glaciers or other potentially 
disruptive processes do not pose hazards . Rather, beneficial and 
harmful effects have to be considered on a s ite-by-site basis. The use 
of sweeping generalizations in siting regulations could result in the 
removal of several good sites from considerati on. 
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ABSTRACT 

The characterization of ground-water pore veloci ty, 
including stati sti cal uncertai nties , is necessary to esti­
mate convective or dispersive contaminant transport in 
geolog ic nuclear waste repos i tories. Pore velocity is a 
function of media transmi ss ivity, media porosity , and 
ground-water potential . Geostati stical modeling techniques 
(kriging) are appli ed to Hanford Reservation f ield data to 
estimate porosity, transmi ss ivity , and potential surf aces 
and to determine the associated estimation uncertainties. 
These quantities are combined statistically us ing first 
order expansion methods to stochast i cal ly characteri ze 
the pore velocity. 

INTRODUCTION 

Hydrologic modeling, involving the numeric solu t i on of partial dif­
ferential equations, provides a means for predicti ng the concentrations 
and transit times of contaminants in the ground water should a nuclear 
waste repository be breached. Because hydrolog ic data are subject to 
spati al variability as well as measurement error, hydrologi sts rea lize 
that the models are al so stochastic [1,2,3,4,5,6,7]. Thi s paper di scusses 
the appli cation of geostati sti ca l techniques to the stochastical modeling 
of spati ally varying hydrologic fie l d parameters . 

The bas is of the traditi onal transport modeli ng is to provide a con­
servation of mass statement with convection to yield the expression: 

a ~ c(x,t) + 9 • v( x) c(x,t) = s (1) 

where c(x,t) represents the contaminant concentration at time t for spatial 
location x = (xl,x2) in the plane, v(x) = (vl(x), v2(x)) i s the ground­
water pore velocity vector at l ocation x and i s assumed to be t ime invari­
ant, and s is a source term. The determinist ic approach assumes that t he 
veloc i ties are known perfectly at every location x. Thi s i s not true. 
The v( x) are random quantities t hat must be estimated from discre~e mea­
surements of various combinations of the fo llowing data: hydraul1 c con­
ductivity, effec·tive porosity, and ground-water _pot~ntial (level). ~hus, 
the pore velocity may be considered as the real1zat1on of a stochast1c 
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proc~ss whose index set i s contained in the plane. Equation (1) may be 

cons1dered as a partial differenti al equation wi th s tochastic coefficients. 

To sol~e for c(x,t) (al so a stochastic quantity) it is necessary to have 

an est1mate of v(x), denoted v*(x) , as well as a characterization of the 

es timation error, v( x)- v*( x). Specifi ca lly, the solution of (1) requ ires 

at least v*(x), the bias of v*(x), and the covariance structure of v(x)­

v*(x). 

The pore velocity i s related to the hydraulic conductivity (k), effec­

t ive porosity (p), and ground-water potential (¢) through Darcy 1 s law: 

v( x) = (v1(x), v2(x)) = -(k(x)/p(x)) V¢ (x) (2 ) 

We shall use geostatistical techniques, e.g., kriging, to estimate conduc­

tivity, poros ity , and potenti al gradi ent surfaces from hydrologic field 

data. We shal l then statistically comb ine these quantities to produce 

unbiased estimates of v( x) and to stochastically characteri ze the estima­

tion error, v( x) - v*(x) . These techniques will be demonstrated using 

hyd rologic field data from the Hanford Reservation. 

DESCRIPTION OF HANFORD FIELD DATA 

The Hanford nuclear reservation is located within the Pasco Basin, 

in the· northcentral portion of the physiographic province known as the 

Co lumbia River Plateau . Some 2200 wells drilled within the reservation 

boundaries are collectively known as t he Hanford wel ls. The majority of 

the 1700 funct ioning wells are used fo r ground-water hydrological data 

col lection or basalt s tratigraphic characterization. 

For this study we selected a 20,000-ft x 20,000-ft region within the 

Hanford reservation known to have a tremendous range of hydraulic conduc­

tivity values. This type of hydrologic data set was needed to determine 

the applicability of geostatistical techniques to ground-water pore veloc­

ity modeling. Hydraulic conductivity and ground-water potential meas ure­

ments were made at the 2000-ft x 2000-ft square grid points of the region . 

Unfortunately effective porosity values were not known at these grid points 

and a constant porosity value of 0.10 had to be used throughout the region ; 

this value was supplied by PNL hydrologists. 

STATISTICAL PRELIMINARIES 

Geostatist i cs and kriging are statistical techniques that can be used 

to estimate a surface from spatially distributed data . They were developed 

in the early 1960 1 s, primarily by the French mathematician Georges Matheron , 

to solve mining es timation problems [8,9,10,11,12,13]. Geostati stics is 

the more general term, but kriging, which refers to the estimation method 

itself, is often used in a more general sense . 

Let Z(x) be the value of a continuous surface at location x = (x1,x2 ) 

in the plane. Z( x) is assumed to be the realization of a stochasti c 
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process. Given that Z is observed at di screte locations x1, ... , x
0

, the 
kriging estimate of a random variable W is the linear comb1nation ot the 
observed data 

W* = L A . z ( X • ) 
. 1 1 
1 

such that: 
(i) E(W - W*) = 0 

(ii) E(W- W*) 2 is minimal 

(E denotes the probabilistic expectation operator.) Typically W is one of 
the following random variables: 

(i) Z(x
0

) - punctual value 

(ii) VZ(x
0

) = (Z 1(x
0

),Z 2(x
0

)) - gradient value 
X X 

(iii) jz(x)dx - integrated value over a set A in the plane 
A 

(iv) v2z(x
0

) = Z 1 1(x
0

) + Z 2 2(x
0

) -Lapl acian value 
X X X X 

We shal l be concerned only with kriging punctual or gradient values for 
Z surfaces. 

Traditional least squares regression analysis i s not appropriate for 
estimating W because the observed Z data i s not necessarily stati stically 
independent . Least squares regression estimates ignore any stochastic con­
tinuity (or correlation) present in the Z surface. 

The estimation of pore velocity involves the estimation of the hydro­
logic parameter surfaces 

(i) k(x) - hydraulic conductivity 
(ii) p(x) - effective porosity 

(iii) V~ (x) - gradient of ground-water potential 

which are related by Darcy•s law 

v(x) = (v1(x),v2(x)) =- (k(x)/p(x)) v~(x) 

Assuming that k(x), (1/p(x)), and v~ (x) are realizations of stochastic 
processes and unbiased estimators k*(x), (1/p(x))*, and V*~ exist for these 
hydrologic parameters (e.g. from kriging), then we must consider the 
estimator 

v*(x) = - k*(x) (1/p(x))* V*~ (x) 

Specifically, we must examine the bias and the estimation error of v*( x). 
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The unavail abi l ity of porosity data determined t hat (1/p(x)) was 
modeled as a constant (non-stochastic) value . Furthermore, the spatial 
correlation between the K and ~ surface values was entirely attributed to 
the spatial correl at i on between the mean val ues E[K(x)] and E[~ (x)]. 

Th is impl ies that K(x) and ~ (x) may be modeled as independent stochastic 
processes . The estimati on bias, 

E[v*(x) - v(x)] = 0 

since k*(x), V*~ (x), and (1/p(x))* are unbiased, mutually independent estima­
tors of k(x), V~(x), and (1/p(x)). Using a first order expansion, the error 
var i ance is given by 

Var[vi*(x)- vi(x)] = (1/p(x)) 2 · {m2k(x) Var( ~*.(x)-~ .(x)) (3) 
x1 x1 

FIELD DATA CONDUCTIVITY ANALYSIS 

The conductivity data were measured at the 2000- ft x 2000- ft square 
gri d points of the 20,000-ft x 20,000-ft region of the Hanford Reservat ion . 
Figure 1 displ ays t hese data values. The extreme spatia l variabi li ty of 
the conductivity data (range greater than 100,000 ft/day) precluded kri ging 
k estimates directly. Taking natural logarithms permitted the fol l owi ng 
stochastic model to be made for the conductivity data: 

Log k(x) = k' (x) = mk,(x) + e(x) 

where m •(x) = E[k~(x)] is a cubic polynomial function of x = (x1,x2) in 
the p l a ~e and e(x) is the real ization of Gaussian stationary process . This 
implies k(x) is the realization of a lognormal process. 

A l east squares linear regression fit estimated the mean function 
mk'(x) and permi tted the estimation of e(x) at observed grid points; the 
estimated value of e(x) i s s impl y the residual value at grid point x. The 
covariance function of e(x), 

E[e(x)e( x + h)] = c(x,x+h) = c(h) 

was estimated from 

~ l:r(x) r( x + h) (4) 

where r(x) is t he residual value at grid point x , h = (h1,h2) is a two­
dimensional increment, and the sum is taken over all grid point pairs 
(cardinality= N) whose difference equals h. A nonlinear regression fit 
to the covariance data yielded 

c(h) = 0.151 exp(-0 . 565 (h/2000) 2) (5) 
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Fig. l. Media conductivity data values (ft/day) 

The covariance function of Equation (5) was input to the PNL kriging 
routine to estimate k1 (X) on the [4000-ft, 16,000-ft] x [4000-ft, 
16,000-ft] region. 

Examination of t he kriging error cross covariance function permitted 
the following approximation to be made. 

Cov( k I (x )- k I* (x), k I (y )- k I *(y)) = __ ....::.0....:..... 0:....:0....::..28.:....:3'----------.. 
1 + 7.04 (d/2000) 2 

where d is the distance between x andy. 

Since k(x) is lognormally distributed 

k*(x) = 1.005 exp(k 1 (x)) 

(6) 

(7) 

is an unbiased estimator of k(x). The estimation error variance is given by 

Var( k(x) -k*( x) ) = 0. 0033(k*(x)) 2 (8) 
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FIELD DATA POTENTIAL GRADIENT ANALYSIS 

The potential (ground-water level) data were measured at t he same grid 

positions within the Hanford Reservation as the conductivity data. Figure 2 

displays these data values. The following stochastic model was used to 

describe the potential data: 

~ (x) = m~ (x) + e(x) 

where ~(x) = E[~ ( x) ] i s a quadratic polynomial funct i on of x = (x1 ,x2) and 

e( x) i s the realization of a Gaussian stationary process . 

A least squares linear regression f i t estimated the mean function ffi¢(X) 

and permitted the estimation of e( x) at the observed grid points . The co­

variance of e( x) was estimated from the residual s using Equati on (4) and a 

nonlinear regress ion fit as in the previous analysis of the conductivity 

data. The covariance of e(x) is given by: 

c(h) = 22.27 exp(-0.45 (h/2000) 2) (9) 

Because the covariance function of Equati on (9) satisfies the differen­

tiability conditions previously described and by definition the potential 

surface i s smooth, we were able to krige rstimates of the potential gradient . 

Figure 3 displays the kriged values of ~x (x) for the [4000-ft , 16, 000-ft] x 

[4000-ft, 16,000-ft] region. 

22,!XXJ 

20,!XXJ 439 428 415 403 397 395 395 395 395 395 

18,!XXJ 445 431 414 401 396 395 395 394 394 394 

16,!XXJ 453 436 417 401 396 395 394 394 394 394 

14,!XXJ 462 443 422 403 396 395 394 394 394 393 

12,!XXJ 470 450 429 408 397 395 394 394 394 393 

-~ 
10,!XXJ t- 476 457 437 416 400 395 394 394 393 393 

8,!XXl r- 478 461 444 425 407 397 395 394 393 393 

6,!XXl r- 477 463 448 433 417 402 396 394 393 393 

4,!XXJ 474 463 451 439 425 410 399 395 394 393 

2,!XXJ t- 472 463 453 443 431 417 405 397 394 393 

0 
I 1 

0 2,!XXJ 4,!XXJ 6,!XXJ 8,!XXJ 10,!XXJ 12,!XXJ 14, (XX) 16, (XX) 18, (XX) 20, (XX) 22, (XX) 
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Fig. 2. Potential data values 
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Contour plot of $* , (east direction gradient ) 
x1 

Examination of the kriging error cross-covariance function allowed 
the following approximation to be made: 

Cov ($X. (X)-$~. (X) , $X . (y) -¢~. (y)) 
1 1 1 1 

1. 39 X 10- 7 
=---------;;;-

1 + 7.61 (d/2000) 2 

where i = 1 or 2 and d i s the di stance between x andy. 

PORE VELOCITY CALCULATIONS 

(10) 

Darcy' s l aw gives the pore velocity as a function of hydraulic conduc­
tivity, effective porosity, and ground-water potential: 

v(x) = (v1(x),v1(x)) = -(K(x)/p(x)) V$ (x) 

Since K(x) and $ (x) are uncorrelated s tochast ic processes and p(x) equals 
the constant value 0. 1, the unbiased estimate of v( x) i s given by 

v*( x) = -10K*(x) V$*( x) 

where k*(x) i s given by Equation (7) and V$*(x) i s the kriged value of the 
potential gradient. Figure 4 displays the pore velocity estimates in the 
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Fig. 4. Contour plot of v1*(x) (east direction) 

x1(east) direction in the [4000-ft, 16,000-ft] x [4000-ft, 16,000-ft] 

region. Notice that in the region where the conductivity values are larg­

est (upper right quadrant), extremely small potential gradients give rise 

to significant pore velocities. The complexity of the level curves in 

this quadrant may be ~ttributed to the high uncertainties (standard devia­

tion equal 3.73 x 10- ) associated with the kriged estimates of the poten­

tial gradient surfaces. 

Using Equation (9) the variance of the pore velocity estimation error 

for either coordinate (north or east) i s given by: 

Var(vi(x)-vi*(x)) 

= 100(k*(x)) 2 (1.784 x 10-7 + 3.287 x 10-3 ( ~*.(x)) 2 ), i = 1 or 2. 
Xl 

Figure 5 displays the standard deviation of the pore velocity estimation 

error for the [4000-ft, 16,000- ft] x [4000-ft, 16,000-ft] region. As 

expected the pore velocity estimation uncertainty i s largest where the 

gradient relative uncertainty was largest (upper right quadrant) . 
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Fig. 5. Contour plot of the estimation error standard 
deviation for v1*(v) 

CONCLUSIONS 

In this paper we have discussed the application of geostatistical data 
analysis techniques (e.g. kriging) to the modeling of spatially varying 
hydrologic field parameters. The minimum variance property of kriging 
algorithms ensures that the maximal amount of information from the expen­
sive we ll-data i s utilized in determining the ground-water flow in a poten­
tial repos itory s ite. Traditional least squares regression analysis tech­
niques i gnore all spatial correlation and continuity present in the field 
data and add unnecessary uncertainties to the des i gn process. 

Kr iging estimation techniques were appl ied to Hanford reservation data 
to accurately calculate hydraulic conductivities, ground-water potential 
gradients, and pore velocities. A first order expansion was used to statis­
tically comb ine hydraulic conductivity and ground-water potential gradient 
uncertainties (and porosity uncertainties if data exists) to characterize 
the pore velocity uncertainty. Thi s technique permits the estimation of 
pore velocity uncertainties even when direct pore velocity measurements do 
not exi st . The product error propagation technique worked well except in 
the hydrologic region where the ground-water potential gradient was not 
accurately estimated ( V¢~ 0.0). 
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ABSTRACT 

Insight has been gained by the Assessment of Effectiveness 
of Geologic Isolation Systems (AEGIS) Program methodology 
demonstrations as hydrologic system model ing has been applied 
to evaluate hypotheti cal waste-repos i tory si tes in various 
geologic media. Among the results obtained from the hydrolo­
gic modeling are the Geohydrologic Response Functions, which 
summari ze key geohydrol ogic effects that are important in 
s ite selection and repos i tiory evaluation. The response 
functions efficiently interrelate the three vital factors 
needed in the decision-maki ng process: the quantity, 
arrival time, and location of contaminants reaching the 
biosphere. Geohydrologic Response Functions , presented in 
two sets of complete and easily used contaminant arrival 
curves, facilitate communication between technical staff 
and decision-ma kers and allow sharper definition and 
qualification of the requirements for realistic repository 
s ite sel ection . 

INTRODUCTION 

Over the past four years hydrologic system modeling has been 
applied to evaluate hypothetical waste-repository sites in various 
geologic media [1,2,3,4]. The purpose of these analyses has been to 
gain experience in using the AEGIS model sequence and to identify and 
define analytical deficienci es in the AEGIS methodology. Research 
and development activ ities directed toward improvement of the perform­
ance assessment methods have fo llowed. 

Of central importance to the AEGIS methdology is hydrologic analysis 
early in the s ite-selection process, which is actually the hyrologic and 
geologic design phase for the repository . Hydrologic modeling preceding 
the more complete geological evalution reduces the number of potential 
sites, and thus reduces costs of field data collection. Early use of 
hydrologic evaluation adds insignificant costs because that same model 
is always required at a later licensing stage to provide boundary con­
ditions for a more detailed model of the site . This paper describes 
the Geohydrologic Response Functions and their use in trans ferring 
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extensive results of technical analyses into simple summary relation­
ships and in helping the public and decision makers to eval uate t he 
adequacy of a repository design. 

BACKGROUND FOR GEOHYDROLOGIC RESPONSE FUNCTIONS 

The response functions can be developed either by starting from 
their theoretical origin and logically progressing through the analyti ­
ca l steps to their ultimate use, or by conversely beginning wi th the 
needs of the decision-making process and showing how the response func­
tions satisfy those needs. It is convenient to focus on the ultimate 
use of the response functions by considering the pertinent factors in an 
evaluation of the contamination potential of a repos i tory. The major 
analytical need is to estimate the extent, if any, of contamination that 
will reach the biosphere from a loss of repository integrity. Speci­
fically, three factors are perceived to be of major significance to the 
decision-ma king process: 

• quantities of contaminants reaching the biosphere 
• times of contaminant arrival at the biosphere interface 
• locations of contaminant emergence. 

The quantity of contaminant reaching the biosphere (expressed as 
contaminant mass, concentration, or activity) must be known to effec­
tively evaluate the seriousness to the environment and man. Sma ll 
amounts of contaminant may be neg ligible , while larger quantities may 
constitute a serious hazard. 

The time needed for a contaminant to reach the biosphere interface 
i s the second vital factor. The time required for nuc lides to reach the 
biosphere allows for decay. In addition, arrival time is the linki ng 
factor to many other aspects of repository analyses such as nuclide 
sorbtion and material heterogeniety. 

The last of the three factors, the location of contaminant emerg­
ence, is important because a contaminant isolated from the biosphere may 
represent little or no hazard, even in rather large quantities. Under 
other cond i tions, small amounts of contaminants arriving at critical 
locations over short periods of time wil l invol ve severe hazard. 

Knowl edge of these three interrelated factors provides the data 
needed by the decision makers, enabling them to choose between site 
alternatives and to specify margins of safety in the repository design. 
Reali stic determination of the same three factors i s provided by 
detailed hydrologic modeling. 

The factors of contaminant quantities, arr i va l times, and outflow 
l ocations can be interrelated in two ways. The most general approach i s 
to use the outflow location as the predominant variable. This approach 

provides the arrival distribution summary, which is described in detail 
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el sewhere [5,6,7,8,9]. The second approach uses the cumulative quantity 
of containment as t he outflow predominant variable and has become known 
as the 11 Geohydrologic Response Functions. 11 Response functions, though 
somewhat less general than arrival summary distributions because they 
are restricted to analyzing steady-fl ow systems, are simpler to apply 
and are particularly useful in the site-sel ection evaluation outlined 
previous ly. 

GEOHYDROLOGIC RESPONSE FUNCTIONS 

Geohydrologic Response Functi ons are a pair of summary relat ionships 
t hat interrelate the three factors of contaminant quantity, ar rival 
t imes, and outflow locations. The first, or quantity/time , response i s 
the more useful of the response fu nction pair, while the second, quantity/ 
l ocation response function, may be of particular importance when cons ider­
i ng the outflow location. They will be discussed in more detail follow­
ing the repos itory flow- sys tem example. As the name response functions 
suggests, they summarize all of the hydrologic effects between the 
contaminant input and outflow of the subsurface system. 

Repository Flow-System Example 

A repository flow-system example illustrates the response functions 
and shows their usefulness in performance evaluations. Such a subsur­
face f low system i s shown in Figure 1 for a worst-case re l ease from a 
hypothetical repository. The shape and location of the contaminated 
front depicts the gradual movement of contaminant from the repository 
toward a river . Beginning at the repository, the contami na ted f ront 
slowly moves outward in expanding areas. Contaminants seeping along the 
shortest paths first reach the river about 15,000 yr after the initi al 
contaminant release from the repository. 

The longer more or less horizontal curves starting at the repository 
i n Figure 1 and extending to the river represent some of t he flow paths 
of contaminated water. The first contaminated water to reach the river 
moves along pathline Number 1, directly to the river and would arr ive in 
slightly more than 15,050 years. More time is required for the fluid 
mov i ng in the longer flow paths . For exampl e, Pathl ines 5 and 9 require 
about 15,495 yr and 17 ,337 yr, respecti vel y, for the contaminated water 
to reach the river. For longer pathlines, such as 12 and 13, the el apsed 
times are 22,290 yr . Additional arrival times for other f l ow paths and 
data are summarized in Table 1. 

Paths of flow are often referred to as pathlines when discuss ing 
travel times, and as streamlines when quantity or amoun t of f l ow is 
i nvolved. The pathlines and s treamlines are the same in Figure 1 
because t he flow system i s steady. Accordingly, pathlines and stream­
lines wil l be used interchangably in the following discussion. 



Fig. 1. The gradual movement of contaminated fluid from a 
repository toward the river (sample case) 
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Table 1. Summary of Contaminated Water Arrival Data 
at River Bank for Example Repository Analysis 

Cumulative Arrival Location of 
Pathlines Relative Time Contaminant 

or Flow Rate at Outflow 
Streamlines Entering River Ri ver into River 

(Number} {g;ga} {T in Years) (S in Feet) 
1 0.00 15053 0 

2 and 23 0.10 15079 ± 248 
3 and 22 0.20 15159 ± 496 
4 and 21 0.30 15299 ± 745 
5 and 20 0.40 15495 ± 993 
6 and 19 0.50 15768 ± 1242 
7 and 18 0.60 16134 ± 1490 
8 and 17 0. 70 16629 ± 1739 
9 and 16 0.80 17337 ± 1988 

10 and 15 0. 90 18546 ± 2237 
11 and 14 0.96 20300 ± 2393 
12 and 13 0.98 22289 ± 2456 

aQ = 3.785 x l 05ft3/yr or 7.757 x 103 gal/day (2.932 x 104 1/day) 

The streamlines shown in Figure 1 are spaced so that the same 
amount of fluid passes between success ive streaml i nes. For example, 
0.05 or 5% of the total outflow rate from the repository passes between 
Streamlines 1 and 2. Similarly, another 0.05 or 5% of the total f l ow 
rate enters the river between Streamlines 23 and 1. The flow between 
most of the other success ive streamlines i s the same increment of t he 
total repository outflow . 

The incremental outflow rates of the contaminated water entering 
the river are easily correlated with the arrival times at t he river 
bank; in fact, from this correlation will emerge the response fu nctions. 
In Figure 1, the contaminated fluid gradua ll y moves along Streamline 1 
and reaches the river at 15,053 yr (see Table 1). Before that first 
arrival time, the cumulative amount of contaminat ed fluid (denoted by 
q/Q) that has entered the river is zero. Our correlation in inter ­
re l ating quantities, arr ival times, and outflow location has establi shed 
the first row of entries in Table 1. Specifically, for the contaminated 
fluid traversing Streamline 1, (first column in Table 1) t he cumulative 
amount of fluid that has entered the river (second column) is q/Q = 0, 
wh i ch had outflowed into the river by the first arr ival time, 
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T = 15053 yr after the hypothetical repository release. Streamline 1 
reaches the r iver at outflow location S = 0, the location where the 
f i r st contaminated fluid enters the river . 

For the second example of correlating quanti t ies, arrival time, and 
l ocations, consider Streamlines 2 and 23 in Figure 1. From the sym­
metrical shape of the advancing contamination fronts, the contaminated 
water moving along Pathlines 2 and 23 could be expected to ou tflow into 
t he r i ver at the same t ime. As expected, the arrival for both is the 
same t ime, i .e., T = 15079 yr . The cumulati ve quantity of contaminated 
fluid that has entered the river by time (T = 15079) i s the sum of the 
fractional f l ows between Streamlines 23 and 2, i. e ., q/Q = 0.05 + 0.05 = 

0. 1 . By t he time t he contami nated f l uid traverses Streamlines 23 and 2 
to reach the river, the cumu l ative infl ow rate of contaminated water to 
the river includes all of the flu x between those streamlines that have 
ar rival times less than t hose in Streamlines 23 and 2. The second row 
of entries in Table 1 interrelate all of t he factors associated with 
Streamli nes 23 and 2. They are: 1) the cumulative quantity of contami­
nated f l uid in terms of q/Q, 2) the arrival time , t, and 3) and location, 
S, along the first ban k where the contaminated fluid emerges into the 
river. 

The First (Quantity/Time) Geohydrologic Response Function 

Interrel at i onshi ps between quantity, arrival time, and outfl ow 
l ocati ons, are perhaps easier to vi sual i ze and di scuss if di splayed 
graph i cally . In Figure 2, the contaminant quantity expressed as the 
cumulati ve relative outflow rate, q/Q, i s shown as a function of the 
arriva l time, T, from Table 1. The result in Figure 2 is the firs t 
type or quantity/time Geohydrologic Response Function for the sample 
repository . 

The response function, shown in Figure 2, has been di scussed in 
terms of the continuous system flow of the advanc ing contaminated fluid 
front, gradually progress ing from the repositiory through the subsur­
face f l ow system and emerging at the river. Actually, the advancing 
front i n Figure 1 depicts the locations at various times of an instan­
taneous contaminated fluid pulse l eaving the repository at time zero . 

The instantaneous pulse i s illustrated in Figure 2. A si ngle 
vert ical l ine is seen at T = 0, which i s t he contaminant input enter­
ing the subsurface flow system from the repository. The single verti­
cal line at T = 0 really represents the instantaneous input pulse of 
contaminated water of height q/Q = 1.0 but lasting for only an infini­
tesimal time, ~t. If we consider the product of the repository outflow 
rate, Q, and ~t, the result is a smal l vol ume of contaminated water 
depart i ng from the repos itory at zero time. We can visualize ~t as 
smal l er and smaller until a suffici entl y smal l volume i s reached to 
al l ow distributing one fluid particle around the entire periphery of 
the repository. Each such fluid particle would be poised at zero t ime 
to depart from the repos itory along its particular streamline , as 
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Fig. 2. Geohydrologic Response Function (Quantity/Time) for 
sample repository 

represented by the vertical line input pulse in Figure 2. In other 
words, the pulse of height equal to unity and of infi nitesimal width 
represents the line up of all the contaminated water parti cles, as 

22 

each one starts along its particular streamline. Along any of the paths, 
each contaminated fluid particle encounters permeability variations that 
will affect the time when the fluid particle emerges from its stream­
line at the river [10]. 

The response function or right hand curve in Figure 2 is the time 
history of all the individual fluid particles emerging from their 
respective streaml ines at the river. All of those factors causi ng 
changes in the system alter the time when the contaminated fluid 
particles arri ve; hence, each effect changes the response function. 
From this nature of the response function springs the real utility of 
geohydrologic respon se functions. 

The quantity/time geohydrologic response function provides the 
amount of contaminated fluid leaving the subsurface flow system, with 
time as a result of an instantaneous pulse input at time, t 0 . Three 
i tems are important in this definition and its use: 

• The response function gives the cumul ative quantity of outflow 
as the overall system response to all the factors affecting the 
flow paths and interim delays in the subsurface system. 
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• Each response curve is the result of a specific infinites imal 
volume leaving the contaminant source. 

• For each successive infinitesimal volume of fluid leaving the 
repos itory there i s a specific departure time, t 0 ; hence, for 
each t 0 , there is an as soc iated response or arrival curve. 

The Second {Quantity/Location) Response Function 

Although the quantity/time response function i s of primary useful­
ness, an auxiliary response function is introduced here for those cases 
where the outflow location may be particularly important. Its origin 
is in interrelating the location where contaminated fluid leaves the 
subsurface system as related to the cumulative outflow rates. 

From Figure 1 and Table l, we note that associated with each pair 
of streamlines there i s in general a cumulative flux ratio q/Q as a 
function of the outflow locations, S. The outflow locations are a 
double valued function of the cumul ative flux because there are always 
two bounding streamlines associated with each cumulative relative f lux. 
For example, in Figures 2 and l, q/Q = 0.30, or rather, 30% of the 
cumulative outflow has emerged between the locations of S = -745 ft 
and S = +745 ft where Streamlines 4 and 20 enter the river, 
respectively . 

The auxiliary response function, as shown in Figure 3, inter­
relates the quantity of contaminant outfl ow with the l ocation where 
that contami nant leaves the subsurface flow system and enters the 
river. When used in connection with the principal response function, 
it i s easy to determine where the contami nation is entering the river 
for various contaminant inputs to the overall subsurface flow system . 

USE OF GEOHYDROLOGIC RESPONSE FUNCTIONS 

Response functions may be used for a variety of repository source 
terms. We begin by considering a steady constant release of contaminated 
wastes from the repos itory of 750 yr duration. In Figure 4, the reponse 
functions for the first and l ast parts of the constant release are 
shown. The first pul se input at time t 0 = 0 and the associated response 
curve to the left represents t he first contaminated water departing from 
the repository and its l ater arrival at the river, respectively. The 
right s ide of the square input pulse departing the repository at 
t 0 

= 750 yr and the associated right hand response curve represents the 
last of the t 0 = 750 yr pulse of contaminated water to reach the river. 
Accordingly, only the stippled area between the two response curves 
represents contaminated water entering the river. The complete result 
is the lower cross-hatched curve in Figure 4, which is the contaminated 
water outflow rate with time resulting from the 750-yr release at the 
repository . 
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The outflow/location response curve can be considered in Figure 4 
in greater detail, which shows that at a time of 16 . 5 thousand yr, q/Q = 

0.675 as observed from the upper response curve (t0 = 0), and the l ower 
response curve (t0 = 750 years) is q/Q = 0.485 . It these two values are 
transferred to Figure 5, which is a quantity outflow/location response 
curve li ke Figure 3, a number of interesting results are seen . From the 
upper q/Q = 0.675 value, Figure 5 shows two outflow locations along the 
river at S = ±1680 ft. From the lower response curve value of q/Q = 

0.485, Figure 5 gives the lower contaminated water outflow locations of 
S = ±1200 ft. These results show that at 16.5 thousand yr , contami­
nated water is entering the river between locations -1680 and -1200 ft 
along the river bank and also between +1200 ft and +1680 ft along the 
river. At al l locations between -1200 ft and +1200 ft uncontaminated 
water that departs from the repository after the 750-yr contaminated 
pulse is entering t he river. Also between ±240 ft and ±1680 ft, 
respectively, uncontaminated water that departs from the repository 
before the 750-yr pulse is also enteri ng the river. This example 
provides insight concerning the location and amount of contaminat ion 
that finall y enters the river. 
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ABSTRACT 

Numerical models were recently developed for use in model­
ing the near-field processes in fractured-porous rock systems. 
The theoretical framework of the models is based on a continuum 
description of rock mass and Darcian flow concepts. Groundwater flow is related to the rock stress state and thermal regime 
through the effects on hydraulic conductivity and buoyancy. 
Heat transport t hrough the water-rock system is modeled in a 
coupled manner accounting for processes of convection, disper­
sion, conduction, and thermal energy sources. The variations 
in the rock stress state are related to the temperature 
patterns in the near-field zone. The complete set of model 
equations are so l ved using a finite element numerical method. 

Parametric and sensitivity modeling studies have been 
performed in eva luating the waste isolation capabil ity of a 
hypothetical repository in basalt media. Analysis of various 
hydrologic release scenarios has been performed. In this paper , 
simulation results are presented which estimate the time­
dependent response of a basalt waste isolation system over a 
30,000-year period. Calcu l ations of particle pathlines and 
travel times are presented in conjunction with nuclide transport patterns. 

INTRODUCTION 

The Basal t Waste Isolation Project (BWIP) [1] under way at Rockwell Hanford Operations, is chartered with the investigation of basaltic rock as a candidate geology for construction of a nuclear waste repository. The Co lumbia River basalts which underlie a large portion of the Pacific Northwest are currently being characterized and studied to prov ide a comprehensi ve information base which will be used to assess the technical 
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feasibility of a repository in basalt. The principal focus of the BWIP 
studies i s on the basalt formations beneath the Hanford Site, near 
Richland, Washington, which is contained within the Pasco Basin. Accumu­
l ations of basalt in this area are particularly promising because of 
their extraordinary thickness, lateral extent, and relatively low 
permeab i1 ity. 

The BWIP hydrologic studies are divided into two major efforts, site 
characterization and repository performance assessment activities. Under 
the performance assessment category, various ongoing hydrologic modeling 
studies are being performed to: (1) develop a quantitative description 
of the large-scale flow system in the Pasco Basin and (2) evaluate the 
basic waste i solation characteristics of candidate sites in the deep 
basalts. The latter aspect entails the application of hydrologic and 
transport models to the "very near-field" (canister to room scale) and 
"near-field" (room to repository scale) regions. Computer simulation 
studies of both natural and disruptive event conditions are being per­
formed to estimate and bound the potential waste isolation capability of 
a reference repository site. 

Recogn izi ng that future technical decisions regarding repository 
design and site selection may place much reliance on model predictions, 
consideration of uncertain elements in the modeling process is of funda­
mental but key imp ortance. For the most part, the uncertainty i n model 
prediction s can be attributed to four major sources: 

1. Limitations in the mathematical theories which describe 
hydrologic and transport processes 

2. Random and systematic errors in field measurements of 
hydrologic properties 

3. Errors arising from subjective interpretations of the spatia l 
variations of hydrologic parameters from discrete data points 

4. Incompleteness of geohydrologic characterization. 

The first source, which may be termed "model uncertainty," can be 
addressed on a limited scale by performing detailed comparisons between 
numerical s imulations and experimental data; these resu lts, in turn, can 
be analyzed to determine the degree of correlation between measurement 
and calculation, i.e., model validation [2]. The other three sources, 
which re present "data uncertainty", can be evaluated using a number of 
approaches. Mclaughlin [3] has reviewed various statistical techniques 
which estimate the impact of uncertainty elements, given a probabilistic 
description of the uncertain model input, i.e., a probability density 
function for each hydrologic parameter. The last two elements can also be 
grouped into a "descriptive uncertainty" category which is, perhaps , the 
most difficult to analyze in a rigorous fashion; Kriging techniques [4,5] 
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in combination with a systematic scenario analysis may provide a prag­
matic approach to: (1) developing continuous representations of 
hydrologic data with uncertainty bounds and (2) evaluating hydrologic 
significance of possible undetected geologic features. 

The large quantity of measured data required for a rigorous uncer­
tainty analysis, however, appears to be a major obstacle to their appli­
cation to diverse geohydrologic systems. This indication is further 
reinforced by the simple fact that a candidate site may be .characterized 
to a limited degree to assure that natural barriers are not disturbed or 
compromised. An alternative approach to the problem of addressing pre­
dictive uncertainty is to adopt a systematic and conservative methodology 
which "compensates'' for uncertain elements in the mode l ing process. Such 
a methodology should provide a framework for guiding the system simula­
tions so that bounding estimates of nuclide migration are obtained. 

A methodology based on these concepts is currently being used in the 
BWIP hydrologic modeling studies . The principal components of this 
analysis approach include: 

1. Simulation models for coupled heat, groundwater flow, and 
nuclide transport in fractured-porous media 

2. Parametric and sensitivity analysis of postulated release 
scenarios 

3. Decision- or logic-tree strategy to guide parametric studies. 

The purpose of this paper is to present and discuss selected results 
from recent modeling studies for a reference repository site in the 
Columbia River basalts. 

STATEMENT OF MODELING PROBLEM 

Analysis Framework 

A detailed analysis of waste isolation in a hardrock geology requires 
the consideration of three major types of phenomena: Heat transfer, 
groundwater flow, and nuclide transport. The extent of coupling and 
interdependence between these processes is important and depends on the 
physical scale and location of the analysis region. For example, within a 
relatively smal l region around a deep geologic repository, the rock medium 
will exhibit a behavior distinct from the overall geohydrologic system 
by virtue of the physical and thermal perturbations created by repository 
conditions. Such a region is referred to here as the ''near-field" zone, 
i.e., repository backfill, room pillars, and disturbed rock zone. 
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To provide a logical and systematic framework for parametric and 
sensitivity analysis of release scenarios, the so-called decision-tree [6] 
approach is used. A decision tree consists of a set of subtrees, each of 
which is made up of "branches" representing parameter variations and 
"decision nodes". By properly connecting the subtrees, a pictorial 
representation is constructed which identifies sets of parameter combi­
nations which lead to lower bound, nominal, and upper bound predictions. 
By virtue of the couplings between the physical processes, the subtrees 
can be ordered for parameter variations in the following categories: 
(1) thermal, (2) hydrologic, (3) radionuclide, and (4) barrier longevity 
properties. This simple approach eliminates the need to simulate a large 
number of cases. 

Geohydrologic Features of Basalt System 

The Pasco Basin, which extends over an area of 5,180 square kilom­
eters within the Columbia Plateau, is underlain by a bedrock section of at 
least 1,460 meters in thickness. These vast accumulations of basalt, 
referred to as the Columbia River Basalt Group, are overlain by up to 
220 meters of sediment material . The Columbia River Basalt Group is 
subclassified into five major formations: the Saddle Mountains, Wanapum, 
Grande Ronde, Imnaha, and Picture Gorge basalts. Of these five, the first 
three formations underlie the Pasco Basin. In the Saddle Mountains and 
Wanapum, several sedimentary interbeds and flow-top breccias exist which 
are major water-bearing zones or aquifers. In the Grande Ronde forma­
tion groundwater is much less abundant, with most water-bearing zones 
occurring along distinct interflow zones, e.g., flow tops and flow 
contacts. 

In formulating a "geohydrologic conceptual model" for a reference 
repository site, available stratigraphic information [7] is used from four 
deep boreholes which are located on the Hanford Site. For the purpose of 
this analysis, the model study area was restricted to the Grande Ronde 
Formation, located some 700 meters below the ground surface. The four 
boreholes define a vertical cross section through the basalts which 
parallels the actual siting area. Interpretations of data for the Grande 
Ronde suggest a rather complex stratigraphy which may be grouped into 
nineteen major rock layers. 

Available hydrologic data for these and other boreholes have been 
compiled by various organizations. The comprehensive report by [8] 
summarizes much of the published field data and hydrologic interpreta­
tions compiled to date. In specifying various properties for the 20 rock 
types, nominal values for hydraulic conductivities, porosities, and 
storage coefficients were used. With regard to hydraulic conductivities, 
anisotropic ratios (Kzz/Kxx ) of 10.0 and 1.0 were assumed for the 
dense basalt and interflow zones, respectively. S~ecific values used in 
the analysis may be found in Arnett et al. (1980) L9]. 
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REPOSITORY FEATURES 

For this analysis, a reference repository site is assumed to be located in the middle of the Umtanum flow of the Grande Ronde Formation at a nominal depth of 1,000 meters below ground surface. A proposed physical layout of the repository consists of 22 panels distributed over an area bounded by the dimensions of: length 3,000 meters, width 2,400 meters, and room height 6.5 meters. The room backfill in the repository is assumed to consist of a bentonite/clay mixture. 

The spent-fuel inventory in the repository is assumed to be one-half of the year 2000 projection for the U.S. commercial nuclear industry, which is approximately 47,000 metric tons of heavy metals. For a particular radionuclide such as 1291, the initial inventory at closure would be 9,200 kilograms. For the heat generation rate used, 10-year-old spent fuel was assumed. The peak heat rate was assumed to be 16 W/m2 ( 65 kW/ acre). 

NUMERICAL MODELING APPROACH 

Governing Equations 

A general set of governing equations applicable to transport processes in a fractured-porous medium can be derived from the basic conservation laws and Darcian flow concepts. For a nonisothermal case, the Darcy flow equation can be written in terms of hydraulic and buoyancy driving forces [10], namely: 

q = - K (Vh + c5 bVZ) 

where 
-q = Darcian velocity vector (m/sec) 

K = hydraulic conductivity tensor (m/sec) 

h = hydrau 1 i c head (m) 

ob = density disparity (unitless) 

z = vertical coordinate (m) 

The density disparity term is a function of fluid density and is given by the equation: 

ob = _e_ - 1 Po 

( 1) 

(2) 



474 

where p is the fluid density (kg/m3), which is temperature dependent , 
and Po is the fluid density (kg/m3) at the initial or reference 
temperature. 

Fluid continuity for a double porosity system is expressed by two 
equations which describe the processes of flow through the fractures, 
storage in the rock matrix, and exchanges between fractures and rock 
matrix. The fluid flow equations are coupled to the heat transport 
equation which is derived by app lying the principle for conservat ion of 
thermal energy in a water-rock system. The general mass transport equation 
is derived from considerations of mass continu ity for a multicomponent 
system, accounting for chai n decay. The specific governing equations for 
coupled groundwater flow, heat transport, and nuclide transport are 
presented in Baca et al . (1980) [11]. 

Numerical Models 

The general solutions of the governing equations are obtained using 
two numerical mode l s. The fir st model, referred to as MAGNUM, solves the 
fully coupled equations of groundwater flow and heat transport, given a 
set of initial and boundary conditions. Groundwater velocities computed 
by MAGNUM are stored for later input to the nuc l ide transport model CHAINT . 
Given a specified waste inventory and a release period, the CHAINT model 
solves the mass transport equations to provide a simulation of the migra­
tion and transformation of radionuclides. 

Both numerical models are based on a Galerkin finite element technique 
in conjunction with a Newton-Raphson algorithm [12] . Continuum portions 
of the rock mass are represented using two-dimensional triangular and 
quadrilateral elements . Discrete features such as large-scale fractures 
are model ed with one-dimensional line elements which are embedded along 
the sides of the two-dimensional elements. Basic features of these 
numerical models include: 

• Accommodate complex stratigraphic features and variable media 
properties. 

1 Spatial approximations are based on quadratic shape functions 
and isoparametric finite elements. 

1 Time integration is based on variab l e order impli cit technique. 
Numerical codes provide options for simultaneous or sequential 
solution of the governing equations . 

1 Accommodate any combinat ion of single or multicomponent sets of 
nucl ides, i.e., single components such as activation or fission 
products and diverse multicomponent actinide decay chains. 
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The MAGNUM and CHAINT computer codes have been extensively verified 
with various boundary value problems and by benchmark tests with other 
existing computer codes [13,14]. Validation studies are current ly planned 
using available data from laboratory experiments involving natural 
conv ection in porous media. 

MODEL APPLICATIONS 

As part of repository performance assessments, various numerical 
modeling studies are under way at Rockwell to quantify the waste isolation 
effectiveness of a reference site in the Co lumbia River basalts. Natura l 
(nonperturbed) as well as disruptive event cond it ions are being considered 
to evaluate potential waste migration. Representative results for a base 
case scenario are presented here. 

Base Case Scenario 

One intuitively expects that, after tens of thousands of years or 
longer, groundwater ingress to the repository will eventual ly produce 
degradation of the engineered barriers, gradual leaching of the waste 
form, and migration of dissolved radiocontaminants. The signifi cance of 
this waste re lease, however, depend s on the rate and extent of nuclide 
migration over the required waste isolation period, e.g., 10,000 years 
after closure. Indeed, if the waste migration over this period is con­
fin ed to the host formation, the basic objective of the repository will 
have been achieved and the radiologic risk posed to man will be 
insignificant . 

In defining the base case scenario, the following set of conservative 
assumptions are made: 

• The repository contains spent-fuel inventory equivalent to 
one-ha lf the year 2000 projection for nucl ear power industry. 

• Groundwater completely fills the repository immediately after 
closure. 

• Loss of waste package and eng ineered barri er integrity occurs 
immediately after closure. 

• The waste inventory is released at a constant rate over a 
10,000-year period . 

With the se assumptions, the numerical models were applied to calculate 
basic performance assessment parameters, namely, groundwater pathlines 
from the repository, groundwater and so lute travel times, and contaminant 
distributions for key radionuclides . 
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Pathlines and Travel Times 

Pathlines, computed from the groundwater pore velocities, indicate 
the trajectories of particles moving with the groundwater. The cumulative 
time of travel along individual pathlines is the associated travel times; 
time lines, which are lines connecting points of equal travel time, depict 
the relative location of particles at different times. These quantities 
were computed for the base case scenario and are presented in Figure 1. 
These results show that the groundwater flow above the repository is 
predominantly upwards because of the buoyancy effects; the hydraulic 
gradients in the vertical direction, which are significantly greater than 
those assumed for the horizontal, also contribute to the upward flow 
direction . The separations between flow fronts or time lines indicate 
that these bouyancy effects are particularly dominant during the peak 
thermal period, i.e., the first 500 years. After 30,000 years, all the 
particles leaving the repository are still contained within the Grande 
Ronde Formation. 
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Waste Migration Simulations 

The postulated release , over the 10,000-year re lease period, creates a contaminant plume which migrates through the rock mass . For mobile nuclides, advective and dispersive/diffusive transport processes determine the rate and extent of pl ume movement. The base case simulation results for a reference repository in basalt are shown in Figure 2, which consi sts of the contaminant plumes for 129r at var ious time planes. This nuclide is a key indi cator of potential waste migration by virtue of its large initial inventory in spent fuel, long half-life, and high mobility; the observed range of sorption (Kd) values is 0 to 3 milliliters per gram [15]; a Kd value of 2 milliliter s per gram was assumed for the basalt and a value of 0 for the repository. 
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In this base case s imulati on , conservative val ues for hydrauli c gra­dients and boundary conditions were assumed so as t o emphasize migrat ion of the nuclides along the shortest path to the accessible environment, i.e., upward s to pervious aquifers in the upper formation s . These assumptions, in combination with buoyancy eff ects, produce a displacement of the contaminant plume from the repository . At the end of 30 ,000 years the 129r plume is still conf ined to the Grande Ronde Format ion and the peak concentrations are near the maximum permissible concentrat ions . 

CON CLUSIONS 

Comprehensive parametri c and sensit ivity analyses have been performed to evaluate the waste iso l ation effecti veness of a reference site in basalt . A decision-tree approach, used in conjunction with s imul at ion 
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models for fractured-porous med ia, has provided a systematic and 
conservative analysis of repository performance in a hardrock geology . 
Principal findings of the parametric and sens i t ivity studies conducted to 

date are : 

t The most sens itive mode l parameters are hydraulic conductivity 
and sorption coeff icients. 

t Buoyancy effects significantly influence groundwater flow and 
nuclide transport patterns . 

t Heat transfer through the wa t er-rock system is dominated by 
conduction through the rockmass. 

Overal l , the basic conc lusion of this ana lysis is that a basal t i c 
rock geology, s uch as the Col umbia River basalts, can provide a high 
degree of waste isolation. This conc lu sion is in line with intuitive 
expectations, by virtue of the bas ic features of the geohydrologic 
syst em: {1) vast rock strata with relatively l ow permeability, (2) absence 
of major water-bearing zones i n the Grande Ronde Formation, (3) l arge 

distance from major aquifers (and t he accessib l e environment) , and (4) l ow 
solubi lity of the wa ste form in the anoxic groundwater environment in the 
Columbia River basalts [15]. 
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ABSTRACT 

Mathematical models have been developed to estimate 
population dose equivalents and health effects due to releases 
of radionuclides from a high-level waste repository . The 
mathematical models consider releases to a river system, an 
ocean system, and directly to land surfaces. For the river 
and ocean systems, the time-dependent equation used to predict 
releases from the repository to the river or ocean was 
controlled by the rate of leaching of radionuclides from the 
waste into groundwater . Releases during violent geologic 
interactions with the repository, such as would occur during a 
volcanic eruption or a meteorite impact, were also considered. 
For releases directly to the land surface and releases during 
violent geologic interactions, an instantaneous release of 
radionuclides was assumed. The equations consider 
environmental transport of radionuclides in air and in water 
and cover both internal and external exposure pathways. 

INTRODUCTION 

The Environmental Protection Agency is developing high-level 
radioactive waste disposal standards (40 CFR 191) to limit the public 
health impact from waste disposal activities [1]. Mathematical models 
have been used by EPA [2] to estimate population dose equivalents and 
health effects (fatal cancers and genetic effects to the first 
generation descendents of the irradiated parent or parents). These 
models have been used to determine the permissible amounts of 
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radionuclides which can be released from a high-level waste repository 

for inclusion in the EPA high-level waste standard . 

The models were developed for generic calculations for high-level 

waste repositories. The environmental dose equivalent commitments 

(EDC's) [3] and calculated health effects are long-range estimates and, 

in some cases, simplifying assumptions were made to the procedures which 

would normally be used in typical analyses of specific nuclear industry 

sites over relatively short periods of time. For example, to estimate 

air concentrations around a small ground-level source of radionuclides 

we assume that the wind blows equally in all directions with an average 

wind speed rather than using a more specific joint frequency 

distribution of wind direction and speed. 

Four different release modes are considered: river, ocean, land 

surface, and air (violent releases). The first three modes are 

considered to encompass events which we would expect to happen during 

the useful life of a repository. The fourth mode, violent release to 

air, encompasses unlikely events such as a volcano or a meteorite 

interaction with a repository. The release models will be discussed 

briefly along with their respective environmental transport pathways . 

REPOSITORY RELEASE MODELS 

River Source Terms 

For the river pathway, we assume that the repository is breached 

after an initial containment period so that groundwater can circulate 

through the repository, dissolve some high-level waste, and carry 

radionuclides into the surrounding area and eventually to an aquifer. 

In some scenarios, the release from the repository is limited by the 

leaching coefficient for each nuclide; in others , the release of some 

nuclides from the repository is limited by their solubility in 

groundwater. The models in this paper are restricted to cases where 

leaching rate controls the releases. 

Radionuclides are released to an aquifer that flows underground 

until it intersects a river and is diluted into the river flow. The 

equation for the rate of entry of radionuclides to the river is 

for 

where 

Qnp(t) = rate of entry of radionuclide n into the river or ocean 

for pathway p (Bq/y), 

(l) 
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~Ln leaching rate constant for repository (y-1) , 

fL fraction of repository which is being leached (dimensionless), 

Qon initial inventory of radionuclide n in the repository (Bq), 

ADn radioactive decay constant for nuclide n (y-1), 

t time after placement in repository at which EDC is calculated 
(y), and 

tRn time after placement in the repository that radionuclide 
n enters the river (y). 

The total amount of a radionuclide that has entered the river to 
time "t" is then obtained by integrating the rate equation over time to 
obtain 

f A Q 
L Ln on 

'-on + \n 
(2) 

for t > tRn 

where 

Qnp(t) total release of radionuclide n to the environment for pathway 
p (Bq) . 

Ocean Source Terms 

For the ocean pathway, we assume that all radionuclides released 
from a waste disposal facility reach the ocean after transport through a 
river system . Travel time in the river to the ocean is assumed to be 
negligible, and depletion of radionuclides in the river due to removal 
by irrigation and sedimentation is not considered. Based on these 
assumptions, the source terms for the ocean pathway are the same as 
those for the river pathway . 

Land Surface Source Terms 

For the river and ocean pathways, we assume continuing releases of 
radionuclides to the biosphere after leakage begins . But, for the land 
surface pathway , we assume instantaneous release of radionuclides, and, 
to calculate resuspension from ground to air, we assume the release to 
o r iginate from a point source. For each event considered under the land 
surface pathway, a fraction of the radionuclides remaining in the 
repository at the time of release is assumed to be brought to the ground 
surface and available for resuspension and subsequent redistribution in 
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the environs. 

Air Release Source Terms 

Only a violent disruption of the waste repository, such as a 

volcano or a meteorite, can cause materials to be widely dispersed from 

the repository to air. Due to the violent nature of the release, we 

assume that the material would be quickly dispersed upward into the air 

and, eventually, distributed uniformly in the troposphere. The airborne 

material is divided into the fraction over land and the fraction over 

water using the ratio of earth land surface area to total earth area and 

earth water surface area to total earth area. This division of the 

released material simplifies the calculation, as will be discussed 

later. 

TRANSPORT WITHIN ENVIRONMENT AND POPULATION DOSE 

EQUIVALENT AND HEALTH EFFECT ESTIMATES 

The 
mechanism 
evaluated 
are shown 

transport of radionuclides 
for delivering radiation 

for each of the four release 

in Table 1 . 

within the biosphere and the 

dose equivalents to humans are 

modes. The pathways considered 

Rel eases to a River 

The radionuclides are assumed to be diluted immediately upon 

entering the river. Thus we c an express the concentration of nuclides 

in the river at any time t as 

where 

= Q'np 
- R-

WCnp = river water concentration of radionuclide n for use with 

pathway p (Bq/1), and 

R river flow rate (1/y). 

(3) 

This river water concentration is used to compute the environmental 

dose equivalent commitment and the resulting health effects for a 

population exposed through the pathways shown in Table 1. The equations 

for computing environmental dose equivalent commitments for the river 

release mode will be discussed for each environmental pathway. 
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Table 1. Environmental Pathways Considered for the 
Four Release Modes 

Environmental--Releases to -- Releases-to 
Pathway a River an Ocean 

------ -------
Drinking water X 

Ingestion of 
fish and/o r 
shellfish 

Inges tion of 
above surface 
foodcrops 

Milk inges tion 

Beef inges tion 

Inhalation 

External exposure 
from air 
s ubmersion 

External exposure 
from ground 
cont amination 

X 

X 

X 

X 

X 

X 

X 

X 

Releases to Releases 
Land Sur faces to Air 

X 

X X 

X X 

X X 

X X 

X X 

X X 

Drinking water. The population receives drinking water from the 
river with no reduction in radionuclide concent ration due t o water 
treatment. The integrated river water concentrations are needed for the 
drinking wate r cal culations and are calculated by integr a ting Eq . 3 
over time to obt a in 

= ~= 
R - R-

Q'np ( t')dt ' ( 4) 
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where 

ICnp integrated radionuc lide concentration in river water (Bq-y/1). 

The environmental dose equivalent 

drinking water is obtained by 
concentration by an intake rate for 
factor, and by the population size. 

commitment to the population from 
multiplying this integrated water 
man, by a dose equivalent conversion 

The equation is 

where 

Snop 

lw 

Dnop 

(5) 

environmental dose equivalent commitment integrated to time t 

for nuclide n, organ o, and pathway p (person-Sv), 

annual individual water ingestion rate (1/y), 

dose equivalent conversion factor for nuc lide n, organ o, and 

pathway p (Sv/Bq intake), and 

population drinking water from river (persons). 

Freshwater fish ~_ng_e~~~on._ The equation for determining 

environmental dose equivalent commitment is 

CFnp 

lf 

• CF • I • 0 p 
np f nop • FF 

(6) 

where 

bioaccumulation factor for fish or shellfish for nuclide n and 

pathway p (Bq/kg fish per Bq/1 water), 

freshwater fish individual annual consumption rate (kg/y), and 

population eating freshwater fish from the river (persons). 

Ingestion of food raised on irrigated lan~ By spray irrigation, 

river water containing radionuclides from the repository is deposited 

directly onto the crops and the l a nd surface be l ow the crops . 

Radionuclides reach plants both through their leaves and through the 

root systems. It is assumed that some of the irrigated plants are 

consumed by humans as food and the rest are consumed by either dairy or 

beef cattle, with transfer of the radionuclides to milk and meat which 
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are consumed by humans. The equation used to compute the environmental 
dose equivalent commitments is 

where 

w 

Rinp 

A 

RI 
np D • CP • A nop p 

irrigation rate for crop land (l/m2-y), 

fraction of irrigated land used for various food crops for 
pathway p (dimensionless), 

(7) 

intake of nuclide n by standard man for crop p and for a unit 
total deposition to the surface (Bq intake per Bq/m2 
deposited on soil surface), 

number of standard men who can be fed per unit area of land 
(persons fed/m2), and 

irrigation area (m2). 

In an area where ditch irrigation is employed, the parameter values used 
for Rinp would need to be derived for deposition of radionuclides only 
onto soil with no deposition directly to the plant foliage. 

Inhalation of Resuspended Material. Some of the radioactive 
material placed onto soil by irrigation of farmland is resuspended into 
air and can be inhaled by people. To account for this we determined the 
air concentration of radionuclides by multiplying the ground surface 
concentration by a resuspension factor. This method is reasonable 
because the contaminated surface (the irrigated land) is large. The 
time -dependent soil surface concentration is obtained from the 
differential equation 

where 

<P I ( t) = (Q~ p ( t) ) • w - (A + A ) • <P ( t) n R Dn sn n 
(8) 

rate of change of ground surface concentration for radionuclide 
n (Bq/m2 -y), 

rate constant for transfer of nuclide n from available to 
unavailable soil (y-1), and 
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~n(t) ground surface concentration of radionuclide n as a function of 

time (Bq/m2). 

In this equation, the assumed equilibrium between the resuspended 

material and its redeposition cancel in writing Eq. 8. It can be shown 

that this assumption is conservative. The source term equation, Eq. 1, 

is used to solve this differential equation: 

<Pn(t) exp[AsntRn - (ADn + Asn)t] 

-exp[ALntRn - (Aon + Aln)t] 

The time-dependent air concentration due to resuspension is 

where 

RF • cp (t) 
n 

(9) 

(10) 

XRn(t)= air concentration of radionuclide n due to resuspension from 

the ground surface (Bq/m3), and 

RF resuspension factor measured at the center of a large, 
uniformly contaminated area (m-1). 

and the environmental dose equivalent commitment can be computed using 

the equation 

_it 5nop -
0 

(11) 

where 

IB breathing rate for standard man (m3/y), and 

PDp population density applicable for pathway p (persons/m2). 

When the expression for ):Rn(t) is substituted and the integration 

performed, the result is 
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[ 

RF • \n • f L • Qon A. W ] 

• I • 0 • PO • B nop p 

exp ( AL tR ) [ [ ( ~--=:-n......:...:.:.,n exp - A + A )t ] (X + A ) On Ln 
On Ln 

exp(A t )[ ] _ sn Rn exp[ - (A + A )t ] -1 
(A + A ) On sn On sn 

(12) 

External Dose Equivalent from Air Submersion. The radioactive 
material resuspended into air exposes the population by submersion . To 
estima t e the s u bmersion population dose equivalent, for each organ, we 
used the integrated air concentration equation discussed for the 
inhalation pathway. The e nvironmental dose equivalent commitment is 
computed u s ing the equation 

(13) 

where 

SOF household shielding and occupancy factor (dimensionless), and 

Dnop dose equivalent conversion factor for nuclide n, organ o, and 
pathway p (Sv/y per Bq/m3). 

When the equation for XRn(t) is substituted and the integration 
performed, the solution is 

s = 
nop 

[ 

RF • A · f · Q • W] Ln L on 

• SOF • 0 • PO • A nop p 

exp(\ntRn)[exp[- (A0 +A )t ] -1] 
(A + A ) n Ln On Ln 

_ exp(\ntRn) [exp[- (A0 + A )t] -1] 
(A + A ) n sn Dn sn 

(14) 
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External Dose Equivalent from Ground Contamination. The 

radioactive material deposited on the ground during irrigation results 

in external dose equivalents to persons in the a rea. The dose 

equivalent to the population receiving this external exposure is 

computed, for each organ, using the integrated form of the soil surface 

concentration discussed as part of the inhalation pathway. The 

environmental dose equivalent commitment is determined from the equation 

where 

Dnop 

J
t 

<Pn (t 
1 

)dt 
1 

• [Dnop • SOF] [ PDP • A] (15) 

0 

dose equivalent conversion factor for nuclide n, organ o, and 

pathway p (Sv/y per Bq/m2). 

Substituting for the ground surface concentration of radionuclides (Eq . 

9), and performing the integration yields 

[

Aln • f L • Qon • W ] 

• Dnop • SOF • PDP • A 

R( Aln - \n) 
exp( AsntRn) [exp[-( A0 + A )t] -1] 

- ( A A ) n sn 
On + sn 

(16) 

Health Effects for Releases to a River. Health effect conversion 

factors (HECON0 ) are applied to the environmental dose equivalent 

commitments (Snop) to estimate fatal cancers (FHE) and genetic effects 

(GE). Summations are performed over organs and pathways to yield the 

total fatal cancers or total genetic effects for a particular 

radionuclide . The equation used to estimate fatal cancers is 

8 

FHE =I 
o=l 

8 

\ S ·HECON L nop o 
p=l 

and for first-generation genetic effects is 

l 0 8 

GE = I L snop · HECONO 

o=9 p=l 

(17) 

(18) 
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where the summa tion over pathways (p) extends over the eigh t pathways 
considered for the river release mode. The organs used t o compute fatal 
cancers are bone, red marrow, lung, liver, GI -LLI, thyroid, kidney, and 
other soft tissue . The organs used to compute first-genera tion genetic 
effects are ovaries and testes . 

Other Release Modes 

The details of the environmental dose equival e nt commitment 
equations for each environmental pathway considered for the river 
r e l ease mode have been discussed . For the other three release modes 
only the conceptual basis for the modeling efforts is discussed because 
of space limitations. The equations and a detailed discussion of all 
the models are contained in an EPA report [2] which is being prepared 
for publication. 

Releases to an Ocean 

The ocean was divided into two compartments: A shallow upper layer 
in which it is assumed that all edible seafood is grown, and a deeper 
l ower layer. Radionuclides are added to the upper compartment from flow 
of the river into the ocean and by back transfer from the lower to the 
upper layer. They are removed from the upper compartment by radioactive 
decay, sedimentation, and water transfer f r om the upper to the lowe r 
layer . Radionuclides are added to the lower layer by water transfe r and 
sedimentation from the upper layer and they are removed by back transfer 
of water from the lower to the upper layer, by radioactive decay, and by 
sediment transfer to the ocean floor. A differential equation can be 
written for each compartment to express the change in radionuc lide 
inventory with time. These equations are coupled and they can be solved 
analytically to yield the inventory of each radionuclide in each 
compartment as a function of time. The equation fo r upper compartment 
inventory is divided by the volume of the compartment to yield the 
concentration of r adionuclides in the upper compartment as a function of 
time. This upper compartment water concentration equation is integrated 
to compute the environmental dose equivalent commitmen t and the 
result ing fatal cancer and genetic effects for a population exposed 
throu gh ingestion of ocean fish and shellfish. 

Releases Directly to a Land Surface 

For the land surface pathway models, we assume that some of the 
rad ioactive material initially placed in the repository is brought to 
the ea r th's surface due to an event which penetrates the repository such 
as drilling for resources. The release to the earth's surface is 
assumed to be over a small area and over a short period of time so that 
it can by modeled as an instantaneous point source to the earth. The 
mechanism for distributing this material to human receptors is by 
resuspension to the atmosphere. When the initial quantity of 
radionuclides r eleased to the land sur face is determined, a 
time-dependent release rate to the air due to resuspension can be 
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estimated using a simple exponential model that depletes the land 

surface source by resuspension and radioactive decay. This 

time-dependent air release equation is applied with an atmospheric 

dispersion equation to predict air concentrations of radionuclides as a 

function of time and distance from the source. Using this air 

concentration equation, time-dependent ground surface concentrations of 

radionuclides are estimated as a function of distance. Integrations can 

be performed over time to yield the integrated air and ground surface 

concentrations of radionuclides. 

As for releases to the river, the basic approach is to compute the 

population intake of radionuclides due to ingestion and inhalation, 

convert these intakes to population dose equivalents, compute the 

external population dose equivalents for air submersion and ground 

contamination and then calculate fatal cancers and genetic health 

effects. These are summed to obtain an estimate of total fatal cancers 

and total first generation genetic effects due to the initial release of 

radionuclides from the repository to the land surface. 

Violent Releases Directly to Air 

For this release mode, radionuclides are released from the 

repository directly into air from violent events with a low probability 

of occurrence. An example of this type of release would be a meteorite 

or volcano interaction with a repository, violently dispersing material 

into the air. Since a violent reaction is involved in distributing the 

radioactive material into the air, it is assumed that the material would 

be dispersed throughout the troposphere . This airborne material is 

divided into the fraction above the land surface and that above the 

oceans in proportion to the surface areas of the oceans and the land . 

The simplifying assumption is made that the airborne material above land 

remains over land and that above water remains over water. The 

population dose equivalent and health effects calculations for these two 

cases will be discussed separately. 

Releases to Air Over Land. The radionuclides released to the air 
- - - --- ---

over land surfaces are assumed to be distributed uniformly in a volume 

determined by multiplying the land surface area of the earth by the 

average height of the troposphere. With the material distributed in 

this manner a two compartment model is established for predicting 

radionuclide movement between the air and the soil. The upper 

compartment is the tropospheric volume above the earth's land surface 

and the lower compartment is the soil root zone. Radionuclides enter 

the upper compartment at the instant of a violent release to air and no 

further quantities of radionuclides are introduced into the 

two-compartment system after the initial input. 

Radionuclides enter the air compartment during the initial violent 

release and by resuspension from soil; they leave it by deposition onto 

soil and by radioactive decay. Nuclides enter the soil root zone only 

by deposition and leave it by resuspension, movement into the 
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unavailable deeper soil layer, and radioactive decay. 

A system of two coupled differential equations that describes the 
nuclide movements was solved giving the time~dependent quantities of 
nuclides in air and on the land surface from which integrated air and 
land surface concentrations are calculated. 

Release to Air Over Oceans. The radionuclides released to the air ----------------over the oceans are assumed to be distributed uniformly in a volume 
defined by multiplying the earth's ocean area by the average height of 
the troposphere. With the material distributed in this manner, a three 
compartment model is established to describe radionuclide movement 
between the air and the two ocean compartments. 

Compartment l is the tropospheric volume above the earth's oceans. 
Compartment 2 is the upper compartment of the ocean and compartment 3 is 
the lower compartment of the ocean. It is assumed that radionuclides 
enter the air compartment at the instant of a violent release to air and 
that no additional radioactivity is injected into the system after this 
initial input; radionuclides leave the air compartment by radioactive 
decay and by deposition into the ocean . Radionuclides enter the upper 
ocean compartment by deposition from the air and by back transfer with 
water from the lower ocean compartment. Radionuclides leave the upper 
compartment by radioactive decay, and by water diffusion transfer and 
sedimentation transfer to the lower ocean compartment. Radionuclides 
enter the lower ocean compartment by water diffusion transfer and 
sedimentation transfer from the upper ocean compartment and leave it by 
radioactive decay, sedimentation to the ocean floor, and by back 
transfer to the upper ocean compartment. 

The dose equivalent pathways considered for the ocean are 
consumption of ocean fish and shellfish. A system of three differential 
equations (two of which are coupled) that describe the nuclide balance 
in the compartments was solved to calculate the quantity of 
radionuclides in the three ocean compartments. The time~dependent water 
concentration of radionuclides in the upper compartment in the ocean is 
needed in order to compute population dose equivalents and health 
effects. To obtain the water concentration of each radionuclide in this 
compartment, the activity of each nuclide in the compartment is divided 
by the volume of the compartment. The population dose equivalents, 
fatal cancers, and first generation genetic effects were calculated by 
the same procedure described for the ocean release mode. 

PARAMETRIC DATA APPLIED IN CALCULATIONS 

In many cases, simplifying assumptions have been made in choosing 
the parameter values for the calculations. This was acceptable because 
of the generic nature of the analysis. For example, in the drinking 
water calculations for the river pathway, the ratio of the population 
consuming drinking water to the river flow rate was needed. The 
numerical value for the ratio was obtained by dividing the projected 
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world population by the total rate of flow of the worl d's rivers. Data 

from Annex D of the 1977 UNSCEAR Report [4] was used for this 

calculation. Upon comparison, we found that the "world" value fo r this 

ratio was midrange of values obtained for various areas of the Unite d 

States . Another example is the use of t he world average per capita fish 

consumption rates which were found to be mid-range of U. S. values. 

Similar r esults were obtained in comparing world values for other 

parame ters with a range of values for the United States. In most of the 

equations, si te and region s pecific numbers could be substituted if it 

were desired to perform a n anal ysi s for a specifi c site location. 

Intake r a t es of r adionuclides for the food pathways from a unit 

deposition to the ground surface were calculated using the AIRDOS -EPA 

computer code [5]. For the majority of the radionuclides, i nte rnal 

dosimetry facto r s are based on calculations performed using the INREM II 

computer code [6]. Dose equiva l ent to risk conversion fac tors were 

based on information in the BEIR report [8]. Additional dose equivalent 

and health risk methodology [9,10,11] have been developed since the 

models presented in this paper were derived. The newer methodology 

may be applie d to future hea lth impact assessments of the disposal of 

high-level r a dioactive waste. 

SUMMARY 

This paper discusses, generally, the models used to perform 

environmental dose equivalent commitment and health effect cal culations 

for EPA's high-level radioac tive waste disposal standard.* The f our 

release modes addressed by EPA were releases to a river , releases to an 

ocean, r eleases directly to a l a nd surface, and releases directly to 

air. The pathways for environmental transport were described for each 

r e lease mode . The mathematical equations used to predict environmental 

dose equivalent commitments for the environmental transport pathways for 

releases to a river were derived and discussed. Results of he alth 

effects per becquerel release to the environment are presented in Table 

2 for several radionuclides which will be included in the standard. Th e 

numerical values fo r parameters used in the models and the results of 

the calculations performed to derive the release limits included in the 

d raft EPA standard are discussed in an EPA report by Smith e t al. (12]. 

* Reade r s desiring mo r e detai l on these models should request the EPA 

report [2 ] whic h contains a complete detailed description of all t he 

ma thematical models including the t echnical development of t h e equations 

a nd parameter va lues u sed in the calculations as technical support for 

the s tanda rd. 
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Table 2. Health Effects per Unit Activity Released to the 
Environment by the River and Land Surface Release Modes 

Radionuclide Health Effects per Bq (Health Effects per Ci) 

Release to River Re l ease t o Land Surface 

-------
Am-243 7.6E-ll (2.8) a 2.7E-11 (1.0) 

I-129 3.0E-13 ( 1 .1E-2) 6 . 2E-16 (2.3E-5) 

Pu-239 1 . 9E-12 (6 . 9E-2) 1 . 5E-12 (5.5E-2) 

Sn-126 3.2E-12 (1.2E-l) 1.1E-12 (4 . 1E-2) 

a For a unit activity releas e of Am-243 to the river, about 80% of the 
health effect s were du e to the inges tion of above surface food c rops, 
about 10% were from drinking water, a nd the remaining 10% were from the 
other pathways. 
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Report on Workshop I: Input to Risk Assessment Methodologies 

The goal of this workshop was to discuss the collection and 
analysis of data needed for site characterization and risk 
assessment . Topics which were considered included the relative 
importance of different parameters, the use of sensitivity analyses 
to guide data collection, the applicability of laboratory data to 
field problems, and the question of public confidence in the 
conclusions drawn from complex analyses. The following sections 
outline in more detail some of the points discussed in the workshop. 

Discussion of the Usage and Determination of 
Kd Values 

Elly K. Triegel 
A number of participants in Workshop I expressed concerns about 

the importance of K in modeling repository performance and the 
uncertainties in de~ermining representative values of the parameter . 

Kd is a distribution coefficient, equal to the mass of solute 
retained on a unit mass of the solid phase divided by the 
concentration of the solute in solution . It is a lumped parameter, 
in that it incorporates a large number of geochemical processes in a 

simple ratio of solid to liquid concentrations . The concept of Kd 
arose from a real need of the groundwater modelers to incorporate a 
simple parameter which characterizes the geochemical processes acting 

to retard movement of radionuclides in groundwater. Sensitivity 
studies indicate that the final concentration and arrival time of the 
radionuclide at the point of consumption or discharge is very 
sensitive to the Kd value used in the transport model. 

The experience of several of the participants suggests that Kd 
values for some radionuclides are not representative of repository 
conditions . The degree of confidence in laboratory measurements is 
difficult to determine since the geochemical conditions in the field 
are complex and not easily characterized or reproduced. The lack of 
correspondence of Kd values and field results is related to 
artificial laboratory conditions, insufficient time for testing very 
slow reactions and the natural variations in aquifer geochemistry 
which cannot be characterized by a simple lumped parameter . In 
addition, the users of groundwater transport models are faced with 

the problem of choosing appropriate values of K • The values for 
some radionuclides vary greatly depending upon ~he materials tested 

and the conditions of the experiment. One study found more than an 
order of magnitude difference in the Kd values in two cores taken a few 

meters apart in the same rock layer . Kd also varies with liquid:solid 
ratio, time of reaction and temperature. Choice of an appropriate value is 

hampered by (1) the lack of a full understanding of the important factors 
controlling retardation, (2) incomplete reporting or characterization of 

the experimental conditions, (3) uncertainties as to which species of the 

radionuclides exist in the field, (4) incomplete knowledge of the 

} 

1 



507 

geochemistry of the rock surroundi ng the r epository , (5) the effect 
of o ther factors (e . g . the was t e form , thermal effects, frac ture 
geometry) on transport. 

Several goals i n modeli ng the geochemistry were discussed, 
including the need to (1) simulate ac tual conditions in the hos t rock 
and nearby aquifers , (2) better unders t and the geochemical controls, 
the influence of the waste form, and othe r factors in nuclide 
transport , and (3) better coordinate the modeler' s needs, the field 
aquisition of data and the geochemist's contribut ions . Cooper ation 
among computer, field and l abor ator y personnel would avoid costly 
development of new methodologies which cannot be used by the other 
gr oups or which r equire da ta and techniques which a re not avail able . 
In a ddition , contributions from one gr oup may he lp dir ect or s implify 
the tasks of the others . Examples were given of the need for 
modelers t o understand the t ype of data which may be reliably 
collected in the field and the use of models to predic t those 
measurements which mus t b e made with the greatest accuracy . 

A number of comments we re directed at methods for dealing with 
the geochemical component of radionuclide transport. In general, it 
was fel t by the gr oup t hat the limitations of using a laboratory 
derived, lumped parameter should be recognized and extrapolations to 
complex or untested cases avoided . It s hould also be r ecognized that 
point-to-point predictions of transport cannot be made with any 
certainty . Field determinations of Kd were s ugges ted as a means of 
incorporating factors which cannot be easily trans ported or 
duplicated in the laboratory. Examples of such fac tors i nclude 
f r acture and pore geometry, redox and pH fluctuations , and large 
scale inhomogeneities of the host rock. 

The use of a minimum Kd value was suggested as an alternative to 
the use of unrealistic Kd values or the elimination of Kd entirely . 
A minimum Kd value would r epresent the l owest value to be expected in 
natural env1r onments and, hence, the minimum retardation case. Use 
of this minimum value would reduce the problem of choosing the most 
appropriate Kd while avoiding either the underestimation of transport 
or the unreal1stic no-retardation case . 

Additional information on the chemical factors affecting 
transport may be obtained f rom theoretical geochemical models. 
However , the complexity of the geologic sys tem and the 
interrelationship of parame t ers makes their applica tion difficult, 
and the res ults uncertain. Experimental results from K 
determinations may be used in conjunction with the mode~s to 
calibrate the models and r educe these uncertainties . In addit ion , 
consideration of the fundamental chemica l relationships may indicate 
which parameters exert the most control over transport, which 
situations would produce the fastest migration and what the l ong-term 
behavior of the host r ock and aquifers would be. 
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The use of Kd as a site selection criteria was discussed . The 

principal advantage in such an appr oach is that the geochemis try of 

s ites can b e compared more easily and on a more quantita tive basis. 

Lack of a geochemical criteria might r esult in the selection of a 

site which has unsuitabl e adsor ptive properties . Ideally, Kd 

standards should be used as flexible gui delines , t o be custom 

t ailor ed t o each site or changed as more data is collected . I t was 

gen er ally thought by the participants, however, that such flexibility 

may not be standard r egula t or y practice or acceptable to the public . 

In summary , the import ance of the geochemical behavi or of the 

radionuclide in predicting gr oundwa t e r transport was well recognized . 

Although the lumped parameter, Kd , is extremely useful t o the modeler, it 

can incorpor ate l a r ge err ors and uncerta inties. The limitations 

should be r ecognized and additional tools, s uch as field tes t ing , 

minimum Kd values and geochemical models should be used to reduce 

uncertainties to acceptable levels . 

( 
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WORKSHOP II. RISK ASSESSMENT METHODOLOGIES AND THEI R OUTPUT 

James E. Campbell 
INTERA Environmental Consultants, Inc. 

3000 Youngfield Street, Lakewood, CO 802 15 

Workshop II began with discussion of risk assessment methodologies and 
their output. However, it soon became apparent that there were two general 
areas of interest; namely , (1) technical aspects of risk methodologies and 
their outputs and (2) how to demonstrate compliance with the Environmental 
Protection Agency (EPA) draft environmental standard and the Nuclear 
Regulatory Commission (NRC) proposed regulations for geo logic disposal· of 
radioactive waste . Therefore, the workshop was sp li t based on interest in 
the above two subject areas. This report will summarize workshop 
discussions on the draft EPA environmental standard and the proposed NRC 
regulations. 

The EPA environmental standard, in it s current form , is expressed in 
terms of radionuclide discharge to the accessible environment. The 
numerical limits on radionuclide discharge to the environment are based on 
estimates of risk to human health which cou ld resu lt from exposure to 
discharged material. It was acknowledged in the workshop that having the 
environmental standard based on risk to human health, but not stated as 
risk expressed in health effects , is reasonable because of the considerable 
uncertainties inherent in attempting to predict important biosphere 
characteristics for the 10 , 000 year period of the standard . However, the 
opinion was expressed that the technical basis for the EPA standard should have considered uncertainties in surface env ironment characteristics and 
health effects factors that influence ri sk rather than simply using 
envi ronmenta l pathways analysis to interpret results of radionuclide 
discharge calculations. The opinion was also expressed that the EPA 
analysis of health effects should consider both maximum and average 
individual rad iat ion dose. The max imum dose case wou ld be appropriate for 
such scenarios as drilling into the site where one or a few individual s 
could experience a relatively high radiation dose whereas the average dose 
calc ul ation would be appropriate for eval uating populati on exposure . 

During the second half of the workshop session, discussion focused on 
t he proposed NRC regulations for geologic disposal of radioactive wastes . 
Specifi cally, t he techn ical basis and the form of the regulations were 
di scussed. In their proposed form , the NRC regulations would place 
numerical design criteria on specific repository system components . The 
opinion was expressed that the draft NRC regulations do ~ot have adequate 
technical bas is . If design criteria are to be applied to system components 
(e . g., requiring that the waste package provide contaminent for a period of 
1000 years) , these component criteria should be related to the overall 
system cr iteri on; namely , the EPA environmental standard. The opinion was 
also expressed that such a technical basis is needed to provide a basis for 
future changes in the criteria which may be required should present 
assumptions prove faulty. 
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Several individuals in the workshop felt that the NRC cr iteria would 
be difficult to meet in their present form because of the absolute nature 
of the criteria. One example cited was the proposed requirement that the 
waste package contain the waste for 1000 years. To show compliance with 
such a cr iterion could require cons iderable overdesign of the waste 
pack age. Under any circumstance, it would be difficult to state with 
absolute assurance that no container would leak for 1000 years. There 
seemed to be general agreement among several workshop attendees that the 
NRC criteria should be softened in some fashion . For the example of the 
waste package criterion, it was suggested that wo rding such as, " .. . 
provide reasonable assurance that no rad ioactive materials will leak from 
the wast e package for a period of 1000 years after repository closure" 
shou 1 d be used. 
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NRC PERSPECTIVE ON THE SYMPOSIUM 

Patricia A. Comella 

Office of Nuclear Regulatory Research 
U.S . Nuclear Regul atory Commission 

Washington, D.C. 20555 

As a prelude to my remarks I woul d l ike to thank Dave Kocher and his associates at ORNL for their efforts to make this symposium a successful one . I can assure you that from my vantage point we have accompl ished the objectives which we set down in the early stages of pl anning thi s sympos ium last summer: 

To bring together individuals vitally concerned with the job of HLW disposal in geologic repositories to consider the 
sources of uncertainty connected with assessment of post­
closure performance of the repository and to consider how various methods, including the tools of modeling , might be 
used in the regulatory process. 

Thank you , Dave. 

My purpose in presenting these remarks to you this morning is twofold : 

to try, at l east in a preliminary way, to tie back the 
accomplishments of th i s symposium to our original objectives; 

to leave you with a charge. 

On the fi r st morning of the first day of the symposium , our NRC speaker s conveyed to you the job of regulating geologic disposal of HLW. 

We told you briefl y about our procedures for licensing geologic di sposal of HLW , establ ished in the form of a final regulation, a copy of which you had received. We told you that we had evol ved - throug h a bootstrap process of active dialogue with the public - licensing procedures which: 

provided for key decision points - at si te characterization , construction authori zation , waste emplacement, and permanent closure; 

keyed the strength of each decision about a repository to the informat i on availabl e at the t ime of that decision, with t he 
strength of each successive decis i on reflect ing i ncreased confid ence in reasonable assurance of protect ion of the public health and safety and the environment should waste be permanently disposed at the repository; 
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set forth information requirements so that the information 
needed to make each deci s ion would be avai l able when the 
decision was to be made; 

provided mechanisms for publi c participation in and publ ic 
scrutiny of the process by which each deci sion was made . 

I am hopeful that the procedures we have establ i shed will do much 
to remove at lea st some of the concerns which Ms. Yuan , Sheldon, and 
Olson expressed during our session on public and private interest group 
perspectives. 

I beli eve these procedures do provide for early and mea ningful 
public participation in the process of licensing disposal of HLW in a 
geologic repository . However, I think it is important to understand 
that even though we've at tempted to grapple with the i nstitutional 
i ssues as wel l as the technical in ou r regulatory approach i n a manner 
acceptable to the publi c, as John Stucker stated, "consultation and 
concurrence is not NRC ' s to grant." That is , the Commiss i on must be 
the deci sionmaker so that if we are to carry out our responsibilities 
satisfactorily, the stakeholders must be satisfied with our decision 
processes, with our regulatory approach . 

Let me expl ain further. The Commi ssion has been given authority 
to license and that authority does not carry with i t authority to allow 
partnerships between i tsel f and such publi cs as the states , local and 
tr i bal governments in the decisionmaking or to allow bottom lines, 
includ ing regu lations , to be formu lated as recommendations by other 
than its own staff . 

Thu s , the purpose, and the limit, of the Commission's authority 
vi s a vis public participation, is not to reach a deci s ion tha t 
everyone will li ke--that is not possi ble; nor to reach a decision made 
collegially with any publi c--the Atomic Energy Act won't permit that; 
but rather to make deci s ions that have considered al l re l evant aspects 
and perspectives, explored all perti nent uncertainties, and have been 
subject to publi c scrutiny from beginn ing to end . 

Then we turned to the technical criteria to tell you how and why 
we were going about the job of their development. Just as we engaged 
in active dialogue with those outside NRC in the development of the 
licensing procedures, so we did in developing the technical criteria. 
Just as we partitioned the licensing procedures into a series of 
decisions of increasi ng commitment based on more comprehensive informa ­
tion of better qua lity, so we partitioned our technica l approach so 
that we could deal with the ques ti ons which must be answered for a 
li censed repos itory. And I emphasize licensed. Recall Craig Roberts' 
keynote: a licensed repository is one for which both the technological 
AND institutiona l i ssues will have been satisfactorily resolved through 
the licensing process i tse l f. But to do tha t , the process has to be 
capable of bringing abou t resol ution . Hence, recall Jack Martin's 
pract i cal consideration: one of our motivating factors has been to 
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develop an approach--for both the procedures and the technical criteria-­
which would avoid contentious licensing hearing s ; to key on another way it was expressed, "to avoi d useless rhetoric that leads nowhere." 

Therefore, the approach we have taken considered first, what we 
were trying to do--have confi dence that the waste wou l d be disposed 
safely; and second, how to do that--expose all the uncertainties up front, see what they mean , and find a way around the l ack of confidence spawned by these uncertainties . Obvi ously eas ier said than done. But we think we've succeeded by redefining geologic di sposa l of HLW into 
containment for a time and i solat i on thereafter and by plac ing reliance on both engineering and the site as appropriate. 

Now all of this development of the technica l criteria i s going on again st the backdrop of a still emerg ing EPA standard . The absence of a standard creates uncertai nt ies. These uncertainties have policy and programmat ic impl i cations of nont rivi al import that boil down to dol l ars. Drawing upon the concerns expressed by Drs . Eichholz and 
Lieberman: where does one jump off in development of regulatory 
standards? Should one start from consideration of some l imiti ng condi­tions t hat must be met--in this way ma intaining maximum flexibility in making choices and al lowing cost optimization to be a dominant factor in determin i ng a part i cul ar repos itory sys tem? Or, akin to the approach we've taken with our technical criteria, is it more appropriate to consider what ca n be done reasonably during containment and isolation, for engineering and siti ng, and to pl ace requirements on certai n sub­systems so as to increase confidence in our decisions? As Jack Martin indicated, we think we've struck the right bal ance; and asking you to consider our approach further will be part of the charge I put to you at the end. 

As I l istened to the various speakers, heard the questions and answers following the talks, and chatted informally i n the breaks, 
some thoughts occurred to me which I'd li ke to share with you : 

I was glad to see so many individuals who are working i n the 
fie ld of modeling coming together in order to forward the 
job--from the NRC perspective--of safe disposal of HLW in 
geologic repositories; and identifying areas in modeli ng that 
require activity in order to get on with the job, and seei ng 
which of these areas are receiving the grea t es t act i vity 
today and whi ch need more attention tomorrow. 

Modeling cannot be the only decision tool that i s used; we 
just aren ' t there in terms of our ability to quantify. Nor 
should that disturb us ; numbers have never provided all of the 
answers. As Nestor Ortiz pointed out, review by disinterested experts must be an important part of any process. And why 
not? Quantitative work must always be preceded by qual itative 
and semiquantitative ana lys i s: cf. Dr . Burkholder ' s "design 
specs" as the fore r unner of coding; and Dr. Bradstetter's 
approach to the entire problem of modeling. 
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I am concerned that in our rus h to calculate we 1 ve overlooked 
the accuracy of quant i tative predi cti ons with respect to 
whet her t hey represent physica l processes and can be meaning ­
f ull y i nterpreted physical l y. I am afraid we 1 ve become 
enamoured of the precision of the computati on. In sum, I 
th in k we must give emphasis early to the model validation and 
accuracy questions . 

The question of how realistic one can reasonably expect the 
quantitative model s to be i s as yet un reso l ved; hence , so too 
i s the questi on of the balance that needs to be struck between 
the di rect use of calculations in making decisions and the 
use of such qua l itati ve or semiqua l itative techniques as 
j udgments, arguments by analog, etc. To my mind this is an 
area requiring cont inuing thoug ht and effort. We don 1 t want 
t o ge t into the licensing process and find we haven 1 t given 
this question adequate forethought, so that , in spite of our 
bes t intenti ons, t he hearing can1 t be closed or cl osed only 
wi t h great difficulty. 

I woul d note, too, a continuing aebate emerged, at least 
i mpli ci t l y, during the symposium over the utility and appro ­
priateness of health effects vs . some other measure of 
r epository performance. It seems to me that at heart of this , 
i s t he question of whether, gi ven t he nature of the hazard 
involved, it i s better to regul ate accordi ng to the effects 
on the popul ation or on the i ndi vidual. 

And now to my charge: 

Go back, think about what you 1 ve heard here . You may disagree 
wi t h what .you 1 ve heard. But the points of view of your co l leagues 
may indeed have merit . As you conti nue i n your individual efforts , 
t ake time t o refl ect on what you have heard here. Keep i n mind 
that we all are members of the publ ic, we al l are stakeholders in 
th is enterpri se , and that we all, as experts in this field, have 
an obl igat ion to see that the technica l so l ut ions which we develop 
are val id in the societal context of regulation and licensing of 
geol og i c di sposal of HLW . Soon the techn i cal criteria wil l be 
avai l able for publ ic comment in the form of a proposed regulation, 
and we urge you as i ndividual stakehol ders to take the oppor tunity 
t o provide your comments to t he NRC . 
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