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ABSTRACT AND FOREWORD 

The Nuclear Regulatory Commission (NRC) is responsible for the management and 
disposal of nuclear wastes from licensed facilities. The agency also has 
licensing responsibility for long-term storage and disposal of high-level 
radioactive wastes from commercial operations and the Department of tnergy. 

In discharging its responsibilities, the NRC is developing a framework of 
regulations, criteria, and standards. Lawrence Livermore Laboratory (LLL) 
provides broad technical support to the NRC for developing this regulatory 
framework, part of which involves site suitability criteria for solidified 
high-level wastes (SHLW). 

Both the regulatory framework .md t h<- technical base on which it rests hiiv 
evc lVF ' i J i 1 t i m e . P j t v l i i ' u i t n - r i l :•. I V - i ' t i f t i l , i - f im ' i f ! in.' I MI MM H; .3 I \ i , ( , i pn i ' l 
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hi-iii .11 ill mi M.itih '// .iiui .M, ['•Hi. Ii was printed and distributed solely 
,v, 'i briefing document on prel tminary methodolgy diid initial findings for 
the purpose of critical review by those in attendance. Another draft was 
generated as a briefing document for meetings with the NRC at LLL from 
August 16 to 18, 1977. 

These briefing documents are being reprinted now in their original formats as 
UCID-series reports for the sake of the historical record. The LLL program 
has evo'v'-d rapidly and extensively. Some approaches that merited 
consideration during the initial stage of investigation have been discarded. 
New approaches have been tested. The models have been continuously refined 
and the data base updated witn the accumulation of new information. Analysis 
results have evolved as both the models and data base have changed. As a 
result, the methodology, models, and data base in this document are severely 
outmoded. 

In addition to these evolutionary programmatic changes, a major shift in 
program direction was mandated during FY 78 as a result of the Presidential 
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decision to defer the reprocessing of spent reactor fuel. Emphasis was 
shifted from SHLW disposal to the study of spent-fuel disposal and retrieval 
in the environment of a deep geologic repository. 

For current (1979) information, the reader is referred to the most recent 
publications of the LLL technical support project, in particular, "High-Level 
Uaste Repository Site Suitability" (UCRL 52633, NUREG/CR 0578), which has its 
genesis in the two 1977 briefing documents. 
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This preliminary report summarizes the results of the LLL 
study on "Site Suitability Criteria for Solidified High 
Level Waste" performed under the direction of William M. 
Hewitt of the Waste Management Program of the Nuclear 
Regulatory Commission. 
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INTRODUCTION 

1.1 Site Suitability Regulations 

•iF»t« AN 

CLOSING OF THE BACK END OF THE FUEL.CYCU IS DEPENDENT 
UPON REGULATIONS TO BE ISSUED BY THE. NUCLEAR REGULATORY 
COMMISSION, IHE SUCCESSFUL DEVELOPMENT OF SITE SUITABILITY 
REGULATIONS FOR SOLIDIFIED HIGH LEVEL WASTE REPOSITORIES 
IS AN ESSENTIAL PORTION OF THE OVERALL NUCLEAR FUEL CYCLE 
REGULATORY FRAMEWORK. !HE LLL STUDY WILL ASSIST THE 
NUCLEAR REGULATORY COMMISSION BY THE DERIVATION OF RECOMMENDED 
CRITERIA FOR USE I N THE DEVELOPMENT OF SITE SUITABILITY 
REGULATIONS, THIS REPORT SUMMARIZES THE PRELIMINARY RESULTS 
OF THE STUDY WITHIN LIMITS IMPOSED BY PROJECT ASSUMPTIONS 
AND SCOPE OF WORK, STUDY CONTINUATION THROUGHOUT THE 
REMAINDER OF THE FISCAL YEAR WILL EXTEND BOTH THH ASSUMPTIONS 
W D THE SCOPE OF WORK. 

"Closing o f the fuel cyc le" 
for the commercial l i g h t water 
reactor industry would require 
operation of spent fuel 
reprocessing p lan ts , recycling of 
recovered plutonium and/or uranium, 
and disposing of the resu l t i ng 
radioact ive wastes in Federal 
repos i to r ies . As used here, the 
nuclear fuel cycle consists of the 
f a c i l i t i e s and operations that 
prepare, u t i l i z e and reconst i tu te 
nuclear fuel fo r commercial l i t j h t 
water reactor systems. 

In October of 1976, LLL 
star ted performing a study for the 
Nuclear Regulatory Commission's 
Waste Mangement Program under the 
d i rec t ion of Wi l l iam M. Hewitt on 
"S i te S u i t a b i l i t y C r i t e r i a fo r 
S o l i d i f i e d High Level Waste 
Reposi tor ies" . This document 
consists of the reported resu l ts 

o i the f i r s t phase of the study as 
of March 15, 1977. Since the 
study has not been completed, 
these resul ts are prel iminary and 
,.HV be modif ied at a l a t e r date. 

The scope of the study has 
been res t r i c t ed to only s o l i d i f i e d 
high level waste, only Federal 
reposi tor ies in deep geologic 
formations, and only rad io log ica l 
r i sk to the general publ ic a f t e r 
the reposi tory has been sealed. 
Subsequent studies w i l l extend the 
developed methodology in to those 
areas that are appropriate as well 
as potent ia l extent ion in to the 
development o f regulatory guides 
and l i cens ing procedures. In 
add i t i on , an Environmental Impact 
Statement consistent wi th the 
c r i t e r i a under development is 
cur rent ly being prepared. 
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1 INTRODUCTION 

1.2 Analytical Structure of Study 

SUCH A STRUCTURE EMPLOYS REPEATED SEQUENCES OF FIVE 
PRINCIPAL STEPS: AN EXHAUSTIVE LISTING OF ALL RELEVANT 
CHARACTERISTICS OF PERTINENT FACTORS, I.E., SUCH AS THAT 
PROVIDED BY THE NRC S TASK FORCE ON GEOLOGY AND HYDROLOGY; 
COMBINING ThE CHARACTERISTICS DESCRIBED IN THE EXHAUSTIVE 
LISTING INTO A LIMITED LIST OF LUMPED PARAMETER CHARACTERISTICS; 
COMPILING THE LUMPED PARAMETERS INTO A HIERARuilAL STRUCTURE 
OF PHENOMENOLOGICAU, PROBABILISTIC OPERATOR, AND MARKOV CHAIN 
SIMPLE MODELS; PERFORMING PARAMETRIC SENSITIVITY ANALYSIS OF 
THE SIMPLE MODELS; AND FINALLY DECOMPOSING THE SIMPLE MODELS 
INTO TORE COMPLEX MODELS BASED UPON THE RESULTS OF THE 
PARAMETRIC SENSITIVITY ANALYSIS. 

The existance of a very 
large, diverse, body of 
potentially important factors to 
be analysed requires the 
utilization of a rigorous systems 
analysis structure. Any other 
approach results in either a 
superficial analysis, i.e., to a 
geologist it's a geology problem 
to a chemical engineer, it's a 
processing problem etc., or a 
massive use of manpower over a 
long period of time. The 
structure efficiently provides a 
basis for an early determination 
of the relative importance of 
interrelated factors whose 
sensitivities are mutually 
dependent. LLL has developed such 
a structure. 

The exhaustive listing of 
relevant factors is a first step 
to insure that all potentially 
relevant factors are considered. 
An elimination of factors by 
exercising intuitive analysis, 
i.e., best engineering judgment, 
i.e., gut feel, leads to potential 
compromise of the studies 
conclusions. 

A combination of the 
exhaustive listing of factors into 
lumped parameters is accomplished 
in order to make the analysis 

effort of reasonable magnitude. 
However, it must be done in such a 
way as to preclude elimination or 
masking of relevant factors. 

The hierarchial structure of 
models has several key features. 
The phenomenological and 
probablistic operator models are 
expressed as a series of 
analytical descriptors, functional 
relationships, and coefficients in 
a format to achieve either a 
generic representation or, by 
setting relationship at discrete 
values, a specific site. Without 
a capability to efficiently 
examine a wide variety of specific 
sites, the results become limited 
in scope and potentially 
misleading. The development of 
the Markov chain is essential in 
the inclusion of alternate future 
sequences of events. 

Once the models have been 
developed, parametric sensitivity 
analysis are performed and serve 
on the basis for determining both 
specific model decomposition and 
error analysis. The analysis must 
simultaneously vary more than one 
parameter at a time since 
parameter sensitivities are 
interrelated. 
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2 SUMMARY 

SITE SUITABILITY CRITERIA APE BASED UPON THE 
[nFNTIFICATIOrj OF PREERFED REPOSITORV CHARACTER-

CHARACTERISTICS OF PREFERRED REPOSITORY SITES ARE TYPICAL 
OF MEDIA COWONLY FOUND IN ARGILLACEOUS AND CRYSTALLINE 
ROCK FORMATIONS. THE DERIVATION OF SITE SUITABILITY CRITERIA 
IS BASED UPON THE ANALYTICAL IDENTIFICATION OF THE RELATIVE 
IMPORTANCE AND INTERRELATIONSHIPS BETWEEN PREFERRED REPOSITORY 
CHARACTERISTICS, W E BASIS FOR PREFERENCES ARE DERIVED FROM 
ANALYSIS OF BOTH THE POTENTIAL RADIONUCLIDE MIGRATION OUT OF 
THE REPOSITORY SITE AND THE EFFECT OF THE RADIONUCLIDE RELEASE. 
THE EFFECT OF THE RADIONUCLIDE RELEASE IS INDEPENDENT OF THE 
FORMATION; HOWEVER, THE RADIOLOGICAL IMPACT !S DEPENDENT 
UPON HUMAN WATER USAGE AND DEMOGRAPHY. 

We have derived from our 
preliminary analysis, the 
characteristics of preferred 
repository sites. We used 
available geologic and geophysical 
data as input parameters to the 
geologic/hydrologic model. With 
this input, we determined the 
characteristics of repository 
sites that produce the minimum 
radiological impact. These 
derived characteristics most 
closely correspond to those 
associated with argillaeous and 
crystalline rock formations. As 
we see from the opposite figure, 
preferred repository sites are 
geographically located in many 
a^eas of the conterminous United 
States. 

The analytical identification 
of the relative importance and 
interrelationships between 
preferred repository 
characteristics is derived from a 
unique application of systems 
analysis techniques. The 
technique utilized consists of 
characteristic parameter 
identification and combination 
followed by multiple cycles of 
phenomenologycal, probabilistic 

operator, and Markov chain generic 
model development; parametric 
sensitivity analysis of the 
models, decomposition and 
refinement of the models, and 
error analysis. 

The analysis can logically be 
subdivided into three parts; 
radionuclide migration out of the 
repository, throus?. an aquifer, 
and consequence in the 
environment. The radionuclide 
migration out of the repository 
and through the aquifer is 
dependent in magnitude and time 
upon the existance of water head 
differential pressures that serve 
as a driving force, the existance 
of water pathways with sufficient 
effective cross sectional area and 
permeability through the 
repository and aquifer into the 
environment, total pathway 
lengths, dispersion effects» and 
geochemistry in the pathway. The 
consequence of a radionuclide 
release is independent of its 
source. Radionuclide pathway 
concentration, effective food 
intake, demography, and fifty year 
dose conversion factors determine 
the consequence of the release. 

10 



WILLISTON 
3 AS IN 

ffl VTO 

- - - - - V, 
SUPAI BASIN 

PERMIAN BASINGN/"~Ni I j > = — • . ^ ~\ :_r> 
p " ~ ] ROCK SALT DEPOSITS 

|"-""""j ARGILLACEOUS FORMATIONS 

CRYSTALLINE FORMATIONS 

11 

i I I r r i - i 



3 ANALYTIC BASIS FOR CRITERIA 

3 .1 Risk Calculations 

NO SINGLE FORM OF RISK CALCUUTION HAS YET BEEN DERIVED THAT 
MEETS ALL ANALYSIS REQUIREMENTS IN A FORMAT CONSISTENT WITH 
PUBLIC DISCUSSION OF ALTERNATIVES, CONSEQUENTLY.. THREE 
RELATED F0R!"S OF RISK CALCULATION HAVE BEEN DERIVED THAT 
UNIQUELY MEET THE DIVERSE REQUIREMENTS, THESE THREE FORMS 
ARE "EXPECTED VALUE , SPECTRAL VALUE", AND "ACTUAL VALUE", 

determining how many low "Expected Value" is the 
double integral ot the probability 
times the consequence of a given 
state over all states and time, 
i.e., //(Pi) (Ci) dsdt, the 
expected value of risk is utilized 
as the basis for parametric 
sensitivity analysis since 1t 
provides a framework to compare 
the sensitivity of risk to a given 
characteristic over all possible 
future sequences of states. Unless 
massive amounts of both computer 
operater and computer time are 
available, it is not practical to 
consider all possible repository 
configurations, for all possible 
alternate futures, for all possible 
human usages. Consequently, the 
parametric sensitivity analysis 
must be performed over an 
integrated range of conditions and 
futures. This has resulted in the 
development of the expected value. 

"Spectral Value" is the 
integral of the probability times 
the consequence of a given state 
over all time or over all states, 
i.e., /(Pi) (C1) ds or /(Pi) (Cf) dt 
the spectral value of risk is utilized 
as the basis for both comparing 
the relative risk ot specific 
types of states and the relative 
risk over periods of future time. 
These comparisons are a necessary 
st?p ir testing for inclusion of 
different types of states, error 
contribution of simplifing 
approximations, and future time 
period over which the analysis 
must be applied. A second problem 
is presented by the difficulty of 

probability high consequence and 
high probability low consequence 
states need to be considered, the 
error introduced by not 
considering specific states, and 
the time period over which the 
analysis must be extended. The 
spectral value fills this need. 

"Actual Value" is the 
consequence of a given state at a 
given probability, i.e., \ Ci @ Pi, 
— \ , the actual values of risk 
are expressed as the radiological 
consequence of either a specific 
repository state or a sequence of 
time events that produce a 
corresponding time sequence of 
states; with a specific 
probability that the state or 
sequence of states can exist. The 
actual value serves as a 
demonstration of the actual 
radiological risk that results 
from a regulation under a specific 
set of assumptions. The primary 
weakness of the actual value is 
that it must be recalculated for 
all changes in assumptions. 
However, the conputer simulation 
model has been incorporated in a 
form to illeviate this problem. 

The meanings of the 
mathematical sysmbols used are: 
Pi - Probability that a state exists 
Ci - Consequence of the existance 

of a state 
s - the state of the repository 
t - time 

12 
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3 ANALYTICAL BASIS FOR CRITERIA 

J.2 r,eolof;ic.il Modols 

ANALYSIS OF WE GEOLOGIC MODELS DFTERMINES GEOLOGICAL 
OIARAOER ST1CS TOTMpI MM SMS AND 
PWGNITOtes OF RADIOLOGICAL RELEASES. 

A HIERARCHIAL STRUCTURE OF GEOLOGICAL MODELS WAS DEVELOPED 
AND ANALYSED TO DETERMINE THE MECHANISMS AND MAGNITUDES 
OF RADIOLOGICAL RELEASES FROM THE REPOSITORY SITE, THESE 
CONSIST OF PHENOMENOLOGICAL, PROBABILISTIC OPtRATOR AND 
MftRKOV CHAIN MODELS. THE MODELS INCLUDE WATER HEAD DIFFERENTIAL 
FISSURES THAT SERVE AS A DRIVING FORCE, WATER PATHWAY 
CHARACTERISTICS THROUGH THE REPOSITORY INTO THE AQUIFER, 
DISPERSION EFFECTS, AND GEOCHEMISTRY, 

The phenomenology model 
describes the initial state of the 
repository site in a generic 
sense. Particular strata are 
described in terms of effective 
»alues and functional 
relationships over the entire 
strata. All values are expressed 
in terms of preferred or baseline 
values with credible end points; 
the end points are adjusted to 
encompass uncertainty limits. It 
is assumed that initially either 
no head pressure differentials 
exist that will cause water flow 
through the repository via the 
redia vertical effective 
permeability and undetected 
pathways, 0" that no significant 
pathways exist and the effective 
vertical permeability is low. 

The probabilistic operator 
models are applied to the 
phenomenologic model by the Markov 
chain. Each model operates on the 
ohenomenological model by either 
modifying the head differentials 
or by opening up pathways through 
the repository. Each operator is 

both probabalistic and time 
variant and includes creation or 
deterioration of shafts and 
boreholes» new faults, undetected 
faults, backfill subsidence, 
disolution void subsidence, and 
erosion pathways. Each pathway is 
expressed in terras of time variant 
dimensions, effective permeability, 
dispersion, and ' ?ochemistry. 

The Markov • ain model serves 
as e mechanism fr.r applying the 
probabilistic operators to the 
phenomenological model. The 
result is a matrix of possible 
repository states and sequences of 
states, the probability that the 
state and sequence of states do 
exist, the consequences of the 
existance of the state or sequence 
of states, and a set of 
transistation rates that govern 
movement from state to state. 
This matrix can be utilized to 
determine what geologic 
characteristics are important by 
noting their effect on determining 
dominant state probabilities and 
consequences. 

14 
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3 ANALYTICAL BASIS H'K CKITKKIA 

wm Mmmmmttrnw* 
REPOSITORY INTO THE HuTO FNVIROTB1T. 

AQUIFER MODELS WERE DEVELOPED AND ANALYSED TO DETERMINE THE 
REPOSITORY SITE CHARACTERISTICS THAT DOMINATE RADIONUCLIDE 
MOVEMENT FROM THE REPOSITORY INTO THE HUMAN ENVIRONMENT, 
THESE MODELS CONSIST OF THE SAME THREE TYPES AS THE GEOLOGIC 
MODELS AND FOLLOW INTERRELATED SEQUENCES OF STATES. THE 
ANALYSIS OF THEC? <«DELS INDICATE THAT AOUIFER CHARACTERISTICS 
OF MAJOR IMPORTANCE ARE LENGTH, WATER FLOW RATE, SORPTION, 
AND DISPERSION CONSTANT, THE NET EFFECT ON THE RADIONUCLIDES 
IS TO DELAY THEIR MOVEMENT INTO THE HUMAN USAGE SYSTEM WHICH 
ALLOWS ADDITIONAL TIME FOR RADIOACTIVE DECAY; AND, TO SPREAD 
OUT THE PERIOD OR TIME WIDTH OF THE PULSE OF RADIONUCLIDES 
WHICH EFFECTIVELY REDUCES THE CONCENTRATION PER W I T OF TIME, 
THESE TWO FACTORS DOMINATE W E RELATIVE IMPORTANCE OF THE 
DISOLUTION RATE OF THE SOLIDIFIED HIGH LEVEL WASTE UNLESS 
THE DISOLUTION RATE RESULTS I N A TIME WIDTH AS LARGE OR LARGER 
THAN THE DISPERSION TIME WIDTH. 

The aquifer model i"; simple 
compared to the 'jsolorpc models 
since the state of the repository 
is allowed to determine the state 
of the aquifer. This insures 
consistancy between the models and 
avoids unnessary analysis. The 
actual aquifer model is a series 
of one dimensional models whose 
functional relationships jnd 
coefficients are derived by the 
use of specialized two and three 
dimensional hydrological models. 
Test calculation between the 
simple and specialized models are 
employed to insure consistency. 

The aquifer characteristics 
of importance are length, water 
flow rate, sorption, and 
dispersion constant. Each of 
these characteristics act to both 
delay, spread out in time, and 
dilute the radionuclide 
concentration. Delaying 
radionuclide migration results in 
radioactive decay of the short 
half life radionuclides to the 
extent that their contribution to 
risk is dominated by the longer 
half life fission products. The 

actinides do not make a 
significant contribution since 
their sorption coefficients are 
several orders of magnitude less 
than the fission products. 
Spreading out the radionuclides in 
time reduces concentration, 
results in differential decay, 
masks the effect of solidified 
high level waste dissolution times 
of less than ten thousand years, 
and insures subsequent movement 
through the environment will 
remain in equilibrium. Dilution 
of the radionuclides directly 
reduce« the consequence of the 
release. Although an increase in 
flow rate reduces radionuclide 
concentration by the ratio of 
repository flow rate to aquifer 
flow rate, the net effect is an 
increase in concentration. This 
net increase results from several 
factors; reduced time delay in 
radionuclide migration through the 
aquifer, reduced dilution and 
delay because of less dispersive 
time spreading, and increase 
salinity of the aquifer water 
contaminate with brine water flow 
from salt repositories. 

16 
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3 ANALYTIC BASTS FOR CRITERIA 

3.4 Human Usage Model 

HUMAN USAGE MODELS WERE DEVELOPED TO ANALYZE THE RELATIVE 
IMPORTANCE OF HUMAN USAGE CHARACTERISTICS ON THE RADIOLOGICAL 
CONSEQUENCES OF REGULATIONS. (HE CONCENTRATION OF RADIONUCLIDES 
IN THE WATER CHANCES AS IT FLOWS FROM THE RIVER TO THE OCEAN, 
THE PROCESSES REDUCING CONCENTRATION INCLUDE DILUTION BY 
MIXING,, SEDIMENTATION, RADIOACTIVE DECAY, AND REMOVAL OF 
WATER AND FOOD PRODUCTS BY MAN, THE RESULTANT DOSE TO MAN 
IS CALCULATED BY MULTIPLYING PATHWAY CONCENTRATIONS BY 
EFFECTIVE FOOD INTAKE AND BY THE FIFTY YEAR DOSE CONVERSION 
FACTOR, 

The development of human 
usage models has been based on 
four distinct water usage systems; 
a demography around each system; 
direct and indirect use of the 
water; and the effect of 
climatology changes. At the 
present time the effect of loss of 
administrative control, drilling 
into aquifers, and well water 
contamination have not been 
considered. 

The four water systems include 
fresh water lakes, with variable 
flush times; rivers of variable 
flow rates (roughly equivalent to 
the Columbia): an ocean estuary; 
and near ocean areas of 
significant food harvest. Since 
the mean time of water replacement 
in each system is substantially 
shorter than the time width of the 
radionuclide input, equilibrium 
will be established. Consequently, 
water radionuclide concentration 
will be dominated by input 
concentration and flow rate, with 
lesser effects from unequal mixing, 
sedimentation, radioactive decay, 
and removal of water and food 
products by man. 

The actual effect of the 

radionuclide concentration in the 
water is determined by both direct 
and indirect human usage. In the 
case of the estuary and ocean, only 
direct consumption of salt water 
food products is important. In the 
case of fresh water rivers and 
lakes, many different paths are 
important, including; bathing, 
drinking, am'.nal drinking, 
irrigation, and consumption of 
fresh ,-.ater food products. The 
efff*c',s of all dominant nuclides 
on each critical organ and whole 
body for a 50 year dose has been 
calculated. Different radionuclides 
dominate for different organs and 
conditions. However, in most cases, 
long half life fission products 
dominate dose to mankind. In 
addition, these calculations have 
been made for both an average and 
a maximum individual. Caution 
should be used in applying direct 
calculation of total populaticn 

dose as a function of demograpny 
since in many cases there are a 
limited supply of contaminated 
food and water. The assumption 
has been made that no effort will 
be made to detect the presence of 
radionuclides or to restrict food 
and water usage. 
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3 ANALYTICAL BASIS FOR CRITERIA 

3.5 Climatology Model 

HfflBKl! INDIRECTLY DETERMINES 
FUTURE CLIMATOLOGY MODELS WERE DEVELOPED TO ANALYSE CLIMATOLOGY 
FACTORS THAT INDIRECTLY INFLUENCE THE CONSEQUENCE OF REGULATIONS, 
THIS INFLUENCE RESULTS FROM THE FOLLOWING FACTORS; MODIFICATION 
OF WATER HEADS AND EROSION RATES IN THE REPOSITORY SITE; CHANGES 
IN THE WATER FLOW RATE IN THE AQUIFER; VARIATIONS IN THE FLOW 
RATE; HUMAN USAGE OF CONTAMINATED WATER; AND DEMOGRAPHY, THE 
CURRENT CLIMATE IS A SHORT TERM ANOMALY OVER THE TIME PERIOD 
OF POTENTIAL CONCERN; CONSEQUENTLY, SIGNIFICANT VARIATIONS 
ARE ANTICIPATED. 

The development of cl imatology 
models fol lows a six step process. 
F i r s t , o r b i t a l mechanics o f the 
earth and sun were modeled f o r the 
past ofie m i l l i on years to develop 
an incident solar energy time l i n e , 
i . e . , the Milankovitch cyc le . 
Second, a synoptic time l i ne scale 
of past cl imate and g lac ia t ion was 
developed based upon records 
obtained from analysis o f oxygen 
eighteen content pol len counts, 
t ree r i n g thicknesses, i ce core 
s t r a t a , and plant and animal 
remains. Th i rd , a comparison 
between the two past time l i nes 
was establ ished that indicates a 
s i g n i f i c a n t degree of long time 
span cor re la t ion wi th only short 
term departures. Fourth, the 
fu ture o rb i ta l mechanics of the 
earth and sun were modeled f o r the 
next one m i l l i o n years to pred ic t 
the incident solar energy time 
l i n e . F i f t h , using the previous 
co r re la t i on re la t ionsh ip derived 
from the past two time l i n e s , 
fu tu re c l imate and g lac ia t ion by 
region was predic ted. S i x t h , 
three dimensional general 
c i r c u l a t i o n cl imatology models 
were appl ied to re f ine the 
features of regions in to moist and 
dry areas. 

The app l i ca t ion o f t h i s 

process has led to a more spec i f i c 
analysis of six types of past 
c l imate , i . e . , peleocl i iaate, an 
ind icat ion of fu ture recurrences. 
These six types inc lude: 1) 
Maximum g lac ia l occurring a large 
major i ty of the t ime; 2} Early 
uarro s im i la r to the "Boreal 1 ' 
period of 7000 to 6000 BC; 3) 
Warm post -g lac ia l periods such as 
that occuring about 4,000 BC; 4) 
Late stage of warm post g lac ia l 
s im i la r to "Sub-Boreal" of 2000 
BC; 5) ColJer period s im i la r to 
" L i t t l e Ice A^t" of 500 BC and 
1SS0-1700 AD; and 6) the present 
per iod . 

At th is stage of model 
development the resu l ts are s t i l l 
prel iminary and require considerable 
addi t ional ana lys is . However, 
several major impacts can be 
determined. Past, and by 
in ference, fu ture cl imate changes 
have been extreme in extent and 
e f fec t on demography, surface 
water systems, area r a i n f a l 1 , and 
sea l eve l s . Major changes i n 
g lac ia t ion can be ant ic ipated wiLh 
nearby cl imate modif icat ions and 
s i g n i f i c a n t erosion. A typ ica l 
month for a maximum g lac ia l per iod, 
i . e . , type 1 , is shown opposite. 
Note the g lac ie r extent and 
var iat ions in r a i n f a l l . 
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4 DOMINATE MEDIA CHARACTERISTICS 

4.1 Initial Repository Site Characteristics 

wmMMMmmm 

THE PRELIMINARY RESULTS OF THE STUDY INDICATE THAT THERE 
MUST BE NO SIGNIFICANT RADIONUCLIDE RELEASES INTO THE 
ENVIRONMENT WHILE THE REPOSITORY SITE REMAINS IN ITS 
INITIAL CONDITIONS, INITIALLY, RADIOACTIVE DECAY HAS 
NOT ACTED OVER A SUFFICIENTLY LONG PERIOD OF TIME 
TO REDUCE POTENTIAL RADIOLOGICAL RISK TO AN ACCEPTABLE 
LEVEL. CONSEQUENTLY, MINIMUM LIMITS ON INITIAL CONDITIONS 
MUST BE MET. THESE LIMITS CAN BE MET BY TWO MECHANISMS, 
GEOLOGIC AND AQUIFER RESTRICTIONS, EITHER OF WHICH IS 
SUFFICIENT. HOWEVER, COMBINING BOTH MECHANISMS INCREASES 
CONFIDENCE THAT ACCEPTABLE LEVELS WILL BE MAINTAINED, 
THESE TWO MECHANISMS BOTH DEPEND UPON RESTRICTING THE 
WATER FLOW RATE AND PATH LENGTH IN ORDER TO PROVIDE 
DISPERSIVE TIME DELAY AND REDUCE CONCENTRATION, 

There will be no significant 
radionuclide releases from the 
repository site if the repository 
could be maintained in Its initial 
condition. The initial condition 
of the repository must be such 
that there are no significant 
releases since radioactive decay 
has not reduced the potential risk. 
Within approximately five hundred 
years the radioactivity has 
significantly reduced to a 
relatively stable state. 
Fortunately it is relatively easy 
to Insure that a five hundred year 
minimum delay can be met with 
reasonable site suitability 
cri tera. 

Either geologic or aquifer 
mechanisms may be sufficient; 
however, combining both mechanisms 
increases confidence that no 
significant consequences of a 
release will occur. Each mechanism 
depends upon controlling the water 
flow rate and pathway lengths in 
order to provide dispersive time 
delay and reduce concentration. 

Geologic mechanisms can be 
basti upon either the absence of 
sufficient head differentials or 
the absence of pathways and 
significant vertical effective 
permeability through the repository 

and into the aquifer. Hydrological 
analysis of the repository site 
coupled with an analysis of the 
rainfall, surface water', area 
stratigraphy, and regional topology 
results in the necessary head data. 
This analysis requires extensive 
study of the entire region, hence 
may be less suitable as the 
dominant geological mechanism. 
Establishment of minimum vertical 
effective permeability in the 
repository can be met by selection 
of general media type and verified 
by physical sampling. The 
detection of all potentially 
important pathways also depends 
upon appropriate selection of media 
type and physical measurement at 
the site. The tolerance to 
undetected pathways can be greatly 
increased if the media geochemistry 
results in favorable sorption 
coefficients. 

Aquifer mechanisms depend upon 
limiting flow rate, path length, 
dispersion coefficient, and 
sorption coefficient. This ensures 
delay, dilution, and sufficent 
widening of the release. However, 
since loss of administrative 
control can shorten the path 
length, primary reliance should be 
placed on the geologic mechanisms. 
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4 DOMINANT CHARACTERISTICS 

4.2 Future Repository Site Characteristics 

FUTLIi MY M . i H l l I , O E - ™ ES, 
PROGRESSIVE TIME AND EVENT DETERIORATION OF THE REPOSITORY 
SITE WILL OCCUR DURING THE FUTURE, THIS DETERIORATION 
WILL DIRECTLY AFFECT THE LEVEL OF RADIONUCLIDE RELEASES 
INTO THE ENVIRONMENT, HOWEVER, THEIR CONSEQUENCES CAN BE 
ALLEVIATED THROUGH ESTABLISHMENT OF MINIMUM REPOSITORY 
SITE CHARACTERISTICS. SINCE FUTURE RESTRICTIONS ON 
DEMOGRAPHY AND WATER USAGE ARE BOTH IMPRACTICAL AND 
UNDESIRABLE, GEOLOGIC AND AQUIFER RESTRICTIONS MUST 
BE EMPLOYED, THESE RESTRICTIONS MUST RESULT IN ACCEPTABLE 
FLOW RATES AND PATH LENGTHS FOR GIVEN VALUES OF SORPTION 
AND DISPERSION. 

I t is impract ical to assume 
that a repository s i t e can be 
found that w i l l not deter iorate 
with both time and events such as 
earthquakes. The s i t e s u i t a b i l i t y 
c r i t e r i a can ensure that the 
deter iorat ions are both r e l a t i v e l y 
predictable and that t he i r resu l ts 
are acceptable. The types of 
deter io ra t ion of concern are 
re lated to increases in flow rates 
or decreases i n path leng th , 
sorption c o e f f i c i e n t s , or 
dispersion coe f f i c i en t s . 

Increased flow rate is 
expected to resu l t from 
de te r io ra t ion in borehole and 
shaf t i n t e g r i t y , increase in 
permeabi l i ty both in ex is t ing 
f au l t s and in f rac ture zones 
around boreholes and shaf ts , ne»/ 
f a u l t s , formation of subsidence 
zones resu l t ing from b a c k f i l l and 
d isso lu t ion voids, and water 
channels formed by d isso lu t ion 
along pre ferent ia l flow l i n e s . 
Avoidance of areas of s i gn i f i can t 
seismic a c t i v i t y reduces the 
po ten t ia l pathways around sha f ts , 
boreholes, and f a u l t s . L imitat ions 
on s i t e design l i m i t the e f fec t of 
b a c k f i l l subsidence, shaf ts , and 
boreholes. Avoidance o f areas wi th 
s t ra ta subject to d isso lu t ion 
reduces the potent ia l pathways 
caused by d i sso lu t i on void 
subsidence and d isso lu t ion 
channels. 

Decreasing path lengths in 
e i the r the geologic formation or 
the aquifer is associated wi th 
massive erosion such as that 
resu l t i ng from g lac ia t ion or from 
loss of administrat ive con t ro l . 
Since the aquife*- is r e l a t i v e l y 
near the surface, i t is subject to 
in t rus ion by mining or d r i l l i n g , 
or exposure through erosion. The 
deeper and less a t t r a c t i v e as a 
water source or proximity to 
resource, the less l i k e l y that 
there w i l l be mining or d r i l l i n g . 
The deeper and more remote the 
geologic formation is from 
resources, the less l i k e l y w i l l be 
mining in t rus ion under loss of 
administrat ive con t ro l . 
Consequently both detected 
aquifers and the reposi tory media 
should be remote from g lac ia t i en , 
as deep as pract ica l and as remote 
as possible from recoverable 
resources. 

The aquifer ? d s i t e 
s t ra t igraphy medi -hould be 
selected for as i^rge as possible 
dispersion and sorpt ion 
coe f f i c ien ts since they both 
e f fec t time delay and d i l u t i o n of 
escaping radionucl ides. 
Preliminary resul ts indicate that 
the s ingle most sensi t ive 
charac ter is t i c is the di f ference 
in sorpt ion values associated with 
brine versus fresh water f low. 
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5 ADDITIONAL ANALYSIS REQUIRED 

g E U T O R Y STUDY RESULTS MUST BE VALIDATED AND 

THE PRELIMINARY STUDY RESULTS MUST BE VALIDATED AND 
EXPANDED SINCE THEY ARE BASED ON ONLY THE FIRST CYCLE 
OF MODEL DEVELOPMENT. THE INTENT OF THE FIRST CYCLE 
WAS TO DETERMINE THE RELATIVE IMPORTANCE OF EACH LUMPED 
PARAMETER, ADDITION CYCLES OF STUDY ARE NECESSARY TO 
DECOMPOSE THE IMPORTANT LUMPED PARAMETERS., PROVIDE MORE 
COMPLEX FUNCTIONAL RELATIONSHIPS WHERE NECESSARY,, 
EXTEND THE MARKOV CHAIN, MODIFY OR REPLACE THE PARAMETER 
COEFFICIENTS WITH PROBABILITY DISTRIBUTION FUNCTIONS, 
PERFORM AN ERROR ANALYSIS, AND INCLUDE THE EFFECTS OF 
HUMAN FACTORS AND LOSS OF ADMINISTRATIVE CONTROL, flN 
ADDITIONAL BENEFIT OF THE PARAMETRIC SENSITIVITY AND 
ERROR ANALYSIS WILL BE THE DEVELOPMENT OF A RESEARCH 
REQUIREMENT MATRIX INCLUDING "PEA, SENSITIVITY, AND PRECISION, 

Three additional cycles of 
model development and analyses 
will be completed. Each cycle's 
emphasis is based upon the 
preceding cycle's analysis of the 
relative importance of each lumped 
parameter and the sensitivity of 
the results to the parameter 
uncertainty. Heavy usage of the 
"expected value" and "spectral 
value" are incorporated during the 
early cycles with "actual value" 
coining into prominence only at the 
end of the last cycle. 

The lumped parameter 
decomposition process consists of 
both replacing the simple 
functional relationships with more 
complex ones and replacing the 
preliminary coefficients with 
either more exact coefficients or, 
where necessary, urith probability 
distribution functions. Those 
lumped parameters that are not 
dominant will remain as simple 
relationships and coefficients or 
may be further simplified to 
reduce the complexity of the 
parametric sensitivity analysis. 

The actual Markov chain under 
usage is quite simple as is 
appropriate for the first cycle. 

The Markov chian will become 
increasingly complex as the number 
of permissible states increase in 
subsequent cycles. 

Error analysis will be 
progressively applied to each 
cycle. Initially, as an aid in 
determining the relative 
importance of required analytical 
analysis; and at the end of the 
final cycle as a rigorous limiting 
qualifer on the stated study 
results. The results of the 
rigorous error analysis and the 
parametric sensitivity analysis 
can be combined into a matrix of 
research requirements. Each can 
be listed as general areas 
requiring research, consequences 
of specific parameter uncertainty, 
and degree of precision required 
for each parameter. 

The inclusion of human 
factors and loss of administrative 
control will start in the second 
cycle of the criteria development. 
The most serious area of concern 
is related to direct drilling or 
mining into the repository or a 
contaminated aquifer; and water 
head changes introduced by surface 
irrigation, lake formation, etc. 
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Estimated Sorbtion Constants PP A 3.31.1 
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Results With Breached Repository Beds PP A 4.1.4-A 4.1.5 

4.2 Future Repository Site Characterises 

Fractures, Borings, Faults, Detected, 
Undetected, and New PP A 4.2.1-4.2.6 
Rate of Formation of Faults PP A 4.2.7-4.2.10 
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SALT BED 

PERMEABILITY 
(CM/SEC) 

LOW MID HIGH 
10" 1 0 10"9 10"4 

SHALE REPOSITORY 
LAYER (VERT.) 
SHALE BARRIER 
(VERTICAL) 
FRACTURE ZONE 
AROUND SHAFT 
TUNNELS 

10- 1 0 10-9 10-8 

10 - 8 10~7 10"6 

10" B 10"5 10"3 

50 FAILED 
BOREHOLES 
NEW FAULT 
BRECCIA PIPE 
DETERIORATED 
BACKFILL 
AQUIFERS 

io- 3 

10 - 4 10 - 3 10 - 2 

10 " 10 l 1 

ID"3 

10" S 10"4 10"3 

VALUES USED 

EFFECTIVE CROSS-SECTION 
POROSITY (m2) SOURCE 

0.01 10" GEI 

0.01 10 GOLDER 

0.02 10 7 GOLDER 

0.02 
TUNNEL 3xl04 

SHAFT 1900 GOLDER 

0.1 IS GOLDER 
0.1 1500 GOLDER 
0.15 104 GEI 

0.1 
TUNNEL 5000 
SHAFT 157 GOLDER 

0,1 . GOLDER 



SORPTION RETARDATION FACTOR 
(FOR GROUNDWATER): 

IODINE 
OTHER FISSION PRODUCTS 
ACTINIDES & DAUGHTERS 

(FRESH WATER) 
ACTINIDES & DAUGHTERS 

(SALINE WATER) 
DISPERSION CONSTANT 
EXCESS HYDRAULIC HEAD OF 
LOWER AQUIFER 
DISSOLUTION TIME OF WASTE 
THICKNESS OF REPOSITORY LAYER 

THICKNESS OF BARRIER LAYER 
RATE OF FAULTING 
RATE OF FORMATION OF BRECCIA 
PIPES TO AQUIFER 
DISTANCE TO AQUIFER DISCHARGE 
HYDRAULIC GRADIENT IN AQUIFER 
LENGTH OF MINE TUNNEL 
WIDTH OF NEW FAULT 

LOW 

VALUES USED 

VALUE 
MID 

1 
1 102 

I0 3 104 

1 10 2 

10 50 

3 60 
10 io4 

20 200 
20 200 
! 0 " 7 io- 6 

7.6xl0 - 1 0 1.1x10" 

i.exio3 1.6x10' 
5x10 - 4 5xl0" 3 

- • 1500 
0.5 

-7 

HIGH 
UNITS SOURCE 

1 
10 2 

"~ LLL 
LLL 

104 - LLL 
I02 - LLL 
100 m LLL. 

150 in GOLDER 
104 yr LLL 

1000 m LLL 
1000 m LLL 

io- 5 yr" 1 LLL 

9-OxlO - 6 -1, -2 yr km GEI 

8x10 4 m LLL 
5x10" 2 - GOLDER 
- m GOLDER 
10 IB GOLDER 



HYDROLOGY PROBLEM IS SOLVED 
OUTSIDE COMPUTER PROGRAM 

WATER CAN TRAVEL THROUGH SEVERAL PATHS (E.G. JOINTS IN ROCK, FAULT, BOREHOLE) 

DARCY'S LAW: 
Q = &P X K X W 

? 
FLOW PRESSURE PERMEABILITY CROSS-SECTION 
RATE GRADIENT 

ANALOGY TO ELECTRICAL NETWORK: 

AP 
t 

CHANGE IN 
POTENTIAL 

(HYDRAULIC HEAD) 

Q 
t 

FLOW 
RATE 

(Iff) 
ANALOG OF 
RESISTANCE 

5*1 



WASTE MOVES SLOWER THAN WATER 

BY SOLVING CIRCUIT WE FIND: 
• HEAD AT EACH NODE 
• FLOW RATE OF WATER IN EACH PATHWAY (Q) 

SPEED OF WATER MOVEMENT IS: 

„ . FLOYI BATE 
V, WATER " W x E 

T t 
CROSS- POROSITY 
SECTION 

MEAN SPEED OF WASTE MOVEMENT IS: 

v
 VWATER 
ion ~ B 

WHERE B IS THE SORPTION RETARDATION FACTOR 



DISPERSION DILUTES THE WASTE 

( Ax - v,o„ A * ) * 
G(Ax,A*) = <W. e" *°** 

-» - * 
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Summary of nhmwlanr Communicated t o Bob the fo l lowing data fgom Pro-iect ftim» in «•>,«. 
Delaware Basin: 

1 . Culebra dolomite member o f the Rust ler Fm. i s the major aqui fer over ly ing the s a l t 

horizons i n the Delaware Basin . I t s c h a r a c t e r i s t i c s i n the Pro jec t Gnome area are a s 

f o l l o w s ; 

Permeabil i ty - 133 g a l / d a y / f t " 

Poros i ty - Depth Total E f f e c t i v e 

505 f t 14.4% 7.8% 

515 f t 13.7% 11.1% 

Average 10.0% 

Aquifer th ickness - 30 f t 

Average depth o f aqui fer - 500 f t 

Artesian head - 75 f t 

2 . Slope o f piezometric surface a t Gnome s i t e - 12-15 f t / m i l e 

3 . Data Sources: 

Project Gnome - Final Report - Hydrologic and Geologic S t u a i e s , 1962. PHE-130F 

Project Gnome - U.S.G.S. Profess iona l Paper #569 
Bob gave us the fo 

Glovna a 
llowing reference on s a l t : 
«id fteyfinlrin 1<»fi1 

"Permeability Measurements of Rock Salt," 
DISTRIBUTION INFORMATION ACTION INITIAL & DATE 

4 

m 
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PRELIMINARY ESTIMATES OP THE PERMEABILITY AND POROSITY 
OF SALT FROM RESEARCH TO DATE (8 FEB 77) 

Data From Literature 

A. Gloyna and Reynolds, 1961 (Reactor Fuel Haste Disposal Project 
Study for AEC) 

1. Permeabilities 

a. Bedded salt 0.0 to 2.3 x 10 cm/sec 

<1) Sample from 645 feet deep in Hutchinson, Kansas 

(2) Confining pressures of test runs 500-2500 psi 

(3) Results show permeability largely a function of net 
confining pressure. 

(4) Noted in nearly all liquid tests that permeability 
decreased with the duration of the test. 

(5) Brine solutions had permeability which averaged 32% 
of the non-reactive liquid K. 

(6) Tests made on solid crystal showed no flow can occur 
through crystals themselves. 

(7) Lab tests involved 7-14 days consolidation time; however 
this is not comparable to consolidation over geologic time. 

(B) In-situ permeability most likely is lower. 
-4 

b. Dome salt 0.0 to 1.5 x 10 cm/sec 

(1) Sample from 700 feet deep in Grand Saline, Texas 

(2) See Bedded salt (2) through <8). 
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2. Porosities 

a. Hutchinson Salt (Bedded) 

(1) Average .0059 

(29 Range .0042 to .0076 

b. Grand Saline Salt (Dome) 

(1) Average .0171 

(2) Range .0117 to .0225 

c. Note: Lower porosity of bedded salt probably due to 
greater impurity content. 

B. Gard, L. M., et al., 1962. Project Gnome Final Report - Hydrologic 
and Geologic Studies (Samples from Gnome Shaft) 

1. Porosities 

a. Depth Porosity 

715 .027 
720-725 .011 

1,013-1,015 .051 
1,019-1,023 .012 
1,120-1,123 .071 

1,130 .017 
1,147-1,152 .008 
1,173-1,178 .032 
1,177-1,181 .027 

b. Range .006 to .071 

C. Average .028 

C. BMWL 1900 

1. Permeability Range: 5 x )0 to 5 x 10 cm/sec 

D. Don Towse - Livermore: Recommendations for Repository Layer 

1. Porosity 

low Medium High 
0 .05 .3 

2. Permeability 0 9.7 x 10 cin/see 9.7 x 10 cm/sec 
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Recommended Values 

A. Permeability (Horizontal and Vertical) 
-10 -4 

1. Range - 10 to 10 cm/sec 
_g 

2. Preferred Value - 10 cm/sec 
3. Rationale: The end points of the range represent the 

maximum and minimum (excluding zero) values reported in 
the literature reviewed to date. As no distribution of 
values was available, the mean of the range was taken as 
the preferred value. 

B. Porosity 

1. Range - 0.004 to 0.07 

2. Preferred value - 0.01 

3. Rationale: The end points of the range represent the 
maximum and minimum values reported in the literature 
reviewed to date. The distribution of values was used 
to determine a preferred value. 
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MEMO: 
4 3*3* /* 

IIYDIIOLOCIC I'AUAMUTEItS 
DASIC MODEL - SHALE AND SALT UliPOSITORY 

Permeability & Porosity 
Permeability (cm/sec) 

(Horizontal) 
Layer Ave. Range 

Porosity 
(effective) 

1 10" 6 10"5 to 10"' 
2 10""" 10~3 to 10"5 

3 10~6 10"s to 10"T 

4 10"s 10"7 to 10"9 

5 10"6 10"s to 10"7 

6 10"* 10"* to 10"* 

0.02 
0.1 
0.02 
0.01 (Shale Repository Only) 
0.02 
0.1 

Vertical Perm. =0.1 Horizontal Perm. 

Natural Horizontal Gradient 
Layers 1, 2, 6 

Layers 3,4, 5 

i = 0.005 (average) 
i = 0.0005 to 0.05 (range) 
i = 0 

Artesian Head Between Layers 2 & 6 
Average - 100 ft. (excess in Layer 6) 
Range - 10 to 1,000 feet 

Pressure Distribution (excess) 
Let: ftp: total artesian bead (Ft) 

t2. t 3, t*: thickness of Layers 2, 3, 4. 
kz > kj, ki,: permeability of Layers 2, 3, 4. 

a. Head at contact of Layer 5 & 6 
hs—g — H,p 

b. Head a t c o n t a c t of Layer 4 & 5 

h„ s = • * * • •lu t 3 K, 
t- + r.^-S- + t k-£ 

Hm 

40 



/I 3*3*// 

c. Head at contact of Layers 3 & 4 

t* + tk£Z + t s 
ks , H T 

k* " 3k, 

Head at contact of Layers 2 & 3 
h2_3 = 0 

assume linear within layers. 



ESTUATED SORPTION ETUILIBRIUM crtSTAMS FCR WE3TERH U.S. DESERT SOIL 1 

IT 1 = 1: Tritium 
Chlorine 
Argon 
Krypton 
Technetium 
Iodine 
Astatine 
Radon 

K"1= 10"1j Carbon 
Thallium 

I T ' S 1CT2t Sodium 
Potassium 
Calcium 
Selenium 
Strontium 
I'olybdcmai 
Antimony 
Biamuth 
Polonium 
Neptunium 

K-1= 1CT3t Beryllium 
Cobalt 
!'iai:el 
Rubidium 
Palladium 
Tin 
Cesium 
Fr^nniii!.! 
Hv ' i ia i 

ir1= icrS Iron 
Yttrium 
Zirco:vi\v-
'.'i 'K in 
C:-l-'iu;-. 
Jrctf -otlilun 
Sfj.iriiiim 
BurOj.'-iui! 
Kolj.iitun 
Lead 

K~1= 10"5| Thorium 

Actinium 
Frotnctinium 
Uranitmi 
Iliitonium 
A) ericiwn 
C'iriuJi: 
Eerkeliuitt 

I'ote 1> from H, 0. Bur'dwlder, Kl-GOMP-001 pp. 444^469, (1976) 
Values Itnve been rounded to order-of-nc=-nitude. 
i^l = nuclide voloeity/vater Telocity. 
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October 11, 1976 

SUBJECT: EFFECTS OF SALINITY ON THE TRANSPORT OF RADIOACTIVITY DERIVED 
FROM NUCLEAR WASTE 

In all concepts for the terrestrial disposal of radioactive wastes, 
the potential exists for contact, dissolution, and transport of active species 
by water. Evaluation of this potential is in part a chemical problem, since 
such species obey all the usual laws for liquid-solid interactions. In many 
instances, it is true that the relation of radiochemical reactions to macro 
scale chemistry is obscure, because the species are present at very low con
centrations, and kinetic and equilibrium reactions at surfaces become impor
tant. 

A useful feature of ground disposal is this very fact that mineral sur
faces are effective jn sorbing some species from solution, reducing their 
transport rates. Unfortunately, the extent to which this filtering action 
takes place is difficult to predict. It depends on such parameters as the 
physical and chemical composition of the solid surfaces, temperature, sta
bilities of aqueous species, ionic strength and composition of solution. 

All ground waters contain dissolved salts, the amount depending on their 
contact time and temperature, and the compositions of the minerals through 
which they have passed. As solutions flow through the mineral assemblages 
of rocks and soils, they attempt to equilibrate. Some elements dissolve, 
while solid minerals are altered chemically and physically. The significance 
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of these processes for waste disposal is that a solution that is cut of 

equilibrium with its host rocks is unstable, and the sorptive properties of 

such a system change with time. 

Chemical Reactions and the Distribution Coefficient 

The extent of sorption, or the distribution of a radionuclide species 

between solfd and liquid phases, is usually characterized by a distribution 

coefficient, K.. This is interpreted as a pseudo-equilibrium constant for 

the reaction 

*A(aq) = *A{sorbed) (1) 

where A is a concentration of a radionuclide in some chemical species, 
usually not identified or known, expressed in terms of the most conveniently 
measured experimental quantities, disintegration rates per unit mass of solid 
and unit volume of liquid. 

It is usually pore realistic to express Kj in terms of a solid surface 
1 2 

area, if it can be determined. " It is only for extremely small solid par
ticles, or materials with a very open molecular structure, such as zeolites, 
that the entire mass of material appears to participate in some sorption 
reactions. 

If the chemical reaction of the species containing A is actually 

V ( a q ) = Y(sorbed) , (2) 

it can be seen how K. for the reaction might be influenced by the presence 
of other ions in the system. For example, if we for the moment consider the 
solid phase(s) to be of constant composition, reactions of the following 
types can take place: 

V ( a q ) + 2B"(aq) = *AB2-{aq) (3) 

V ( a q ) + C+(sorbed) = V(sorbed) + C +(aq) (4) 
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where reaction (3) represents the effects of complexing reactions, and (4) 
represents competition with other cations for positions «f high surface 
energy (active sites). 

Generalized or average values for K, for a species must be used with 
caution. As the compositions of solutions and solids change, KJ values also 
change. These changes take place continuously over long periods of time. 
Therefore, the Kj is to be regarded as a pseudo-equilibrium constant, and has 
little meaning unless the conditions are closely specified. Values of K. 
rapidly become less meaningful as the system differs from that in which they 
were determined. 
Chloride Solutions 

In the case of a repository in salt, the possible effects of high ionic 
strengths and complexing should be considered carefully, since halite {Nad) 

3 is very soluble, to about 6 linear room temperature. The difficulty with 
chloride solutions is that metal-chlorine bonds are chemically strong, and 
the species that ar^ formed, correspondingly stable. This has two general 
consequences for radioactive distribution, corrosion and the formation of 
complex species. Saline waters are reactive toward virtually all common 
materials, including not only waste containers and their contents, but minerals 
as well. 

The properties of dilute NaCl solutions near 25°C have been much studied. 
In general, where complexing does not take place, activity coefficients for 
cations are either known, or can be estimated with sufficient accuracy for 
this purpose. Unfortunately, work in very concentrated solutions is much less 

4 commnn, and theoretical treatments less useful. 
During the lifetime of a repository, elements with very widely different 

5 chemical properties become important from a toxicity standpoint, including 
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9 0 S r , 1 3 7 C s , 1 3 5 C s , 2 3 9 P u , 7 9 S e , 9 3 Z r , 9 9 T c . and 1 2 9 I . A few general comments 
might therefore be made concerning the complexing behavior of various groups 
of elements at low temperatures. The alkali metals show no evidence of signi
ficant complexing, and for the alkaline earths, only weak complexes are to be 
expected. For transition metals, rare earth and actinide elements, there 
is evidence for the existence of many chloride complexes, both cationic and 

o 
anionic. In some cases, equilibrium constants are available. A search of 
the more recent literature would undoubtedly produce many more. 

In some cases, natural carriers of important radioactive species exist 
in salt. It is of some interest to determine the order of magnitude of their 
concentrations to be expected in brines from salt deposits. These are low, 
but probably Much higher than the concentrations of active species. For ex
ample, the Sr and Cs concentrations in sea water are about 130 and 0.002 ppm, 
respectively. Assuming that a saturated brine formed by the leaching of 
natural salt has approximately the same relative composition, the molalities 

-3 -7 
of Sr and Cs would be 2 « 10 and 2 x 10 , respectively. 

Sr actually seems to be relatively less concentrated in halite than in 
g 

sea water by a factor of .5 to .05. A few analyses from various salt forma
tions range from 9-85 ppm. A single sample from a Louisiana salt dome had 
47 ppm. This element will probably be found to be associated with anhydrite 3 10 (CaSOJ, the most abundant impurity in halite from gulf coast domes. ' 

Some data may be available in the literature on analyses for trace ele
ments in commercial brines produced by solution mining in salt domes. 
Evaluation of Salinity Effects 

In general, the sorptive properties of a rock cannot be predicted from 
either its chemical composition or the properties of its mineral components. 
The phase distributions of each trace species are determined by a specific 
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mechanism of sorption. For a given species, the reaction may be primarily 

11 12 by i'irface adsorption, occlusion, or solid solution formation. * These 
are all complex processes. 

The effects of solution composition are equally profound. It is possible, 
for example, to convert a cationic species to an anionic complex, with a com
pletely different sorption mechanism. No simple means therefore exists for 
the reliable transformation of distribution coefficient values from low to high 
saline solutiu is. 

There are, of course, several methods for the investigation of these re
lationships. A comprehensive literature survey would be the first essential 
item, since pertinent information is both voluminous and scattered. 

Partition coefficients between aqueous and solid solutions are probably 
most amenab'.e to thermodynamic treatment. For the surface adsorption of 
electrolytes by simple ionic crystals, or for ion exchange reactions, some 
limited theoretical treatments have been attempted. ' For multiphase 
natural systems of poorly defined and variable composition, these are not 
likely to be of much value. 

Because of the complexity of the sorption processes, experimental deter
minations are usually made to answer specific questions. Distribution coef
ficients can be determined for any specific system by relatively simple 
laboratory equilibration experiments. If well-characterized mineral samples 
are contacted by brines containing radioactive tracers, values for K d can be 
determined by measurements of the appropriate masses, volumes, times, and 
counting rates. However, interpretation of the results in terms of a natural 
system is not nearly so simple. One caveat to be placed on such results from 
artifically processed samples i-„ that because of alteration effects in situ, 
the surfaces of freshly ground artificially processed samples are not neces
sarily identical to those that occur naturally. This effect is magnified if 

47 



10/11/76 -5 
flow in the formation is primarily through fractures, such as joint systems, 
rather than through connected pores. In addition, the reproducibility of 
such determinations is not very good. This is usually ascribed to their 
sensitivity to the details of sample preparation, homogeneity, and liquid-
solid reactions. 

A somewhat more realistic, although more elaborate, experimental approach 
is to flow tracer solutions through core samples under pressure, counting 
both influent snd effluent. Some potential disadvantages of this method are 
expense, ihe relatively small number of samples that can reasonably be pro
cessed, and difficulties in obtaining representative samples. It should be 
noted that the sampling problem is inevitable with all experimental investi
gations. Even with the most careful techniques, the confidence in extrapo
lating experimental data will depend on the homogeneity of the formation and 
the number and locations of samples taken. 

Some information on the probable effects of reactions of type (3) can 
be gained from equilibrium constants. As previously mentioned, some such 
constants exist in the literature. ' ' In cases where they have not been 
determined, it is possible to estimate them by various thermochemical tech-

17 1ft niques, making use of whatever information is available. * 
In summary, the state of understanding and ability to predict the ef

fects of salinity on the sorption of dissolved radioactive trace element 
species by minerals is not at all satisfactory. Each system is a complex of 
many interactions, and is best treated as a special case. These interactions 
could doubtless be clarified to any desired extent, if sufficient effort were 
made. Usually, a combined experimental and theoretical approach is most pro
ductive. Since the number of potentially toxic elements does not appear large, 
and if possible aquifer formations can be identified, it appears reasonable 
and necessary to carry out sorption studies. With the above qualifications 
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as to the precision and accuracy to be expected, i t is s t i l l possible to set 

useful l imits on the effects of high saline solutions. 

References 

1. D. D. Jackson, Radiochemical Studies for the Nuclear Chemical Mining of 

Copper, Lawrence Livermore Laboratory, Rept. UCRL-52025 (1976). 

2. D. Rancon, Practical Use of the Distribution Coefficient in Measuring 

the Radioactive Contamination of Minerals, Rocks, So i l , and Underground 

Water, Cadarache Nuc. Res. Cent. CEA-R-4274; ANL-TRANS-931 (1972). 

3. 5. J. Lefond and C. H. Jacoby, "Salt ," in Industrial Minerals and Rocks, 

S. J. Lefond, ed., Am. Inst. Hin. Met. Pet. Engr., 4th ed. (1975). 

4. H. S. Harned and B. B. Owen, The Physical Chemistry of Electrolyt ic Solu-

tions^, Am. Chem. Soc.Monograph Series, Reinhold Publishing Corp., New 

York, N.V., 3rd ed. (1958). 

5. W. C. McClain, T. F. Lomenick, and R. S. Lowrie, Geologic Disposal Evalu

ation Program, Semiannual Rept. for Period Ending March 31, 1975, Oak 

Ridge National Laboratory, Rept. ORNL-5052 (1975). 

6. J. Bjerrum, G. Schwarzenbach, and L. G. S i l len , Stabi l i ty Constants of 

Metal-ion Complexes, with Solubi l i ty Products of Inorganic Substances, 

Part I I : Inorganic Ligands, London: The Chemical Society, Special Pub

l icat ion No. 7 (1958). 

7. R. A. Robinson, "The Osmotic Properties of Aqueous Sodium Chloride-Cesium 

Chloride Mixtures at 25°C," J . Am. Chan. Soc. 74, 6035-6036 (1952). 

8. S. J. Ashcroft and C. T. Mortimer, Thermochemistry of Transition Metal 

Complexes, Academic Press, New York, N.Y. (1970). 

9. G. W. Moore, "Geologic Significance of the Minor-Elonent Composition of 

Marine Salt Deposits," Econ. Geol. 66, 187-191 (1971). 

49 



10/11/76 -8 

10. D. H. Cupfer, "Structure of Sal t i n Gulf Coast Domes," i n Symposium 

on S a l t , A. C. Bers t icker , e d . , The Northern Ohio Geological Society, 

I n c . , Cleveland, Ohio (1961). 

11. W. L. Mc ln t i r e , "Trace Element P a r t i t i o n Coeff icients—A Review of 

Theory and Appl icat ions to Geology," Geochim. e t Cosmochim. Acta 27, 

1209-1264 (1963). 

12. I . V. Melikhov, " Inves t iga t ion of the Transfer of Microelements from 

the L iquid to the Sol idPhase," i n Coprecipitai-ion and Adsorption of 

Radioactive Elements, V. H. Vdovenko, e d . , English t rans , by Israel 

Program fo r S c i e n t i f i c Trans la t ions, Jerusalem (1967). 

13. A. W. Adamson, Physical Chemistry of Surfaces, 2nd ed. (1967). 

14. E. Ma t i j ev i c , e d . , Surface and Co l lo id Science, Vol . 4 , John Wiley & 

Sons, I n c . , New York, N.Y. (1971). 

15. K. B. Ya ts im i rsk i i and V. P. Vas i l ' e v , S t a b i l i t y Constants o f Complex 

Compounds, English t rans, by Consultants Bureau, New York, N.Y. (1960). 

16. J . J . Christensen and R. M. I z a t t , Handbook o f Metal Ligand Heats and 

Related Thermodynamic Quant i t ies , Marcel Dekker, I n c . , New York, N.Y. 

(1970). 

17. R. M. Garrels and C. L. Ch r i s t , So lu t ions , Minerals, and E q u i l i b r i a , 

Freeman, Cooper and Co., San Francisco, Ca. (1965). 

18. J . Lewis and R. G. Wi lk ins , e d . , Modern Coordination Chemistry, Pr in

c ip les and Methods, Interscience Publ ishers, New York, N.Y. (1960). i 

D. Jackson 

DJ/bh 
D i s t . : J . Frazer 

D. M i l l e r 
R. Schock 
D. Emerson 
H. Weed 
R. VanKonynenburg 
J . Cohen 

50 



4 ?<4, / 
SUBJECT: A River, Estuary, and Ocean Liquid Pathway Study for 
Dispersal of Radioactive Materials and the Subsequent Dose to Man. 

ABSTRACT 

The previous pathway analysis (Ref. 1, Appendix B and C) 
is modified to include estuaries and oceans. Calculations are 
simplified by the assumption of steady-state conditions since 
the width of pulses from repository waste are large. The 
calculation of doses is expanded to include the averaee man, 
the maximum man, and the population. 
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CONCENTRATION EQUATIONS 

The concentration in the water changes as it flows 
from the river to the ocean. The processes reducing concentra
tion include dilution by mixing, sedimentation, radioactive 
decay, and removal of water and food products by man. Figure 
1 illustrates the water model and lists the exposure pathways 
to man > 

SRniMENiAimri 
IIAtnuACTIVC DECAY 

AQUATIC FOOD 
DRINKING WATER 
IRRIGATION 
SWIMMING 
SHOIIEIINE j 1 

&UtM£MATtOti 
RADIOACUVE JMCAi 

GENERAL BACKGROUND 
COMMENT RATIO* 

• AVEBAUE MAW 
• MAXIMUM MAN 
• T01AI POPULATION 

Figure 1 Water and Food Pathways Model 
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1.1 TIME DEPENDENT EQUATIONS FOR THE ESTUARY AND OCEAN 
PATHWAY 

The full time-dependent concentration equation for 
nuclide j in the estuary is given by 

dCE 
dt i- -[^ +T 

* fe] "i * 
"N A - " 

P B i CPE. + 
J 

" V S E " 
d K . v E * fe] "i * [\ J 

CPE. + 
J 

" V S E " 
d K . v E 

for people 

CSE j (1.1-1) 

^7 CPE, at j [A. + \ 0 1 CPE . + 3 B.J . IWE.CE. (1.1-2) 

for sediment, subsoil, etc. 

4+ CSE. dt j i VSE* CSE. + 
DE ASE CE, (1.1-3) 

These equations follow closely the notation and the analysis 
in Ref. 1, pp. C-ll and C-12. There are three differences. 

• T is the flushing time for the estuary 
where F T = the total quantity of fresh 
water in the estuary at hipch tide. 
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• The water is assumed too salty for drink

ing or irrigation. Here IWEH represents 
the intake of aquatic food only. 

• Diffusion to the sediment and subsoil 
must be altered to take account of physi
cal, chemical, and biological properties 
specific to the estuarine region. 

The time-dependent concentration equation for nuclide 
3 in the ocean is given by 

=-h +y<v[^] c EJ ( i i _ 4 ) 

where 

V = effective ocean volume, o 
V-, = estuary volume at high tide. 
T - flushing time, or residence 

time for coastal waters. 

Plume concentration equations for the ocean have been 
given in Eef. 2 and Hef. 3, Using these or utilizing site-
specific data a mean concentration fcr the near-shore plume 
may be calculated, CPLj. The need for this calculation depends 

heavily on the variation of fish concentration in the coastal 
ocean. Typically fish concentration falls off rapidly as the 
distance from shore increases, so that plume dynamics become 
important. 

Typical values for the parameters in the concentration 
equations appear in Appendix A. 

54 



"A 2*4.3 
1.2 STEADY-STATE EQUATIONS TOR THE RIVER, ESTUARY. AND 

OCEAN PATHWAYS 

For the river, 

CW. j>o + F XJ = FNC.(N) + ? I + F R CT. (1.2-1) 

where FNC.{N) represents the inflow from the aquifer. It is 
assumed that X. is small and that the sediment comes quickly to 
equilibrium. Similar simplification can not be madt for the 
top-soil since it is not assumed to reach equilibrium. The top-
soil concentration is calculated from 

CT. = CIS. J d 
1-e • V b 

where for now t. = 50 years, and 

For sorption constants equal to 1 or 10" equilibrium may be 
g safely assumed. However, for K. = 10 a more explicit modeling 

of the soil retention is required to avoid results that are 
much too conservative. 

For the estuary, 

CE, [ « • F oC W j 
(1.2-3) 
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and for the ocean, 

COi J j + Vo] " [£]«j (1 .2 -4 ) 

Since the residence time f^r the ocean is much longer than for 
the estuary, radioactive decay is included in the ocean equation. 
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2. AVERAGE MAN AND MAXIMUM MAN DOSE CALCULATIONS 

Doses are calculated by multiplying pathway concentra
tion by effective food intake and by the 50-year dose conver
sion factor. A discussion of the 50-year dose conversion factor 
is given in Appendix B. The effective intake equations, Ref. 1 
pp. C-16 and C-18, are modified as follows. 

The average or maximum man's diet of aquatic food is 
broken down by pathway. 

?(iij) = the fraction of food product i (fish, crus
tacean or mollusk) consumed in pathway j (river, estuary, plume, 
or ocean). 

F(i.j) = 1 

One way to generate F(i,j) is to assume that the amount of 
aquatic food i caught in pathway j divided by the total catch 
of i for all pathways equals P(i,j). More conservative assump
tions are possible and will be investigated. 

For the estuary and ocean,salt-water bioaccumulation 
factors are used. 

Parameters necessary for the above calculations as well 
as average and maximum man usage factors are tabulated in 
Appendix C. 

F 
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3. POPULATION DOSE CALCULATION 

Population dose is normally calculated via an assumed 
population within a 50 mile radius of the contaminated region. 
For calculations far into the future this is somewhat more 
difficult. An alternative procedure is used which eliminates 
the need for population statistics. 

Total vegetable intake is limited by the amount of 
contaminated irrigation water used. This amount is in turn 
limited by the river or lake's flow rate. An effective popu
lation is calculated with the following assumptions. 

• All members of the population are 
adults 

• The population eats an average diet 
grown entirely on contaminated soil 

Hence, 
9 

P = FM/£(VC(K)/A(K)) (3-1 
K=l 

and 

A(K) = Y(K)/IR(K) G(K) (3-2) 
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where 

P = the effective population 
VC(K) = average yearly intake of 

vegetable K (kg/yr) 
A{K) = number of kg of vegetable 

K produced per liter of 
irrigated water per year 

2 

1R(K) = i r r i g a t i o n r a t e (J?/m day) 

Y(K) = Yield (kg/m 2 ) 

GCK) = growing period (day/yr) 
FM = irrigation flow rate for 

food eaten directly by 
man. (Sl/yr) 

Intake of radionuclides from animal products is due 
to animal ingestion of contaminated water and/or feed. The 
contribution to man's dose from animal products other than 
milk is generally negligable \vhen compared to man's dose from 
drinking water or milk. For the milk pathway about 94% of 
the contamination is due to cows eating feed rather than cows 
drinking water. Thus it is fairly safe to base the popula
tion dose from animal product intake on an irrigation rate, 
FA, for animal feed. Since FA plufa FM must equal thp total 
irrigation rate, a limit is set on the population dose. 

For fish consumption, the data in Appendix C on fish 
yields from estuaries, rivers, lakes and the ocean are used. 
Since the productivity of aquatic food products is limited, 
substantial changes in these yields are not expected. Conser
vative estimates where warranted have been taken. 

59 

file:///vhen


A .2-̂ /0 

For the drinking water, shoreline, and swimming path
ways the data from Ref. 4 has been used: 

• Average river drinking water usage 
was 618 x 10 3 people. 

• Average lake drinking water usage 
was 2 x 10° people. 

• Swimming and boating usage was 
0.14 hours/acre-day. 

•aJk 
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APP&NDIX A 

PHYSICAL AND DYNAMIC DATA FOR THE 
RIVER, ESTUARY, AND OCEAN 

A.l RIVER PLOW,RESIDENCE TIMES AND VOLUMES 

A.2 

T = 2.5 days 
VE = 2.6 X 10 9 H 3 

F o s 3.8 x 10 3 

sec 
T o » 122 days 

V 
0 

s 6. x 1 0 1 2 M 3 

PLUME DATA 
Ocean Velocity U 
Plume Depth d 
Plume Area A . 
Mean Plume Concentration 

Pi 
CPL, 

1 5 C M sec 
20 M 
1.25 x 1 0 1 0 M 2 

I IOXTXF J CE, 

For site specific calculations, Ref- 2 

CPL.j(X,Y) = 
C EJ V E 2 -A.x 

e x p (JDt- ) e x p ( u > 
2d •yTTuxD 

D = lateral dispersion coefficient 
X = distance parallel to current 
Y • distance normal to current 
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APPENDIX B 
DOSE FACTORS FOR CHRONIC EXPOSURE 

The appropriate equation for the calculation of 
50-year dose factors for chronic ingestion of radionuclides 
is, 

D5o . 1 8 . ^ S B S ^ 

where 

D50 = 50-year dose factor (rgfjyp) 
f = the fraction of the ingested 

nuclide reaching the organ 
of interest 

m = mass of the organ in grams 
e = effective energy of the nuclide 

in the organ under consideration 
(MeV/dis) (rem/rad) 

A = (0.693/BHL + 0.693/AHL) 365 days/ 
year 

BHL = biological half-life for the 
nuclide in the organ (days) 

AHL = atomic half-life for the nuclide 
(days) 

Our procedure has been to calculate dose factors 
using those already tabulated and multiply by a dose 
accumulation factor, ftef. 5, 

The dose factors tabulated represent one year's 
accumulated dose from a single intake of radionuclides on 
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the first day of the year. The equation used is, 

The dose accumulation factor is, 

DAF = 50 + l-e~5°* (B-3) 
l-e~* (l-e~*) (1-e*) 

For the range of \ considered the two methods yield 
virtually identical answers. By substituting (-X) for (1-e ) 
in equation (B-3) the two calculations become identical. 
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APPENDIX C 

STANDARD USAGE FACTORS FOR 
AVERAGE AND MAXIMUM MAN 

Except where noted average and maximum diets were based 
on Ref. 6. These are 

C.l AVERAGE DIET 

Milk 110 ei/yr 
Fish 6.9 kg/yr 
Seafood 1.0 kg/yr 
Water 370 2i/yr 
eggs 487 eggs/yr 
Berries • 5 kg/yr 
Melons 7 kg/yr 
Orchard 43 kg/yr 

/.5 kg/yr mollusk 
\.5 kg/yr crustacean 

Grain (wheat)50 kg/yr 
other 4 kg/yr 
Beef 
Poultry 
Pork 

39 kg/yr 
17 kg/yr 
39 kg/yr 

Leafy 
O.A.G. 

5 kg/yr 
5 kg/yr 

Hoots 
Potatoes 

28 kg/yr 
44 kg/yr 

Shoreline 8.3 hr 
Swimming and boating 
5 hr, Ref. 5 
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C.2 MAXIMUM DIET 

Milk 
Fish 
Seafood 
Water 
Eggs 

310 l/yv 
21 kg/yr 
5 kg/yr i 

730 H/yr 
730 eggs/yr 

2.5 kg/yr mollusk 
2.5 kg/yr crustacean 

Berries 10 kg/yr 
Melons 14 kg/Yr 
Orchard 90 kg/yr 
Grain (wheat)113 kg/yr 
Other 12 kg/yr 
Beef 
Pork 
Poultry 

45 kg/yr 
45 kg/yr 
20 kg/yr 

Leafy 
O.A.G. 

32 kg/yr 
32 kg,yr 

Roots 
Potatoes 

86 kg/yr 
131 kg/yr 

Shoreline 12 hr/yr 
Swimming and boating 
200 hr, Ref. 5 
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C.3 AQUATIC FOOD HARVEST 

River Estuary and 
Near-Shore 

Ocean Lake 

Fish 

Mo Husk 

Crustacean 

1.5 x 10 5 1.2 x 10 7 

4.5 x 10 6 

1.7 X 10 6 

2. x 10 8 7.5 x 10 6 Fish 

Mo Husk 

Crustacean 1.0 x 104 

1.2 x 10 7 

4.5 x 10 6 

1.7 X 10 6 

Fish 

Mo Husk 

Crustacean 1.0 x 104 

1.2 x 10 7 

4.5 x 10 6 

1.7 X 10 6 

Weights all expressed in edible lb. 
Fish productivity in estuary = 4.6 x 10 —g-

m 
Fish productivity in the ocear = 1.3 x 10 -3 lb 

m 
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FUNDAMENTAL DOSE EQUATION 

II DOSE = (CONCENTRATION) • (USAGE) • (DOSE CONVERSION FACTOR) 

Ripr ~ cip D p Dipr 

CONCENTRATION EQUATION 

-D_ c(i) = A(i) . c(i) 

where 
B ( i ) .= FLOS FROM PATHWAY q TO PATHWAY p. pq 

/ ( l ) = FLOW OUT OF PATHWAY p. PP 

PATHWAYS TO MAN 

A. LAKE, RIVER, ESTUARY, OCEAN 

INGESTION 
AQUATIC FOOD RECREATION EXPOSURE 
DRINKING WATER TOPSOIL EXPOSURE 
IRRIGATED VEGETABLES 
ANIMALS 



NUCLIDE DEPENDENT 

AJ 

\ 
K. 

3 

BF. B C . , BM. 
3 

CV. 

CA. 
J 

B . 
J 

S j 

PARAMETERS IN EQUATIONS 

ATOMIC HALF-LIFE 
BIOLOGICAL HALF-LIFE 
RETENTION FACTORS 

B T' "CUMULATION FACTORS FOR FISH, CRUSTACEAN AND MOLLUSK 

PLANT CONCENTRATION FACTOR FOR WATER 

ANIMAL CONCENTRATION FACTOR FOR WATER 

PLANT CONCENTRATION FACTOR FOR SOIL 

TRANSFER COEFFICIENT FOR ANIMALS 



I I . NUCLIDE INDEPENDENT 

F A 

F o 

F I ' F E ' F R 

V, Vg, V T > Ag, A T 

D, U 

PARAMETERS IM EQUATIONS 

AQUIFER FLOW 

OUTFLOW FROM WATER SYSTEM 

IRRIGATION, EVAPORATION, AND RAINFALL RATE 

VOLUME ARD AREAS OF WATER SYSTEM, SEDIMENT 
AND TOPSOIL 

DIFFUSION AND SEDIMENTATION RATES 

lb 



PARAMETER 

AHL 

NUCLEAR INVENTORY 
BHL 

BF, BC, BM 

3yBy C V c v i 
Ffl = AQUIFER 

F Q = RIVER 

F r = IRRIGATION 

F R = F E 

SOURCE OR VALUE 

LLL 
LLL - ORIGEN 
BNWL-1927 
RADIOACTIVITY IN THE MARINE ENVIRONMENT 
TttE COtuMBtA RlVER ESTUAR? 
IMPACTS OF NUCLEAR RELEASES INTO THE 
AQUATIC ENVIRONMENT 

RADIONUCLIDES IN ECSSYSTEMS 
YEAR 2000 STUDY 

NRC REGULATORY GUIDE 1.109 
BNWL-1927 

HYDROLOGY PROGRAM 

3.8 « 1 0 3 ^— sec 

10% F Q 

18.5 in/yr 



PARAMETER 

T = RESIDENCE TIME 

VT = TOPSOIL 

VE = ESTUARY 
TO = OCEAN 

U = SEDIMENTATION 

AVERAGE DIET 
MAXIMUM DIET 
FISH PRODUCTIVITY 

SOURCE OR VALUE 

LAKE I YEAR 
OCEAN 122 DAYS 
RIVER 30 DAYS 
ESTUARY 2.5 DAYS 
Fj • 1 YEAR 

2.6 • I0 9 M 3 

6.0 » 10 1 2 M 3 

LAKE (g"g| CM 

ESTUARY ( 5 CM 
10 YR 
(30 

NRC REGULATORY GUIDE 1.109 
NRC REGULATORY GUIDE 1.109 
DRAFT LIQUID PATHWAY GENERIC STUDY 
THE COLUMBIA RIVER ESTUARY AND ADJACENT 
OCEAN WATERS 
THE FISH RESOURCES OF THE OCEAN ,^ 

u 



SENSITIVITY 

x v MAXIMUM INDIVIDUAL 
P """*—-.AVERAGE INDIVIDUAL 

CRITICAL PATHWAYS 
a. AQUATIC FOOD 
b. VEGETABLE, ANIMAL, DRINKING 
c. EXPOSURE 

C1P 

a F -LINEAR 
° ~I09 - 1 0 1 1 M 3 

YR 
b. Fj -LINEAR FOR VEGETABLE, ANIMAL IN POPULATION DOSE 

c. U, K.-^ESTUARY 
3 'LAKE 
X •RIVER 

SHORELINE 
J •—. TOPSOIL 

^ 



PATHWAY ANALYSIS 

IODINE 
THYROID 
DOSE 

FISSION 
GI-LLI 
DOSE 
I05 YEARS 

ACTINIDE 

AQUATIC 
FOOD ANIMAL 

58% 26% 

92% 4% 

4?% 25% 
DOSE 
105 YEARS 

DRINKING 
VEGETABLE WATER 

8.5% 7.5% 

1.5% 

16% 14% 
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A "hi* I 
RE: Hydrologic/Geologic Parameters Variation 

Basic Model - Shale and Salt 
Repository 

Fracture Zone Around Shafts and Horizontal Tunnels: 
a. Geometry: Fracture zones around shafts and horizontal 

tunnels is estimated not to exceed twice the diameter plus 
6 meters without a seismic event and three times the diameter 
plus 6 meters with a seismic event. For this preliminary 
model, assume shafts and tunnels have a 10m diameter. 

b. Occurrence: For this initial model, assume that the 
probability of the fracture zone occurring is 100%. To 
be conservative, use the fracture zone with a seismic 
event. Since the fracture zone would probably stabilize 
within about 100 years, assume it forms immediately and 
is not time variable. 

c. Permeability and Porosity: Ave. Permeability of Fracture 
Zone; K ~ 10~ 5 cm/soc. 
Range of Permeability: 10"-6 to 10 3 cm/sec. 
Porosity: n = 0.02 

d. Hydrologic Model - See Figure 1A 
Path e-d: Length: thickness layer 5 

Perm. & Porosity: layer 5 
Area: horizontal area of repository, 

use 10 x 10 6 m 2 

Path d-c. Length: half thickness layer 4 
Perm. & Porosity-' layer 4 
Area: 10 x 10 6 m 2 

Path c-d: Length: average path of 1500 m 
Perm. St. Porosity: K = 10~5 cm/sec. 

„ n = 0.02 
Area: 30,000 m 

Path b-a: Length: half thickness of layer 4 and thickness 
of layer 3 = 
Perm. & Porosity: K = 10" cm/sec. 

n = 0.02 
Area: 1900 m (assumes two shafts) 

New Borings: 
a, Geometry: Assume all borings have an effective diameter of 

0.3 meters and extend from the surface to layer 6. Con
sider five boring*: (minimum program) and fifty borings 
(expanded program). 
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A^'9-cJ-
Ottctiirritiu'f: l''or l.his pre I inii nnry model, ussuitu' tliuL all 
borings are properly sealed initially and remain intact for 
1,000 years. After 1,000 yems the seals gradually de
teriorate to essentially a fine sand after another 2,000 
years. 
Permeability and Porosity: 
1. Initially to 1,000 years —6 10~ cm/sec. 

1,000 to 3,000 years 
log of permeability 

K = 
n = 0.01 

On a nature scale of time versus 
->m log of permeability K linearly increases fJ 

1 0 - 6 cm/sec. to 1 0 - 3 cm/sec. Porosfty lines. 
increases from 0.01 to 0.1. rly 

' d. Hydrologic Model Without Shaft and Tunnel Fracture Zone: 
Virtually no effect on basic model. 

e. Hydrologic Model With Shaft and Tunnel Fracture Zone - See 
Figure IB. 

Path e'-d'-c': Length: thickness of layer 5 plus half thickness 
of layer 4. 
Perm. & Porosity: See o above 
Area: 1.5 m^ (minimum) 

15 m 2 (max.) 
Path e-d: 
Path d-c: 
Path c-b: 
Path b-a: 

See 1(d) 
See 1(d) 
See 1(d) 
See 1(d) 

Subsidence: It is recommended that as a first approach, until 
quantified limits can be derived, that it be assumed there will 
be no subsidence due to the excavation of the shafts or tunnels. 
This can be justified on the assumption that horizontal separa
tion of the storage tunnels will be greater than or equal to 
ten times the diameter of the tunnels and that their depth of 
burial is not less than 300m, and that all tunnels and shafts 
are completely backfilled. 
New Faults with Fracture Zones Around Shafts and Tunnels: 
a. Geometry: For this initial model, it is assumed that all 

faults are vertical, intersect the repository, and are 
continuous between layers 2 and 6. 
Occurrence: LLL will supply data on probability of occurrence 
of seismic events. Conservatively it should be assumed that 
each event can produce a fracture zone which is 0.5 meters 
in width. 
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c. Permeability and Porosity 
Ave. Permeability 
Rar.ge of Permeability 
Porosity: n = 0.1 

_3 K = 10. cm/sec. 
10" 4 to 10~ 2 cin/sec. 

Hydrologic Model - See Fig. 1C 
1. Unfaulted Fraction of Repository: 
Path e'-d'-c': Length: thickness of layer 5. plus half 

thickness of layer 4 
Permeability and Porosity: See (c) above 
Area: 1,500 m 2 for each pervious fault 

Path e-d See 1(d) 
Path r»-C See 1(d) 
Path c-b See K d ) 
Path a-b See 1(d) 
2. Faulted Fraction of Repository: (This applies only to 

those canisters directly intersected by the fault; 
unless the fault becomes very wide this pathway may be 
insignificant). 

Path g-h: Length: Total thicknesses of layers 3,4,5 
Permeability and Pojosity: See (c) above 
Area: 1,500 m for each pervious fault 

5. Undetected Faults - to be sent 
6. Faults and Shaft Fracture Zone Without Horizontal Tunnel Fracture Zone: 

To consider these cases, input the following for pathway t— b: 
Length: 3,000 m 
Permeability: Horizontal of layer 4 
Porosity: Layer 4 
Area: 30 x 10 3 m 2 (10 meters by 3,000 meters) 

7. Hydraulic Gradients: Along any pathway between layers 2 and 6 
(aquifer layers), the product of permeability, hydraulic-
gradient and area (KiA) must be constant to satisfy conservation 
of mass. In the case where two pathways join, the sum of 
KiA along two pathways must be equal t-i the KiA after the path
ways join. TASC to contact Golder for specific input gradients. 

Laver 2 _ _ ! t . i ! j E 

Laver 3 
_ _ ! 

b c b c. c ' b c c' 
Layer 4 

b 
t\ d <i* 

b 
d — Id' 

Layer 5 e e e' ,..., e.. l h 
1A 

Figu re 1 

B3 

IB 1C 



KK: Addendum to February 15 Memo " 4* 4-uAf. 
Hydrologic/Geologic Parameters Variation 

Model - Shale and Salt^ 
Keposi tory 

Undetected Faults: 
a. Geometry: Same as for new faults 
b. Occurrence: 

1) In a flat lying, non-teutonic aroa, assume 
the probable number of existing faults is 
6 to 12 faults per square kilometer. Of 
these, the probable range of fault sixes is 
as fo11ows: 
Fault Size Probable Number 

(meters) (per sq . Kilomet a r_) 
under 0.3 5 to 10 
0.3 to 3 0.5 to 1 
3 to 30 0.05 to 0.1 
greater than 30 0.005 to 0.01 

2) We estimate that the probability of undetected 
steep angle faults in a flat lying, non-tectonic 
area is as follows: 

Probability of Lack of Detection 
Without Borings ~ With Borings 

Fault Size (Air-photo & (50 Deer Holes) 
(meters) Field Mapping) 

un :er 0.3 70-100% 50-80% 
0.3 to 3 60-70% 
3 to 30 30-60% 

30-505. 
2Q-3Q'; greater than 30 10-30% 10-2 

Permeability and Porosity: 
Fault Size Permeability 
(meters)_ Ĉ mysec,_)__ Porosity 

under 0.3 10~ 5 0.02 
0.3 to 3 5 x 1 0 - 5 0.04 
3 to 30 1 0 - 4 0.05 
greater than 30 10-3 o.l 
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d. Hydrolocit: Model: same as for New 1'aults 
9. Mine llaekfil] Deterioration: 

a. Geometry: Assume :otal area of vertical shafts is 
157 m 2 and the total area of the horizontal tunnels 
is 5000 m . 

b. Occurrence: Initially the mine backfill has a per
meability equal to the in-situ repository rock. After 
3 000 years, the fill begins to deteriorate to essentially 
a fine sand after another 2000 years. 

i:. Permeability and Porosity: 
1) Initially to 1000 years - same as in-situ rock 

(no aI feet) 
2) 1000 to 3000 years: On a natural sc;;je of time 

versus log of permeabi1ity, K linearly increases from 
initial to 10~3 cm/sec. Porosity linearly in
creases from initial to 0.1 

d, Hydrologic Model - See Figure ID 
Essentially identical to case 1 (Fracture 3one 
Around Shafts and Horizontal Tunnels) except for: 
c-f: Length - average path of 1500 m 

Perm. & Porosity - See (c) above 
Area - 5000 m 2 

f-g: Length - half thickness of layer 4 and 
thickness of layer 5 

Pc;rm. & Porosity - See (c) atove 
Area - 157 m Z 

{Note: In the limiting case after 3000 years, the 
pathways through the fracture zone around the shafts 
and tunnels can be ignored. Assume complete mixing at 
nodal point c. ) 

10. New Borings: 
The case presented in our Feb. 15 memo is the limiting case of 
the boring becoming pervious below the repository level while 
remaining sealed abr.ve the repository level. 
Another limiting case would involve the boring becoming pervious 
above the repository level while remaining sealed below. The 
obvious caie cf the boring becoming pervious throughout is 
less critical. 
Although less likely, a more critical limiting case would 
involve the tunnel backfill intersecting the borings. Should 
the borings become uniformly pervious, water would flow up
ward to the backfill, be somewhat dispersed, and flow out 
up through the borings. This limiting case is shown on 
Figure IE and discussed below. We recommend for the initial 
model run that this case be analyzed. 
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i l . 

b. 
c. 
d. 

(JI'OIIK'I i"y: S.iim 
Occurrence: Sami-
permeability and Porosity: Same as in Feb. IS memo, 

with -shaft and tunnel fracture: 

.i.s i ii Feb. 15 im >„ 
as in Feb. 15 memo. 

Hydrologic model 
See Figure IE 

Path f-c: Length :kne.ss Thickness of layer 5 plus hail 
of lay.-r 4. 

Perm. & F .-rosily - See (c) above. 
Area - 1.5m (minimum) 

15m (maximum) 
Path o-«: LenRth - Thickness of layer 3 plus half thickness 

of laypr 4. 
I'e.-rm. & Porosity - See (c) above. 
Area - 1.5 tp (minimum) 

15 m^ (maximum) 
Other Paths: Identical to basic model with fracture Zone 

around shaft and tunnels. 
(Note Assume complete mixing at nodal point c.) 
lied rock Pathways: 
For simplicity, the models shown in this memo and the 
February t5 memo do not show a pathway from the repository 
up to layer 2 through the undisturbed bedrock layers. As 
discussed with Ben Ross, all models should have a pathway 
from the repository to layer 2 as follows: 
Uepository to Layer 3: 

Length - Half the thickne.ss of layer A 
Perm. & Porosity - Layer 4 
Area - 1 x 10 7 m 2 

Layer 3 to Layer 2: 
Length - Thickness of layer 3 
Perm. & Porosity - Layer 3 
Area - 1 x 10 7 mT 

Layer 2 

Layer 3 
Layer 4 b 

Layer 5 
i Layer 6 

-be - c 

ID 

Figure 1 

J 
IE 

_l 
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SUBJECT: Calculation of Rate of Formation 01 raw Faults *4.2*7 

The following transition rates for faulting per square kilometer are 
used 1n the TASC model: 

Minimum: 10" yr.~ km" 
Maximum: 10" 

Preferred value: 10" 

For thf special purpose of estimating events that may affect failure 
of the isolation system, 1 have defined "faulting" as an event that 
causes changes in water table, fracturing, or cracks in the ground. 
These features define earthquakes of intensities of VIII and higher 
on the Modified Mercalli scale'*'. Published and widely accepted 
probability estimates can be used. 
Estimates of earthquake intensity and frequency'2' list the following 
expected numbers of intensity VIII earthquakes per 100 years per 
100,000 km2. 

All United States 1.67 per 100 yrs per 10 5 km 2 

East Coast 0.23 
California and 
Western Nevada 6.72 

United States (except 
Calif, and W. Nevada; 
Mont., Idaho, Utah, 
Arizona; and Puget 
Sound, Wash.) 0.40 
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The fast Coast value was used to calculate a minimum transition rate; 
California and Nevada was used for the maximum; and the U.S. excluding 
the 3 most active seismic areas was used for the preferred value. 
Some assumptions are necessary if these data are to be used for our 
purposes, that: 

1. Recurrence rates for 100 years can be extrapolated to 
transition rates over much longer periods. Excluding 
the most active areas, this appears justified as a 
first approximation, on the basis of past geologic 
history and the tectonic framework of the country. 

2. earthquake centers are randomly distributed, as are 
the "faulting" (as defined) effects. 

These assumptions have been made by others in calculating earthquake 
risks and transition rates"'. 
Calculation of transition .rate. 
Intensity VIII frequency data can be converted to a yr-* km _2 rate 
value, and then an estimate must be made of frequency and area 
affected by more severe earthquakes. Consideration of published .»» 
discussion of frequency vs. severity and severity vŝ . area affected' ' 
indicate that multiplying by a factor of 1.S will account for most 
of the more severe earthquakes, as follows: 

MM VIII per 100 yrs 10_5km£ Earthquake Transition Rate 
Minimum 0.23 x 1.5 x 10" 7 = 4 x 10" 8 yr* 1 knf 2 

Maximum 6.72 x l.S x 10"' = 10"c 

Preferred 0.40 x 1.5 x 10" 7 = .6 x 10* •7 

Reduced to Drder-of-magni tude, these are: 

Minimum 
Maximum 
Preferred 

10" 8 y r" 1 

i o - 6 

ID" 7 

km" 2 

Comparison with other estimates 

With underground workings under nearly 10km, and a total reservation site 
area nearly 100 km 2 I", transition rates for these areas can be compared 
with an earlier estimate for occurrence of a large earthquake: 
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A^'J^J 

2 2 ? S' t e 

per km per 10 km per 100 kjiT estimate (6) 
Minimum 10* 8 yr' 1 10" 7 yr" 1 10~ 6 yr" 1 'O' 6 yr* 1 

Maximum 10" 6 10" 5 10~ 4 10~ 4 

Preferred 10"' 10* 6 10~ 5 10" 5 

Another report quotes an estimate for a damaging earthquake at a "generic 
eastern site" at 2 x !Q-» yr" 1 km" 2 V'. 

NOTES 
1. tkien, E. B. et a\_. "Geologic and Hydrologic Considerations for Various 

Concepts of High-Level Radioactive Waste Disposal in Conterminous 
U.S.", U.S.G.S. Open-File Report 74-158. 7974 

Table 10, (p. 177) lists as some of the criteria for intensity VIII:--
"Sand and mud ejected in small amounts. Changes in well water—" 

For intensity IX: "--ground cracked conspicuously. 
Underground pipes broken.--" 
For intensity X: "--ground badly cracked. Rails bent--*" 
For intensity XI: "--Bridges destroyed. Broad fissures in ground. 
Underground pipelines completely out of service. — " 

For intensity XII: "Damage total. Waves seen on ground surfaces.—" 
{Quoted original reference: Coffman, J. L., and Von Hake, C.A., 
"United States earthquakes, 1970," U.S. Dept. of Commerce, 
N.O.A.A., Silver Springs, HD., 81 pp., 1972. pp 4-7..) 

2. Ekren, E. B., et al. 1974, Table 13, p. 184, modified from original: 
Algermissen, S.~T., Seismic Risk Studies in the U.S., in 4th 
World Conf. Earthquake Eng. Proc: Asociacion Chilena de Sismologia 
e Ingeneria Antisismica, Santiago, V. 1, p. 14-27. 1969 

3. Battelle Northwest Laboratories, High Level Radioactive Waste Manage
ment Alternatives, "BNWL-1900, pp. 3.27-3.26, 1974, shows calcula
tions of earthquake frequency for specific areas, and, in: 
Lawrence Livermore Laboratory, "Determination of Performance 
Criteria for High-Level Solidified Nuclear Haste, "LLL-NUREG-
1302, np 127-131, 1977, these data are used for transition 
rates in a Markov chain analysis. 
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4. larger magnitude earthquakes are less frequent than smaller ones 
(Press, F. and Si ever, R., Earthy Freeman Co., San Francisco, 
Table 19-1, 1974, quoted in LU-NUREG-1002, p. 130): and in 
BWL-1300, p. 3.?8, area affected « . magnitude is discussed. 
A combination of these leads to an* estimate of 1.5 x Number of 
Intensity VIII earthquakes X &rea affected = Total earthquakes 
VIII to XII x area affected. Larger magnitude earthquakes, 
while much less frequent, affect larger areas. 

5. Office of Waste Isolation, "National Waste Terminal Storage Program 
Informational Meeting, "Y/OWI/TM-11/1, p. 6-3, 1976 illustrates 
ideali/ed control zones of about 2000 acres (1 mile radius) for 
underground workings, surrounded by about 16,000 acres (2 n.'-"? 
annulus) where all openings would be- plugged and all drilling 
and mining would be controlled. ,. 
Converted to S.I. units, these areas are 8.1 km and 64.8 km , 
a total of 72.9 ton'. For purposes of this report, these are 
listed as orders-of-magnitude 10" and 10 2 km 2. Other estimates 
of the required outer controlled zone huve been about a 1 mile 
annul us (total of about 8000 acres, or 32.6 km 2). 

6. UL-NUREG-1002, p. 128. 
7. BNKL-1900, p. 3.28. 

DT:ky 
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B. S c i e n c e 

1. Jni t j . i l i-avity rtt-.*'-J<•!-»'! from solut ion by roving 
grounc!'rf<it.or in an adjacent jiertncablu un i t . 

2. With continued solut ion cavi.nct begins. 

3. IPjvwarri rirjr.ition of caving front Occurs through 
overlying foi stations. 

4. Breccia pipe Bay r^ach ground sur~ac&. 

C. Occurrences 

1. Pclawiro Sarin. rtro<3'icr.t: ccturronee along Pecos River 
and 18-20 milch east of Carlsbad. Dimensions: Dinmeter-
700-1200 feet,- depth-500 to 800 feet (Figs. 1 and 2). 

2. Michigan t;a;-.in. Frenuont occurrence in Mackinac Straits 
Legion and in random localities around marqin of Basin. 
Dimensions; Diametor-10's to 100's of feet; depth-700 
to 1500 feet (Weckinac Straits area) {Figs. 3 and 4). 

3. Supai Salt Basin. No dimensions given. 
4. Windsor, Ontario. Brineficld subsidence. Diuensions: 

Diameter-500 feet; depth-1000+ feet. 
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II. CASE 2 - Solution Collapse Producing Horizontal Breccia zona 

A. Schematic Diagram 

S a l t-fefez^Si ^Hg-^fw •?£?•#&!£&&* 
; ; ' - • » : 

Ground-
water Flow / . 

- ' - - • » - ~ 

Resulting Breccia 

1 2 3 

B. Sequence 

1. Initial ground water flow in adjacent permeable unit. 

2. Solution of overlying or underlying salt bed. 

3. collapse of overlying unit. 

C. Occurrences 

1. Delaware Basin. Solution breccia zone at the base of 
the Rustler Flit. Haxiraum thickness-ISO fuet. 

2. Michigan Basin. Occurs in the megabreccia blocks in 
the Mackinac Straits Region. Average thicfcness-s&veral 
inches (Fig. 31. 

3. Madison Group in southwestern Montann. Thickness range-
inches to 100 feet. 

4. Other reported occurrences in the Missippia.^ recks of 
western Canada and the Devonian rocks of Alberta and 
Manitoba. 

III. CRSE 3 - Solution Collapse Producing Linear Trough subsidence 
and Brecciation 

A. Similar to CASE 1; Linear rather than circular. 
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E. Sequence 

1. Groundwater flow alonq Adjacent linear permeable 
zones (i.e., concentration of sandstone 01 fractured 
rock). 

C. Occurrences 

1. Delaware Basin 

a. Shallow cost-west troughs in gypsum plane on east 
side of Delaware Basin. Dimensions: Width-200 
feet to 1 mile; lenqth-0.5 to 10 miles; depth-not 
reported (Figs. 1 and 5). 

b. Large trough parallel to the Pecos River from 
Carlsbad, Tlew Hexico to Toyan Ui);e, Texas. Dimen
sions: width-lOOG's of feet; length-120 miles; 
depth-1300 feet (Fig. 6). 

2. South limb of the HolbrocJc Anticline in the Supai Salt 
Ba^in (Figo. 7 and'8). 

IV. CASE 4 - Solution Collapse Producing Kogabrcccia 

A. ScherMtic . iagram 

Groundwater Flow 

1 

— i—c ?--.*--„ — r » - - - . _ - s _ . . - ~ 

* ^ < $ 
! / : : / . - . - . V ••••••-••• . > . . : . . . . ' . ' . •.''-

Solution Cavity 

2 

Collapse of Intact 
Block into Cavity 

3 

B. Sequence 

1. Groundwater flow through adjacent permeable unit. 

2. Solution of sal t-producing cavi ty . 

3. Collapse of i n t a c t block producing s teeply dipping 
fault . 
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C. Occurrence; 

1. Mackinac Straits Region of the Micbigar. Baiin. 
Dimension!;: blocks 10's r.c 100'r, of feet with faulc 
boundaries: dimsnsionE ci fault boundaries not re
ported (Figr;. 3 and 4). 

V. MISCEL!JUir.OUS IUFOKMATIOH 

A. General 

1. Breccia fragments are generally angular and range in 
sir.e from clay to 20 foot blocks. 

2. Breccias ara both indurated and non-indurated resulting 
in zero permeability to very high permeability. However, 
immediately upen fomation, tho permeability is a func
tion of the grain size distribution and packing arrange
ment of the angular fragments, 

3. Vertical extent of brecciation is a function of original 
cavity size am.1, depth. 

B. Maxiimun vertical fragment drop-600 feet, reported in Mackinac 
Straits Region by I.andes (.13-35). 

C. Multiple Events 

1. Older alluvia] filled sinks exposed in walls of younger 
sinks in Supai Salt 3asin. 

2. Breccia fragments within breccia in th<* Madison Group in 
southwest Montana. 

D. Present Activity Documentation 

1, Comparison of air photos over a 17-year interval (Supai 
Salt Basin) showed new collapse features. 

2. Increase in percentage of salt in solution in the Pecos 
River from the point where it starts across the Persian 
evaporites to point where it exits is evidence of present 
rapid solution. 

E. Flow of Salt in F<- ults 
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1. Schc-nvilic Diagran 

"7? 

2. Flow is intermadifito in character between fissure 
filling and salt dome. Flow of salt may force walls 
apart .!c forming Liio adjacent rock. 

3. Large scale occurrences are frequently accompanied by 
the development oi subsidence blocks in the adjacent 
area. 

A. Halite rarely fractures except at shallow depths. 

:•, The car.e of deformation of halite increases very 
marfcedJy with risiny temperatures. 
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Fig. 1 - Index Map Showing the Locations of the Delaware Basin 
and Figures 2 and 4 (After Olive, 1957), 
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Tig, 2 — Index Map Showing the Locations of Domal Structures 
with Brecciated Cores in the Delaware Basin (A£ter 
Vine, 1960). 
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Mackinac Straits Region 

Fig. 3 - Indox Hap Showing the Location of the Mackinac 
Straits Region. 

South North 

&5S 

4 

Fig. 4 - Hypothetical cross section of the Mackinac Straits 
Region showing collapsed formations above the Niaqara 
limestone, breccia chimneys, and breccia stacks (After 
Landes, 1945). 
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Fig. 5 - Map Shoving Distribution of Solution-Subsidence 
Troughs of the Gypstun Plain in tha Delaware Basin 
{After Olive, 19G7). 
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Approximate Location 
of Pecos Rivet: Sub
sidence Trough 

Fig. 6 - Index Hap Showing the Approximate Location of the 
Pecos River Solution-Subsidence Trough (After Mains, 
1944). 
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Fig. 7 - Index Hap Showing the Location of the Supai Salt 
Basin (After ERDA 76-43). 

Fig. 8 - Generalized North-South Geologic Cross-Section 
Through Supai Basin (After ERDA 76-43). 
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PRELIMINARY INPUT FOR FAILURE EVENTS RELATED TO SALT SOLUTION 

Recommended values (See Sections II through VI for Data, 
Rationale and Assumptions) 

A. Rate of "Critical Cavity" Development 

Number of Yeara Required Tc 
Case Produce 1 Critical Cavity/Square Mile 

1. 200 M Layer 4 

a. Preferred Value 4 x 10 „ 
b. Range 4 x 10 4 to 5 x 10 

2. 1000 M Layer 4 
7 

a. Preferred Value 9 x 10 1 Q 

b. Range 1 x 10 6 to 1 x 10 

3. 20 M Layer 4 

a. Preferred Value 6 x 10 7 

b. Range 7 x 10 to 9 x 10 
B. Probability of Existence of Undetected Solution Cavity of a Size 

Which In the Lifetime of the Repository (10° years) Could Reach 
Ciitical Size. 

Recommended Value - J.O 
C. Flow Distance Required To Reduce the Salinity To a Small 

Enough Value To Allow Radionuclide Sorhtion Activity To Begin 

1. Preferred Value - 100 x Thickness of Aquifer 

2. Range - 10 x Thickness of Aquifer to Infinity (Salinity 
is not low enough in steady state to allow radionuclide 
sorb-Lion activity to exist) 

D. Permeability and Porosity of Collapse Breccias 

1. Permeability 
-1 

a. Preferred - ,10 cm/sec 

b. Range - 10 to 1.0 cm/sec 

2. Porosity 

a. Preferred - 0.1S 
b. Range - 0.05 to 0.20 

1, See I I .B . l . for definition of "Critical Cavity" 
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E. Revised Preferred Permeability of Salt 
-9 10 cm/sec 

II. Rate of "Critical Cavity" Development 

A. "Critical Solution" 2 Rates 
3 

1. 9 ft /sq mile/year 

a. Average rate at which salt has been removed from 
Saskatchewan area in Canada producing 18 large 
collapse features and a 23,000 square mile area 
in which the salt has been totally removed. 

b. Solution occurred from late Devonian to present. 

c. Assumptions 

(1) For specific collapse features, the resultant 
gravity faults bounding the large blocks dip an 
average of 70° toward solution cavity (Christian
sen, 1967). 

(2) Assumes that prior to solution, a relatively uni
form thickness of salt (averaging 550 feet thick, 
based on adjacent areas) once underlay the 23,000 
square mile area now devoid of salt. 

(3) Assumes average constant rate of solution through geologic 
time, when, in fact, there is,evidence that 
there were considerable variations in rate. 

(4) Assumes average dimensions of the large scale 
features to be 60 square miles x 550 feet of salt 
based on data from Rosetown low (144 sq miles x 
400 ft salt) and Saskatoon low (47 sq miles x 65C 
ft salt). Ucsetown low is one of the larger dis
crete features in the area. 

(5) Assumes equal distribution of features of the en
tire basin. However, in some areas, solution 
collapse features occur in clusters (Vine, 1960; 
Griswald, 1976; and Landes, 1945). 

d. Information and Jata from References 3, 4 and 5. 

2. 2 x 10 2 ft 3/sq mi)j/year 

a. Average rate of solution for only the Saskatoon low 
(Saskatchewan, Canada). 

"Critical solution" is defined as that fraction of total solution which 
contributes to the formation of large volume cavities resulting in collapse 
features which have been detected. 
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b. Solution occurred Upper Cretaceous!?) to 12,000 -
years ago. 

c. Assumptions 

(1) See I.e. (1) and I.e. (3). 

d. information and daca from Reference 3. 

3 x 10 ft /aq mile/year 

a- Average rate of solution for only the Rosetown low 
(Saskatchewan, Canada). 

b. Solution occurred upper Devonian to present. 

c. Assumptions 

(1) See I.e.(1) and I.e.(3). 

d. Information and data from Reference 4. 
2 3 

7 x 10 it /aq mile/year 
a. Average rate of NaCl discharge in the Pecos River 

at the present time. (Delaware Basin, New Mexico 
and Texas.) 

b. use of this rate a:; the total amount of solution 
producing "critical" collapse features assumes the 
following: 

<1) All discharge from the basin is occurring in the 
Pecos River. This would not account for possible 
groundwater discharge from the basin. 

(2) All salt discharge is coming from critical zones, 
i.e., at depth. However, closer to some marginal 
portions of the Delaware Basin the salt horizons 
are at shallower depths. Therefore, the solution 
in these areas would not be tended "critical." 

c- Information and data from Deferences 1, 12 and 13. 
-2 3 

6 x 10 ft / sq mile/year 
a. Average rate of solution producing surfaced collapse 

breccia pipes in the Delaware Basin as a whole. 

b. Assumptions 
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(1) Assumes average collapse geometry of 1500 ft-
diameter, vertical walls, and 850 ft of salt 
removed. Diameter based on Vine, 1960 and 
Griswald, 15)76 (only an estimation!. Thickness 
of salt removed assumes total removal of the 
mean of the range of aggregate thickness for the 
Delaware Basin. 

(2) Assumes salt removed beginning relatively soon 
after deposition (Triassic) to present tine based 
on observations of the Canadian data (solution also 
began relatively soon after deposition) and on 
evidence of present solution (see A.4.). 

O ) Assumes 100 surfaced collapse features in the 
Delaware Basin based on Griswald, 1976, estimate. 

c. information and data from References 1, 7 and 17. 
2 3 6. 1 x 10 ft / sq mile/year 

a. Average rate of solution producing surfaced collapse 
features in the Delaware Basin for the collapsed area 
only. 

b. Assumptions 
U ) See 5.b. (1) and 5.b. (2). 

c. Information and data from References 1, 7 and 17. 
7. 5 x 1 0 _ 1 ft 3/sq mile/year 

a. Average rate of solution for the Delaware Basin as a 
whole, producing surfaced collapse breccia pipes and 
three large areas of subsidence in southern and central 
Delaware Basin. 

b. Assumptions 
(1) See S.b.(l), 5.b.(2) and 5.b.(3). 
(2) Assumes (until detailed review of Haley and 

Huffington, 1953, is completed) that the volume 
of salt removed in the central and southern Dela
ware Basin features is comparable to the larger 
collapse features in Saskatchewan, Canada (i.e., 
the Rosetown low). 

c. Information and data from References 1, 7, 10 and 17. 
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8. Recommended Critical Solution Values 

a. Preferred - 9 ft /sq mile/year 
—2 2 3 

b. Range - 6 x 10 to 7 x 10" ft /sq mile/year 
B. "critical Cavity" Siae 

1. The "Critical Cavity" size represents thG minimum volume 
of salt dissolution in the immediate vicinity {below) the 
repository necessary to cause collapse of the overlying 
strata, resulting in the connection of the repository to 
the aquifer (Layer 2). 

2. Size 

a. Size is a function of the vertical distance to the 
aquifer and volume? adequate to accommodate the 
volume increase of the overlying rock upon collapse. 

b. The volume used was that of a cylinder with (1) a 
diameter 1/3 of the height of the resultant 
breccia pipe (based on rough average of 1:3 diameter 
to depth ratio estimated for some breccia pipes in 
the Delaware Basin) m d {2) a height 1/6 of the t.eight 
of the resultant breccia pipe. This is to accommodate 
an assumed maximum increase in the porosity of the over
lying rock to a value of 20 percent. 

c. Critical Cavity Sizes (Layer A varied, all other layers 
200 M) 

(1) 200 M Repository Layer - 3 x JO ft 
(2) 1000 M Repository Layer - 9 x 10* ft| 
(3) 20 M Repository Layer - 5 x 10 ft 

3. Assumptions 

Assumes collapse breccia pipe formation is sfictly a 
function of vol'-nu; of salt removed. Other factors would 
include cavity t|t.ometry, roof rock strength characteristics 
and quantity and character of non-salt interbeds. 

Rate of Critical Cavity Formation Calculation 

1. Divide critical cavity volume by critical r£te of solution 
resulting in the number of years re;uired to produce one 
critical cavity per square mile. (See I.A. for resulting 
values.) 
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Prohability of Existence of Undetected Solution Cavity of a Size 
Which In the Lifetime o f the ifcpository (10G y^j;s) Could Reach 
Cri t ica l S ize . 

The estimate of a probability of 1.0 is based on two factors. 

1. Though the theory exists for the geophysical (seismic) 
detection of solution cavities at de^th, at present, r.fie 
technology has not been developed to detect solution 
cavities at depths exceeding 1,000 to 2,000 feet (Cook, 
1974). 

2. With the estimated r.iLo of production of critical cavities 
since the formation of existing deposits, there is a high 
probability for the prirwmt existence of several cavities 
in the near vicinity of a repository. 

Flow Distance Required To Decrease the Salinity To a Small Enough 
Value To Allow Radionuclide Sorbtion Activity To Exist 

A. Factors 

1. Volume and salinity or offluent solution. 

2. Volume and character of water flow in thc> aquifer. 

a. Aquifer thickness-. 
b. Aquifer permeability and porosity 
c. Hydraulic gradient 

3. Salt dispersion rate. 

4. Chemistry of radiorcuc-iidu sorbtion in the presence and 
absence of salt ions in water -

B. Though factors 1-3 can be accurately modeled, the unknown char
acter of factor 4 eliminates the possibility accurately modeling 
this parameter at present (Towse, 19V7). 

C. A conjecture, based on dispersion, is 

1. Preferred Value - 100 x aquifer thickness. 
2. Range - 10 x aquifer thickness to infinity. (See I.e.2.) 

Permeability and Porosity of Collapse Breccia 
A. As no in-situ data has been reviewed to date, the hydrologic 

characteristics of a collapse breccia has been assumed to be 
similar to a clean sand and gravel mix (Terzaghi and Peck, 1967; 
Morris and Johnson, 1967). 
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1. Permeability 

a. Preferred - 10 on/sec 
b. Range - 10 to 1.0 cm/sec 

2. Porosity 

a. Preferred - 0.15 
b. Range - 0.05 to 0.2 

Revised Preferred Permeability of Salt 

ft. Upon recent acquisition of more information from Gloyna and 
Reynolds, 1961, and acquisition of Aufricht and Howard, 1961, 
the preferre-1 value of salt permeability has been revised down
ward from. 10" 7 cm/sec to 10" 9 cm/sec. This revision is a 
product of the weight of 'listrribution of test values toward 
the lower end of the reported range (10 - 1 0 to 10~* cm/sec, 
excluding zero>. 
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DISCUSSION 

The geology hydrology model was designed as a basic but flexible one 
capable of simulating a variety of systems and providing for expansion when 
more detail is required. 

Basic geometry (supplied by LLL). 
Hydrologic parameter values (supplied by Colder Associates, Inc., 
Seattle (GAT). Values for salt were supplied by Geotechnical 
Engineers, Inc., Winchester,, Ma.. (GEI)). 
Sorbtion factors for radionuclides ( l l l j 
Failure factors; dimensions and permeabilities of fracture zones, 
faults, dri l l holes and backfill. (GAI) 
Rates of faulting (LLL) and of breccia-pipe formation (GEI). 

These elements are discussed in turn below. The Analytic Sciences 
Corporation, Reading, MA, (TASC) built the computer model. To date a 
number of simple cases have been run simulating a repository in shale and 
in salt. The results of some failure modes and some parametric sensitivity 
analyses have been calculated. Results are computed as the peak 50 year 
radiation dose to a typical individual. An assumed water-use and biology 
model is used. 
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Geometry 

The geometry of the geology/hydrology model (Table 1, and Figure 1) 
was specified to simulate a plausible repository site. 

Bed thicknesses allow repository depths of from approximately 600 
to 3000 meters, with a minimal (20 m) numerable thickness as a lower Timit. 
Beds are horizontal, and drill holes, shafts and faults are vertical. 
Different angles can be prescribed in the future when desired. A model 
aquifer discharges to the surface water system, and the distance to the 
discharge point can be varied. It is planned to also simulate discharge 
to the biosphere through wells. 
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Hydro!ogle Parameters 

Water flow rate through the system can be calculated for any desired 
series of flow paths. Flow is a function of pressure gradient, permeability 
and cross-section area; movement of radionuclides is a function of porosity 
and sorbtion factor; and hydrologic dispersion serves to lower the concentration. 

Parameter values used are based on published and unpublished field and 
laboratory data and on the engineering judgment of people experienced in 
the field. For most values a range from low to high is given, plus a "mid" 
or "preferred" value. The latter is a model value from data on distribution 
of value! or from the experience of experts. 

Sorbtion Factors 

Sorbtion the retardation of radionuclides by ion exchange on rock surfaces, 
if operating, can be an impbrtant factor in waste isolation. The true 
values of sorbtion in deep geologir environments are not well krwon. 
The values used 1n this analysis are based on laboratory studies, a 
limited amount of field data, and an extrapolation of those values based 
on knowledge of geologic conditions and the general chemistry of the 
involved chemical species. 

Major new conclusions are the probable high absorbtion of the actinides 
in fresh water environments, as indicated by the Oklo uranium deposit and 
the chemistry of plutonium. Some of the apparent absorbtion may actually 
be a function of hydration and precipitation. 

Theoretical considerations and some experimental data Indicate that 
competing ions, most commonly from Na CL solutions, depress sorbtlon, by 
filling sorbtion locations and by forming chloride complexes, especially 
with the actinides. Low sorbtions as a function of Na CL concentration 
in ground water are explicitly modeled in several cases. These cases imply 
no sorbtion 1n some cases where Na CL concentration exceeds some threshold 
level. 

116 



APPENDIX 3.4 

117 



Water-Use and Biology Model 

An assumed river-estuary-population model is used. Surface hydrology 
factors Influence concentrations in water and the exposure of food Items 
and the population. Ooses are calculated by adding up the contributions 
due to ingestion of food and to exposure to soil and water. 
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Results of Model Calculations 

Appendix 4.1 is a tabulation of the results of parametric sensit ivi ty 
analyses ai preliminary calcualtions following several fai lure events. 
These preliminary results are reported as an Actual Value of the peak 
50 year dose in rem per MWe'yr for a typical individual. Both whole-body 
and critical-organ doses are given, Mith the time (in years since removal 
from reactor) of occurrence of the peak dose. 

For repositories using our parameters for shale and for sa l t , where 
not ruptured peak organ dose varies one order of magnitude, except in 
one case (no sorbtion, shortened aquifer length) where the dose is two 
orders of magnitude higher. Results are most sensitive to sorbtion 
factors, followed in order by: head in underlying aquifer, and barrier bed 
thickness and permeability. With no sorbtion dose varies directly with 
aquifer length and other factors are unimportant. 
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Failure 

Several factors or events may compromise the hydrologic integrity 
I of the repository. These proyide pathways for dissolving ground water 
| and for transport of dissolved waste to an aquifer. To 'date fracture zones 
| around shafts and tunnels, fault zones, drillholes, and failure of shaft 
! back fill have been considered. 
i 

Dimensions and permeabilities in those features have been taken 
from industry experience and from the engineering judgment of experts in 
mining engineering and rock mechanics. Probabilities of fracture zones 

\ around underground openings and of failure of back fill are taken as 1.0. 
Drillhole plugs are assumed to preserve their original permeability for 
100 years and then to deteriorate from 10 cm/sec to 1000 years to 10 
cm/sec at 3000 years. 

Rates of Faulting 

A fault is here defined as a new pathway formed by tectonic (seismic) 
1 activity. Rates of "faulting" as thus defined are calculated from published 

estimates of high intensity (Mercalli VIII or higher) seismic events. These 
events by definition cause cracks and openings and shear pipes in the earth, 
A random distribution is assumed. 

Rates of Breccia-Pipe Formation 

An estimate was developed from data on the rates of solution of salt in 
Saskatchewan and in the Delaware basin* New Mexico, Texas. Estimates are 

I for cisvelopment of a "critical" size solution cavity, that for a given 
I thickness of salt bed will cause collapse and connection of the repository 
J to an overlying aquifer. Constant solution rates through geologic time 
| and random distribution of cavities are assumed. 
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