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ABSTRACT 

This volume, TM-36/21 Ground Water Movement and Nuclide Transport, 
is one of a 23-volume series, "Technical Support for GElS: Radioactive 
Waste Isolation in Geologic Formations, Y/OWI/TM-36" which supplements a 
"Contribution to Draft Generic Environmental Impact Statement on Commer-
cial Waste Management: Radioactive Waste Isolation in Geologic Formations, 
Y/OWI/TM-44." The series provides a more complete technical basis for 
the preconceptual designs, resource requirements, and environmental 
source terms associated with isolating commercial LWR wastes in under
ground repositories in salt, granite, shale and basalt. Wastes are 
considered from three fuel cycles: uranium and plutonium recycling of 
spent fuel and uranium-only recycling. 

The studies presented in this volume consider the effect of the 
construction of the repository and the consequent heat generation on the 
ground water movement. Additionally, the source concentrations and 
leach rates of selected radionuclides were studied in relation to the 
estimated ground water inflow rates. Studies were also· performed to 
evaluate the long term migration of radionuclides as affected by the 
ground water flow. In all these studies, three geologic environments 
are considePed; granite, shale and basalt. 
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PREFACE 

Project Background 

One of.the major problems related to the production of electricity 
by light-water nuclear reactors is the management of radioactive wastes 
generated by the use of nuclear fuel. However, the subject is considered • 
amenable to a rational solution, and the technology involved is considered. 
to be well within the capabilities of our present-day technological 

~ 

base. 
An important step toward the realization of an effective waste 

management program is the preparation of the generic environmental 
impact statement for commercial waste management. A pivotal issue in 
waste management is the means of providing long-term, permanent storage 
of these wastes in a manner to best assure their isolation from the 
biosphere. Analyses spanning two decades have generated the widely 
supported concept for providing final isolation rif these nuclear wastes 
in deep geologic formations. Therefore, the Office of Waste Isolation* 
was assigned the responsibility for preparation of those section of this 
generic statement dealing with deep geologic waste isolation. 

The original concept for deep geologi-c disposal was first advanced 
. . 

in 1957 when a National Research Council Advisory Committee of the 
National Academy of Sciences suggested the burial of solid radioactive 
wastes in salt deposits. To date, the majority of the research, develop
ment, and demonstration (RD&D) activities have been in salt. The current 
United States Department of Energy (DOE) National Waste Terminal Storage 
{NWTS) program calls for the selection of two sites overlying suitable 
salt formations by 1979, followed by the construction and start-up in 
1985 of one NRC-licensed repository designed for the permanent disposal/ 
isolation of commercial nuclear wastes in a salt formation at one of 
these two sites. In addition to this activity in salt, vigorous RD&D 
programs have been initiated to determine the appropriateness o~ various 
hard rocks as host media for a repository . 

.: 
" 

*Operated by Union Carbide Corporation-Nuclear Division for the Depart

lllent of Energy. 

xi 



The deep-geologic-isolation portion of the generic statement considers 
repositories located in salt, granite, shale, or basalt. The reposi
tories are designed to handle wastes from the nuclear fuel cycle withOuL 
reprocessing, in which the spent fuel is considered a waste (no repro
cessing) or from either of two fuel cycles that include reprocessing--
the cycle wit~ uranium and plutonium recycle.and that with only uranium 
fP~ycle. To prepare this contribution, the Office of Waste Isolation 

·.If.. • 

contracted with Dames & Moore, Parsons, Brinckerhoff, Quade & Douglas, 
Inc. and Science Applications, Inc. In order to prepare this descrip
tion, generic sites were defined, preconceptual repository designs 

. completed, a~d resource requirements and effluents from the repositories 
identified. The p1·eeonceptual repos'itor·.v t.h~siy11s fur the salt host 
formation were based on more than two decades of analysis and in-situ 
experimentation. The data base upon whir.h the repository design for the 
non-sa'lt host formations were based is much more sparse since repository
o~iented analyses of these formations have been proceeding only for the 
last couple of years. For each of the host rocks additional analyses 
were performed during the conduct of these studies. Details of this 
additional technical work are described within the· twenty-three volumes 
of this report. 

For an overview of these preconceptual repository design studies, 
the study objectives and scope, and the major study assumptions, the 
reader is referred to Volume 1 of this series, the Executive Summary 
(Y/OWI/TM-36/1). 

Volume Summary (Y/OWI/TM-36/21) 
For the geologic environments specific emphasis is placed on estimating 

o The natural ground water flow rates and movements 
prior to the construction of a repository; 

o The ground water flow rates into vertical shafts used for 
access to the repository during construction of the shafts; 

o The ground water flow rates into the repository during the 
useful 1 ifetime of the repository; 

u The ground water flow rates and patterns as affected by 
the repository heat load after sealing of the repository; 
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o The concentration of radionuclides available for transport 
after repository decommissioning and resaturation and; 

o The nuclide migration of radionuclides and their estimated 
activities and. travel times through the various layers of 
of the stratigraphic section to a point 3 miles from the 
center of the repository, (the boundary of the outer con
trolled area of the facility). It should be noted that 
the a.ppearance of radionucl ides at this boundary may or 
may not contribute contamination to the biosphere. 

For all geologic environments, an area of large areal extent, low 
topographic relief and a hydraulic gradient of l/1000 were assumed. The 
difference in the findings for each environment, therefore, primarily 
reflect variations inherent in the generic stratigraphic section, and 
the assumed permeabilities and porosities. 

Ground water flow into shafts.constructed in the generic granite 
·site would be very low, on the order of a few gpm. Flows into the shafts 
·far the generic shale and basalt sites would be relatively high, over 
1,000 gpm, unless engineering measures are taken to control the inflow. 
For the shale and basalt most of the inflow occurs ·in the near surface 
aquifers. Deeper rock formations contribute negligible quantities of 
water inflow to the shafts. 

Maximum inflow to the shafts would occur when the shafts are con
structed individually. Mutual interference in water levels would occur 
if the proposed six shafts are constructed simultaneously, resulting in 
a reduction of the flow to individual ·Shafts by approximately a factor 
of 2. 

During operation of the repository, ground water will seep into the 
repository through the floor and ceiling from adjacent aquifers. For 
gran1te the repository inflow rate is small, on the order of tens of 
YI-JIII. For shale the inflow rate ic; on the order of a few thousand gpm. 
This results primarily by leakage from an underlying strong aquifer and 

·from an alluvial water table aquifer at the land surface. lntlow to the 
basalt repository is on the order of a few hundred gpm. This results 
primarily from leakage from an overlying alluvial aquifer near the land 
surface. Inflow rates can be reduced by appropriate dewatering wells if 

required. 
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In all three geologic formations investigated; granite, shale, and 
basalt, the heat flux generated by radioactive decay of radwaste was 
found to be a significant factor in determining the ground water flow 
patterns and flow rates after repository decommissioning and resaturation. 
In general, it was found that the r-epository heat flux resulted in the 
onset of strong thermal convection flow and consequent distortion of the 
previously prevalent horizontal flow in the region of investigation. The 
extent and the strength of the thermal convection pattern was found to be 
different for granite, shale and basalt. In general, the flow patterns 
for granite were found to differ most from those for shale; the patterns 
for basalt were intermediate to those for the othe~ two geologic. formations. 
The maximum upward flow tlwuuyh the repository was estimated to be on the 
order of 100 gpm for shale, 30 gpm for basalt, and 2 gpm for granite. The 
shor·Le5L est1mated travel time for the ground water flowing through the 
repository to a near surface environment was on the order of 50 years 
for basalt and granite and 100 years for shale. These times coincided 
with that for the maximum thermal influence between 1,000 and 5,000 
years after repository decommissioning. The est.imated surface approach 
times were on the order of 500 years in the first 100 years after reposi
tory decommissioning_. 

Results of the radionuclide mass transport studies indicate that 
all nuclides modeled would exit at the 3-mile boundary with activities 
less than lo-20 uCi/ml, except for 99rc. This nuclide appeared at the 
boundary 400-600 years after repository decommissioning and resaturation 
at a concentration level near or equal to the source activity level, which 
is approximately 103 times greater than acceptable levels. It could be 
expected that other nuclides similar to 99Tc with long half-lives and 

-unity retardation coefficients would also be above acceptable limits. 
Due to the limited and in many cases lacking basic data, the work 

presented in the report is not intendrrl to be used as the f1nu1 ahswer, 
and it is suggested that at this time no geologic media be excluded as 
a consequence of solely these findings. These studies rather should 
be used by future researchers to direct their efforts and focus on those 
parameters, concerns and methodologies which must be developed and/or 
refined before meaning or full results can-be obtained. 
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1.0 INTRODUCTION 

1.1 STATEMENT OF PROBLEM 
The Office of Waste Isolation (OWl) is charged with the responsi

bility of -studying methods for disposing of radioactive waste materials 
(radwqst~) resulting from the use of commercial nuclear reactors through
out the United States. One of the methods being considered is burial of 
the radwaste in deep underground repositories in various types of geo-

. logic environments. Because of the long-lived nature of the radwaste 
and its. biologic hazard, it is essential that the material be isolated 
from the biosphere fqr an exceptionally long time period. The exact 
time frame of isolation is a matter of considerable controversy,(l) 
though a figure on the order of 105 years is often taken as a desirable 
minimum. 

The types of radwastes being considered for underground disposal 
are the commercial wastes from each of three light-water-reactor (LWR) 
fuel cycles. These fuel cycles include the reprocessing fuel cycle in 
which uranium and plutonium are recycled (total recycle) the spent un
reprocessed fuel (SURF) cycle, and. the reprocessing cycle in which only 
uranium is recycled (U-only recycle). The waste forms from each of the 
reprocessing cycles include high level waste (HLW), cladding, inter
mediate-level transuranic waste and low level transuranic waste. For 
t~e SURF cycle, unreprocessed spent BWR and PWR fuel assemblies will be 
received as waste. All waste forms are expected to be packaged in 
suitable stainless steel canisters, carbon steel drums or steel boxes. 

As currently conceived, the repository.will be located 1000 to 3000 
ft below ground surface. Accordingly, it may be expected that the 
disposal level will be below the water table and subject to the action . 
of moving ground water. It is e~pected that with proper isolation 
possible radionuclide migration from the canisters to the near-surface 
aquifers can be minimized. However, over a long period of time, the 
possibility of movement of radionuclides or the daughter products from 
the canisters to the surrounding·ground water cannot be ruled out. 
Radionuclides can migrate by diffusion from the host solids to the 
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surrounding soil and water media. Furthermore, the canisters could 
corrode or become ruptured and allow the escape of radionuclides. The 
twin mechanisms of diffusion and transport by ground water movement 
could then bring the radionuclides into the near-surface aquifers. A 
discussion of the issues and mechanisms related to radionuclide migration 
is available from de Marsily et al( 2), Lindblom et al( 3) and Maini and 
Hocking( 4), ,. 

I ~ -

·.· · iri view of the discussion above, it is important to investigate the 
likelihood of any radionuclide migration and to determine the possibility 
of contaminating usable aquifers and near-surface soils and the resulting 
impact on the biosphere. If the distance and the travel time along the 
ground water flow path from the repository to the.zone of natural ground 
water discharge is long, the radionuclides could decay to an acceptably· 
low level before the water transporting them is discharged at the land 
surface. 

Most ground water movement is ·very slow and many sites may be found 
where the travel time from a potential repository site to the biosphere 
is in excess on the order of 105 years. However, the emplacement of a 
repository may in itself change the ground water flow regime. The 
radioactive decay of the radwaste results in generation of a consider
able amount of heat; so much so that the heat flux generated can be 
hundreds of times greater than the natural geothermal heat flux for the 
host geologic formation. As a result of this heat and the consequent 
temperature increase, the natural equilibrium may be altered in a number 
of ways. Among these, changes may occur in: 

o The chemica1 reactivity between the moving ground water and 
Llle llosL r·ut:k, 

o The physicul properties of the geologic formations, 
o The rock stresses leading to nn altered matrix of pores, 

cracks, and fissues in the repository rock, and finally, 
o The ground water flow paths and patterns. the physical 

properties of the ground water, and radionuclide 
migration mechanisms. 

It is thus imperative that the effect of the repository and the 
resulting thermal loading on the host geologic formation, the ground 
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water movement and the radionuclide migration be extensively explored 
and assessed. The 
in determining the 
cally on Fig. 1-1. 

complex interactions of the various components involved 
impact of a radwaste repository are shown schemati-
The present study concerns itself with only two 

aspects; ground water flow and nuclide transport. · 

.l!2 SCOPE OF STUDY 
. The present study considers the effect of the construction of the 

repository and the consequent heat generation on the ground water move
ment and nuclide migration. It is possible that the changes in the 
physical properties of the geologic formation, in the chemical reacti
vity of ground water, and in the rock itself, may, in themselves, affect 
the ground water flow and nuclide migration. Although these aspects are 
currently being investigated, within the scope of the present generic 
study, the main emphasis was on qualitative and comparative evaluation 
and the effects of such changes were not considered to be of primary 
importance. 

Three geologic environments are considered in this study: 
o Grdnite, 
o Shale, 
o Basalt 
A schematic diagram of a typical generic repository design under 

consideration is shown on Fig. 1-2. Specific emphasis in the present 
.. 

study was placed on estimating: 
o The natural ground water flow rates and movements 

prior to the construction of a repository; 
o The ground water flow rates into vertical shafts used for 

access to the repository during construction of the shafts; 
o The ground water flow rates into the repository during the 

useful lifetime of the repository; and 
o The ground water flow rates and patterns as affected by the 

repository heat 1 oad after sea 1 i ng ·Of the repository. 
o The rates at which various nuclides within the waste package 

would be released and made available for transport away from 

the repository. 
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o The concentration of the nuclides as they appear at the outer 
controlled three mile boundary·and the times at which they 
appear. 

The study is generic in that no data from any specific site will be 
used. Rather, conditions and physical properties-which are considered 
to be typic.al of the basic geologic environments, as determined by 
literature search, are used. In this way comparisons of the advantages 
and disadvantages of the various environments can be made before any 
site specific studies are completed. 

1.3 METHOD OF STUDY 
The ground water flow patterns and flow rates outlined in Section 

1.2 were assessed by a combination of mathematical techniques. For the 
generic study under consideration, well-established analytical techniques 
were considered adequate for assessing the natural ground water flow 
rates prior to the construction of the repository, ground water flow 
into the vertical shafts during the construction, and ground water flow 
into the repository during the useful lifetime of the repository which', 
is on the order of 102 years. 

For an analysis of the long-term, ground water flow patterns occur,
ring after sealing of the repository, no analytical method was available 
to study an adequate set of conditions which could take into account all 
the possible complex combinations of thermal loading, layered, anisotropic 
geologic formations and hydraulic parameters. Therefore, a digital 
computer model was employed to assess the long-term, regional ground 
water flow. patterns resulting from the. repository thermal loading. 
Details of the numerical method employed along with the mathematical 
principles and verification studies are given in Appendix A. 

A literature search was made to determine typical generic, geologic, 
and hydrologic properties of the three geologic formations under consid~ 
eration, namely: granite, basalt and shale. A representative stratig
raphic section for each rock unit was determined in this manner. Included 
also were data on thermal conductivity, rock strength, porosity, perme
ability, fracturing, and hydraulic gradients. Appropriate values for 
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these properties along with the sources relied upon are quoted in the 
appropriate sections. The reasons and the considerations that led to 
the determination of generic sections and their relevant properties are 
detailed elsewhere. (5) 

Host rock temperature profiles used in the study were determined by 
Science Applications, Inc. (SAI)( 6) with the assumption that the tempera-

~ ·; . ' .., .. 

ture distribution would not be significantly affected by the movement of 
ground water; the governing mechanism is thus that of conductive heat 
transfer. These temperatures were then provided to Dames & Moore for 
use in their ground water computer modeling program. For slow ground 
water flow rates, this assumption is valid. However, as ground water 
flow rates increase, convective heat transfer may begin to play a sig
nificant role. In such a case the equations of heat transfer·and ground 
water motion need to be solved simultaneously for a more rigorous 
solution to the problem. 

For all the geologic formation types under consideration, the 
proposed repository sites were deep underground at depths of 1,350 to 
2,000 feet. Thus, the hydrostatic pressures at repository depth may be 
on the order of 40 to 60 bars. On the basis of the evidence available 
from SAI, it is apparent that in the vicinity of the repository large 
temperature rises will occur depending upon the disposition and the type 
of radwaste; the rock temperatures may be as high as 400° C. These 
elevated temperatures will cause significant changes in the ground water 
properties. In fact, during certain stages of the repository useful 
life, it is possible(?), that steam formation may occur in local pockets 
of intense heat. For the course of the present study, however, the 
emphasis was placed on the water movement during construction phase, and 
well after the repository has been sealed and resaturated with ground 
water. It was assumed that ambient high water pressures and the water 
convection will prevent any significant steam formation during the long
term, sealed life of the repository. Changes in the water, however, 
were included in the numerical analysis. Appropriate detai~s are given 
in later discussions. 

A survey of current knowledge was conducted by SAl to aid in esti
mating solubility of selected nuclides. The nuclides studied included 
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90sr, 99Tc, 137Cs, 15lsm, 154Eu, 238Pu, 239Pu, 240Pu, 241Pu, 241AM, and 
244cm. Leaching rates were then estimated by SA! u~ing ground water 
inflow rates and temperatures determined in the studies described in the 
foregoing paragraphs. Section 7.0 includes all of the work performed 
by SA!. 

Because of the many factors involved, a computerized analysis of 
raqionuclide migration was performed. The models used were one dimen
sional, tracing the progression of the nuclides along individual stream 
paths from the repository source through the various geologic layers to 
the 3-mile boundary. Stream path configurations and hydraulic velo
cities were provided by the previous ground water flow studies. Dis
persion and retardation coefficients for each of the geologic media were 
estimated from· values in current literature. 

1.4 APPLICABILITY AND LIMITATIONS OF METHODOLOGY 
As shown schematically on Fig. 1-1, the impact of the repository is· 

determined by the complex interactions of a number of components. For 
the generic study at hand, a simplified approach was adopted. It should 
be noted that while quantitative techniques were used, the uncertainty 
in data and subjective nature of assumptions lead only to qualitative 
11 order-of-magnitude 11 conclusions. A number of issues related to the 
applicability and limitations of the selected methodology need due 
consideration. Some of these issues have already been briefly mentioned 
in the foregoing sections; a fuller discussion of the methodology is 
qiven in Section 5. 
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2.0 GRANITE 

2.1 REGIONAL HYDROGEOLOGIC SETTING 

2.1.1 Topography, Geology, and Hydrology 
Jn thiS ·g'eneric study, a granitic terrain is selected which has a 

very low topographic relief. The granite is considered to be areally 
extensive and of great depth. The total granite area is unspecified but 
is assumed to be much greater than the area being modeled. The total 
depth of the granite is likewise assumed to be greater than the depth o~ 
the granite segment being considered for generic analysis. 

A schematic diagram of the generic granite formation under consider
ation is shown on Figure 2-1. The plane of the stratigraphic section is 
aligned parallel to the long axis of the repository which is taken to be 
10,000 feet long and 8,000 feet wide. 

The granite is divided into layers consisting of weathered, par
tially weathered, and unweathered granite. On this basis, the ground 
water flow regime can be divided into three zones which will be called 
zones of young water, old water, and very old water. The upper zone 
will contain the youngest water. Its age would be such that it contains 
measurable quantities of tritium and c14 . The old water in the next 
deeper zone would contain measureable c14 but no tritium. The very old 
water iri the greater depths will contain no measurabl~ tritium or c14 . 
Such a classification is somewhat fuzzy and allows flexibility in defining 
the various zones. The depth to the various zones will be affected by 
the distance from the zone of recharge, the regional hydraulic gradient 
and the rate of change in permeability with depth. 

Rainfall and evaporation patterns in the area are such that there 
is no significant direct rainfall recharge through the soil horizon to 
the water table. The water table is recharged in a distinct zone outside 
the area under consideration. This could be in the form of mot:.Jtain 
front recharge, recharge through ephemeral stream channels, or recharge 
through a vertical fault or the bottom of a lake or swamp. Ground water 
discharge from the granite is in a distinct zone opposite from the zone of 
recharge and outside the area under consideration. The discharge could 

be to a river, vertical fault, lake, or swamp. 
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Ground water flow in the area of generic site is primarily sub
horizontal and parallel to the general slope of the land surface. There 
is no significant natural vertical ground water movement in the section 
being modeled. Vertical movements resulting from ground water recharge 
and discharge occur outside the stratigraphic section. 

2.1.2 Hydrologic Parameters 

2.1.2.1 11 Permeability 11
- Hydraulic Conductivity 

In general, ground water flow in granite occurs in fractures which 
are dispersed throughout the rock. Although natural granites may have 
some site-specific and preferred orientation to fracture systems, resulting 
in an anisotropic permeability tensor, a modeling effort to include 
anisotropic permeability in granite is beyond the scope of this study; 
permeability was, therefore, taken to be isotropic. Although the permea
bility of granite results primarily from fractures, the study treats the 
granite as if it behaves hydraulically in a manner similar to a porous 
medium in which Darch's Law is obeyed. This approach is a key assumption 
for a generic study and is justified because of the large spatial extent 
of the formation. 1' 2' 3 A fuller discussion of this issue is given in 
Section 5.0. 

Generally, the more fractured a granite is, the greater its perme
ability is. Some fractured zones occurring along faults have very high 
permeabil ities which are greater than the permeabilities of some water 
bearing sediments. These fracture zones are generally long and narrow 
and can extend to great depths in the case of vertical faults. Not 
including these fault zones, the most highly fractured granite is near 
the land surface in or near the zone of active weathering. From the 
land surface downward, there is a general decrease in fracturing and 
permeability. Studies in Sweden( 4) suggest that the hydraulic conduc
tivity of granite decreases exponentially with depth. Though the exact 
rate of decrease and the depth to which the exponential relationship 
holds true are matters of some controversy, it appears desirablP. to 
generate a model that has a decreasing hydraulic conductivity with 

depth. 
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The basic stratigraphic sequence of hydraulic conductivity used in 
the analysis is shown on Figure 2-1. Rather than use a mathematical 
function to change the conductivity continuously with depth, a discrete 
layered sequence was used which assigned different conductivity values to 
the various layers on the basis of the weathering characteristics des
cribeq in S~ction 2.1.1. The zone of unweathered granite was subdivided 
into two zones in keeping with the assumption of decreasing conductivity 
with depth. On the basis of the available information,4' 5 the zone of 
young water is assigned a conductivity of 5.0xl0-4 centimeters per second. 
{cm/s) and extends to a depth of 200 feet. The zone of old water is 
assigned a conductivity of 5.0xl0-6 cm/s and extends from 200 to 1,500 
feet below surface. The conductivity for the zone of very old water has a 
value of 5. llxlo-8 cm/s from 1,500 to 5,350 feet in depth and that of 
5.0xl0- 9 cm/s below 5,350 feet. 

2.1.2.2 Porosity 
Void spaces in granitic rock masses are very small and consist 

primarily of open spaces in fractures between rock blocks. Except in very 
highly we~thered zones, intergranular spaces in the rock matrix are 
negligible compared to the fracture openings. Fracture porosity defined 
as the ratio of fracture volume to total volume of rock mass is a function 
of fracture width and fracture spacing. In general, the fracture porosi
ties range from about 5xlo-4 to 10-5 and tend to decrease with depth. 4' 5 

·For this generic study, a value of l.Oxlo-4 was used for the effective 
fracture porosity in all zones except the uppermost weathered zone which 
was assign~d a value of l.Oxlo-3. 

2.1.2.3 Storage Coefficient 
The storage coefficient for a nonartesian water bearing rock medium 

is the ratio of water volumes which can drain by gravity to the total rock 
volume. It is, therefore, obvious that the storage coefficient cannot be 
greater than the porosity of the rock. In real cases, only a portion of 
the water contained in the rock mass can drain freely by gravity. The 
remainder will be held in the rock fractures by capillary attraction. The 
nercentage of retained water will be a function of the fracture widths, 
·oughness~ temperature, viscosity, and tortuosity. In consideration of 



these variables, a conservative value of 10-4 was used for the storage 
coefficient in the weathered top layer of the granitic rock mass and lC 
for the lower layers. 

2. 1.2.4 Hydraulic Gradient 

The_ h~draulic gradient is defined as the change in total hydraulic 
head with distance. For the area considered the natural vertical hydrau
lic gradient was set at zero. The basic horizontal hydraulic gradient 
used was 0.001, which is approximately 5 feet per mile. This is in keep
ing with the low topographic relief and gently sloping terrain specified 
for the gP.neric: arP.il. n11ring" <:Pnt:>itivity analysis, hydraulic gradiinti 
of 0 and 0.005 were also used. 

2.2 NATURAL GROUND WATER FLOW REGIME 
The natural ground water flow system in the generic area modeled is 

relatively simple. The flow is essentially horizontal with a very small 
vertical component resulting from the small regional hydraulic gradient. 
The ground water occurs in the phreatic or water table state. 

On Figure 2-2 a cross section of the area being modeled is shown 
along with a set of streamlines. The streamlines are lines of constant 
stream function and provide a measure of both the direction and the 
amount of flow (see Appendix A). In the present study, the stream func
tion, ~' is related to the horizontal and vertical velocity components, u 
and v ? respectivel.v, b.v: 

-__i!L v=~ u - ay ' ax (2-1) 

where x is the horizontal coordinate and y is the vertical coordinate. 
For a steady flow, the streamlines are identical with the path or 

flow lines. Thus, on balance, no wate~· particles now acr·oss a given 
streamline. From Eqation (2-1) it is inferred that the total amount of 
flow acro~s a vertical cross section with depth from y1 to y2 and a width 
of unity normal to the cross section shown on Figure 2-3, is given by: 
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y2 
Q = J u dy, 

yl 
(2-2) 

= $2 - ljil 

If the velocities are given in feet per year and depths in feet, then both 
Q and ljJ are given in cubic feet per year per foot width of the aquifer. 

Because of the relatively high hydraulic conductivity in the upper
most zone shown on Figure 2-1, most of the flow through the area of the 
model occurs in that zone. At the bottom of the modeled cross section, 
7,000 feet below surface, the value of·$ is 0 and at 200 feet below sur
face it is 6.9. The maximum value of ljJ is 110 at the surface level. 
Thus, the flow through the upper 200-foot weathered zone is 103.1 cubic 
feet per year per foot width of aquifer. This is about 94 percent of the 
total flow through the cross section of the model. The horizontal Darcy 
velocities through the model are also in proportion to the conductivities 
with the highest velocity in the uppermost weathered zone. Thus, in the 
uppermost zone the horizontal velocity if 5.2xl0-l feet per year (ft/yr). · 
In the succeeding lower zones the velocities ~re, respectively, 5.2xl0-3 

5.2xlo-5, and 5.2xlo-6 ft/yr. 
The approach velocity is given by dividing the Darcy velocity by the 

_effective porosity .. This is the mean velocity of the water particles. 
Thus, if o is the effective porosity, then the approach velocity compo
nents U and V are related to the Darcy velocity components ~ and v 

b.Y: 

U = u/o , V = v/o . (2-3) 

For the generic granite, these velocities are listed i~ Table 2-1. 
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TABLE 2-1 
NATURAL GROUND WATER FLOW RATES IN GENERIC GRANITE* 

Depth Zone Darcy Velocity Effective Approach Velocity 
(ft below surface} (ft/y_r} Paras ity_ ( ftLy_r} 

0-200 -1 10-3 520 5.2xl0_3 200-1500 5.2xlo_5 
10-4 52 

1500-5350 5.2xl0_6 
10-4 0.52 

5350-7000 5.2xl0 10-4 0.05 

The approach velocities in the generic model range from 520 ft/yr in the 
11ppermost zone to 0.05 ft/yr in the lowermost zone. It should be empha
sized that the effective porosity in fractured granite is highly variable 
in nuture even amony r·ucks hav1ng the same effective fracture permeability. 
Thus, for two rocks having the same permeability but different fracture 
spacings, one rock section c9n have all of its permeability in one facture 
zone whi 1 e the other has its permeabi 1 ity distributed among many sma 11 
features. In this case the rock with the single large fracture will have 
the lower effective porosity. Thus it will have the higher approach 
velocity for a given hydraulic gradient. 

2.3 GROUND WATER FLOW RATE INTO VERTICAL SHAFTS 
In order to excavate the undel·ground·reposHory, a set of vertica'l 

shafts will have to be const~ucted initially. Because the granite in the 
generic area is saturated with ground water and has the water table close 
to the land surface, ground water will seep into the shafts during con
struction unless engineering methods are employed to prevent the ground 
water inflow. Possible methods to control ground water inflow include 
freezing and dewatering well systems. In some instances the qround water 
inflow rate may be low enough to allow sh~ft exc~vation to ·proceed without 
any special ground water control methods. ·Because this is a generic 
study, no recommendations for m~thods of ground water control ~:ill be 
made. Such recommendation would be dependent upon site specific data. 

* Approach velocity is horizontal and is toward the three mile boundary. 
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The ground water flow into an open shaft can be considered analagous 
to the ground water flow into an open well. The largest flow rate per 
foot of depth will be in the upper 200 feet, which has the highest perme
ability. Because the ground water exists in granite in the water table 
or phreatic state, the amount of steady state inflow can be estimated 

fro~~:;6 ., 

Q = nKh2/ln(R/r) (2-4) 

where K is the hydraulic conductivity 
h is the depth of the layer, 
R is the radius of influence, and 
r is the radius of the shaft. 

This is an approximate form of the exact equation for well flow wherein 
it has been assumed that the amount of drawdown is equal to the depth of 
the layer. The ground water contributions from each layer can be esti
mated separately as if there were an impermeable barrie~ between each 
layer. Such an analysis, though not exact, provides reasonable order
of-magnitude estimates. 

For a single shaft of 14-foot radius, the inflow rates ~hrough the 
various granitic layers are given in Table 2-2 below. 

For the generic reposi.tory, however, six shafts will be constructed 
more or less at the same time. Because of mutual interference of the 
cones of depression from each well (shaft) the total inflow for all six 
shafts will be less than six times the inflow for a single shaft. The 
configuration of six shafts can be approximated by a single large
diameter well of 700-foot equivalent radius. In such a case the estimated 
flow rates are as given in the last column of Table 2-2. 
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TABLE 2-2 
GROUND WATER INFLOW RATES INTO SHAFTS IN GENERIC GRANITE 

Distance of Influence 
Depth Zone R-r of Eg. {2-4) {ft) Inflow Rate (gEm) 

{ft below surface) Single Shaft Six Shafts Single Shaft Six Shafts 

0-200 1,500 2,200 200 680 
200-1500 1,700 2,400 80 270 

1500-2000 2,000 2,700 0.12 0.4 

These flow rates are typically less than four times the inflow for a 
single shaft. It is easily shown that the high flow rate estimates in 
Table 2-2 cannot be sustained for long periods. With a storage coeffi
cient of 10-4, the total water in storage in the top 200-foot weathered 
layer, for the 8,000 b.Y 10,000-foot extent of the repositorY. is about 

6 ' 
1.6xl0 cubic feet. At the flow rate given in Table 2-2, this entire 
volume wili be drained in approximately 12 days. It is obvious that the 
cones of depression caused by the shafts cannot cover such a large area in 
such a short time. Thus the initial maximum flow rate into the shafts 
will very quickly drop off to a few gpm in just a few days. 

In a similar manner, it is seen that the stored water· in the par
tially weathered layer, with a storage coefficient of 10-5, is on the 
order of 106 cubic feet. At the flow rate given in Table 2-2, this 
entire volume will be drained in less than 20 days. Here also, the high 
initial flow rates must quickly drop off to a few gpm. 

The flow rates in the 500 feet immediately above the repository are, 
however, very small, and enough stored water is available to sustain these 
flow rates for extended periods of time. 

In summary, it can be stated that the sustained ground water inflow 
rates into the shafts during construction will be very small. Mutual 
interference will cause the total inflow into six shafts to be substan
tially less than six times the inflow for a single shaft. Because of low 
ground water storage in the fractured granite, and long time periods 
required to construct the shafts, maximum estimated inflow rates into the 
shafts (see Table 2-2) cannot be sustained. Ground water inflow into LL~ 
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shafts will, therefore, very quickly drop off to a few gpm. Such a small 
flow rate could possibly be removed along with the excavated rock without 
a special dewatering system. 

2.4 GROUND WATER FLOW· INTO REPOSITORY PRIOR TO SEALING 
The repository will be situated in the third lower zone having a 

lower permeability than the upper two layers. The long term flow into the 
repository can be estimated by means of flow net analysis. To use the 
flow net analysis, the various layers having different permeabilities 
should be reduced to a single layer having one permeability. 6 The flow 
into the repository will be dominated by the zone of low permeability in 
which the repository is situated. 

The inflow through one flow channel of the flow net is given by: 

Q=KiA, 

where K is the hydraulic conductivity, 
i is the hydraulic gradient, and 
A is the cross sectional area. 

(2-5) 

The modeled section of 2,000 feet above the repository with three 
zones of different vertical permeability can be replaced by one zone 513 
feet thick having a constant vertical permeability of 5xlo-8 cm/s as in 
Figures 2-3A and 2-3B. 

A flow net for ha 1 f of the repository in a verti ca 1 ·plane for the 
equivalent section is shown on Figure 2-4. It can be seen that at the 
scale of the drawing the thickness of the equivalent upper two layers is 
negligible. Therefore, an even 500 feet is used for the thickness in 
the flow. net ana 1 ys is. The tot a 1 head at the .upper 1 ayer is 2, 000 feet 

·whereas the total head in the repository is 0 when the repository is 
being pumped out. The total flow rate into the repository is then 
calculated from Equation (2-4) as 0.63 cubic foot per second. This is 
equivalent to about 280 gpm for the entire repository or 3 inches of 
rainfall per year. 
about 3.5xlo-6 gpm. 

The average flow per square foot of repository is 
This flow net analysis slightly underestfmates the 

flow rates because it ignores the flow coming into the bottom of the 
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repository from flow paths in a plane perpendicular to the plane of 
drawing. This error is estimated to be on the order of a few percent. 

If such a repository would be in an area where there is direct 
recharge of rainfall through-the soil horizon equivalent to at least 3 
inches per year, then the inflow to the repository would remain at about 
280 gpm for the 1 ife of the repository. However, if there is no direct 
recharge to the water table, then the flow to the repository would have 
to come primarily. from storage in the granite. The natural ground water 
flow rate through the volume of rock overlying the repository, mostly in 
the upper zone of high permeability, is about 12 gpm and is insufficient 
to sustain the possible 280 gpm inf1ow rate into the repository. 

From the flow net in Figure 2-4, it is seen that about 83 percent of 
the inflow to the repository comes down through the roof and the balance 
of 17 percent comes up through the floor. This makes the downward flow 
about 230 gpm and the upward flow about 50 gpm. The volume of water 
recoverable from storage in the rock above the repository is about 2.2x107 

. gallons {Section 2.3). A sustained pumping rate of 230 gpm from the 
entire completed repository would dewater this volume of rock in approxi
mately 66 days .. However, much of the rock above the repository will have 
been dewatered during the construction of the access. shafts before the 
repository is built. Thus, most ~f the ground water entering the reposi~ 
tory in the long term during repository operation will be the flow which 
seeps up through the floor. This will be on the order of 50 gpm, as .. 
shown in the flow net analysis. 

2.5 GROUND WATER FLOW AFTER REPOSITORY DECOMMISSIONING 

2.5.1 Introductory Comments 
The present section is concerned with the regional ground water flow 

patterns and flow rates through the repository subsequent to its decom
missioning and sealing. The method of analysis was based on a mathema
tical and computer model, deta_ils of which are given in Appendix A. Some 
of the important issues related to the applicability and limitations of 
the methodology are discussed in Section 5.0. 
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For the generic repository in granitic formation, the stratigraphy 
given in Figure 2-1 was adopted for the study. The stratigraphic cross 
section along with the discretization grid required by the mathematical 
model is shown on-Figure 2-5. The cross section extends. to a depth of 
7,000 feet and horizontally to 40,000 feet on either side of the reposi
tory center, The cross section was made along the longer axis of the 
repository which is 10,000 feet long and 8,000 feet wide. In the dis
cretization grid, the smallest grid· cells of 1,000-foot length and 50-foot 
depth were used in the immediate vicinity of the repository; progressively 
1 arger grid cells were emp 1 oyed away from the repository for reasons of 
computational_economy. 

The granite was modeled as being isotropic though with differing 
hydraulic conductivities for the different horizontal layers. The actual 
values employed for the baseline simulations are given on Figure 2-5. 
Some parametric studies were done with different hydraulic conductivities; 
these are described later. The values of effective porosity, employed for 
relating the Darcy velocities to the water-particle velocities, by.Equa
tion (2-3), are given in Table 3-1. The water table. is assumed close to 
the land surface and, within the scale of the model, appears identical 
with the land surface. Its slope was taken to be 1 in 1,000 though other 
values were also employed for parametric studies. 

The thermal loadings considered were 100 and 200 kW/acre; as men
tioned in Section 1.3, the temperature distributions for these loadings 
were calculated and supplied by SAI. The SAl calculated record of the 
repository temperature as a function of time at two different locations is 
shown on Figure 2-6 for thermal loadings of 100 and 200 kW/acre for the 
spent-fuel cycle. The detailed temperature patterns in the host rock are 
given later. Preliminary investigations showed that of all thethermal 
loading cycles, the spent-fuel cycle produced the largest effect on the 

·rock temperature and ground water flow patterns. The spent-fuel cycle 
was, therefore, made the focus of attention for these simulations . 
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2.5.2 Results and Discussion 

2.5.2.1 The Baseline Simulations 

The purpose of these simulations was to obtain a general impression 
of the ground water flow patterns and flow rates with the passage of time 
subsequent to repository decommissioning. It is assumed that subsequent to 
decommissioning, the repository is sealed and backfilled and returned to 
a saturated state. The modeling analysis and all the t1me periods men
tioned are thus subsequent to resaturation. 

Because of a number of reasons (see Section 5.0) related to the 
availability of physical and hyciroaeolo!)ical data, the mathcm<lticnl model 
was operated in its quasi-steady state form in a manner analagous to a 
sequence of still frames of a motion picture. Each simulation represented 
a steady-state flow pattern at a particular instant of time. Because the 
ground temperatures are gradually changing with time, the system is never 
in a truly steady state in the strictest analytical sense. However, 
because of the long time periods involved, the long term changes in the 
ground water flow patterns can be estimated by a succession of steady
state simulations. Within the time frame of concern, seven time instants 
were selected as being representive of the complete set; these were: 10, 
100, 1,000~ 5,000, 10,000, 50,000, and lOO,OOO.years subsequent to reposi
tory sealing, decommissioning, and resaturation. When a temperature 
record at a particular instant of time was not availablP., the one closest 
to it was selected for analysis. 

The temperature distributions employed for the simulations are shown 
in the form of isotherm contours in Figures 2-7 through 2-20. The contour:
values selected are those of 1, 10, 50, 100, 150, 200, and 300° F above 
the natural ambient temperature. Not all of the contours are plotted in 
each figure because of the differences in the thermal. loadings and the 
•·i se cllld decay of the max1murn temperature with time as shown on Figure 
2-6. 

Though the simulations extended to 40,000 feet on either side of the 
repository center, the results are shown extending to only 30,000 feet in 
either direction. The flow outside this region was seen to be little in
fluenced and was omitted so as to present a clearer picture of the zone nf 

maximum influence. 
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Plots of the resulting streamline patterns for the various-simula
tions are given on Figures 2-21 through 2-34. The streamlines are essen
tially identi~al with the flow or path lines for a steady flow. These are 
calculated by the computer program as lines of ~qual, or iso-, stream
function. The stream-function is related to the flow velocities by 
Equation ,2~1) and its value is representative of the volumetric flow from 
an arbitrary datum, as given by Equation (2-2). The datum of zero flow 
for these simulations was chosen to be the lower boundary of the finite
difference grid shown on Figure 2-5. Thus a value of 100 implies a 
volumetric flow of 100 cubic feet per year per foot width of the reposi
tory between the lower boundary and the streamline in question. It is 
also implied that, on balance, no flow crosses a given streamline. 

It should. be mentioned here that this method of presenting the 
results was .chosen after considerable experimentation as being the most 
suited for the present study. Firstly, the streamlines provide infor
mation both about the direction of flow and the amount of flow. Secondly, 
the other two methods considered, namely the velocity vectors and total 
head contours, suffered from severe drawbacks. The velocity vectors over 
the stratigraphic cross sectiondiffer by two to four orders of magnitude; 
any presentation of ·these vectors on a linear scale would have been 
uninformative except for the highest range. The total head, as defined in 
its usual form, is not a conserved quantity in the presence of thermal 
buoyancy. Thus, unless thermal energy is included in the total head 

·definition, total head contours will be uninformative and will provide no 
direct information about the direction and quantity of ground water flow. 

T~e flow patterns on Figures 2-21 through 2-34 depict a continually 
evolving pattern ~hich changes from the natural horizontal flow (Figure 
2-2). to a large convection cell on the discharge side of the repository 
resulting from the significant thermal effects. Finally, toward the end 
of the modeled time period the flow begins to return to its prerepository 
horizontal pattern of Figure 2-2. 

A typical flow pattern in the presence of thermal buoyancy is shown 
on Figure 2-24. The heat released by the repository results in a signi
ficant temperature increase in the vicinity of the repository (Figure 2-
10). With a typical geothermal heat flux of 0.2 kW/acre, the repository 
heat release is seen to be hundreds of times greater than th~ normal 

2-13 



geothermal heat flux. As a consequence of this temperature increase, the 
water in the vicinity of the repository becomes much lighter and buoyant 
than the cooler water adjacent to the repository.· The thermal convectio11 
thus begins to move this warm water upward toward the land surface. 
Cooler water adjacent to the repository then moves downward and under the 
repository to replace the water convected away. Because of the prevalent 
~ater table slope, a general ground water movement from left to right 
occurs and modifies the convection pattern to a certain extent. On the 
recharge side, the cooler water is supplied to the repository by the 
general dipping downward of the incoming flow. On the discharge side, 
however, the prevalent movement is directed away from the repository. A 
thermal convection c:ell is thereby formed resulting in recirr.ul~tion of 
the repository water, which rises toward the land surface, cools in the 
process, and sinks back to resupply the repository. The top of this 
convection cell is seen to be sheared by the relatively strong horizontal 
flow occurring in the top high permeability layer of the rock. These 
patterns are in accord with intuitive reasoning and available theoretical 
. f t• 3,7 1n orma 1on. 

The maximum thermal effect, in terms of the largest thermal convec
tion cell and the amount of flow through the repository, is reached 
sometime between 1,000 and 5,000 years after repository sealing and resa
turation. The ground water flow through the repository is in a nearly 
vertical direction because of the thermal buoyancy. The estimated quan
tities of the upward ground water flow through the entire repository and 
the minimum estimated time for water particles to reach the land surface 
from the repository are shown in Table 2-3. ·It is seen that these flow 
rates are fairly small; however, at the time of the maximum buoyancy, the 
time taken for water particles to reach the ground surface is also very 
small compared to the time-frame of concern. 
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TABLE 2-3 
ESTIMATED UPWARD FLOW RATES AND SURFACE APPROACH TIMES 

FOR GENERIC GRANITE REPOSITORY 

Estimated Upward Flow Rate Estimated Minimum Surface 
(gpm) Approach Time (yrs) 

Time (years) 100 kW/acre .200 kW/acre 100 kW/acre 200 .kW/acre 

10 a. 1 0.2 2 ,400· 1,500 
100 0.4 0.9 400 150 

1,000 0.7 1.8 100 40 
5,000 0.7 2.0 100 40 

10,000 0.5 1.4 150 50 
50,000 0. 1 0.3 1,000 400 

100,000 a. 1 0. 1 1 ,000 400 

2.5.2.2 The Parametrics Simulations 
After completion of the baseline simulations, a parametric study was 

undertaken to assess the impact of the various scenarios different than 
the baseline one. For these simulations, the baseline case pertaining to 
3,712 years for 100 kW/acre thermal loading shown on Figure 2-24 was 
selected as the standard case. 

The first set of parametric simulations concerned an investigation of 
the impact of hydraulic conductivity. It was assumed that the conductivity 
of the entire stratigraphic cross section shown on Figure 2-5 is istropic 
and uniform. Two different values, Sxlo-6 cm/s and 5xl0-B cmjs, were 
selected; these correspond, respectively, to the values pertaining to the 
layers 2 and 3 from the top on Figure 2-5. The streamline patterns for 
these are shown on Figures 2-35 and 2-36. In both cases the convection 
cell on the recharge side is now seen to be more fully developed than that 
in the baseline case.· The rest of the flow pattern is, however, essen
tially similar to that of the baseline case (Figure 2-24); the absence of 
a strong horizontal flow near the land surface results in smootner turning 
of the flow at the top of the convection cells. ·one interesting feature 
emerges by comparison of the Figures 2-35 and 2-36; it is noticed that the 
flow pattern in both is identical, though the streamline values differ by 
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a factor of 100, which is in direct proportion to the ratio of the con
ductivities. This is to be expected on theoretical grounds. By compari 
son of the stream functio~ values, for the baseline case and the one for 
the uniform conductivity of 5xlo-8 cm/s, it was noticed that the flow 
through the repository in the latter case was approximately half that in 

the ,torrn~r, 

· ., ·Figures 2~37 and 2-38 show the effect of the changes in the water 
table slope on th~ flow patterns. Figure 2-37 shows that in.the absence 
of a dominant horizontal flow, a flow pattern with a line of symmetry 
vertically through the center of the repository is formed. Two identical 
contra-rotatin~ thermal convection cell$ through the repository rtrP. 
formed. These, in turn, lead to the formation of weaker contra-rotating 
eddies away from the repository. Such a pattern is to be expected on 
theoretical grounds. In the case of a large water table slope of 5 in. 
1,000, shown on Figure 2-38, the basic pattern of Figure 2-24 remains 
unchanged. The stronger horizontal flow now tends to shrink both the 
thermal convection cells and the extent of the influence of thermal 
buoyancy. The changes in the water table slope, it was noticed, left the 
flow through the repository practically unchanged. This implies that as 
far as upflow through the repository is concerned, thermal loading is the 
dominant mechanism compared to the water table slope. 

The effect of a simulated vertical fault through the middle of the 
discharge side of the repository is shown on Figure 2-39. The fault was 
simulated by increasing the vertical hydraulic conductivity in that zone 
to 2.5xlo~ 3 cm/s. In comparison of Figure 2-39 with Figure 2-24, it is 
noticed that the presence of a fault leads to channeling of the flow 
through the fault as is to be expected. However, no significant changes 
occur in the flow pattern, though the discharge side convection cell is 
shifted to pass through the fault zone. The total upward flow through 
the repository remains practically unchanged in the presence of such a 
fault though a significant increase in the upward velocity takes place. 
It should be mentioned here that be~ause of the complex flow pattern, . 
the location of the fault can be an important criterion; a fault on the 
recharge side may lead to a significant change in the flow pattern. 
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NOTES: 1. Time is measured·from repository resaturation after decommissioning. 
2. Vertical and horizontal scales·are.different. 
3. Tenperat.ure is i::1 degrees F. · 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
3. Temperature is in degrees F. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
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2. Vertical and horizontal scales are different. 
3. Temperature is ~n de~rees F. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and ·horizontal scales are different. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
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NOTES: 1. Time is measured· from repository resaturation after decommis:sioning. 
2. Vertical and horizontal scales are different. · 
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NOTES: l. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are.different. 

>
Q,! 
a: 
a z 
:::l 
E) 

CD 

t5 
Q,! 
a: 
:I: 
u 

,~ 

i 

I 

3. Te:nperature is in degrees F. 
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NOTES: 1.· Time is measured from repository resaturation after decommissioning .. 
2. Vertical and ho~izontal scales are different. 
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3. Temperature is in degrees F. 
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NOTES: 1. Time is measured from repository resaturatio~ after decommissioning. 
2. Vertical and horizontal scales are different. 
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3. Temperature is ~n degrees F. 
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FIGURE 2-19 TEMPERATURE: GRANITE 200 KW/AC AT 47900 YRS. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
3. Temperature is in degrees F. 

WPlER TABLE SL~PE = 1 IN 1000 

REPCISITI?JRY 

10.00 

-3oo. oo -225. oo -1 ~.o ~ oo -75. oo o. oo 75. oo 150. oo 22~. oo 
DISTANCE FR~M REP~SIT~RY CENTER - IN FEET *10 

FIGURE 2-20 TEMPERATURE: GRANITE 200 KW/AC AT 97447 YRS. 
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NOTES: 1. Time is measured from repository- resaturation after decommis_:sioning. 
2. Ve:::-tical and horizontal scales are differen:::. 
3. Stream function is in cubic feet per year per unit width of ·r.epository. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
3. Stream function is in cubic feet per year per unit width of· repository. 
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NOTES: l. Time is measured fl!:om repository resaturation after decomniis:sioning. 
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2. Vertical and horizcnt3l scales are differen~. 
3. Stre.3m function is in cubic feet per year per unit width of ·r-epository. 
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Vertical and horizontal scales are different • 

NOTES: 1. 
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3. Stream function is in cubic feet per year per unit width of repository. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are di~ferent. 
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3. s~ream function is in cubic feet .per year fer unit width of repository. 
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. NOTES: 1. Time is measured from repository resaturation after decommissioning. 
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2. Vertical and horizontal scales are different. 
3. Stream function is in cubic feet per year per unit width of repository. 
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NOTES: 1. •Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
3. Stream function is in cubic feet per year per unit ~idth of repository . 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
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3. Stream function is in cubic feet per year per unit width of repository. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are.different. 
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3. Stream function is in cubic feet per year per unit width of repository. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
3. Stream function is in cubic feet per year per unit width of.·repository. 
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NOTES: 1. Ti:::te is neasured from repository resat·.1ration after decommissioning. · 
2. Vertical and horizcntal scales are different. 
3. Stream function is in cubic feet p~r y~ar per uni~ width of repository. 
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NOTES: l. Time is measured from repository resaturation after decommissioning. 
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3.0 SHALE 

3.1 REGIONAL HYDROGEOLOGIC SETTING 

3.1. 1 Topography, Geology, and Hydrology 

For this generic study, a sedimentary sequence is assumed which is 
·) 

generally flat lying or very gently dipping. The sequence consists 
primarily of shales with some interbedded sandstones, limestone, and 
coal. The stratigraphic section is shown on Figure 3-1. The plane of 
the stratigraphic section is aligned parallel to the long axis of the 
repository which is taken to be 10,000 feet long and 8,000 feet wide. 

Overlying the sedimentary sequence of interbedded shales and 
sandstones is a relatively thin bed of recent alluvium having relatively 
high permeability compared to the underlying sediments. Topographic 
relief in the area of the model is very low~ Water exists in the water 
table state in the alluvium, but in the artesian state in the underlying 
formations. The area has a climate such that direct recharge of rainfall 
through the soil horizon to the water table is negligible. The water 
table in the mode'l exists close to the ground surface and at the scale 
of the model appears to coincide with the land surface. 

The general direction of ground water flow is primarily horizontal 
and from the .left to the right through the generic section. The zone of 
ground water recharge is specified as being at a great distance to the 
left of the area considered. Likewise, the zone of ground water discharge 
is specified as being at a great distance to the right of the area con
sidered. Because the left and right boundaries of the stratigraphic 
section are assumed to be constant head boundaries, there is no signifi
cant vertical hydraulic gradient with depth in the area of the model. 
Thus there is no significant vertical ground water movement between the 

·various stratigraphic layers in the natural undisturbed state. 

3. 1.2 Hydrolo[iC Parameters 

3.1.2.1 11 Permeabilitl'- Hydraulic Conductivity 
The basic stratigraphic sequence of permeability used in the analysis 

for shale is shown.on Figure 3-1. In this model there is no relationship 
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between permeability and depth, as was the case with granite. There
pository exists in a zone of shale having the lowest permeability, that 
of 7. lxl0-7 cm/s, with no anisotropy. In sedimentary formations the 
permeability is usually greater in the horizontal than in the vertical 
direction. However, in the generic case of shale, fracture permeability 
was considered to be significant. Because fractures and fracture sets 
could. have various orientations, no preferred orientation was assumed 
for shale permeability in the repository zone. 

It could be argued that a generic shale section could be set up 
that is uniform shale for a thickness of several thousand feet.- However, 
a sequence of shale that is interbedded with other rock types is selected 
as being most representative of natural conditions. Therefore, from a 
hydrologic and hydraulic standpoint, the primary difference between the 
shale repository site and the granite site is that the shale repository 
site has zones of relatively higher permeability~ both above and below 
the zone containing the repository whereas the granite site has a zone 
of relatively high permeability only above the site. 

For the shale site, the zone of highest permeability, with a value 
of 5.9xl0-2 cm/s, consists of alluvial sand and gravel at the land 
surface. In this zone the ground water exists in the water table state. 

For the other layers, anisotropic permeabilities were used with 
higher permeabilities in the horizontal direction than in·the vertical 
direction. In most cases the ratio of horizontal to vertical perme~ 

ability was set ,at about 10 to 1. Although the most representative 
value of the ratio used could be debated, it was considered more 
realistic to use some value of anisotropy rather than none. 

The limestone and dolomite underlyi~g the shale was given a hori
zontal permeability of 4.7xlo-4 cm/s. This is about three orders of 
magnitude greater than the value for the shale containing the repository. 
Thus, compa~ed to the shale, the limestone and dolomite aquifer is signi
ficant and as such could be expected to have some influence upon the flow 
regime in the shale as affected by the repository heat source. 
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3.1.2.2 Porosi~y 

The porosity of shale and fine-grained sediment is usually higher 
than it is fa~ coarser grained sediments such as sandstone, sand, and 
gravel. However, as shales become compressed with the pressure of the 
overlying sediments~ the porosity decreases; but at the same time, the 
denser shales tend to be more fractured. Thus the denser shales will 
~~ve porosities resulting both from intergranular spaces and fracture 
_spaces. 

The intergrannular spaces can-amount to several percent. However, 
a significant part of the water in the minute intergranular spaces is 
held to the surfaces of the mineral grains by electro-chemical forces 
and as such does not readily move through the matrix under the tnfluence 
of normal hydraulic gradients. Water in fractures, which have a lower 
specific surface area for-immobilizing water molecules as compared to 
intergranular spaces, would move more readily than water in the inter
granular spaces~ The volume of rock through which the water can readily 
move is herein termed the effective porosity. For fractured rock this 
would be significantly lower than the total porosity. In this generic 
study a value of 0.001 was used for the effective porosity of the frac
tured sha 1 e. 

The effective porosity of unconsolidated a-lluvium consisting of 
sand and gravel can usually be very high, on the order of 0.5 percent. 
Consolidated sandstones usually have lower effective porosities because 
part of the void spaces are filled in with cementing material. Thus 
consolidated sandstones can have effective porosities which range from 
about 0.5 to virtually zero. 

The values of effective porosity used for the generic shale section 
are listed later in Table 3-1. 

3. 1.2.3 Storage Coefficient 
For the uppermost alluvi~.,tm layer, which is in the phreatic or water 

table state, a storage coefficient of 0.25 was used. For a phreatic 
aquifer, the storage coefficient is the ratio of water which drains 
freely by gravity to the total rock volume. 
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For the underlying formations, which are all in the artesian or 
confined state, a stor.age coefficient of 10-5 was used. The water 
released from artesian storage comes from the expansion of the water 
·itself and compaction of the aquifer matrix as the pressure is released. 
Because the void spaces are not dewatered as in the case of a water 
table aquifer 1 the storage coefficient is much lower than it is for a 
p~~eaticcaquifer. 

3. 1.2.4 Hydraulic Gradient 
For the generic study, the horizontal hydraulic gradient was set 

equal to the regional dip of the formations. In a site specific case. 
however, the. hydraulic gradient could be either· greater or less than the 
regional dip. The basic hydraulic gradient used was 0.001. which is about 
5 t'eet per mile. 

No vertical hydraulic gradient was imposed between the various 
aquifers in the generic section. Thus in the natural state there is very 
little vertical flow between the various aquifers. 

3.2 NATURAL GROUND WATER FLOW REGIME 
The natural ground water flow system in the area considered is 

relatively simple. The ground water flow is essentially horizontal with 
a very small vertical component resulting from the small regional dip and 

. . 

hydraulic gradient. The water occurs in the artesian state in all forma-
tions except th~ uppermost layer of sand and gravel which is a water table 
aquifer·. 

On Figure 3-2 a cross section of the area being modeled is shown 
along with a set of stream lines. The b~ttom edge of the model is taken 
to be the line of zero stream function. Thus the upper stream lines have 
progressively higher values. By use of the stream function (see Section 
2.2) the flow between any given pair of streamlines can be determined. 
The amount of flow,. given by Equation (2-2). is in cubic feet per year per 
foot width of the aquifer. 

Because of the relatively high permeability in the uppermost zones. 
most of the ground water flow occurs in these zones. Another large 
portion of the ground water flow occurs in the limestone and dolomite 
aquifer underlying the repository shale layer. Because a constant tota 
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head with depth is assumed, there is no hydraulic head difference in the 
~rtical direction and thus no vertical movement of ground water results 

between the aquifers through the intervening confining beds. In natural 
conditions some vertical differences in head between different aquifers 
could be expected. These head differences could be positive or negative 
and would cause slow vertical migration of water through the confining 
beds either upward or downward. Because of the various possible site
specific combinations of vertical head differences, for this generic 
study, it was decided to use a natural undisturbed condition of zero 
vertical head differences. 

The natural undisturbed ground water velocities through the area .of 
the model are in direct proportion to the horizontal permeabilities of the 
various layers (Figure 3-1). The horizontal velocities range from 6.1 
ft/yr in the upper sand and gravel layer to 7.3xlo-4 ft/yr in the shale 
layer containing the proposed repository site.· Darcy velocities for the 
various layers in the model are listed in Table 3-1. 

The approach velocity is given by dividing the Darcy velocity by the 
effective porosity (Equation (2-:-3)) .. This is the mean velocity of the 
water particles. The value of effective porosity in all cases will be 

TABLE 3-1 
NATURAL GROUND WATER VELOCITIES IN GENERIC SHALE* 

Depth Zone Darcy Ve 1 ucity Effective Approach Velocity 
{ft below surface} (ft/~r} Porosit~ { ft/~r) 

. 0-100 6.1 0.35 17.0 
100-500 1.1 0.02 55.0 
500-1000 7.3xl0-4 0.001 0.7 

1000-1050 3. 6~10-l 0.01 36.0 

1050-1650 7.3xlo-4 0.001 0.7 

1650-2400 4.9xl0-l 0.02 25.0 

2400-3200 5.2xl0-2 0.01 5.2 

* Approach velocity is horizontal and toward the three mile boundary. 
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of effective porosity of 0.35 occurs ih the uppermost layer of sand and 
gravel. The lowest value of 0.001 occurs in the shale layer containing 
the proposed repository site. The approach velocities for the various 
layers are also listed in Table 3-1. The highest approach velocity of 
55 feet per year occurs in the second layer from the land surface con
consisting of interbedded sandstone, shale, coal, and mudstone, whereas 
the lowest value of 0.7 foot per year occurs in the shale layer for the 
proposed repository. 

3.3 GROUND WATER FLOW RATES INTO VERTICAL SHAFTS 
Ground water exists in the phreatic or water table state in thP. 

uppermost layer of the generic site. Therefore, as in the case of the 
granitic formation, Equation (2-4), for inflow into a fully penetrating 
water table well, can be used to estimate the long term flow into a 
shaft penetrating the top layer of the shale formation. 

Even though the deeper layers are all in the artesian state, the 
volume of rock in the vicinity will very quickly start to be partially 
dewatered and change over to the phreatic .state if the inflow into the 
shaft is allowed to proceed at its maximum rate. Therefore, to a first 
approximation, the long term flow into a shaft for the succeeding layers 
can also be estimated by means of the same equation. Ground water 
inflow rates into a 14-foot radius shaft for the various layers are 
listed in Table 3-2. If the six shafts for the repository are con
structed simultaneously, mutual interference caused by cones of depres
sion in the water levels from each shaft will reduce the inflow rate per 
shaft. The inflow per shaft for six shafts operating at the same time 
will be approximately half the rate for a single shaft. The total 
inflow rates from the various layers for six shafts are listed in the 
last column of Table 3-2. wherein the six individual shafts are replaced 
by an eCJuivalent shaft of 700-foot rudius. 
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TABLE 3-2 
GROUND WATER INFLOW RATES INTO SHAFTS IN GENERIC SHALE FORMATION 

Distance of Inflow Rate (gpm)" Depth Zone Influence 
i(ft below surface) R-r of Eq. (2-4) (ft): Single Shaft Six Shafts 

.. , 0-100 1 ,500 580 1 '700 
100-500 1 '700 1 ,800 5,400 
500-1000 1,900 1.7 5. l 

1000-1050 1,900 8.2 25 

1050-1350 2' 100 0.6 1.8 

Examination of the estimated inflow rates in Table 3-2 
shows that most of the water will be produced by the uppermost 500 feet 
·of sediments. Total inflow for this interval is on the order of thousands 
of gallons per minute. It is, therefore, obvious that engineering 
solutions will be required to deal with the water from this stratigraphic 
interval during the· shaft construction phase. Inflow rates from lower 
stratigraphic intervals are only on the order of a few gallons per 
minute; this water could probably be removed along with the material 
excavated from the shafts. 

3.4 GROUND WATER FLOW INTO REPOSITORY PRIOR TO SEALING 
The repository will be situated in the shale layer at a depth of 

about 1,350 feet below the land surface. Initially, the total head of 
water at the depth of the repository will be 1,350 feet. As the reposi
tory is excavated the total head of water in the repository will be 
reduced to zero. Thus ground water will flow downward from the upper 
aquifers through the shale into the top of the repository. Likewise~ 

ground water will flow upward from the deep limestone and dolomite 
aquifer through the shale into the bottom of the repository. 8P.cause of 
the large lateral dimensions of the repository compared to its thickness, 

lateral ground water flow into the sides of the repository can be 

neglected. 
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The flow into the top and bottom of the repository can be estimated 
by means of a simple application of Darcy•s relation (2-5). Flow down 
ward through the overlying 800 feet of shale is thus calculated to be on 
the order of 1,600 gpm. With the passage of time, there will be a gradual 
decline in the ground water inflow through the top of the repository as 
the water level in the upper alluvial aquifer falls. However, because 
of the high storage coefficient in the alluvial aquifer (0.25) it will 
take many years to dewater the 100-foot-thick aquifer. Water in storage 
in the alluvial aquifer above the repository is estimated to be on the 
order of 1.5xlo10 gallons. With an inflow rate of 1,600 gpm, it would 
take on the order of 20 years to dewater this part of the alluvial 
aquifer. However, ground water will also be flowing radially inward 
from adjacent parts of the alluvial aquifer to help sustain th~ downward 
leakage into the repository. 

The flow upward through the 300 feet of shale from the underlying 
limestone aquifer can also be estimated by use of Equation (2-5). 
The maximum possible head in the underlying artesian limestone a~uifer 
is 1 ,500 feet. However, as water leaks upward from the aquifer, th_e 
artesian pressure head will decrease with time. If the average total 
head drops to half its original value in 750 feet, then the resulting 
upward flow will be on the order of 2,000 gpm. Thus the total long term 
flow into the repository will be about 3,600 gpm. 

During the time the repository is in operation, ground water will 
flow radially toward the repository. Water flowing into the repository 
will be removed by a pumping system. After the repository is backfilled 
and sealed, the pumping system will be abandoned· and the void spaces in 
the repository will become filled with ground water. The ground water 
flow patterns will then, once again; be predominantly in a direction 
which is lateral past the repository. However, the flow pattern will be 
affected by the heat generated by the radwaste in the repository. 

The water which leaks into the repository from the adjacent aquifers 
can be controlled to some extent by means of dewatering wells outside 
the area .of the repository. A system of deep peripheral dewatering 
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wells screened only in the limestone and dolomite aquifer could easily 

reduce the artesian pressure to a level low enough to prevent upward 

leakage into the repository. 

Downward leakage from the upper aquifers will be more difficult to 

control by dewatering wells. Because the upper aquifer is a water table 

~quifer ~~d has a high storage coefficient, many wells pumping for a 
long time will be required to dewater the upper aquifer. Downward 
leakage from the upper aquifer into the repository will not be reduced 

substantially until the upper aquifer is completely dewatered. 

3.5 GROUND WATER FLOW AFTER REPOSITORY DECOMMISSIONING 

3.5. 1 Introductory Comments 

The present section is concerned with the regional ground water 
flow patterns and flow rates through the repository subsequent to its 
decommissioning and sealing. The method of analysis was based on a 

mathematical and computer model, details of which are given in Appendix A. 
Some of the important issues related to the applicability and limitations 
of the methodology are discussed in Section 5.0. 

For a generic repository in shale formation, the stratigraphy given 
in Figure 3-1 was adopted in a modified form for the study; some of the 

formation layers with similar hydraulic properties were lumped together 
into equivalent layers for reasons of computational economy. The strati
graphic cross section along with the discretization grid required by the 
mathematical model is shown on Figure 3-.3.· The cross section extends to a 
depth of 3,200 feet and ·horizontally to 40,000 feet on either side of 
the repository center. The cross section was made along the longer axis. 
of the repository which is 10,000 feet long and 8,000 feet wide. In the 

discretization grid, the smallest grid cells of 1,000-foot length and 
50-foot depth were used in the immediate vicinity of the repository; 
progressively larger·grid cells were employed away from the repository 

for reasons of computational economy. 
The various layers in the stratigraphic cross section differed in 

their hydraulic properties. The actual values of the hydraulic 
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conductivities used for the simulations are given in Figure 3-3. The 
vaiues of effective porosity, employed for relating the Darcy velocit'11::;;> 
to the water particle velocities (Equation (2-3)), are given in Table 3-l. 
The water table is assumed close to the land surface and, within the 
scale of the model, appears identical with the land surface. Its slope 

~~s ~~~en to be 1 in 1,000. 
The thermal loadings considered were 100 kW/acre; as mentioned in 

Section 1.3, the temperature distributions for these loadings were 
calculated and supplied by SAl. The SAl calculated record of the reposito~ 
maximum temperature as a function of time, at two different locations, is 
shown nn ~·"igure 3-4 for thermal loadings of 100 kW/acre for the spent-
fuel cycle. The detailed temperature patterns in the host rock are 
given IJtcr .. r1·eliminar·y iiiV!:!~t'lyat1ons ShOWed that of all the thermal 
loading cycles, the spent-fuel cycle produced the largest effect on the 
roc;k tempera turP. rinrl orolmd· water flow pattcrn5. The spent -fuel ~y~le 

was, therefore, made the focus of attention for these simulations. 

3.5.2 Results and Discussion 
The purpose of these simulations was to obtain a general impression 

of the ground water flow patterns and flow rates with the passage of 
time subsequent to repository decommissioning. It is assumed that 
subsequent to decommissioning, the repository is sealed and backfilled 
and returned to a resaturated state. The modeling analysis, and all the 
time periods mentioned, are thus subsequent to resaturation. 

Because of a number of reasons related to the availability of 
physical and hydrogeological data, the mathematical model was operated 
in its quasi-steady state form in n mo.nner analagous to a ~cquence of 
still frames of a motion picture. Each simulation represented a steady
state flow pattern at a particular instant of time. Because the ground 
temperatures are gradually changing with time, the system is never in a 
truly steady state in the strictest analytical sense. However, because 
of the long time periods involved, the long term changes in the ground 

water flow patterns can be estimated by a succession of steady-state 
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simulations. Within the time frame of concern, seven time instants were 

selected as being representative of the complete set; these were: 10, 
100, 1,000, 5,000, 10,000, 50,000, and 100,000 years subsequent to 
repository sealing, decommissioning and resaturation. When a tempera
ture record at a particular instant of time was not available, the one 
closest to it was selected for analysis. 

The temperature distributions employed for the simulations are 
shown in the form of isotherm contours in Figures 3-5 through 3-11. The 

. 0 
·contour values selected are those of 1, 10, 50, 100, 150, and 200 F 
above the natural ambient temperature. Not all of the contours are 
plotted in each figure because of the rise and decay of the maximum 

temperature with time as shown on Figure 3-4. 
Though the simulation extended to 40,000 feet on either side of the 

repository center, the results are shown extending to only 30,000 feet 
in either direction. The flow outside this region was seen to be little 
influenced and was omitted so as to present a clearer picture of the 

zone of maximum influence. 
Plots .of the resulting streamline patterns for the various simula

tions are given in Figures 3-12 through 3-18. The streamlines are 
essentially identical with the flow or path lines for a steady flow. 
These are calculated by the computer program as lines of equal, or iso
stream-function. The stream-function is related to the flow velocities 
by Equation (2-1) and its value is representative of the volumetric 
flow from an arbitrary datum, as given by Equation (2-2). The datum of 
zero flow for these simulations wa~ chosen to be the lower boundary of. 
the finite-difference grid on Figure 3-3. Thus a value of 50 implies a 
volumetric flow of 50 cubic feet per year per foot width of the repository 
between the lower boundary and the streamline in question. It is also 
implied that, on bal~nce, no flow crosses a given streamline. 

It should be ~entioned here .that this method of presenting the 
results was chosen after considerable experimentation as being the most 
suited for the present study. Firstly, the streamlines provide informa
tion about both the direction of flow and the amount of flow. Secondly, 

the other two methods considered, namely, the velocity vectors and total 

head contours, suffered from severe drawbacks. The velocity vectors 

over the stratigraphic cross section differ by two to four orders of 
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magnitude; any presentation of these vectors on a linear scale would 
' 

have been uninformative except for the highest range. The total head, 
as defined in its usual form, is not a conserved quantity in the presence 
of thermal bouyancy. Thus, unless thermal energy is included in the 
total head definition, total head contours will be uninformative and 
will prpv1de no direct information about the direction and quantity of 
ground water flow. 

The flow patterns in Figures 3-12 through 3-18 depict a continually 
evolving pattern that changes from the natural horizontal flow (Figure 
3-2) to a convection cell on the discharge side of the repository result
ing from the significant thermal effects. 1-'ina'lly, toward the end of 
the modeled time period the flow begins to return to its prerepository 
horizontal pattern of Figure 3-2. 

A typical flow pattern in the presence of thermal buoyancy is shown 
on Figure 3-15. The heat released by the repository results in a sig
nificant temperature increase in the vicinity of the repository (Figure 
3-8) .. With a typical geothermal heat flux of 0.2 kW/acre, the repository 
heat release is seen to be hundreds of times greater than the normal 
geothermal heat flux. As a consequence of this temperature increase, 
the water in the vicinity of the repository becomes much lighter and 
buoyant than the cooler water adjacent to the repository. The thermal 
convection thus begins to move this warm water upward toward the land 
surface. Cooler water adjacent to the repository then moves downward 
and under the repository to replace the water convected away. Because 
of the prevalent water table slope, a general ground water movement from 
left to right occurs and modifies the convection pattern to a certain 
extent. On the recharge side, the cooler water is supplied to the 
repository by the general dipping downward of the incoming flow. On 
the discharge side, however, the prevalent movement i:. rlirected away 
from the repository. A thermal convection cell is thereby formed re
sulting in recirculation of the water which rises toward the repository, 
is deflected by the strong horizontal flow, and sinks back to resupply . . 

the repository. The bottom of this convection cell is seen to be 
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flattened by the presence of the lower boundary which was assumed to be 
impermeable. These patterns are in accord with intuitive reasoning and 
available theoretical information. 

The maximum thermal effect, in terms of the largest thermal convection 
cell and the amount of flow through the repository, is reached sometime 
between 1,000 and 5,000 years after repository sealing and resaturation. 
The ground water flow through the repository is in a nearly vertical di
rection because of the thermal buoyancy. The estimated quantities of 
ground water flow and the time for water particles to reach the land 
surface from the repository are shown in Table 3-3. It is seen that 
these flow rates are rather small; however, at the time of the maximum 
buoyancy, the time taken for water particles to reach the ground surface 
is also very small compared to the time-frame of concern. 

TABLE 3-3 
ESTIMATED UPWARD FLOW RATES AND SURFACE APPROACH 

TIMES FOR GENERIC SHALE REPOSITORY 

Estimated Upward Estimated Minimum Surface 
Time Cvrs) Flow Rate ( gpm) Approach Time (yrs) 

10 8.0 1,500 

100 50.0 240 
1 ,000 100.0 80 
5,000 67.0 100 

10,000 40.0 170 
50,000 8.0 900 

100,000 2.3 3,000 
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INTERBEDDED SHALE AND SANDSTONE 

3000 

FIG, 3-1 GENERIC STRATIGRAPHIC SECTION ARGILLACEOUS FORMATIONS 
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NOTES: 1. Time is measured from repository resaturation after decominissioning. 
2. Vertical and torizontal scales are different. 
3. Temperature is. in degrees F. 
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4. 0 BASALT . 

4.1 REGIONAL HYDROLOGIC SETTING 

4. 1.1 Topography, Geology and Hydrology 

In this study a basaltic terrain is selected which has a low 
topographic relief. The basalt is areally extensive and extends to a 

'J great depth. The total area and total depth of basalt is greater than 
the basalt being considered for generic analysis. 

The basalt consists of a succession of flows of varying thickness. 
Interbedded with the basalt flows are· thin layers of tuff, soil horizons, 
and sandstones. The formations in the area of concern are relatively 
undeformed and have a slight regional dip of 0.001. Ground water flows 
are primarily horizontal with the hydraulic gradient set equal to the 
regional dip. The generic stratigraphic section used in the study is 

.shown on Figure 4-l. The plane of the stratigraphic section is· aligned 
parallel to the long axis of the repository which is taken to be 10,000 
feet long and 8,000 feet wide. 

Overlying the basalt sequence is a bed of recent alluvium composed 
of sand and gravel having a relatively high permeability compared to the 
underlying basalt flows .. Water exists in. the water table or phreatic· 
state in the alluvium but in the artesian state in the underlying rock. 
The area has a climate such that direct recharge of rainfall through the 
soil horizon to the water table is negligible. The water table in the 
model exists close to the ground surface and at the scale of Figure 4-1 
appears to coincide with the land surface. 

Ground water is recharged to the formations at an unspecified 
location outside the left side of the stratigraphic .section. ~ikewise, 

ground water discharge is to the right of the stratigraphic section at 
an unspecified location. Recharge can be i~ the form.of mountain· front 
recharge, along fault zones, or through the bottom of lakes, swamps, or 
stream channels. Discharge can be along faults, swamps, lakes, or 
rivers outside the area being considered. 

0 
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Ground water flow occurs in fractures in the various basalt flows 
and in contact zones between various basalt layers. Some basalt flows 
may have locali~ed zones. of very' high horizontal permeability resulting 
from the formation of lava tubes and breccia zones. Within the soil 
horizons are some linear stream channels filled with permeable channel 
deposits composed of sand and gravel. 

4. 1.2 Hydrologic Parameters 

4. 1.2.1 11 Permeability11
- Hydraulic Conductivity 

No preferred orientation of permeability is mnrlP11erl into the 
individual basalt flows. However, because of the· horizontal orientation. 
of individual flows~ and interbP.ddP.d thin !.Ones of tuffs, soils, and 
sediments, individually having lower or higher permeabilities than the 
basalt flows, the overall effect is a highly anisotropic medium having 
overall permeability much greater in the horizontal direction than in 
the vertical direction. 

Although basalt is generally considerably fractured, some cases are 
documented as having few fractures and resulting low permeability. For 
this generic study, the repository site is situated in such a basalt 
zone of low permeability. 

The basic stratigraphic sequence of permeability used in the 
analysis is shown on Figure 4-1. The zone having the lowest permeability 
of 5xlo-8 cm/s is the dense basalt in which the repository is situated 
at a depth of about 1,800 feet. The zone of highest permeability exists 
near the land surface and consists of alluvial sand and gravel with a 
permeability of 5xlo-3 cm/s. All other formations have intermediate 
va·l ues of permeabi.l i ty. 

The permeability of the basalt itself is primarily fracture perme
ability similar to thilt of the generic granite in·Section 2.0. However·, 

there is some porous media permeability within the thin layers of sedi
ments which are interbedded with the basalt flows. 

4-2 



For the purpose of analysis, an impermeable boundary was set at a 
depth of 3,200 feet. In reality, the rock at a depth of 3,200 feet or 
deeper would have some finite permeability. However, with a very low 
permeability, it would have negligible effect upon the ground water flow 
regime in the upper layers. 

4. 1.2.2 Porosity 
The porosity of the rock is important for the purpose of relating 

the Darcy velocity of the ground water to the approach velocity (Equa
tion (2-3)). What is important for this is the effective porosity which 
is the portion of the total pore space through which water· is free to 
move. Some forms of basalt are vesicular and contain pore spaces caused 
by gas bubbles. Many of these pores are not interconnected and these do 
not form channels for the free passage of water. For the generic basalt 
under consideration, the effective porosity consists primarily of 
fracture openings in the rock mass of the basalt. In this respect it is 
similar to the generic granite. Thus for the high density basalt an· 
effective por.osi ty of 10-4 was used. The sandstones, tuff, and tuffaceous 
sandstone interbedded with the basalt flows were assigned effective 
porosities on the order of 0.01. The employed values of effective 
porosity for the generic basalt section are listed in Table 4-1. 

4. 1.2.3 Storage Coefficient 
For the uppermost alluvium layer, which is in the phreatic or water 

table state, a storage coefficient of 0.25 was used. For a phreatic 
aquifer, the storage coefficient is the ratio of water which drains 
freely by gravity to the total rock volume. For the underlying forma-
tions, which ·are all in the artesian or confined state, a storage coefficient 
of 10-5 was used. The water released from artesian storage comes from 
the expansion of the water itself and compaction of the aquifer matrix 
as the pressure is released. Because the void spaces are not dewatered 
a~ in the case of a water table aquifer, the storage coefficient is much· 
lower than it is for a phreatic aquifer. 

4-3 



4. 1.2.4 Hydraulic Gradient 
For the generic study, the horizontal hydraulic gradient was set 

equal to the r_egional dip of the formations. In a site-specific case, 
however, the hydraulic gradient could be either greater or less than the 
regional dip. The basic hydraulic gradient used was 0.001, which is about 
5 feet per mile. 

)No vertical hydraulic gradient was imposed between the various 
aquifers in the generic section. Thus in the natural state there is very 
little vertical flow between the various aquifers. 

4.2 NATURAL GROUND WATER FLOW R~GIME 
The natural ground water flow system in the area modeled is relatively 

simple. The ground water flow is essentially horizontal with a very small 
vertical component resulting from the small regional dip ·of the formations. 
The ground water occurs in the water table state in the uppermost aquifer 
consisting of sand and gravel and in the artesian state in the underlying 
formations. . 

Figure 4-2 shows a cross section of the area being modeled along with 
a set of streamlines. By use of the streamlines the flow between any 
given pair of streamlines can be determined in a simple manner (see 
Section 2.2). The lower boundary of the model is taken to be a line of 
zero stream function. The upper streamlines have progressively higher 
values. The velocities are given in feet per year and depths are in feet. 
Thus the flow rate is given in cubic feet per year per foot width of 
aquifer. 

Because of the relatively high permeability in the· uppermost zone 
(sand and gravel) most of the natural ground water flow through the area 
of the mode'l occurs in that zone. The smallest flow rate occurs in the 
basalt layer in which the repository is sited. The flow rates in the 
other layers are intermediate in value. The overall ground watet' flow 
system is similar to that of the shale site in that the repository layer 
of very low permeability is situated between overlying and underlying 
aquifers of higher permeability. However, in terms of overall ground· 
water flow rates, the values are closer to that of the granite formation. 
The Darcy velocities for the various layers in the model are listed in 
Table 4-l. 
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The approach velocity is given by dividing the Darcy velocity by the 
effective porosity (Equation (2-3)). This is the mean velocity of the 
water particles. The horizontal approach velocities for the various 
layers are also given in Table 4-1. They range from 0.5 foot per year in 
the basalt layer containing the repository to 30 feet per year in an 
overlyi.ng. layer. 

. .~: 

TABLE 4-1 
NATURAL GROUND WATER VELOCITIES IN GENERIC BASALT* 

Depth Zone Darcy Velocity Effective Approach Velocity 
(ft below surface} ( ftLy_r} Porosity_ (ft/y_r} 

0-200 5.2 0.35 15 
200-550 5.lxlo-4 5xlo-4 l 
550-900 9.0xlo-2 lxlo-3 90 
900-1150 2.lxlo-2 lxlo-3 21 

1150-1325 l.Oxlo-3 5xlo-4 2 
1325-1600 6.0xl0-2 2xl0-3 30 
1600-1700 2.lxlo-3 5xlo-4 4.1 
1700-1900 5.2xl0-5 lxlo-4 0.5 
1900-3200 5.2xlo-3 5xlo-4 10 

The recharge and discharge boundaries ~f the model are specified as 
being constant total head boundaries. Thus there is no change in hydrau
lic head with depth and as a result there is no vertical ground water 
leakage between aquifers under natural conditions. 

4.3 GROUND WATER FLOW. RATES INTO VERTICAL SHAFTS 
Ground water exists in the phreatic or water table state in the 

uppermost layer of·the generic site. Therefore, Equation (2-4), for 
estimating flow into a fully· penetrating water table well can be used to 

* . . Approach velocity is horizontal and toward the three mile boundary. 
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estimate the inflow into a shaft penetrating the first 200 feet. Even 
though the deeper layers are all in the artesian state, the volume of 
rock in the vicinity will very quickly start to be partially dewatered 
and change over to the phreatic state if the inflow into the shaft is 
allowed to proceed at its maximum rate. Therefore, to a first approxi
mation, tbe long term flow into a shaft for the succeeding layers can 
also be estimated by means of the same equation. Ground water inflow 
rates into a shaft of 14-foot radius, thus estimated, are listed in 
Table 4-2. If the six shafts for the repository are constructed simul
taneously, mutual interference caused by cones of depression 1n the 
water levels from each shaft will reduce the inflow rate per shaft. The 
inflow per shaft for six shafts operating at the same time will be 
approximately half the rate for a single shaft. The total inflow rates 
from the various layers for six wells are listed in the last column of 
Table 4-2, wherein the six individual shafts are replaced by an equiva"lent 
shaft of 700-feet radius. 

TABLE 4-2 
GROUND WATER INFLOW RATES INTO SHAFTS FOR GENERIC BASALT SITE 

Depth Zone Distance of Influence Inflow Rate (qpm) 
l(ft below surface) R-r of Eq. (2-4) (ft) Sinqle Shaft Six Shafts 

0-200 1;£i00 2,000 6,000 
200-300 1,600 0.01 0.03 
JUU-450 1,650 0.22 0.66 
450-550 1 '700 0.01 0.03 
550-650 1 '750 0.3 0.9 
650-700 1 ;800 2. 40 7.20 
700-850 1,900 0.02 0.06 
H50-900 1,900 12.00 36.00 
900-1100 1 '950 0.04 0.11 

1 W0-1 "150 2,000 2. 30 6.9 
1150·· 1325 2,200 o:oJ 0.08 
1325-1525 2,400 l. 20 3.60 
i525-1575 2,400 12.00 36.00 
15 75-16 75 2,500 0.46 l. 40 
1675-1800 2,600 0.01 0.02 
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Examination of the estimated inflow rates in Table 4-2 shows that 
most of the water will be produced by the uppermost 200 feet consisting , 
of alluvium. Total inflow for this interval is on the order of thousands 
of gpm. It is, therefore, obvious that engineering solutions will be 
required to deal with the water from this stratigraphic interval during 
the shaft construction phase. Inflow rates from lower stratigraphic 
intervals are only on·the order·of·a few gpm. This water could probably 
be removed along with the material excavated from the shafts. 

4.4 GROUND WATER FLOW INTO REPOSITORY PRIOR TO SEALING 
The repository will be sited in the midsection of the dense basalt 

layer having the lowest permeability. Because of the large lateral 
dimensions {8,000 x 10,000 feet) compared to its thickness (25 feet) 

. ground water flow through the sides of the repository can be neglected. 
Most of the flow will occur down through the roof of the repository and 
up through the floor of the repository . . 

The flow of ground water through the roof and up through the floor 
can be estimated by means of Darcy's relation (2-5). The initial total 
head in the repository will be 1,750 feet which will be reduced to zero 
when the repository is pumped out. The aquifers, that i.s, the zones of 
higher permeability above and below the dense basalt layer containing 
the repository, will act as sources of water for percolation into the · 
repository. · This is analogous to the situation described for shale in 
Section 3.0. The primary ground-water source layer over the repository 
is the 200 feet of alluvium at the surface. Between the alluvium and 
the repository level there are layers of vary1ng permeability which may 
be replaced by a single equivalent layer with a vertical permeability of 
5xlo-8 cm/s and a thickness of approximately 600 feet. The downward 
flow through this layer is estimated to be approximately 150 gpm. 

Ground water will also seep upward through the floor of the reposi
tory from the underlying basalt layers which have a higher permeability 
than the repository layer. The underlying 1,500-foot-thick layer has a 

r vertical permeability of 5xlo-7cm/s. If we assume that there is an 
aquifer below the 3,200-foot depth to supply seepage water and that the 
artesian pressure drops in half to a stable level of 900 feet of head, 



the inflow to the bottom of the· repository is estimated from Equation 
(2-5) to be 230 gpm. However, the generic site is considered as having 
no aquifer at the lower boundary; thus the long term flow from below 
should be considerably less than 230 gpm. The flow net analysis for the 

. generic granite site overlying an infinite mass of granite with an 
isotropic permeability of Sxlo-8 cm/s gave an inflow rate of about 50 

. gpm (Section 2.4). Thus the long term upward inflow rate for the generic 
basalt repository should be intermediate between these extremes of 50 
and 230 gpm with a value on the order of 100 gpm. 

4.5 GROUND WATCR rLOW ArTCR RCPOSITORY DCCOMMISSIONING 

4.5 .. 1 Introductory Comments 
The present section is concerned with the regional gr-ound water 

flow patterns and flow rates through the repository subsequent to its 
decommissioning and sealing. The method of analysis was based on a 
mathematical and computer model, details of .which are given in Appendix A. 
Some of the important issues related to the applicability and limitations 
of the methodology are discussed in Section 5.0. 

For the generic repository in basalt formation, the stratigraphy 
given on Figure 4-1 was adopted in a modified form for the study; some 
of the formation layers with similar hydraulic properties were lumped 
together into equivalent layers for reasons of computational economy. 
The stratigraphic cross section along with the discretization grid 
required by the mathematical model is shown on Figure 4-3. The cross 
section extends to a depth of 3,200 feet and horizontally to 40,000 feet 
on either side of the repository center. The cross section was made 
along the longer axis of the repository, which is 10,000 feet long and 
8,000 feet wide. In the discretization grid, the smallest grid cells of 
1,000-foot length and 50-foot depth were used in the immediate vicinity 
of the repository; progressively larger grid cells were employed away 
from the repository for reasons of computational economy. 
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The various layers in the stratigraphic cross section differed in 
their hydraulic properties. The actual values of the hydraulic conduc
tivities used for the baseline simulations are given on Figure 4-3. 
Some parametric studies were done with different hydraulic conductivities; 

·these are described later. 
The. Values of effective porosity, employed for relating the Darcy 

velocities to the water-particle velocities (Equation (2-3)) are given 
in Table 4-1. The water table is assumed close to the land surface and, 
within the scale of the model, appears identical with the land surface. 
Its slope was taken to be 1 ·in 1,000. 

The thermal loadings considered were 120 and 180 kW/acre; as men
tioned in Section 1.3, the temperature distributions for these loadings 
were calculated and supplied by SAl. The SAl calculated record of the 
repository maximum temperature as a function of time at two different 
locations is shown on Figure 4-4 for thermal loadings of 120 and 180 
kW/acre for the spent .fuel cycle. The detailed temperature patterns in 

. the host rock are given later. Preliminary investigations showed that, 
of all the thermal loading cycles, the spent-fuel cycle produced the 
largest effect on the rock temperature and ground water flow patterns. 
The spent-fuel cycle was, therefore, made the focus of attention for 
these simulations. 

4. 5. 2 Results and Discussion 

4.5.2. l The Baseline Simulations 
The purpos,e of these simulations was to obtain a general impression 

, of the ground water flow patterns and flow rates with the passage of 
time subsequent to repository decommissioning. It is assumed that 
subsequent to decommissioning, the repository is sealed and backfilled 
and returned to a resaturated state. The modeling analysis, and all 
the time periods mentioned are thus subsequent to resaturation. 

Because of a number of reasons related to the availability_ of 
physical and hydrogeological data, the mathematical model was operated 

in its quasi-steady-state form in a manner analagous to a sequence of 

still frames of a motion picture. Each simulation represented a steady

state flow pattern at a particular instant of time. Because the ground 
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temperatures are gradually changing with time, the system is never in a 
truly steady state in the strictest analytical sense. However, because 
of the long time periods involved, the long term changes in the ground 
water flow patterns can be estimated by a succession of steady-state 
simulations. Within the time frame of concern, seven time instants were 
s.~lect.~q ps being representative of the complete set; these were: 10,· 
too, 1,000, 5,000, 10,000, 50,000, and 100,000 years subsequent to 
repository sealing, decommissioning, and resaturation. 

The temperature distributions employed for the simulations are 
shown in the form of isotherm contours on Figures 4-5 through 4-18. The 
contour values selected are those of 1, 10, 50, 100, 150, 200, and 3000 F 
abo'le the natura I ambient temperature. Not a·i I of the contours are 
plotted in each figure because of the difference in thermal loadings and 
the rise and decay of the maximum temperature with time as shown on 
Figure 4-4. 

Though the simulations extended to 40,000 feet on either side of 
the repository center, the results are shown extending to only 30,000 
feet in either direction. The flow outside this region was seen to be 
little influenced and was omitted so as to present a clearer picture of 
the zone of maximum influence. 

Plots of the resulting streamline patterns for the various simula
tions are given on Figures 4-19 through 4-32. The streamlines are 
essentially identical with the flow or path lines for a steady flow. 
These are calculated by the computer program as lines of equal, or iso-, 
stream-function. The stream-function is related to the flow velocities 
by Equation (2-1) and its value is representative of the volumetric 
flow from an arbitrary datum, as qiven by Equation (2-2). The datum of 
zero flow for these simulations was chosen to be the lower boundary of 
the finite-difference grid shown on Figure 4-3. Thus a value of 100 
implies a volumetric flow of 100 cubic feet per year per foot width of 
the repository between the lower boundary and the streamline in question. 
It is also implied that, on balance, no flow crosses a given streamline. 

It should be mentioned here that this method of presenting the 
results was chosen after considerable experimentation as being the most 
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suited for the present study. Firstly, the streamlines provide in- · 
formation both about the direction of flow and the amount of flow. 
Secondly, the other two methods considered, namely, the velocity vectors 
and total head contours, suffered from severe drawbacks. The velocity 
vectors over the stratigraphic cross section differ by ~wo to four 
orders of ~qgnitude; any presentation of these vectors on a linear scale 
would have been uninformative except for the highest range. The total 
head, as defined in its usual form, is not a conserved quantity in the 
presence of thermal buoyancy. Thus, unless thermal energy is included 
in the total head. definition, total head contours will be uninformative 
and will provide no direct information about the direction and quantity 
of ground water flow. 

The flow patterns in Figures 4-19 through 4-32 depict a continually 
evolving pattern which changes from the natural horizontal flow (Figure 
4-2) to a convection cell on the· discharge side of the repository result
ing from the significant thermal effects. Finally, toward the end of 

~.the modeled time period the flow begins to return to its prerepository 
hori zonta 1 pattern of Figure 4-2. 

A typical flow pattern in the presenceof thermal buoyancy is shown 
on Figure 4-22. The heat released by the repository results in a sig
nificant temperature increase in the vicinity of the repository (Figure 
.4-8). With a typical geothermal heat flux of 0.2 kW/acre, the repository 
heat release is seen to be hundreds of times greater than the normal 
geothermal heat flux. As a consequence of this temperature increase,. 
the water in the vicinHy of the repository becomes much lighter and 
buoyant than the cooler water adjacent to the repos1 tory. The ther-mal 
convection thus begins to move this warm water upward toward the land 
surface. Cooler water adjacent to the repository then moves downward 
and under the repository to replace the water convected away. Because 
of the prevalent. water table slope, a general ground water movement from 
left to right occurs and·modifies the convection pattern to a certain 
extent. On the recharge side, the cooler water is supplied to the 
repository by the general dipping downward of the incoming flow. On the 
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discharge side, however, the prevalent movement is directed away from 
the repository. A thermal convection cell is thereby formed resulting 
in recirculation of the repository water·, which rises toward the land 
surface, cools in the process, and sinks back to resupply the repository. 
The top of this convection cell is seen to be sheared by the relatively 
strong horizontal flow occurring in the top high~conductivity layer of 
t~~ rp~k. These patterns are in accord with intuitive reasoning and 

:. !·:··. 

available theoretical information. 

The maximum thermal effect, in terms of the largest thermal convection 
cell and the amount of flow through the repository, is reached sometime 
between 1,000 and 5,000 years after· repository sealing and resaturation. 
The ground water flow through the repository is in a nearly vertical 
direction because of the thermal. buoyancy. The estimated quantities of 
the upward ground water flow through the repo$itory and the minimum 
estimated time for water particles to reach the land surface from the 
repository are shown in Table 4-3. It is seen that these flow rates are 
fairly small; however, at the time of the maximum buoyancy, the time 
taken for water particles to reach the ground surface is also very small 
compared to the time-frame of concern. 

TABLE 4-3 
ESTIMATED UPWARD FLOW RATES AND SURFACE APPROACH TIMES 

FOR GENERIC BASALT REPOSITORY 

Estimated Upward Flow Estimated Minimum Surface 
Rate (qpm) A~Qroach Time (yrs) 

Time (yrs) 120 kW/acre 180 kW/acre 120 kW/acre 180 kW}acre 

10 0.8 1.3 20,000 15,000 
100 5.6 10.2 3,000 2,000 

1000 14.7 28.7 370 200 
5000 15.9 31. 1 120 60 

10000 12.3 23.6 140 70 

50000 5.3 9.5 370 200 -
100000 1.1 1.7 I ,700 1 ,_100 
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4.5.2.2 The Parametric Simulations 
After completion of the baseline simulations, a parametric study 

was undertaken to assess the impact of the various scenarios different 
than the baseline one. For these simulations, the baseline case per
taining to 5,000 years for ~80 kW/acre thermal loading shown on Figure 
4-29 was sel ~.cJ:.~d as the standard case . 

. · 
The first set of parametric simulations concerned an investigation 

of the impact of hydraulic conductivity. It was assumed that the con
ductivity of the entire stratigraphic cross section shown on Figure 4-3 is 
isotropic though different from one layer to the next. 

Two different sets of values were considered. In the first case, 
the vertical conductivity, K , for each of the layers was put equal to 

y . . 
the respective horizontal conductivity shown on Figure 4-3. This re-
sulted in an effective overall increase in the vertical conductivity. 
In the second case, the horizontal conductivity, K , for each of the 

. . X 
layers was put equal to the respective vertical conductivity shown on 
Figure 4-3. This resulted in an effective decrease in the horizontal 
conductivity. The streamline patterns for these two cases are shown on 
Figures 4-33 and 4-34. In both these cases, in comparison with Figure 
4-29, the convection cell on the recharge side is now seen to be more 
fully developed. Also, the effect of an increased vertica.l hydraulic 
conductivity is to elongate the thermal convection cells in the vertical 
direction. The amount of vertical flow through the repository was seen 
to approximately double from that of the baseline case. The effect of a 
decreased horizontal conductivity, in comparison of Figure 4-34 with 
Figure 4-29, is seen to result in near-symmetrical contra-rotating eddies 

·through the repository. The horizontal flow is now considerably weakened 
and the convection cell on the recharge side is, the~efore, more fully 
developed. The total upward flow through the repository was seen to be 
approximately half that for the baseline case. These observations rela
ting to the effect of the changes in hydraulic conductivities are in 
accordance with the intuitive and theoretical reasoning. 
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Figures 4-35 and 4-36 show the effect of the changes in the recharge 
and discharge mechanisms for the r_egional flow. On Figure 4-35 all the 
discharge occurs into a lake which is presumed to extend to a depth of 
200 feet from the surface. The discharge boundary below 200 feet, 
unlike that in the baseline case sh6wn on Figure 4-29, is taken to be 
imper~eable. It is seen in comparison of the two relevant figures that 
no· significant change in the flow through the repository occurs. Flow 
lines near the discharge boundary are modified to cope with the changed 
outflow conditions. Figure 4-36 shows the results of a simulation which 
considered a 200-foot-deep lake on the recharge side and a similar lake 
on Lhe d·ischarge s1de. In this case, in comparison with Figure 4-29, 
the f1t'lw ·fleld is seen to modify on both the recharge and dischar·ge 
sides. The total flow through the repository was seen to decrease by 
about 10 percent, though the overall pattern remains unchanged. The 
thermal convection cell on the recharge side is now more fully developed 
because of the relative paucity of water in the lower layers, which 
causes the incoming streamlines to deflect more strongly than in the 
baseline case. 
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NOTES: 1.. Vertical and h0rizontal scales are different. 
2 •. Strearr. functio:1 is in cubic feet per year per unit width of repository. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
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3. Temperature is in- degrees F. 
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FIGURE 4-5 TEMPERATURE: BASALT 120 KW/AC AT 10 YRS. 
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NOTES: 1. ~ime is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
3. Temperature is in C.egrees F. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
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3. Temperature is in degrees F. 
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FIGURE 4-7 TEMPERATURE: BASALT 120 KW/AC AT 1000 YRS. 
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'Iime is measured from repository resaturation after decommissioning. 
Vertical and horizontal scales are.different. 
?emperature is in degrees F. 

WAlER TABLE SLDPE = 1 IN 1000 

0 
......-! 

o* 
0 

• t-
oW 
NW 
JlL 

o:Z 
0~ 

c) I 

~w ,u a: 
Ou_ 
0~ . (/') 
0 

- ~3: 
a I 5 

·W 
om 
0 

l;o--~rr~~~-~-~--~' . I 
at--
NO... 
(Y)W 

300~0tJ -300.00 -225.00 -150.00 -75.00 0.00 . 75.00 150.00 22~.00 
OJSTRNCE FREM REP~SIT~RI CENTER - IN FEET •10 

1IGURE 4-8 TEMPERATURE: BASALT 120 KW/RC AT 5000 YRS •. 



~ 
I 
N· 
w 

NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical an~ horizontal scales are different. 
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3. Temperature is in degrees F. 
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FIGURE 4-9 TEMPERA-TURE: BASALT 120 KW/RC AT 10000 YRS. 
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NOTES: l. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales aredifferent. 
3. ~em?erature is in degrees F. 
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~mTES: 1. Time is measured from repository resaturation after decommissioning .. 
2. Vertical and hor~zontal scales are different. 
3. Temperature is in degrees F. 
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FIGURE 4-11 TEMPERRlURE: BASALT 120 KW/RC AT 100000 YRS. 
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NOTES: 1. ?irr.e is measured fr::)m repository resaturat·ion after decommissioning. 
2. Vertical and horizontal scales are different. 
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3. Temperature-is in degrees F. 
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Time is measured from repository resaturation after decommissioning. 
Vertical and horizontal scales are different. 
Temperature is in degrees F. 
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FIGURE 4-13 TEMPERRlURE: BASALT 180 KW/RC AT 100 YRS. 
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Time is measured from repository resaturation after decommissioning. 
Vertical and horizontal scales are.different. ' 
Tern?erature is in degrees F. 
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fiGuRE 4-14 TEJ1PERATURE: BASALT 180 KW/AC AT 1000 YRS. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
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FIGURE 4-15 TEMPERATURE: BASALT 180 KW/RC RT 5000 YRS. 
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NOTES: 1·. Time is measured ::rom repository resaturation after decommiss.ioning. 
2. Vertical and horizontal scales are d~fferent. 
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3. Temperature is in degrees F. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
3. Temperature is in degrees F. 
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FIGURE 4-17 TEMPERATURE: BASALT 180 KW/RC AT 50000 YRS. 



~ 
I 

w 
N 

NOTES: 1. Time is measure:i from repository resaturation a:fter decommiSsioning. 
2. Vertical and horizontal scales are different. 

)

~ 
a: 
a z 
::> 
ID 
([J 

3. Temperature is in degrees F. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
3. Stream function is in cubic feet per year per unit width of. repository. 
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FIGURE 4-19 STREAM FUNCTICJN: BASALT 120 KW/AC AT 10 YRS. 
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NOTES: 1. Time is measured from repository resat.uration after decommissioning. 
2. Vertical and ho::.-izontal scales are different. 
3.- Stream function is in cubic feet per yea ... r per un.:. t width of repository. 
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NOTES: 1. Time is measured from repository resaturation after decommis·sioning. 
2. Vertical and horizontal scales are.different. 
3. Stream function is in cubic feet per year per unit width of ·:r.eposi tory. 
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NOTES: 1. Time is measured from repository resaturation after decommis'sioning. 
2. Vertical and horizontal scales are different. 
3. Stream function is in cubic feet per year t:er unit width of repository. 
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FIGURE 4-22 STREAM FUNCJ IEJN: BASALT 120 KW/FiC AT 5000 YR~~ 
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I NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are.different. 
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3. Stream function is in cubic feet per year per unit width of ·r:eposi tory. 

WATER TABLE SL~PE = 1 IN 1000 
1000.00 
100.00 

50.00 

-300. DO -·225. DO -150~ DO -75. DO 0. DO 75. DO 150.00 22~. DO 
DISTANCE FR~M REP~SIT~RY CENTER - IN FEET ~10 

FIGURE 4-23 STREAM FUNCT I(JN: BASALT 120 KW/AC Rl 10000 YRS. 
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NOTES: 1. ~im~ is measured from· repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
3. s~ream function is in cubic feet per year per u~it width of.~epository. 
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NOTES~ 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal 'scales are different. 
3. Stream function is in cubic feet per year per unit width of repository. 
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FIGURE 4~25 STREAM FUNCT ICJN: BASALT 120 KW/AC AT 1 00000 YRS. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are differe~t. 
3. Stream function is in cubic feet per year per unit width of r,eposi tory. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical an1 horizontal scales are_different. 
3. Stream function is in cubic feet per year per unit width of repository. 
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NOTES: 1. Time is measured from repository resa.turation after decommissioning. 
2. Vertical and hcrizontal scales are different. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
3. Stream function is in cubic feet per year per unit width of repository. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizont~l scales are different. 
3. Stream function is .in cubic feet per year per unit width of repository. 
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NOTES: 1. ?ime is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
3. Stream function is in ·cubic feet per year per unit width of ·.repository. 
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NOTES: 1. Time is measured from repository resaturatior. after decommissioning. 
2. Vertical and hor~zontal scales are different. 
3. Stream function is in cubic feet per year per unit width of .r~pository. 
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NOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
3. Stream function is in cubic feet per year per unit width of repository. 

WATER TABLE SL~PE - 1 IN 1000 
1000.00 

100.00 

50.00 

)-

~ a: 
Cl z 
:::J 
E) 

]0.00 (I) 

t5 
~ a: 
:r: 
u 
w 
~ 

-300.00 -225 .. 00 -150.00.-75.00 0.00 75.00 150.00 22~.00 
DISTANCE FR~M REP~SIT~RY CENTER - IN FEET *10 

FIGURE 4-33 

STREAM FUNCT I~N :: BASALT 180 KW/AC AT 5000 YRS. ( K Y=KX l. 

0 

o* 
0 • r-- . 
ow 
NW 
1LL 



Time is measured from repository resaturaticn after decommissioning. 
Vertical and horizontal scales are different. 

NOTES: 1. 
2. 
3. Stream function is in cubic feet per ~·ear per un.ii.t width of repository. 
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lOTES: 1. Time is measured from repository resaturation after decommissioning. 
2. Vertical and horizontal scales are different. 
3. Stream function is in cubic feet per year per unit width of repository. 
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5.0 APPLICABILITY AND LIMITATION OF METHODOLOGY 
FOR GROUND WATER FLOW 

5. 1 POROUS MEDIUM APPROACH 
rh~ analysis presented in the earlier sections implicitly assumes 
·ro 

that, as far as ground water flow is concerned~ the rock mass behaves as a 
porous medium. 

Though some ground water flow may occur through the intact rock mass, 
in general the bulk of the flow occurs through cracks, fissures, and 
joints, etc. which are created by geological stresses. Such a rock mass 
may be termed as fractured rock. Ideally, thus, a fractured or mixed 
medium approach is required for purposes of complete analysis. 1 ' 2 How
ever, such an approach necessitates the specification of highly detailed 
and site-specific input; for. example, that relating to the typical dimen-

\ .·-... ./ " sions, spacing, and orientation of fractures. For a generic study, such 
as the present one, this information is unlikely to be available. In any 

. " 
cas~~ne of the important features of the present study is the effect of 
temperature on the ground water flow; and to date, no fractured or mixed 

., . 

, medium apptoaches have been developed to analyze such a problem. 
~ ~ . . 

The best~lternative then is to employ an equivalent continuum porous 
med.ium approach~.· One such approach has been proposed by Snow, 3 where it 

. . / 
is assumed the flow through fractures can be represented as flow between 

' ' . 

parallel p'lates. In an equivalent porous medium approach the flow is 
assumed to be governed by a Darcy type of relation: 

V = K i 
(5-1) 

where V is the velocity, 
K is the effective hydraulic conductivity, and 
i is the hydraulic gradient in the direction of velocity. 

The effective hydraulic conductivity, k , is related to the fracture 

dimensions by: 
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(5-2) 

where \) is the kinematic viscosity of water, 
g is the gravitational constant, and 
e is the· effective flow aperture of the fracture. 

:::' The fracture porosity. (distribution), n , is related to the frac-
ture spacing, s ' by; 

n = e/s (5-3) 

Thus the effective hydraulic conductivity for the rock mass is given by: 

(5-4) 

Such an equivalent continuum approach has been wide1y employed for 
analysis of rock mass flow. 3' 4' 5 Some experimental verification and 
limitation of such an approach have been discussed.by, among others, {/.,. 

Maini and Hocking. 
5 

. ~·· 
It should be mentioned here that for the radwaste disposal probJ /· of 

concern here, the scale of concern is typically·a few miles in horit<,tal· 
direction and a few thousand feet in depth. Thus, unless large scale 
fractures occur, the comparatively small-scale (compared to the overall 
rP.gion of concern) fractures are well approximated by the above approach. 

5.2 THE ROCK STRESS AND GROUND WATER FLOW 
As mentioned in Section 1.3, the ground water flow calculations were 

decoupled from the rock-stress calculations. As shown in Figure 1'-1, a 
complex interaction between the two exists and ideally, the analysis must 
proceed concurrently and in a t:oupled manner. However, 5uch an app.-oach 
was ruled out for this first level of generic study. 

The· primary effect of the changed rock stress pattern, as far as 
ground water flow is coricerned, is in altering the fracture system of the 
host rock. This will lead to altered paths anq permeability for ground 
water flow. For the generic studies it is assumed that such changes are 
either relatively minor or restricted to a small zone in comparison wi· 
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the overall fracture pattern. This assumption needs to be reexamined if 
further evidence indicates that substantial alteration of fracture pattern 
is likely to occur. 

5.3 THE HEAT TRANSFER AND GROUND WATER FLOW 
For the present generic study, the thermal and ground water flow 

calculations were decoupled as .described in the earlier sections. Such an 
approach was dictated by the scope of study and the generic nature of the 
geohydrological data available. Ideally, of course, the complex inter
action between the two components, outlined in Figure 1-1, need to be 
taken into account. 

The numerical model employed for the long term analysis of the 
regional flow takes a complete account of the effect of heat on both the 
water properties and the thermal convection due to bouyancy. However, the 
temperature field calculated by SAI6 assumes that the ground water convec
tion effects on temperature are negligible; the only mechanism of heat 
transfer is condution. The relative importance of the convection to 
conduction may be expressed in a number of ways. One simple option is to 
consider the amount of convective heat transfer in comparison to the total 
heat input to the system. 

The total thermal loading due to radwaste repository at 100 kW/acre 
is calculated to be: 

Q = 100 ~ x 10,000 ft. x 8000 ft. x 2.3xlo-5 a~~es acre , . . 

= 1.84 X 105 kW 

The total flow rate through the entire thickness of shale·formation 
is of the order of 1,000 cubic feet per year per foot width; for the 
entire 8000 foot width of the repository it is approximately 0.25 cfs. 
The total heat convected by this ground water, per unit change of tempera~ 

ture is given as: 

ft3 lb kW-sec °F 
Qc = 0.25 sec x 62.4---3- x 1.055 lboF x 1.8 OC 

ft 
"' 30 kW/degree C 

5-3 



Thus, even with a 50°C (90°F) average temperature rise for the whole 
ground water column, the total heat transported by convection in shale 
formation is less than 1 percent of the total thermal loading. For the 
granitic and basalt formations this figure is likely to be much lower. 

Another method of assessing the relative importance of the convective 
flow is in t~rms of the Peclet number, Pe, which represents the ratio of 
the convective and conductive mechanisms; symbolically: 

Pe - U L/D (5-5) 

When U and L are, respectively, the typical velocity and length scales and 
D is the thermal diffusivity. 

For the present problem, with the order of magnitude values for U, L 
and D as 10-9 m/s, 103 m and 10-6 m2;s, respectively, the Peclet number is 
on the order of unity. At such a low Peclet number, the thermal convec
tion may be considered insignificant(?) in comparison with thermal conduc
tion. 

In summary, therefore, it may be stated that for the present generic 
study, the convective heat transfer is much smaller in comparison to the 
conductive heat transfer. 

5.4 THERMAL CONVECTION AND INSTABILITY 
One of the main features of the long term ground water flow patterns 

presented in the earlier section is the. development of thermal convection 
currents and convection cells. In general, thermal convection may develop 
when temperature gradients exist in a fluid. A particular type of insta
bility arises when a fluid is heated from below such that it becomes less 
dense (or bouyant) than the fluid layers above. The less dense fluid then 
begins to move upwards and is replaced by the dense fluid from the top 
layers moving downward. ThiS phenomenon is sometimes referred to as 
Rayleigh instability. Though the discussion above is particularly rele
vant to fluid media, the instability may also arise in porous media where 
fluid exists in a distributed form in a matrix of solid material. 
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The onset and existence of the thermal instability is·governed by a 
combination of factors, which include the density gradient, the typical 
length· scales of motion, the coefficient of volumetric expansion, the 
conductivity of rna teri a 1 , etc. The ba 1 ance between them is genera 11 y 
represented by various nondimensional parameters. A convenient parameter 
for the~~ purpose is the modified Rayleigh number(?) defined as: 

Ra = KBH ~T /D, (5-6) 

where, 

K is the hydraulic conductivity, 
B is the coefficient of volumetric expansion, 
H is th~ height of the fluid column, ··;.,. 
~T is a representative temperature difference, and 
D is the thermal diffusivity. 

For the present problem, the maximum thermal influence on hydraulic 
flow is seen to occur between 1000 and 5000 years after repository decom
missioning. The representative values of the parameters H, K and D for 
the porous medium column may then be taken as 103m, l0-6m/s and 10-6 

m2/s, respectively, that of ~T as 200° F and of a as 5 x 10-4 1 °. The 
value of the modified Rayleigh number~ from Equation (5-6), is then· 
estimated to be of the order of 100. This is considerably above the· 
critical value{?) which is usually taken to be of the order of 40. 

These order-of-magnitude results are thus a substantiation of the 
numerical analysis presented in earlier sections. 

5.5 LIMITATIONS OF RESULTS AND FURTHER INVESTIGATIONS 
It has been mentioned earlier that the present study is of generic 

nature. In line with the OWl work plan,8 the selection of stratigraphy,9 

regiona·J settings, geohydrologic properties, analytic and mathematic 
models, simulation scenarios, etc. were all selected on the basis of 

. generic considerations. In no way were the selections influenced by any 
site-specific criteria. 
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The primary emphasis is thus on qualitative and comparative evalua
tion rather than on quantitative analysis. It is, therefore, recommer 
that due consideration be given to this aspect of the results for drawing 
any site-specific conclusions. 

Further, some features of the radwaste repository have received 
little consideration in the available literature. An example is that of 
the complex behavior of the rocks and fluid flow .under thermal loading, 
especially at pressures greatly exceeding normal atmospheric pressure. 
Though, as shown in earlier sections, the general nature of the results 
obtained is substantiated by uvailable data, many specific features cannot 
IJ~ v~l'ified dt this stage. Thus, clea1·ly, before any 3ite-3pec'ific 

decisions are made, further detailed analysis including experimental or 
field investigation need to be undertaken. 
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6.0 SUMMARY AND CONCLUSIONS FOR GROUNDWATER FLOW 

This report considers the effects of a radio-active waste (radwaste) 
di sposa 1 repository on the r_egiona 1_ ground water flow patterns and the 
ground water flow rates through the repository shafts during construction, 
into the .~.ep~sHory during its operation and finally, through the reposi
tory after its decommissioning. 

The studies relating to these aspects of the radwaste repository 
were carried out on the basis of the OWl Work Plan, dated September 27, 
1977.1° ·In accordance with. the Work Plan, Dames & Moore identified o 

generic repository sites for granite, shale, and basalt formations, which 
then formed the basis for the rest of the work. 5 The temperature . 
distribution of the rocks as a consequence of heat release from the 
radwaste was provided by SAI. 6 

The analyses relating to the ground water flow rates and flow 
patterns were carried out by a combination of analytical methods and 
mathematical computer models. For computer modeling an exhaustive set 
of scenarios compatible with the generic nature of the investigation was 
studied to allow general qualitative and quantitative conclusions to be 
drawn. The applicability and limitations of the methodology have been 
discussed in Section 5.0. 

As a result of these analytical and computer studies, the following 
primary conclusions were drawn regarding the effect of the repository on 
the ground water flow. 

6.1 GROUND WATER FLOW I~TO REPOSITORY SHAFTS 
Ground water flow into shafts.constructed in the generic granite 

site would be very·low, on the order of a few gpm. Flows into the 
shafts for the generic shale and basalt sites would be relatively high, 
over 1,000 gpm, unless engineering.measures are taken to control the 
inflow. For the shale and basalt most of the inflow occurs in the near 
surface aquifers. Deeper rock formations contribute negligible quanti
ties of water inflow to the shafts. 
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Maximum inflow to the shafts would occur when the shafts are con
structed' individually. Mutual interference in water levels would occur 
if the proposed six, shafts jare constructed simultaneously, resulting· in 
a reduction of the flow to individual shafts by approximately a factor 
of 2. 

6.2 GROUND WATER FLOW INTO REPOSITORY DURING ITS OPERATION 
During operation of the repository ground water will seep into the 

repository through the floor and ceiling from adjacent aquifers. For 
granite the repository inflow rate is small, on the order of tens of 
gpm. for shale the inflow rate· is on the order of a few thousand gpm. 
This results primarily by leakage from an underlying strong aquifer and 
from an a 1"1 uvial water table aquifer at the land surface. Inflow to the 
basalt repository is on the order of a few hundred gpm. This results 
primarily from leakage from an overlying alluvial aquifer near the land 
surface. Inflow rates can be reduced by appropriate dewatering wells if 
required. 

6.3 GROUND WATER FLOW PATTERNS AND FLOW RATES AFTER DECOMMISSIONING 
l. In all three geologic formations investigated; g~anite, 

shale, and basalt, the heat flux generated by radioactive 
decay of radwaste was found to be a signif1cant factor in 
determining the ground water flow patterns and flow rates. 
The thermal loadings investigated consisted of 100 and 200 
kW/acre for granite, 100 Kw/acre for shale and, 120 and 180 
kW/acre for basalt. The heat flux resulting from these loadings 
was several hundred times more intense than the ambient geo
thermal heat flux. 
The temperature distrihution of the host rock resulting from 
these loadings was determined by SAl. The general pattern was 
that of the highest temperatures in the repository and pro
gressively lower temperatures in all directions away from the 
repository. In all cases the temperature was seen to rise 
with time to a maximum value somewhere between 103 and 104 
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years after repository decommissioning and a final decay to 
the ambient natural levels after a time period on the order of 
105 _years. 

2. In general, it was found that the repository heat flux resulted 
in the onset of strong thermal convection flow and consequent 
distortion of the previously prevalent horizontal flow in the 
region of investigation. 

3. With progressive lapse of time, the rock temperatures rise to a 
maximum and the ground water flow patterns change from a preva
lent horizontal flow to those in which the flow is directed 
nearly vertical upward through the repository" because of thermal 
convection. This in turn leads to a depletion of the water 

under the repository and surplus water above it. As a conse
quence the ground water flow from the recharge side is deflected 
downward to supply the repository with cooler water. .The 
rising warm water through the repository cools as it rises and 
eventually is deflected by the strong horizontal flow in the top 
aquifers to flow horizontally .. Some of this cooler water on the 
discharge side then sinks back to resupply the repository, 
resulting in the formation of large thermal convection cells. 
The rest of the ground water continues its general horizontal 

. motion to reach the model discharge .boundary. In some cases a 
smaller thermal convection cell is also formed on the recharge 
side. 

4. The extent and the strength of the thermal convection pattern 
was found to be different for granite, sha 1 e and basalt. In 
gener~l, the flow patterns for granite were found to differ most· 
from those for shale; the patterns for basalt were intermediate 
to those for the other two geologic formations. 
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5. In all cases, the maximum influence of the repository heat 
source was seen to occur somewhere between 1?000 and 5,000 
years after decommissioning. Typically, the horizontal extent 
of maximum influence /rom the center of the repository was of 
the order of 5 mi 1 es for basa 1 t, 4 mi 1 es. for. granite, and 
~miles for shale. The maximum.vertical influence was seen 
to be quite extensive in all cases and extends from the layers 
close to the land surface to the lower boundary, which was at 
7,000 feet depth for granite and at 3,200 feet depth for 
basalt and shale. 

f::i. ihe muximum upward flow through the repository was estimated 
to be on ·the order of 100 gpm .for sha 1 e, 30 ~PIT! for basfllt. 
diiU 2 gpm for granite. The shortest estimated surface approach 
times for the ground water flowing through the repository were 
on the order of 50 years for basalt and granite and 100 years 
for shale. These times coincided with that for the maximum 
thermal influence bet~een 1,000 and 5,000 years after repository 
decommissioning. The estimated surface approach times were of 
the order of 500 years in the first 100 years after repository 
decommissioning. 

7. From parametr·ic studies with the computer model, it was con
cluded that upward flow through the repo$itory and ths thermal 
convection patterns were primarily determined by a combination 
of the strength of thermal loading and the hydraulic con
ductivities of the host rock. 

Larger horizontal hydraulic conductivities lead to stronger 
horizontal flows and te11d to shrink the influence of the 
vet·til;al therma 1 cunvect1on. Weaker horizontal flows and 
smaller hydraulic conduct·ivities, on the other hand, lead to 
more fl.llly developed thermal convection patterns and more 
extensiva influence of thermal loading. 
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Larger vertical hydraulic conductivities tend to stretch the 
thermal convection patterns 
to stronger vertical flows. 
have an opposite effect. 

in the vertical direction and lead ' 
Smaller vertical conductivities 

8. The effect of the water table slope on the upward flow through 
the repository was found to be minimal. A large water table 
slope, leading to a stronger horizontal flow, tends to shrink 
the extent of influence of thermal convection. A small water 
table slope leads to more fully developed thermal convection 
patterns. 

9. The effect of a partial blocking of the recharge or discharge 
boundary, such as a limited-depth lake rather than a recharge 
and discharge through the entire depth, is rather minimal as 
far as the upward flow through the repository is concerned; 
such scenarios lead to slightly lowered upward flows through 
the repository, and the bulk of the thermal convection pattern 
remains unaltered. The flow lines adjust most sharply near 
the recharge and discharge boundary to accommodate the altered 
conditions. 

10. The effect of a vertical fault through the discharge side of 
the repository was seen to be rather small as far as the total 
upward flow through the· repository is concerned. However, the 
channelling of the flow through the fault· occurs, and the 
upward vertical velocities increase substantially in the fault 
zone. 
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7.0 AVAILABILITY OF RADIONUCLIDES FOR MIGRATION 

This section was prepared by Science ApplicatiC?ns, Inc. and dis

cusses the rates of nuclide leaching from the various waste forms and 

nuclide solubilities. The analysis of radionuclide migration from a 

waste repository requires an understanding of several complex phenomena: 

the integrity of engineered barriers between waste and groundwater, the 

groundwater .1 eachi ng of the waste forms themse 1 ves . or the migration of 

radionuclides from waste matrices, the specific radionuclide content and 

chemical forms of the wastes, and the solubility and mobility of the 
nuclides. 

7. 1 DEPENDENCE ON FUEL CYCLE 

Only minimal data exist on the solubility of the borosilicate glass 

that encapsulates the HLW and even less data exist on the solubility of 

irradiated fue 1 pe 11 ets that would be p 1 aced in a repository in the 

spent fuel cycle. The data that do exist on the rates ·of nuclide 

leaching from fuel pellets indicate that the rates are similar to those 

from borosilicate glass at 25°C. 1 Comparisons of temperature dep~ndence 
of the leach rates from these two waste forms cannot be made because the 

temperature dependence of leach rates from fuel pellets is not known. 

The waste-canistering process in these generic repository studies 
is such that the irradiated spent fuel pellets have at least two metal 

barriers between them and eventual groundwater intrusion. These 

barriers are the spent-fuel canister and the Zi"rcaloy cladding on the 

fuel. On the other hand, the borosilicate glass HLW could have only a 

single barrier between it and eventual groundwater intrusion. In each 

case, two additional barriers might exist under certain circumstances: 

a metal sleeve lining the hole in which the canister is placed and an 

overpack into which a damaged or contaminated canister would have been 

p 1 aced. However, in genera 1 , the spent fue 1 pe 11 ets wi 11 have more 

barriers between them and potential groundwater than the vitrified HLW 

wi 11 have. 
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There are several reasons to believe that the glass HLW canisters 

may exhibit higher corrosion rates than similar spent-fuel canister 
First, for a considerable period the surfaces of canisters containing 

vitrified waste from reprocessing are at much higher temperatures than 

canisters containing spent fuel elements. Maximum temperatures have 

been estimated at 375° and 200°C, respectively. (See Volume 19 of this 
report.) The higher temperatures of vitrified waste would tend to give 
groundwater a greater general corrosion rate for the canisters· and a 
higher nuclide leaching rate from matrix enclosing the waste. The 

second, and perhaps more important reason, to expect higher corrosion 
rates in the case of canisters containing vitrified HLW stems from the 
possibility of stress-corrosion cracking. The reference vitrification 
process assumed in these studies involves 11 in-can melting. 11 During this 
process, the molten glass (frit) and waste are m1xed and poured dir·ectly 
into a canister. As the. vitrified waste is cooling in the canister, the 
canister will be stressed. Although engineering techniques exist that 
attempt to remove such stresses, assurance of their complete removal 
waul d be very di ffi cult. Such stresses are the chief cause of 
stress-corrosion cracking of stainless steel canisters (See Section 7.2 

for further discussion.). However, such stress would probably not 

develop in canisters containing spent fuel assemblies since they never 
reach such high temperatures as deve 1 oped under the 11 in-can melt i ng 11 

process. In addition, the Z~rcaloy cladding on the fuel, which would 

already have endured exposure to very hot water and very high irradia
tion with essentially no corrosion, is ·not subject to corrosion cracking 

from either stress or creasing. 2 In fact, it should protect the fuel 
until such moderately long-lived nuclides as 90Sr, 137Cs, and 244 Cm have 
essentially decayed. 

The lack of sufficient oxygen in fissioned U02 to convert all of 

the fission products to even their lowest oxides assures that in spent 
fuel 99Tc would be present only as the element or as insoluble Tc02 , 

which would thus be largely unavailable for transport. On the other 

hand, the technetium in the vitrified waste will probably be in the form 
of a pertechnetate salt, which is soluble. The fate of this technetium 
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form in vitreous waste is uncertain and dependent on chemical environ

ment of the repository, as wi 11 be discussed 1 ater. Processing does 

segregate the radioactive gases and nearly all of the iodine, though 

they must be stored somewhere. In the case of storage of spent fuel, 

the radioactive gases and the soluble iodides would be protected from 

dispersal a~ long as the barriers of canisters, cladding, and matrix 

remained intact. 
Cons ide ration of this evidence and the greater avai 1 abi 1 i ty of 

leach rate data on the vitrified waste form led to the decision to 

analyze the leaching and migration of nuclides from glass HLW. Further, 

it was decided to analyze the waste from reprocessing for uranium only, 

since this leaves plutonium in the waste and would give the highest rate 
of release of radionuclides to groundwater flowing through a repository. 

Consequently, the analysis of 1 eachi ng and migration concentrated on 
this cycle. 

7. 2 INTEGRITY OF CANISTERS CONTAINING VITRIFIED WASTE 

The canisters given most consideration as containers for glass 

waste are made of 304L stainless steel, which permits in-can melting of 

glass and has a high resistarrce to general corrosion by neutral or 

slightly alkaline water. Stainless steel canisters containing freshly 

processed HLW have been stored in ammoniated water for several years 

without showing signs of corrosion. 3 

However, the combination of even small traces of chloride and oxygen-in 

water and stresses from the differences in thermal expansion 

coefficients of glass and steel can cause rapid cracking of the steel 

and _exposure of the glass to the water. One example is the cracking 

within 6 months of a canister containing only 13 parts per million (PPM) 

chloride, after the hot canister had remained intact for 4 years in 

air. 3 Sensitization by exposure to the hot air may have increased the 

susceptibility to cracking, but similar conditions might exist in a 

repository. Extensive tests of stress-corrosion cracking of stainless 

steel wires were conducted at Argonne National Laboratory. 4 In tests at 

260°C with water containing 8 ppm oxygen and various concentrations of 

sodium chloride, times required for cracking ranged from about an hour 

at 1000 ppm salt to about a day at only 10 ppm salt. See Figure 7-1. 
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There is little chance that a site for a repository could be found 

in which it could be assured that the groundwater would have a sa 1 

low chloride concentration. Dames and Moore estimate 39 and 90 ppm in 

shale and basalt; respectively. The higher alkalinity in basalt should 

be a deterrent to cracking. While stress-corrosion cracking may be 

localized,.9.r:t<;t may initially expose only a small area of the glass sur-
.... ~ , I 

f~E~ in only part of the canisters to water, the only safe assumption is 
that the contents of all canisters containing HLW in glass would be ex

posed to water during most of the time required to fill the repository. 

Consequently, in the analysis of nuclide leaching and migration, the 

waste canister is not considered to be a barrier. 

7. 3 I<E.SIS lANCE OF NUCLEAR WASTE GLASS TO LEACHING 

7.3.1 Composition of Glass 

The second barrier to dispersion of nuclear wastes stored in glass 

is the resistance of the glass to dissolution by the water in a decom

missionecl repository. Glasses have been developed in which calcined 

wastes c~n be incorporated in a homogeneous state at working tempera-

.. tures of 950-1150°C. They are mostly borosi 1 i cates containing zinc. 5 

The ratio of glass frit to waste oxides in compounding the final glass 

is usually 3 or 4 to 1. A waste glass developed in Canada6 and found to 

have extremely high resistance to leaching is made .from a mixture of 

waste, 1 i me, and the natura 1 mi nera 1 nephe 1 i ne syenite, an a 1 um·i no

silicate. The compositions of a reference Battelle Northwest Laboratory 

glass and the Canadian glass, exclusive of the waste materials, are 
shown in Table 7-1. 

7.3.2 Mechanism of Leaching 

The removal nf nuclides from glass by w.lt.P.r occurs both thr·ouyh 

dissolution or corrosion of the glass and dissolution at the surface of 

material which has diffused from the interior of the glass. The lighter 

elements with lower valence diffuse more rapidly. Dissolution from t.h~ 

surface creates a driving force for diffusion to the surface through a 
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concentration gradient. At the elevated temperature produced by nuclear 

heat in HLW glass, the diffusion rate will be greatly increased and the 

temperature gradient wi 11 further increase the movement of the more 

mobile elements toward the periphery. 

Dissolution of soluble constituents of glass leaves a gelatinous 

film of insoluble siliceous material on the surface. Scheffler et al. ,7 

nave found that the siliceous film accumulates only until it reaches a 
~. ~ 7 

thickness of 1 micrometer, at which-point it breaks up into particles 

with diameters of about 0.01 micrometer and a molecular weight of about 

106 . While alkalies, alkaline earths, and some other elements go into 

solution, the actinides and rare earths remain bonded to the silicate 
polymers. No information was given about sett 1 i ng or coagulation of 

particles over a period of time. Filtration with Pellicon-type filters 

(0.0032 ~m) decreased the concentration of 241 Am by a factor of 2500 and 

Pu by a factor of 10. 7 

7.3.3 Basic Leaching Rates from Glass 
Leaching rates are usually given in units of grams of glass removed 

per day per cm2 of surface area, stated as g/cm2 ·d. Since values 

obtained from solid blocks, cylinders, or disks may be too low for 

accurate measurement, the area is usually increased by a large factor by 

grinding and screening to particles with screen mesh sizes between 45 

and ~0 per inch. When the density of the glass_is known, the data may 

be converted to units of cm/d, a theoretical measure of penetratio~. 
Application of values such as 10"" 7 g/cm2 -d to solid cylinders lea.ds to 

predictions that penetration will be only 1 em in thousands of years. 

Leaching may also be expressed as a fraction leached per unit time. 

An example of typ1cal values of leach rates is shown in Figure 7-2. 

Tests were performed by a method similar to. the standard IAEA method at 

25°C. The value of about 10-7 g/cm2 ·d for 241 Am probably equals the 

value for corrosion of the glass, while those around lo-s g/cm2 ·d 

include the effect of diffusion. It is not kriown why the rate 1·or Pu is 

higher than that for Am. 

The same kind of glass, which has been used as a reference glass in 

many tests, was compared with various minerals in tests at 100°C with a 
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Sohxlet apparatus. 10 Results are given in Table 7-2 as the percentage 

of material leached from 45-60 mesh powder in 72 hours. The gla 

compares favorably wtth the most resistant minerals. 

The previously mentioned nepheline syenite glass is apparently much 

more resistant to leaching. It was tested by preparing blocks of the 

glass containing 90Sr and placing them underground, where they were ex

posed to groundwater. The annual average rate of leaching of the 90Sr 

was measured over a period of 14 years. The results are shown in Table 

7-3. The leaching rate was much lower than those found for borosilicate 

glass during the first year, fell off rapidly over the next 6 years and 

then remained ~onstant over the next 7 years at an extremely low level. 

Tilt! yla!:ls wa!:l IJT'l:!IJC:H'l:!lii.Jy mixing tile 11qu1d waste, 11me, and m1nera1 1n 

a ceramic container, drying, denitrating at 900°C, and melting at 

13o0°C. I his procedur·e may be more di ffi cult than the usual process of 

in-can melting of calcined waste and glass frit. There may be other 

disadvantages, technical and economic, which might outweigh the 

advantage of much greater resistance to leaching. 

7.3.4 Effect of Devitrification of Glass 

The type of glass most thoroughly studied for use in waste disposal 

is a zinc borosilicate. The zinc increases homogeneity of the final 

glass and improves handling properties by decreasing viscosity. 

However, if the cooling glass spends any considerable time at 700°C, 

zinc silicate c'rystallizes out, causing extensive devitrification of the 

glass. lhe result has been measured as a 10-fold increase ih effective 

surface area and leaching rate. 5 See Figure 7-3. Long-term devitri

fication at lower temperatures may increase this factor considerably,. 

There will also be some fracturing from mechanical shock, but this is 

likely to be minor compared to the effect of devitrification. 

7.3.5 Effect of Alpha Activity 

The accumulated alpha dose in HLW glass has been estimated5 at 1-2 

x 1018 helium atoms per ·gram of glass in 100 years. Accelerated tests 

of glass doped with 244 Cm show that there is a resultant change of up to 

1% in the density of the glass, positive in the case of the reference 
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borosilicate glass. Alpha radiation damage also has an effect on the 

leachability of glass constituents. The data in Figure 7-4 were 

averages of seven long-term tests with alpha doses of 2-8 x 1017 alphas 

per gram. They indicate a two-fold increase in leaching of potassium, 

with a possible saturation point at a low part of the irradiation range. 

].3.·6 Effect of Composition of the Water 

Leach rates· would probably not be affected significantly by the 

mineral content of water except in salt. However, the pH of the water 
. 5 

can have a considerable effect. In tests of the BPNL reference glass 

where 1 each rates were determined by measuring the we.i ght of glass 

removed, the rate at pH 9 was 25 times that in the standard test with 

pure water at an initial pH of 7. At the rather low pH of 3.9, rates 

were 70 times as high as. in the standard test. Typical pH values for 
groundwater are 6-7 in shale, 7-8 in granite, and 8-10 in basalt. Some 

small increase of leach rates may be expected in granite and 

considerably more in basalt. The pH of a small supply of slowly moving 

water may be increased somewhat by the alkalies leached from the glass. 

This effect is not included in the present calculations. 

The migration rates of 1 eached nuclides may be affected by 

increased dissolution of rock materials in the hot zone followed by 

deposition from saturated so 1 uti on as the water moves into coo 1 er 

regions. There could be a decrease in the porosity of the rock. 

7.3.7 Effect of Temperature 

The effect of temperature on leach rates is large but has not been 

well defined. Data from measurements11 •12 •13 made at greatly different 

times and with possibly considerably different materials have been 

compared14 graphically as shown in Figure 7-5. Recent tests5 on the 

reference BPNL borosilicate glass at temperatures from 25° to 100°C gave 

results shown in Figure 7-6. From· these and other data15 •16 Cohen17 et· 

al. have derived a formula relating leaching rates for a given glass at 
different temperatures by the factor e-so 4 I/T!oKl Application of this 

:fac;tor gives relative leach rates as •shown'·in Table 7-4. 'While the 

formula may not hold over the entire range up to 375°C, the temperature 
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predicted for the surface of waste storage glass, a very large effect is 

indicated. A conservative ratio of 1000 is assumed for comparing lea 

rates at the temperature of a repository with those found under standard 

conditions for leach tests. 

7.4 DERIVATION OF SOURCE TERMS FOR DISPERSION OF NUCLIDES FROM GLASS 

7.4.1 Some Basic Assumptions 
The HLW from approximately 1 x 10s MT of uranium is assumed to be 

contained in 5.9 x 104 cylinders of glass 8ft. (244 em) long and 1ft. 

(30.5 em) in diameter. The surface area of each cylinder is ?..4A x 104 

cm2 and the volume is 1.78 x los cm3 . Correction by a factor of 10 for 

fracturing by devitrification and mechanical shock gives a total surface 
area of 2.48 x 10s cm2 per cylinder without changing the volume. A 

nominal density of 3 g/cm3 is assumed for the glass. Leach rates quoted 

in units of g/cm2·d may be converted into fractions per unit time from 

these data. 

Table 7-5 shows the results of leaching at various rates as ·applied 

to the present case. Calculations are based on the equation: fraction 
leached= 1-e-Ft, where F =fraction leached per unit time and t is the 

number of units of time. At small values Ft approximates l-e-Ft A 

duration of 50 years is used because that is the nominal time assumed 

for filling of the repository with water. 

Typical leach rates of borosilicate glasses at 25°C are about 10·7 

g/cm2·d from glass dissolution and about 1o·s g/cm2·d for leaching of 

diffusible elements. Correction by a factor of 103 for high temperatures 

indicates that such nuclides as 90Sr and 137 Cs would be· completely 

leached out within a few years and most of the glass would be disin

tegrated within 50 years. It is probab 1 e that the 1 eachi ng of the 

diffusible and ~oluhlP r3.lkalies and alkal·irn:! earths wh1ch comprise a 

large part of the content of the glass will have caused its complete 

disintegration within a few years, leaving only a porous siliceous gel. 

It is on the basis of these considerations that it is assumed that, if 

filling the voids in the backfilled repository requires 50 years, all of 

the soluble nuclides will have dissolved in the water and the rare 
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earths, plutonium, and transplutoniums will be in intimate contact with 

water. 

The volume of water in the repository is estimated at 5.7 x 109 

liters from nominal dimensions of 8,000 feet by 10,000 feet by 25 feet, 

an extraction ratio of 25 percent, and a backfill void of 40 percent. Of 

the significant nuclides, the quantities of 90Sr and 137Cs present can 

all t:>e in solution as hydroxides or carbonates. i'.' 

7.4.2 Uncertain Nuclides 

7.4.2.1 Plutonium 
The fate of plutonium removed from glass by water is very un

certain. The mechanism described by Scheffler et al. 7 (See Section 

7.2.2) may represent its immediate behavior, but gives no indication of 
the effect of long exposure to the hot water of the repository. It is 

·unknown whether the Pu-bearing siliceous particles will coagulate and 

precipitate or become dispersed further, with possible separation of the 

Pu02 . 

The behavior of plutonium depends on its history. In one study18 of 

tetravalent plutonium the pH of 2 x 10- 5 M solution was gradually 

increased from 1 to 12, and various chemical and physical t~sts were 

made throughout th~ range. The tests measured the rate and extent of 

adsorption and desorption of Pu (IV) on s i 1 i ca ge 1 , the degree of 

precipitation during ultra-centrifugation, the degree of removal of 

particles by ultrafiltration through cellophane, and the charge on the 

particles .. Results are shown in Figures 7-7, 7-8, and 7-9. In summary, 

there were no particles smaller than 1-3 ~m at pH values above about 

2.5, and none smaller than 30-40 ~m at pH values from 4.5 to 10. 

Adsorption on silica. gel was rapid and complete above pH 2. At pH 

values up to 7.5-8 the particles had a positive charge, th~re was an 

isoelectric range at pH 8.0-8.5, and there was a reversal to a negative 

charge at higher pH values. At pH 10.5 the particles again became 

highly dispersed. The author considered the partic:les polymers of 

Pu(OH) 4 . A Pu(OH) 4 solubility product of about 10-30 was calculated at 

pH 8, but it is probable that the only species were hydrated Pu02 with 

various degrees of polymerization. 
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The fact that the above tests started with Pu (iV) in solution may 

make them irrelevant to the present problem. In tests at Los Alam 

Scientific Laboratory, 19 microspheres of 238 Pu02 were kept in contact 

with 1 liter volumes of tap water at pH 8.2 for long periods. After 283 

days (at apparent equilibrium) a 100 ~m diameter sphere had released 4.6 

x 10-8 Ci and a 190 ~m sphere 1.30 x 10-~ Ci of Pu to the water. These 

ictivities are eq~ivalent to 1.35 and 3.8 x 10-11 moles of Pu pe~ liter, 

respectively. In a previous test with the 190 ~m sphere a 0.22 ~m-pore

size millipore filter retained 25% of the Pu. Radiographic tests showed 

that the retained material consisted of 0.033- 0.16 ~m-diam particles 

of Pu, retained because they were probably attached to larger particles 

of foreign matter. 
In tests at Oak Ridge National Laboratory20 high-fired Pu02 

microspheres (149,··177 ~m diam) were contacted with 10- 3 ~1 sodium 

bicarbonate at pH 7 for various lengths of time. The solutions were 

then analyzed for quantity and chemical state of the plutonium. The 

results are shown in Table 7-6. The most unexpected finding was that a 

large part of the plutonium present was in the Pu (VI) state. Final 

concentrations were on the order of 10-9 M. The fact that the total 

from dry Pu02 did not increase after a short time may indicate that the 

dissolved material was a surface c6ating in an easily available state. 

In the same work it was found that Pu (VI) is readily reduced to Pu (IV) 

by organic matter in soils or natural waters. In a summary of studies 

made by various workers 21- 25 the Los Al~mos investigators were unable to 
decide whether the plutonium in their tap water was present as colloidal 

Pu(OH) 4 or small fragments of Pu02 • Indicated 11 solubilities 11 are much 

too high for monomeric Pu(OH) 4 , the solubility pr·o·duct of which has been 

estimated as 10-52 and 10-56 in pure neutral water. 26 , 27 The larger 

value would allow about 1 Pu atom per liter. 

Two experiences with p 1 utoni urn in natural waters !=Jive some i nfor

mation about the behavior of material which has been precipitated but is 

still in contact with water. In 1944, a considerable amount of 
. . 

p 1 utoni urn was deposited in the mud of White Oak Lake at Oak Ridge 

National Laboratory. In 1976, the plutonium concentration of the water 

in.contact with the mud was about 10·16 M. 28 It was all either Pu (Ill) 
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or Pu (IV) and all in an anionic state, probably as an organic complex. 

This value included all particles with diameters less than 0.45 ~m. A 

stream flowing into a settling pond at Hanford29 dropped its 2 3 8 • 2 3 9 Pu 

on the way, leaving a concentration of only 1.2 x 10 16 M with activity 

of 9 x 10 15 Ci per liter. The americium concentration in the same 

stream was 1.4 x 10 15 M, with an activity of 1.08 x 10 12 Ci per liter 
from 241 Am. Neither these data nor those from the experiments described 

above foretell what would happen when plutonium incorporated in glass is 

released over a long period into very hot water as microparticles 

attached to larger particles of siliceous material. 

In a recently published book, C. Keller, an authority on oxides, 

states "The precipitates which are obtained by the addition of a base to 

an actinide (IV) solution are hydrous oxides, M0 2 aq, with varying 
amounts of adsorbed water rather than distinct compounds such as 
[M(OH) 4 .]

30 

7.4.2.2 Samarium and Europium 

The trivalent oxides of the rare earths are normal constituents of 

various kinds of glass, e.g., lanthanum in optical glass, praseodymium 

in green glass, and neodymium in the glass of ~elder 1 ~ goggles. Sili

cates of fission-product rare earths are significant constituents of 

nuclear waste glass. 151 Sm and 154 Eu are minor rare-earth constituents. 

Dissolution of the glass in water would probably yield rare-earth 

hydroxides and hydrated silica. Rare-earth hydroxides are precipitated 

from aqueous solutions at pH values from 6.5 to 9 when the initial con

centration is 0.002 M. 31 (See Figure 7-10.) Samarium precipitation is 

complete only at about pH 9. The pH required for precipitation 

increases as the atomic number and the initial concentration 

decrease. 31 •32 Since the concentration of 151 Sm and 154 Eu would be on 

the order of 10 7 M in the water of a repository, they should be 

expected to be completely in solution even in.the alkaline conditions in 

basalt. However, there is so little difference in the bt!havior of 

individual rare earths that they can be considered as essentially one 

element. The total rare earth concentration in a repository would be 

about 0.001 M. Even at this concentration it appears that all of the 
; 
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rare earths could be in solution, except possibly i~ a basalt reposi

tory. The so 1 ubi 1 i ty decreases by a factor of 1000 as the pH i ~ 

increased by 1 unit. A more detailed discussion of the precipitation of 

rare earths and their relation to americium is to be found in Reference 

29, which is included here as Appendix D. 

7.4.2.3 Americium and Curium 
Calcination of wastes at temperatures high enough to d~compose all 

of the nitrates oxidizes the alpha-active americium and curium to Am02 

and Cm02 , though as salts or hydroxides they are trivalent. The solu

bilities of their hydrnxirlPs are comparable with thoso of the middle 

r~re ~arths. 31 (See Figure.7-10.) Thus, it is possible that they also 

would be completely in solution in the water of a repository. However, 

the dioxides would first have to undergo reductive dissolution, which is 

slow even in 1 N nitric acid. The fate of Am02 and Cm02 released from 

glass would probably be ai dependent on physical properties as is that 

of Pu02 • The worst possible case, total dissolution, is assumed in 

derivation of source terms for this report. 

7.4.2.4 Technetium 
99 

There are several uncertanties about the fate of Tc because of 

the diversity of chemical paths which it may follow. In the Purex 

process about 20% of the technetium goes along with the uranium as it is 
33 extracted from nitric acid by tributyl .Phosphate (TBP). It is usually 

assumed that all of the technetium is present as pertechnetate (Tc0 1 ) 

in the process solution and that it is fractionated because it is only 

poorly extracted by TBP. This assumption is confirmed by basic data on 
34-38 ' 

extraction of tracer-level pertechnetate. Direct evidence of the 

chemical state of technetium remaining in wastes comes from tests of 

t l d . f '1 39-41 Th f h 99T was es p ace 1n near-sur ace so1 s. e act t at c was not 

sorbed on the soi 1 indicated thdL it was present as an ani on. 

Therefore, it must have been oxidized in the previous treatment. The 

applicability of these near-surface-soil results to technetium behavior 

at repository depths (1000 feet to 3000 feet) is at least uncertain. It 

is possible that either a reducing or a non-reducing environment might 

exist at such depths. 
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While there appears to be no cause for reduction of tech net i urn 

during its incorporation into glass, the combination of redox co~ditions 

(Eh and pH) in the environment of the repository may be such that 

pertechnetate released from the glass would be reduced to tech net i urn 

dioxide (Tc0 2 ), which has a very low solubility in water. Possible 

reducing agents include hydrogen produced by corrosion of metal 

canisters, ferrous iron on fresh surfaces of crushed rocks used in 

backfilling the repository, and ferrous iron in the pathway of the 

groundwater toward an aquifer. None of these is likely to be effective 

if the groundwater reaching the repository has the oxygen content of 

surface water. There may no longer be any ferrous iron available on the 

surface of rocks confining the very old cracks through which water must 

flow to and from the repository in a long-stabilized rock formation. 

However, the retention of certain elements at the site of the natural 

reactor at Oklo, Africa, 42 for more than a billion years indicates 

conditions suitable for retention of technetium. 43 There is no soluble 

quadri valent cation of technet i urn. 44 The present state of knowledge 
99 . 

does not allow a definite answer concerning the mobility of T . In c 
the following derivation of source terms and of the rate of migration 

technetium has been treated as a soluble anionic species. Further 

investigation may offer evidence more favorable to its retention. An 

unpublished review of technetium chemistry is included here as Appendix 

E. 

7.4.3 Calculation of.Source Terms 

The total activity for each nuclide in Table 7-7 was derived by 

correcting the activity in each year's shipments for decay until de

commissioning of the repository and then making a correction of the 

total activity for another 50 years of decay. It is assumed that all of 

the nuclides are exposed to the 5. 7 x 109 liters of water in the 

repository by that time. On this basis, all of the 90Sr and 137Cs will 

be in solution. The worst possible case is assumed for 151 Sm and 154Eu, 

i.e. 1 that they will all be in solution, though this may not be true in 

a basalt repository. There is a wide range of possibilities for 

plutonium. However, the behavior of Pu02 microspheres in water appears 
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to resemble the present case more than do other possibilities. 

Therefore, it. is assumed that the total concentration of plutonium 

dispersed in the water will be 10 10 M, out of a total of 6.3 x 10 4 

moles per liter of water. It should be understood that a dispersed.,\ 

particle may consist of many molecules, though they may have the charge 

of a single atom. Technetium is considered to be completely in a soluble . .· ... , ... 
anionic form. However, it is possible that conditions in the repository 

will be such that the pertechnetate will· be reduced to Tc02 , which might 
behave 1 ike Pu02 and even be in the same particles.. In that case, the· 

concentration of 99Tr. woulrl be far below the maximum permissible con

centration before the water leaves the repository. The worst case is 

also assumed for 241 Am and 244 Cm because of the possibility that they 

will behave like the rare earths. However, if they are not reduced, 

they should behave like Pu02 . In this case their concentration should 

be decreased by several orders of magnitude. 
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TABLE 7-1. COMPOSITION OF TWO GLASSES USED IN. 

WASTE DISPOSAL TESTS . 

. •\.":; . · ..... 

l~ei ght Per Cent 
Component BNL Glass Canada Glass 

-:;. 

Si02 37.0 51 

8203 15. 1 

Na 2o 5.5 8.5 

K20 5.5 4.3 

ZnO 28.9 

CaO 2.0 15 

MgO 2.0 

SrO 2.0 

BaO 2.0 

A1 2o3 20 

Fe20j,Ti02,Mg0 1 
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TABL.E 7-2. SOXHLET LEACHABILJTY OF REFERENCE r,LJ\SS AND COMt10N rUNE :> 

r~ateri a 1 . 

Quartz Crystals 
Milky Quartz 
Dolomite 
Zinc Silicate Glass 
Garnet 
Corundum 

Orth9cl ase 
Granite 
Quartzite 
Felsite 
Marble (Dolomite) 
Clay Slate 
Calcite 
Bas a 1t 

7-28 

Wt. ;~ Leached 

0.41 

0.50 

0.55 

0.7 
0.73 

0. 77 

0.90 

1.10 

1. 20 

2.10 

2.90 

4; 10 

5.30 

6.10 



· TABLE 7-3. LEACHiNG. OF NEPHELINE SYENITE GLAssa 

Year Leac~ Rate 
g/cm -d 

1960 4 X 10-8 

1961 7 X 10-9 

1962 4 X 10-10 

1963 3 X 10-10 

1964 3 X 10-10 

1965 2 X 10-10 

1966 8 X 10-ll 

1967 6 X 10-ll 

1968-1974 5 X 10-ll 

a Based on 
90 

Sr. 
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I. 

· TABLE 7-4. CALCULATED LEACH RATE VS. TEr~PERATURE 

Temperature, 0c 

25 
100 

200 

300 

375 

7-30 

Relative Leach Rate 

1 

30 

510 

3350 

9300 



TABLE 7-5. RELATIONSHIP OF LEACH RATES TO c·UMULATIVE FRACTION LEACHED 

leach rate 

g/cm2 ·d 

10- 7 

10- 6 

10- 5 

10- 4 . 

10- 3 

10- 2 

Fraction 

1 eached per 

unit time 

1. 68x10- 5 /y 

1. 68xl0- 4 /y 

1. 68xl0- 3 /y 

1. 65x10- 2 /y 

4.6x10- 4/d 

4.6x10- 3 /d 

:-~% Leached 

. in 1 yr 

0.0017 

0.017 

0.17 

·1. 7 

15 

81 

. 7-31 

% Leached 

in 50 yrs 

o.'o84 

0.84 

8.1 

56 

>99 

>99 



1. 

2. 

3. 

a 

TABLE 7·6 PLUTONIUM SPECIES IDENTIFIED IN pH 7.0 SODIUM 
BICARBONATE SOLUTIONS CONTACTING HIGH-FIRED 
Pu02 MICROSPHERES 

Microsph~re 
. Sample 

Dry. Pu02 

Pre-incubated 
in Acetale Buffer 

Same as {2), then 
washed with 

HC03 solution 

2.2-2.7 mg of Puo2 

Hrs. of Hco3 contact 

36 
1500 
190 

360 
528 

672 

BOO 

1.7 5. 1 
0.2 13.0 
0.15 O.JO 
0.34 0.74 
0.48 0.92 
0.66 1.2 

0.17 3.7 

7.3 
<0.01 

10.0 

13.0 
5.0 

<0.01 

<0.01 

b P~ (IV) and Pu (VI) represent ~queous species which revert 
4+ 

to Pu and 
6+ 

Pu in less than 1 hr. in lM nitric acid. Refractory Pu includes Pu 
\'lhich did not revert. 
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fABLE 7-,7 MAXJMUM ACTIVTTIES .. FROM~105 __ ML.OF ___ URANIUM.JN _5_.]>-<.109 LITERS .. OF WATERb_ 

Activity at Tran~portable 

Activity at Decommissioning Activity per 
Half-Life Decommissioning Plus 50 yrs. Unit Volume MPC (Waterd) 

Nuclide (y) (Ci) (Ci) (11Ci/m9..) (11Ci/mt) 

Sr 28 6 .·2xl o9 . 9 
1 . 8x 10 3.2xl02 3x10-l 

99 
2.1xlo5 1.6xl06 1.6xl06 -1 3xlo-4 Tc 2.8xl0 

137 
8.9xl09 2.8xl09 .2. 2xl0-S Cs 30 4.9xl0 

151 
1. 2xl o8 8xl07 -2 4xlo-7 Sm 90 1.4xl0 

1 Sit 
4.8xl08 5.5xl07 l.Oxl0- 2 .2xl o-5 Eu '16 

238 
5xlo8 3.6xl08 l.Oxlo-5 Sxlo-6 Pu 89 

""-J 239 
2.,4xl04 4xl07 4xl07 l.lxl0-6 -6 I Pu 5xl0 W· 

w 21+0 
6.6xlo3 5xlo7 5xl07 1. 3xl0-6 Sxlo-6 Pu 

21+1 
8xl09 5.6xl08 1 . 5xl0-S 2xlo-4 Pu 13 

241 
Amc l . 9x l o8 6xlo8 l.Oxl02 4x10-6 458 

21+1+ . 8 
1.5xlo7 7xl0-6 Cm 18 l. l xl 0 2.6 

a Approxirrate MTU contained in a filled 2000 acre repository. 

b Approximate volume of water filling void spaces of a backfilled repository 
241 21+1 

c · Am grows in from Pu decay 

d Maximum permissible concentrations from lOCFR20, Appendix 8, Table II 



8.0 MIGRATION OF RADIONUCLIDES 

8.1 THEORY 
Migration of radionuclides in a one-dimensional infinite homogeneous 

porous medium is considered (Figure 8-1}. The fluid has constant viscosity 
P.nd constant hydraulic velocity (v). The behavior of a. given radionuclide 
is assumed to .be independent of the other radionuclides being carried 
simultaneously by the fluid. The dispersion coefficient of the medium (D) 
and the retardation coefficient of the radionuclide (R) are constant. 
There exists a source of the radionuclide of concern at the origin J

0
(t) 

with units of (Curies/year) given by1 

for 0 < t < T, 
otherwise, (8-1) 

where (T) is the source duration time. It can be shown1 that the flux of 
the radionuclide J{x,t) with units of (Curies/year) is given by 

. J 
J(x>O,t) = 1 ~ 8 exp {- ~~8 } {A(x;t;8) - A(x;t-T;8) U (t-T)} (8-2) 

where 

A(x;t;8) = (1/2) {E_(x;t;8) + (1+8) E+(x;t;8)} 

E (x;t;e) =! {erfc{x-vt(l+8)/R} ± exp {xv(l+8)} erf~{x+vt(l+8)/R}} 
± ~ /4Dt/R D . 14Dt/R 

8 = j 1 + 4>.RD - 1 
i 

J
0

(t) = Source Flux (Cijyear) 
J(x~t) = Output .Flux (Ci/ycar) 

T = Sourc~ duration (depletion) time 
v =Hydraulic Velocity (ft/year) 
D = Dispersion Coefficient (ft2/year) 
>. = Decay constant 
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R = Retardation Coefficient (dimensionless) 
a = Dispersivity (ft) 

U(t) = Unit Step Function = 1 for t>o~ = o otherwise 
erfc(x) = Complement of the error function = 1-erf(x) 

This expression gives the time dependent flux. However, radiologi
cally the most significant value of J(x,t) is its maximum value, since 

{:.··' . 

this would lead to the highest impact on biota and man. It .can be shown 
that1 . 

Max(J(x.t)) < J (x) = J FT.r 
Ill 0 

where 

r = 1 + 812 exp {- xve } = 11 Reduction Factor .. 
1 + e 20 

and FT = err{fcg/ ;;-::g } for g < g
0 

·with 

= (1/2) {1 + err{fcg//f+g }} . for g >go 

f = /xv(l+e) 
c I 4D 

g = T/t 
t = xR/ ( v+ve) 

and (g
0

) being the non-trivial solution of the equation . 

{lln( 1 )}112 = g f /r'l-g 2 1-g 0 c . 0 
0 

In this formulation (r) represents the reduction factor of the steady 

(8-3) 

state travel problem, (FT) is a correction factor to account for the finite. 
source duration time, and fc is a parameter used to calculate FT. The 
parameter (t) is the average radionuclide travel time between the source 
and the point (x). 
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8. 2 APPLICATION 

For a streamline composed of sections such that the hydraulic velo
city (v), the dis-persion coefficient (D), and the retardation coefficient 
(R) are constant within each section, the above parameters (r) and (FT) for 
the entire streamline can be estimated from the following averaging . 
expressions: 

(8-4) 

x.v.e. x.v. 
S=E 111/E-1_1 

i 2Di i 2Di . ( 8-5) 

x.R. 
t = E 1 .1 

1
. v. ( l+e.) 

1 1 
(8-6) 

(8-7) 

where the subscript (i) denotes each section and the sum extends over the 
entire length of the streamline, and (xi) is the length of (i)th section. 

8. 3 PARAMETERS 

Three parameters are necessary for the computation of the reduction 
factors (r) and the correction factors(FT): hydraulic velocities (v), 
dispersion coefficients (D) and the retardation coefficients (R). 2 

Hydraulic velocities were taken from the ground water movement 
analysis performed for this work and presented in previous sections of 
the report.for thermal loadings of 200, 100, and 180 kW/acre for granite, 
shale and basalt respectively. 

Dispersion coefficients were assumed to be proportional to the 
hydraulic velocities according to the equation 

D = a v 

"'here (a) is the dispersivity of the medium. 3' 4 If the units of (v) are 
') . 

,ft/year), and the units of (D) are (ft~/year), then ·the dispersivities 
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have units of (ft). The assumed dispersivities for the geologic layers 
of concern are presented in Table 8-1. 

The retardation coefficients were obtained from .the description of 
the stratigraphic layers, previously measured coefficients, and the 
relative ratios of the retardation coefficients provided in BNWL-1900. 5 

These coefficie~ts are given in Table 8-2. Using the description of the 
$trat1graphic layers, the geochemical nature of the individual layers 

( . . . . 

was characterized as to whether or not retardation would be greater or 
less than Western Desert soil. In evaluating the nature of retardation 
in the different geologic media, Sr and Cs were the primary nuclides 
evaluated as the availability of data for these nuclides is the greatest. 
Once the relative retardation in the various stratigraphic layers for Sr 
and/or Cs were assumed all other nuclides were corrected by the same. 
~ru~urtion. 

8.4 RESULTS 
The results (Appendix B) given are independent of the radioactive 

concentrations of the leachate at the reservior, and they must be used 
in conjunction with these concentrations to obtain the total radioactive 
flux at a given layer and the average conceritrations of the fluid coming 
out of each layer. 

Layer No.: Denotes the layer number counted from the bottom 
as given in the ground water movement analysis. 

Upper Psi: · Va 1 ue of the stream function at the top of the 
layer. 

Lower Psi: Value of the stream function at the bottom of 
the 1 ayer. 

Output 

Streams 

Volume of.water flow1ng out·of the laye~ 1n units 
of ft3/year per foot of the reservoir width. 
NumhP.r of streams out of 200 streams that start at 
the reservoir ·that end up in this layer. 

Arclength: Length of the streamline (average} travelled in feet. 
Factor The parameter (fc) (see above) 
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The "reduction" for each radionuclide is the factor (r) that can be 
multiplied by the radioactive concentration at the·reservoir (Section 
7.0) to obtain the average radioactive concentration of the water coming 
out at this layer. The concentration exiting a given layer at the three 
mile boundary is given by the following equation: 

where 
cF = concentration or activity exiting a given layer at three

mi 1 e boundary 
r = reduction factor 

.c1 =the initial concentration at the repository source. 

(8-8) 

To get the total amount of radioactivity coming out, this concentration 
must be multiplied by the "output 11 given above. The factor "TT(YEARS)" is 
the average time that the radionuclide spends on the streamline within a 
given flow pattern befOre coming out at this layer. 

Exit boundary has been assumed to be 16,000 feet (three miles) from 
the center of the reservoir. Using the reduction factors given in Appen
dix B and the source concentrations listed in Section 7.0, it can be seen 
that all nuclides modeled exit the differing stratigraphic layers with 
activities less than l0-20 ~Ci/ml, except for Technetiun (99Tc). 99Tc, 
due to its long half life and unity retardation coefficient exits all 
layers of all the generic stratigraphic columns studied (shale, granite 
and basalt) at concentrations near or equal to the source activities . 
. The maximum source activity for 99Tc used in this study is approximately 
0.2-0.3 ~Ci/ml (Section 7.0)' which is at least 103 times greater than an 
acceptable level. The first arrival of 99Tc occurs in the near surface 
layers between 400-600 years after repository decommissioning and resat
uration and at concentrations near or equal to that of the repository 
SOUt'Ce CIC t i Vi ty. 

These findings are primarily dependent on the source concentration 
(activity) and the retardation coefficient. Section 7.o·addresses pos
sible variations in the source concentration which would greatly reduce 
the quantity of 99Tc available for transport (possibly to an acceptable 

8-5 



level). Due to the magnitude of the variation required for the retarda
tion coefficient·(l02-1o3) .to yield acceptable concentration at the thrE 
mile boundary, it seems ·unlikely that changes solely in the retardation 
coefficient will result in·a~ceptable activity levels for 99Tc. Other 
radionuclides with unity retardation coefficient such as Iodine-129 or 
nuclides with lo~ retardation coefficients and long half-lives which were 
hot consid~red at the source (Section 7.0) may also contribute levels of 
activity at the three mile boundary which are unacceptable and should be 
considered as possible radionuclide contaminates. 

Based on these analyses solely, no candidate repositor.v host rock 
should be excluded from future consideration ~nd no judgments as tn th~ 
relative degree of acceptability should be attempted. The fact that 
information on leach rates, dispersion coefficients, retardation coeffi
cients, etc. is next to nil and the models used are simple and not coupled 
clearly demonstrates the need for addition basic research, in situ testing 
to determine basic parameters, and more complex modeling. Additionally, 
the variety of technologies including rock mechanics, thermal profiling, 
ground water flow pattern, mass-transport should be coupled and· modeled 
according to better determine their interdependance. 

The work presented in this report is not intended to be used as the 
final answer, and to do so would be at best gross negligence. These 
studies rather should be used to assist future researchers direct their 
efforts and focus on these parameters. concerns and methodologies which 
must be developed and/or refined before meani~gful results can be obtained. 
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(Dimensionless) 

Sr Tc Cs Sm Eu. Pu Am :nn 
Western u:s. Desert 

Soi 1 (BNWL - 1900) 100 1000 2500 2500 10000 10000 250.0 

GRANITE 

Layers 1 & 2 110 1 100 250 250 1000 1000 250 
Layer 3 ~·0 1 500 1250 . 1250 5000 5000 1250 

.Layer 4 200 2000 5000 5000 20000 20000 5000 

SHALE 

Layer 1 100 1 1000 ~500 2500 10000 10000 2500 
0:· Layer 2 ~:a 1 300 750 750 3000 3000 750 I 
I.e· 

Layers 3 & 5 200 1 2000 5000 5000 20000 20000 5000 
Layers 4 & 7 ~.o 1 500 1250 1250 5000 5000 1250 

.Layer 6 150 1 1500 3750 3750 15000 15000 3750 

BASALT 

Layers 1 ~~-8 40 1 400 1000 1000 4000 4000 1000 
Layer 2 · 20 1 200 500 500 2000 2000 500 
Layer 9 50 1 500 1250 1250 5000 5000 1250 



GRAN IT~; 

SHALE: 

BASAlT: 

Layer 1 & 2 
Layer 3 
Layer 4 

Layer 1, 3, 
Layer 2, 4 
Layer 6 

TABLE 8-1 

DISPERSIVITIES (FT) 3,4 

10 ft 
5 ft 
1 ft 

5, 7 1 ft 
5 ft 
2 ft 

Layer 1, 3 8 5 ft 
Layer 2 10 ft 
Layer 9 1 ft 
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9.0 GENERAL SUMMARY AND CONCLUSIONS 

For all geologic environments, an area of large areal extent, low 
topographic relief and a hydraulic gradient of l/1000 were assumed. The 
difference in the findings for each environment, therefore, primarily 
reflect variations inherent in the generic stratigraphic section, and 
the assumed permeabilities and porosities. 

Ground water flow into shafts constructed in the generic granite 
site would be very low, on the order of a few gpm. Flows into the shafts 
for the generic shale and basalt sites would be relatively high, over 
1,000 gpm, unless engineering measures are taken to control the inflow. 
For the shale and basalt most of the inflow occurs in the near surface 
aquifers. Deeper rock formations contribute negligible quantities of 
water inflow to the shafts. 

Maximum inflow to the shafts would occur when the shafts are con
structed individually. Mutual interference in water levels would occur 
if the proposed six shafts are constructed simultaneously, resulting<in 
a reduction of the flow to individual shafts by approximately a factor 
of 2. 

During operation of the repository, ground water will seep into the 
repository through the floor and ceiling from adjacent aquifers. For 
granite the repository inflow rate is small, on the order of tens of 
gpm. For shale the inflow rate is on the order of a few thousand gpm. 
This results primarily by leakage from an underlYing strong aquifer and 
from an alluvial water table aquifer at the land surface. Inflow to the 
bas-a 1t repository is on the order of a few hundred gpm. This results 
primarily from leakage from an overlying alluvial aquifer near the land 
surface. Inflow rates can be reduced by appropriate dewatering wells if 

required. 
In all three geologic formations investigated; granite, shale and 

basalt, the heat flux generated by radioactive decay of radwaste WdS 

found to be a significant factor in determining the ground water flow 
patterns and flow rates after repository decommissioning and resaturation. 
In general, it was found that the repository heat flux resulted in the 



onset of strong therma.l convection flow and consequent distortion of the 
previously prevalent horizontal flow in the region of investigation. Tl 
extent and the strength of the thermal convection pattern was found to be 
different for granite, shale and basalt. In general, the flow patterns 
for granite were found to differ most from those for shale; the patterns 
for basalt were intermediate to those for the other two geologic formations. 
The maximum upward flow through the repository was estimated to be on the 
order of 100 gpm .for shale, 30 gpm for basalt, and 2 gpm for granite. The 
shortest estimated travel time for the ground water flowing through the 
repository to a near surface environment was on the order of 50 years 
for basalt and granite and 100 years for shale. These times coincided 

. . 

with that for the maximum thermal influence between l,OUU and 5,000 
years after repository decommissioning. The estimated surface approach 
times were on the order of 300 years or greater in the first 100 years 
after repository decommissioning. 

Results of the radionuclide mass transport studies indicate that 
all nuclides modeled would exit at the 3-mile boundary with activities 
less than lo-20 uCi/ml, except for 99Tc. This nuclide appeared at the 
boundary 400-600 years after repository decommissioning and resaturation 
at a concentration level near or equal to the source act1vity level, which 

. is approximately 103 times greater than acceptable levels. It could be 
expected that other nuclides similar to 99Tc with long half-lives and 
unity retardation coefficients would also be above acceptable limits. 

Time did not permit either proper coupling of the ground water and 
nuclide migration models with the thermo-mechanical (Y/OWI/TM-36/20) 
analyses or sufficient iterations among these studies. This shortcoming 
could represent a major uncertainty in the suggested allowable areal 
thermal loads presented in all other aspects of the preconceptual design 
studies. It is possible that more complete analyses of this complex 
problem will suggest that much lnwer areal thermal loads would rcdu~~ 
or eliminate problems with migrating radionuclides. 
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APPENDIX A . 
DESCRIPTION OF MATHEMATICAL AND COMPUTER MODEL 

A:l INTRODUCTION 

Thi~ ~ection is concerned with the description of a mathematical and 
com~uter model for analysis of fluid flow in porous media in the presence 
of temperature and density variations. The mathematical model is based 
upon the classical equations of porous media flow1 with temperature 
dependent water properties. It is suitable for both steady and unsteady 
state flow. ·The model also allows for ·anisotropy of hydraulic conpuc
tivities and variation of the hydrologic parameters over space and time. 
In its present form it is a two-dimensional model and a solution to the 
governing mathematical equations is obtained by a combination of the 
alternafing direction implicit technique with the integrated finite dif
ferences. The resulting algorithim is numericallf stable and possesses a 
s~cond-o~der accuracy in space and of the first-order in time domain. For 
the generic study at hand, the numerical method adopted provides a con
venient, economical and accurate tool of analysis. A full discussion of 
the theoretical basis and the numerical characteristics of such methods is 
given by Yanenko2. 

A.2 THE MATHEMATICAL BASIS 

The governing equations for the fluid velocity vector in an aniso
tropic porous medium, under constraints of negligible convective acceler
ations, may be written as1: 

u. = -(k. -Ill) (a. P + pg a.y), 
1 lJ J J 

(A.2.1) 

where the vector index notation is implied, and, 

g is the coefficient of gravitational accelera~ion, 
k .. is the intrinsic permeability tensor, 
lJ 

p is the fluid pressure 
u1 is the velocity component in the i-direction, 
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x. is the car~esian coordinat'e in the.j-direction, 
J 

y is the coordinate in the direction of gtavitational accelertt. ___ , 
aj denotes differentiation with respect to xj' 

Jl is the moleculer viscosity of the fluid, and 
p is the mass density of the fluid. 

Let Pa and Jl~ be some reference values of p and Jl and further, let 
·P be a tota 1 pressure defined by: 

P = p/(pog) + Y 

in terms of P, ~qn. (A.2.1) is now written as: 

u. - -
1 

Or; 

with 

o .. = 
1J 

K .. = 
1J 

M = 

R = 

k1jPo.9 ~o 
llo . Jl 

K .• 
1J 

M, 

k .. 
1J Po 9/Jlo' 

Jl/Jl' 

1-. p/ Po· 

[a.P- (1- L) a.Y]. 
J. . ao J . 

(A.2.2) 

(A.2.3) 

(A.2.4) 

(A.2.5) 

(A.2.6) 

(A.2.7) 

(A.2.8) 

Kij' above, is the anisotropic hydraulic· conductivity tensor, M· 1s 
the viScosity·ratio parameter, and R is the density-deficit parameter. 

The principle of mass conservation, in terms of the continuity 
equation, may be written as: 

s atP = - a. u. 
1 1 
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where S is the specific storativity and '\ denotes differentiation with 
time~ 

The combination of (A.2.4) and (A.2.9) then leads to the governing 
equation for porous media flow: 

(A.2.10) 

For a two.-dimensional flow, this equation is written as: 

(A.2.11) 

where x and y are, respectively, taken to be the horizontal and vertical 
coordinates and the hydrodraulic conductivity tensor has been assumed to 
be of the diagonal form so that: 

D .. : 0 
lJ 

0 

(A.2.12) 

The horizontal and vertical velocity components, denoted respectively 
by u and v, are given from eqn. (A.2.4) are: 

u = -D axP XX 

v = -D (ay P-R) yy 

. . 

(A.2.13) 

With a as the effective porosity of the porous medium, the fluid 
particle velocities are given by: 

U = u/o , V = v/o 

For the steady state flow, a stream function, 
as to satisfy the continuity equation identically. 
city components, it is given by: 

u = a~/ ay , v = - a~/ ax 
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~ , can be defined so 
In terms of the vela-

(A.2.15) 



Or: 

= tlio t l udy , along constant x, and 
Yo 
X 

= tiJ ~ I vdx, along constant y, (A.2.16) 
0 

xo 

where (x
0

, y
0

) is an arbitrary reference point and t~~0 is the arbitrary 
reference value of the stream function. 

From equation (A.2.16) it _is easily seen that the stream function, 
or rather the difference between the stream function values at two points, 
is representative of·the volumetric flow between the two points per unit 
width (normal to the x, y plane·) of the flow. Further, it can be shown1 

that, for steady-state flowlines of·constant stream functi6n, called 
streamlines, are identical with the fluid path or flow lines. Thus, on 
balance, no fluid particles flow across any given streamlines. 

A.3 THE WATER PROPERTIES 

For the applications· of concern, the water properties, the density 
p and the viscosity ~ , are considered to be primary functions of temper
ature alone. I~ ~eneral, the effects of temperature and pressure should 
both be accounted for. However, typically the variations of p and·~ are 
much stronger functions of temperature ·than of pressure. 

A recommended relation for extrapolation of water density p , from 
a known value p

0 
at a temperature T

0
, to a temperature T below the cri

tical temperature Tc is: 3 

(A.3 .. 1) 

The density deficit parameter, R of equation (A.2.8) is then given 
by: 

(A.3.2) 
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For the range of concern the best fit of the calculated values with 
the tabulated values was obtained with a equal to 0.20. The critical 
temperature for water is 647.3°K or 705.47°F. 

The effect of temperature on the viscosity of a liquid may be corre
lated with the de Guzman-Andrade equation3 by: 

ll = A exp (B/T) (A.3.3) 

where A and B are constants and the temperature T is in absolute units. 
The viscosity-ratio parameter, M of equation (A.2.7), is then written 

as: 

(A.3.4) 

For the range of concern the value of B equal to 1436°K or 2584.8°F 
was selected to provide a good agreement with the available tabulated 
data. 

A.4 THE NUMERICAL METHOD 

The porous media flow equation (A.2.10) was incorporated. in a compu
ter model called GWTHERM to s.ignify Ground !'!_ater flow with THERMal grad
ients. The method.of solution adopted was a combination of the well
established ~lternating Qirection Implicit (ADI) technique2 with Inte
grated finite Qifferences (IFD). 

Consider the finite difference grid and the grid cell shown in Figure 
A.4. 1. In the ADI technique, from the known solution at time tn, the 
solution at time tn+l is obtained in two steps. In the first, a discrete 
approximation to (A.2.11) is obtained from: 

(A.4.1) 

where F and F are respectively the x- and y- directional components of 
X y 

the differential operator on the right hand side of equation (A.2.11). 
The time step is completed with a second half step obtained from: 
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2S (P~:l - p~:l/2) =at (Fn+l/2 t Fn+l)· 
1J 1J · X y ' (A.4.2) 

During the first half step, equation (A.4~1} leads to· the algebraic 
analogue: 

with: 

A Pn+l/2 B pn_+l/2. +·c. = 
i i+l,j + i 1-l,J 1 

B.=A. 1, 
1 1-

o. p~~l/2, 
1 1J 

o xi n c. = d. p~. + -1:- ( v ... +1}' 
1 1 1J u yj 1,J 

D. =A.+ B.+ d .. 
1 1 1 1 

(A.4.3) 

(A.4.4) 

During the second~half step, eqn. (A.4.2) leads to the algebraic 
ana1ogue: 

A pn+l +B. pn+l +c.= o. p~:l, 
j i,j+l J i,j-1 J J 1J (A.4.5) 

with: 

e.=(D R) .. 112 .and 
J yy 1,J-
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D. =A. +B. +d. 
J J J J 

{_A.4.6) 

At each half-step the eqns. (A.4.3).and lA.4.5} are solved with an 
efficient tri-diagonal matrix inversion a_lgorithm. 

The velocity components, u and v, are obtained from their correspond
ing differ~ntial eqn. (A.2.4). In fjnite-diferepce notation: . 

P. 1 .)l(x.-x. 1), 
1- ,J 1 1-

v . . = - ( D ) . . l I 2 ( P . . - P . . 1 ) I (y . -y . 1 ) +e . • (A. 4 . 7) 1J yy l,J- 1J 1,J- J J- J 

The fluid particle velocities and the stream function are calculated 
from the velocity field with difference analogues of the equations (A.2.14) 
and (A.2.16) respectively. 

A.5 VERIFICATION 

The computer program, GWTHERM, was verified for a number of test 
problems to ensure the accuracy of the algorithm and proper working of the 
program logic. All of the test problems selected were such that analytic 
solutions were available for purposes of comparison with-the numerical 
solutions obtained by GWTHERM. 
TEST CASE 1 

Steady-State Uniform Velocity Field 
In this, the simplest of the test cases, the total pressure field is 

given by: 

(A.5.1) 

where P
0 

and U
0 

are arbitrary constants. With uniform water properties, 
the velocity field is given by eqn. (A.2.13) as: 

(A.5.2) 

This problem was numerically solved by the program GWTHERM on a unit 
square (O~x~l, 02J~l) with the following input: 
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P (a ,y) = a. , P ( 1 ,y) = 1 , 

P (x,O) = P (x, 1) = x, 

S = D = D = 1. XX ·yy (A.5.3) 

The grid spacing was selected to be 0.05 units and the time step was 
chosen tq pe un1ty. It should be remarked .here that this is a steady 
state problem, and the choice of the time step is rather arbitrary; the 
value of the time step had no influence on the final solution. 

The numerical solution so obtained was seen to be identical with the 
analytic solution (A.5.1) and (A.5.2) up to at least four significant 
digits. 
TEST CASE 2 
Steady-State Non-Uniform Volef.i __ ty Field·_With Density Variations 

This test case simulates a temperature variation such that the 
density-deficit parameter, R of eqn.· (A.2.8), is given by: 

2 2 R = R
0 

- x - (y-y
0

) , (A.5.4) 

where R
0 

and y
0 

are arbitrary constants. The boundary conditions speci
fied on a unit square were: 

P(O,y) = Ot P{l,y) = y-y
0

, 

(A.5.5) 

.With: 

(A.5.6) 

the analytic solution is given by: 

- 2 p- x (y-yo)' 

u = 2x (y-y
0
), 

v = (y-yo}2 ~ Ro. (A.s.7: 
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The numerical solution obtained by GWTHERM, with values of R
0 

and y
0 

as 0.25 and 0.5 respective.ly, is·in excellent agreement with the analytic 
solution. A sample comparisdn is given in Table A.5.1. 

TABLE A.5.1 
·TEST_ CASE 2: COMPARISON OF ANALYTIC ~NO COMPUTED VALUES 

LOCATION PRESSURE; P VELOCITY, u 
(x,y) Analytic .Computed Analytic. Computed 

0.0,0.0 0 0 0 0 
0.2,0.2 -0.012 -0.012 0.120 0.120 
0.4,0.2 -0.048 -0.048 0.240 0.240 
0.6,0.2 -0.108 -0.108 0.360 . 0.360 
0.8,0.2 -0.192 -0.193 0.480 0.480 
0.2,0.4 -0.004 -0.004 0.040 0.040 
0.4,0.4 -0.016 -0.016 0.080 0.080 
0.6,0.4 -0.036 -0.036 0.120 0.120 
0~8,0.4 -0.064 -0.065 0.160 0.160 
0.2,0.6 0.004 0.004 -0.040 -0.040 
0.4,0.6 0. 016 0. 016 -0.080 -0.080 
0.6,0.6 0.036 0.036 -0.120 -0.120 
0.8,0.6 0.064 0.063 -0.160 -0.160 

TEST CASE 3 
Transient Velocity Field With Variable Hydraulic Conductivity 

This test case introduces the time dependence of hydraulic conduc
tivities, such as·through a temperature change. The geometry is the same 
unit square as before. The hydraulic conductivities are specified to vary 
as: 

D = D = D exp (-At) 
XX yy · (A.5.8) 

where A and D are arbitrary constants. 
The initial and boundary conditions for this problem were specified 

as: 
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p (x,y) = sin 1T X COS TIY t ;:; Q, 
p (O,y) = P(l,y} ;:; 0, t ~ 0, 
v (x,O} ;;::; v(x, 1} ;:; 0, t > 0, 

The analytic solution to this problem is given by: 

where, 

P (x,y,t) =sin TIX cos TIY exp (-Bt} 

B = 2 i D 
s 

1-exp (-AT}· 
At 

(A. 5. 9) 

' . (A.5.10) 

(A.5~11) 

It is seen from equation (A.5.10) .that the steady state is reached 
asymptotically. With D equal to unity and A equal to 5, the value of the 
exponential term in equation (A.5.10) falls to 0.0267 in a duration of 0.5 
time units. The computer simulation was therefore carried out up to 0.5 
time units in steps of 0.05 units. 

A comparison of the computed and analytic solution is shown in Figure 
A5. 1 for a number of (x,y) locations. In all cases, the two solutions are 
seen to be in excellent agreement • 
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APPENDIX B 

RADIONUCLIDE MIGRATION 
SHALE - GRANITE - BASALT 

The results of radionuclide migration are shown in the following 
computer printouts and are independent of the radioactive concentrations. 
of the leachate at the reservoir, and they must be used in conjunction 
with these concentrations to obtain the total radioactive flux at a 
given layer and the average concentrations of the fluid taming out of · 
each layer. 

KEY 
Layer No.: Denotes the layer number counted from the bottom 

as given in the ground water movement analysis. 
Upper Psi: Value of the stream function at the top of the layer. 
Lower Psi: Value of the stream function at the bottom ~f the 

layer. 
Output Volume of water flowing out of the layer in units 

of ft3/year per foot of the reservoir width. 
Streams Number of streams out of the total number of streams 

that start at the reservoir that end up in this layer 
16,000 feet.from the center of the repository. 

Arclength: Length of the streamline (average) travelled in feet. 
Factor The parameter (fc) (see text) 

B-1 



The 11 reduction 11 for each radionuclide is the factor (r) that can be 
multiplied by the radioactive concentration at the reservoir to obtain 
the average radioactive concentration of the water coming out at this 

·layer. To get the total amount of radioactivity coming out, this con
centration must be multiplied by the 11 output 11 given above. The factor 
11 TT(YEARS) 11 is the average time that the radionuclide spends on the 
streamline·before coming out at this layer. 

Exit boundary has been assumed to be 16,000 feet from the center of 
the reservoir. 
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TABLE B-1 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 98.5 Years After Repository Decommissioning 
and Resaturation · · 

SHALE CASE : 7 LAYERS AND 11 RADIONIJCLIDES 
SUMMARY . - 177 0 0 0 1 22 0 

LA'r'EF.: NO. = 7 
UPPER PSI = 1.496E+03 
LOWER PSI= 8.174E+02 
OUTPUT = 6.782E+02 
S:TREAt1S = 0. 
ARC LENGTH= 0. 
FACTOIT: ;;;; 0. 

RADIDnUCLIDE 
·s-,:;:-o;:to 
11_:-·::~'::' 

c:~::;-1.:::7 

;5:t1-151 
[1_1"· 154 
F'U-E::;:s 
F'U-2 :;:·;. 
F'U-E:40 
F'U-C:'41 
AM-E:41 
CM-244 

LAYEF' NO. = 6 

REIJUCTION 
JJ. 
o. 
o. 
o. 
o. 
o. 
o. 
0. 
o. 
o. 
o. 

UPPE~: PSI == 8. 17'4E+02 
. LOWE~ PSI= 3.116E+02 

OUTPUT = 5.0SAF+O? 
STREAMS = 1.220E+02 
ARC LENGTH= 1.797E+04 
FACTOR = 8.522E+01 

RAD I DtKICL I DE 
:~:R-90 

TC-99 

:~:t1-1 s 1 
EU-154 

. PU-238 
· PU-23';. 

F'U-240 
PU-241 
AM-241 
Ct1-244 

REDUCTION 
4.917-100 
5. 420E-01 
3.844-100 
::::. 9~: 1)-! (11) 

:3.276-100 
~:. :371-100 
'3. 638E-51 
5.170-100 
2.971-100 
4.049-100 
3.308-100 

B-4 

TT ('lEAR:~:) 
o. 
0. 
o. 
o. 
0. 
o. 
0. 
0. 
0. 
o. 
o. 

TT (YEAF.: ~) 
3.830E+04 
:3. 223E+02 
1. 952E+05 
~-2~~E+05 
2.427E+05 
1.135E+06 
4.617E+06 
4.286E+06 
4.453E+05 
2.309E+06 
2.567E+05 

P:S: 13 



TABLE B-1 (Cont'd.) 

~ 1; 

. U~VER NOt.'·~ ... 5 
UPPER P.Sl :i::::'-3.116E•02 
LOWER PSI = 3.112E+02 
OU"fPUT . · = 3·. 905E-Ol 
:S:TREAMS ·=· 1. OOOE+OO 
ARC LENGTH= -t..-451E+04 

. FACTOR' = 7.921E*'01 

RAD] ONUCL I DE 
:S:R-90 
TC-99 
CS--137 
S:·M-151: 
EU-154 
PU-238 . 
PU:-239 
PU-240 
PU-:-241' 
AM-241 
CM-244 

LAYER MD. = 4· 

REDUCTION 
8.878-100 
9.989E-01 
6·. 874-100 
7.024-100 

. 5. 919-1 00 
6;.077-100 
1 .• 958E-59 
9.416-100 
5.420-100 
7 •. 2.3::::-1 (I 0 
5. 973-1 (II) 

UPPER P·S:I = 3. 112E+02 
LOl,IER PS l = 2. 929E +02 
OUTPUT. = .1.830E+01 
:~:TREAMS: = 9;. OOOE+OO 
ARC LENGTH= 1 ~ 46·7E+(t4 
FACTOR = 8.099E+01 

RADIDNUCLIDE 
:S:R-';tO 
TC-99 
CS-137 
:S:M-151 
EU-154 
PI.J-238 
PU-239 
PU-240 
PU-241 
AM-241 
CM~244. 

REDUCTION 
8. 676-·1 00 
9. '386E-01 
6.705-100 
6.,844-100 
·5. 830-100 
5. 97:3-100 
4.297E-61 
9.274-100 
5.379-100 
7.040-100 
5.87.9-100 

'• •' I 
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'TT(YEARS> 
3.662E+04 
3.230E+02 
1.752E+05 
4.734E+05 . 
2·. 147E+05 
t.006E+06 
4.590E+06 

· 4.191E+06 
· 3. 925E+05 
2.090E+06 
2.272E+05 

TT<YEARS> 
4·. 12::::E+0.4 
4.255E+02 
1. 871 E+05 
5.· 064E+05 

· 2.274E+05 
1. 066E+06 
5·. 628E+06 
4. :392E+06 
4. 151E+·05 
2.243E+06 
2.408E+05 



. TABLE B-1 (Cont•d.) 

·. 
LI~YER NO. == 3 
UPPER PSI = 2.929E~02 
LOWER .PSI = 2.;. 925E+02 
OUTPUT = 3.797E-01 
.5:1.REAMS: = l.OOO.E+OO· 
AR·c l:.ENGTH= 1 ~ 451E+04 
FACTOR =.7.799E+Ol 

RADIONUCLIDE 
:::.:w-.Ytl 
TC-99· 
CS-137 
SM-151 
EU-154 
PU-238 
PU-239 
PU-240 
Pll-241 
AM-241 
CM-244 

REDUCTION 
a. 624-1 oc• 
9. 985E-01 
6.662-100 
6.799-100 
5.808-100 
5.947-100 
2.419E-72 
9.237-100 
5.368-100 
6 .. 992-100 
5.855-100 

LAYER t"iO. = · 2 
UPPER.F'SI = 2.92SE+02 
LOWER PSI = 2.971E+01 
OUTPUT · • 2.628E+02 
STREAMS - 4.BOOE+01 
ARC LENGTH= 1.310E+04 
FFtC"I U~ = 6. 043E+01 

RADIONUCLIDE 
SR-9.0 
TC-99 
CS-137 
SM-151 
EU-1~4 

··PU-238 
PU-239 
PU-240 
PU-e41 
Ar'!~~41 
CM-244 

REDUCTION 
3.392-100 
3. 902E-01 
2.628-100 
2.683-100 
2.284..:.100 
~.341-1(11) 

5.626E-34 
3.624-100 
2.105-100 
2.759-100 
2r3o4-·1 oo. 

B-6 

TT ('lEARS:> 
:j. ~28E+04 
4.551E+02 
1 • 74':1E +OS 
4.736E-t05 
2.11'3E+05 
9.940E~05 
~.4A1F+fl.; 

4.710E+06 
3.865E+05 
2.100E+06 
2. 24:~:E+05 

TT <YEARS:':~ 
2.370E+04 
6.232E+02 
1. 047E+05 
2.835E+05 
1. 269E+1)5 
~. 954E·t 05 
:.:: .. 336E+06 
2. 85:3E+06 
2.317E+05 
1.257E+06 
1 •. 344E+05 



TABLE 8-1 (Cont•d.) 

LAYER NO. - 1 
U~PER PSI = 2.971E+01 
LOWER PSI - 0. 
OUTPUT = 2.971E+01 
STREAMS - 0. 
ARC LENGTH= 0. 
FACTOR = 0. 

RADIONUCLIDE 
SR-90 . 
TC-99 
CS-137 
SM-151 
EU-154 
PU-238 
PU-239 
PU-240 
PU-241 
AM-241 
CM~244 

REDUCTION 
0. 
0. 
o. 
o. 
0. 
0. 
0. 
0. 
0. 
o. 
o. 
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TT<YEARS> 
o. 
0. 
o. 
o~ 
0. 
o. 
o. 
o. 
o. 
~ 
o. 



TABLE B-2 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 1173 Years After Repository Decommissioning 
and Resaturation 

J." 

SHALE CASE : 7 LAYERS AND 11 . RADIONIJCLIDE::;: 
SUMMARY = 185 0 0 0 0 15 0 

LA'lEF.: l'fO. = 7 
UPPER PSI = ·1.550E+03 
LOWER PSI - 7.735E+02 
OUTPUT = 7.762E+02 
STREAMS = 1.800E+01 
ARC LENGTH= 2.188E+04 
FACTOR = 1.089E+02 

F.: AD I o:·WCL I DE 
S:R-90 
TC:-9·~ 

c:s:-1 :~:7 
SM-151 
EU-154 
PU-2~:8 

PU-2 ~:9 
PIJ-240 
PU-241 
AM-241 
cr1-.:·44 

LAYE~~ NO. = 6 

F.:EDUCT I ON 
8.880-101 
'3. 480~-1)~ 
7. 120-101 
7.284-101 
5. 974-101 
6.174-101 
1.221E-74 
9. 209,;,1 01 
5.:320-101 
7.502-101 
6.043-101 

UPPER P~T = 7.735E+02 
LOWER PSI = 1.908E+02 
OUTPUT = 5.827E+02 
STREAMS ~ 1.200E+02 
ARC LENGTH= 1.727E+04 
FACTOR = 8.194E+01 

RADIDNUCLIDE 
:::R-·90 
TC-99· 
c:~:-137 

S:t1-1 "'i 1 
EU-154 
F'U-c:38 
PU-f'39 
PU-240 
PU-;;:41 
AM-c'41 
CM-C.:44 

F.:EDUCT I ON 
9.265--100 
9.990E-01 
7.371-100 
7.540-100 
6.211-100 
6.411-100 
2.175E-41 
·:;.. 643-100 
s.ss·;.-1oo 
7.768-100 
6.279-100" 
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TT ('lEAF.:.~:) 
5.131E+04 
·;. 461E+02 
2.917E+05 
7.799E+05 
3.755E+05 
1. 749E+(16 
5. :341E+06 
5.559E+06 
6.956E+05 
3.392E+06 
3.966E+05 

TT ('lEAF.::::) 
3. 06CiE+·I)4 
::::. 068E+02 
1.688E+OS 
4.522E+05 
2.153E+05 
1.004E+06 
3.533E+06 
3.343E+06 
·:3. ·~79E +OS 
1. ·~72E+06 
2.275E+05 

PS:14 



TABLE B-2 (Cont•d.) 

LAYER NO.. = 
UPPER PSI = 
LDMER PSI = 
OUTPUT = 
STREAMS: -· 
ARC LENt3TH= 
FACTOR -· 

RADIONUCLIDE 
SR-90 . 
TC-99 
cs:-137 
SM-151 
EU-154 
P.U-23:3 
PU-239 
PU-240 
PU-241 
AM-241 
CM-244 

5 
1. 908E+02 
1.904E+02 
4.147E-01 
2.000E+OO 
1.442E+04 
7.733E+01 

REDUCTION 
9.009-100 
'3. 991E-01 
7.035-100 
7.192-100 
6.012-100 
6.183-100 
8.295E-47 
9.493-100 
5.464'-100 
7.408-100 
6.071-100 

LAYER NO. = 4 . 
UPPER PSI - 1.904E+02 
LOWER PSI - 1.729E+02 
OUTPUT = 1.749E+01 
STREAMS = 4.000E+OO 
ARC LENGTH= 1.455E+04 
FACTOR = 7.827E+01 

Fi:AD I ONUCL I DE REDUCTION. 
SFi:-90 8. '377-1 00 
TC-99 ·;.. 990E-01 
CS-137 6. '399- 1 (I 0 
:S:M-151 

..., 
( . 154-100 

EU-154 5.992-100 
PU-238 6. 160-100 
PU-239 :3. 008E-55 
PU-240 9.473-100 
PU-241 5.455-100 
AM-241 7. 36:3-100 
CM-2.44 6.049-100 
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TT ClEARS) 
3. 20::::E+04 
2.721E+02 
1. 60::::E+05 
4. :3~32E+05 
1 ~ 99:~E+tj5 
9.346E+05 
3.947E+06 
3.627E+06 
3.668E+05 
1.904E+06 
2.114E+05 

TT ClEARS::O 
:3. 400E+04 
·:· ._,. 100E+02 
1.666E+05 
4.493E+05 
2.061E+05 
'3. 645E+05 
4.272E+06 
3.885E+06 
3.779E+05 
1. '3-?:::E + 06 

· 2. 181E+05 



TABLE ~-2· (Cont•·d.) 

LA'r'ER NO. -· 3 
UP~ER PSI = 1.729E+02 
LOWER PSI = 1.726E+02 
OUTPUT = 3.033E-01 
STREAMS = 1.000E+OO 
ARC LENGTH= 1.447E+04 
FACTOR = 7.728E+01 

RAD I Ot'IUCL I ItE 
S:R-90 
TC~99 

CS:-1 ~37 
S:M-151 
EU-154 
PU-238 
PU-239 
PLI-i240 
PU-241 
At1-241 
CM-244 

LA'lER t·m. = 
UPPER PSI = 
LOI.-.IER F'.S: I = 
OUTPUT -
STREAI•IS: = 
ARC LEtiGTH= 
FACTOR = 

PADIONUCLIDE 
S:R-90 
TC-9·:;. 

s:M-151 
EU-154 

·PU-2:3"::1 
PU-240 
PU-241 

·AM-241 
CM-244 

Fi:EDUCT I m~ 
8. g~:=:-1 no 
·;. 98'31E-O! 
6. 977-100 
.7. l:31-1 (I (I 
~. '3179-10 0 
6.146-100 
:::. 6:36E-55 
9.462·-100 
5.44'~-100 

7.344-100 
6.0:36-100 

2 
1.726E+02 
1. 724E+01 . 
1.554E+02 
:;:.oiJOE+Ot 
1.37'4E+04 
7. tJ36E+01 

REDliC:T I ON 
8.560-100 
9.971E-01 
6.6Z4-100 
6.758-100 
5.790-100 
5.926-100 
2. 004E--4:3 
9.188-100 
5.360-100 
6. ·~46-1 (I (I 
5.836-100 

B-10 

TT (\'EHR:S:) 
·~:. '34 ?Iii+ 0·1 
:3. 23:::E + 02 
1. 631E+05 
4. 39:3E+05 
2.014E+05 
9.42EIE+05 
4. 21::::E+06 
3. 832E+ i)t,; 
3.692E+05 
1 • '3f3::=:E + 06 
2.131E+05 

TT <YEAR::::;. 
3.250E+04 
9 •. 11:~:E+02 
1 . 4i?4E -t 05 
~:. 85:::E + 05· 
1. 725E+05 · 
8.092E+05 
4. 59:::£+ U6 
::::. ';t35E + OE. 
3.147E+05 
1.712E+U6 
1.826E+05 



TABLE 8-2 (Cont•d.) 

LA''l'ER NO. = 
UPPER PSI = 
LQl..IER PSI -

1 
1. 724E+01 
o. 

OUTPUT = 1.724E+01 
1.100E+01 
1. 216E+C14-
1.002E+02 

STREAMS = 
APC LENGTH= 
FAC:TOR = 

RADIONUCLIDE 
:::R-90 

·TC-99 
c:s:-t:~:7 

S:M-151 
EU-154 
PU-238 
PU-239 
PU-240 
PU-241 
AM-241 
CM-244 

REDUCTION 
5.4?6-100 
7. 015E-01 
4.:306-100 
4.374-100 
3.·;u)l-100 
3. ·3'65-1 00 
2.62?E-66 
6.01f,-100 
3. ?01:--1 00 .. , . 
4.472-lOO 
3. 92:3-100 

8-11 

TT ('-.'EARS:) 
:3.40?E+04 
2.546E+03 
3.147E+05 
:3. 581 E+{15 . 
3.701E+05 
1.?42E+06 
1.519E+O? 
1.128E+O? 
6.701E+05 
3.845E+06 
3. 92:.=:E+05 



TABLE B-3 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 4393 Years After Repository Decommissioning 

l 

and Resaturation · 

SHALE CASE 
S:UMMA;:;;~·r· 

. ..,. . ( 

= 190 
LAYERS AND 11 RADIONUCLIDE2 

0 0 0 0 10 0 

LA\'ER ~m. = ? 
UPPER PS:I = 1.554E+03 
LOWER PSI = 8.221E+02 
OUTPUT = 7.31/~+02 
:S:TREAr·t=::: ;;;; 0. 
FtRC LENGTH== U. 
FACTOP = 0. 

. RAiriOtiUCLlDE 
S:R-90 
T,::-'39 
c· ~:-137 
s::-·t-151 
EU-154 
PU-23:3 
PU-23'3 
PU-240 
PU-241 
At1-241 
CN-244 

LFt\'ER NO. = 6 

REDUCTION 
0. 
0. 
0. 
o. 
0. 
o. 
0. 
0. 
o •. 
0. 
o. 

UPPER PSI = R.??1E+02 
LOWER PSI = 2.?32E+02 
OUTPUT = 5.489E+02 
STREAMS = 1.420E+02 
ARC LENGTH= 1.?96E+04 
FACTOR = 8.34~F+Ol 
RAD I or·WCL I DE 
:~:R-90 
re-s~·) 

C.S:-1:~:? 

:S:t·t-151 
EU-154 
PU-2:~:::: 

PU-2:.::9 
PU-240 
PU-2.41 
At1-241 
CN-244 

REDUCTION 
?.763-100 
8.45:3E-Ol 
6.118-100 
6.258-100 
5.183-100 
5.342-100 
1. 201E-47 
8 • .119-100 
4~6?0-100 
6.44S-100 
5. i:;37-.1 0 0 
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TT ('r'EAR:S:) 
o. 
o. 
1_1. 

o. 
o. 
o. 
o. 
o~ 
o. 
o. 
o. 

TT (\'EARS:) 
:2:. 414E+04 
2. •j:;:·;.E+02 
1 • ::: 11 E + 05 
4.864E+05 
2.280E+05 
1.065E.+06 
4. IB3E+06 
3.??5E+06 
4.198E+05 
2. 129E+06 
2.410E+05 

PS:15 



TABLE B-3 (Cont'd.) 

LAYER ~m. = 5 
UPPER PSI = 2.732E+02 

.LOWER PSI = 2.728E+02 
OUTPUT = 4~061E-01 
STREAMS - 1.000E+OO 
ARC LENGTH= 1.465E+04 
FACTOR = 8.292E+01 

RAil I DtiUCL I DE 
SR-90 
TC-99 
c::s:-1 :37 
SM-151 
EU-154 
PU-238 
PU-239 
PU-240 
PU-241 
AM-241 
CM-244 

LAYER NO. = 4 

REDUCT I Dt"~ 
8.837-100 
9.988E-01 
6.850-100 
6. 9'~8-1 00 
5.908-100 
6.064-100 
2.453E-69 
9.:384-1 00 
5.415-100 
7.204-100 
5.961-100 

UPPER PSI = 2.728E+02 
LOWER PSI = 2.547E+02 
OUTPUT = 1.807E+01 
STREAMS = 7.000E+OO 
ARC LENGTH= 1.458E+04 
FACTOR = 8.177E+Ol 

RAD I m~UCL I DE 
SR-90 
TC-99 
c:s-1~37. 

s:t1-151 
EU-154 
PU-23:3 
PU-239 
PU-240 
PU-241 
AM-241 
CM-244 

~:EDUCTION 
8.804-100 
9.987E-01 
6.816-100 
6.962-100 
5. :3:=:·3-1 0 0 
6.042-100 
1.173E-66 
9.363-100 
5.406-100 
7.166-100 
5.941-100 
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TT (\'EARS) 
4.073E+04 
3.594E+02 
1. 922E+Ci5 
5.191E+05 
2.353E+05. 
1. 1 03E+06 
5.318E+O~ 
4.738E+06 
4.303E+05 
2. 29~:E+OE. 
2.491E+05 

TT ('lEAPS) 
4.051E+04 
3.934E+02 
1. ::::84E+05 
5.092E+05 
2.300E+05 
1.078E+06 
5.350E+06 
4. ?41E+O€· 
4.203E+05 
2.251E+06 
2.435E+05 



TABLE B-3 (Cont•d.) 

LA'r'ER NO. = 3 
UPPER PSI = 2.547E+02 
LOWER PSI = 2.543E+02 
OUTPUT = 3.561E-01 
STREAMS = l.OOOE+OO 
ARC LENGTH= 1.490E+04 
FACTOR = 8.470E+Ol 

RADIONUCLIDE 
·SR-90 
TC-9';t 
t..:~-:-1:3? 

SN-:-151 
EU-:-154 
PIJ-:-23S . 
PIJ-:-23'31 
PU-:-241) 
P.U-:-241 
F.IM-:-241 
CM-:-244 

Lti~'ER NCJ. :; 2 

REDUCTlUN 
8.656-100 
9.984E-01 
.; • .;:::7-d 1)0 
6.825-:-11)1) 
5.820-,.11)1) 
5 .. 962-,.11)1) 

9.261-,.1 1)1) 
5.374..,.11)1) 
? .. 1)20-,.1 I) I) 
5.B6::h1 1)1) 

UPPER PSI :; 2.543E+02 
LOWER PSI :; 2.530E+01 
DUT~IJT - 2.290E+02 
STRERMS :; 4~~nn~+Ot 
RRC LENGTH:; 1.324E+04 
FRCTCJR :; 6.623E+01 

RADICJNIJCLIDE 
SR·"·90 
TC-,.99 
I:S:~137 
SM-,.151 
EIJ"""154 
PIJ-,.238 
PIJ-,.2:39 
PU-:-240 
PIJ-:-241 
F.IM-:-241 
CM-:-244 

REDUCTION 
' :3 .. 616-,-! 0 I) 
4. 19'~E-:- 1)1 
2. ?9:3..,.1 I) I) 
2.:351)-,.1 I) I) 
a. 4.3:::-:-1 o o 
2.496-,.11)1) 
2.4S:3E-,.35 
3.:3(:'9..,.11)1) 
2.256-,.101) 
a. ·;.:3o..,.l Ol) 

2.458-,.100 

B-14 

TT<YEARS> 
4. 5:30E+04 
4 .. s:aaE + 1ja 

2.057E+I)5 . 
5.56:3E-t-0'5 
2.4·j5E+05 
1.170E+1)~ 

6. a·:;.sE + o.; 
5.4.S.5E+1)6 
4.552E+1)5 
2.4.S.?E+06. 
2.642E+05 

TT <'lEAF'::;:). 
i::. ;3S:3E + 1)4 
6.2'30E+02 
1. a6,.3tE + o5 
3.439E+1)5 
i .534E+1)5 
7 .21JOE+1)5 
4. 025E+1)6 
:;;; • 4.S.9E + 1)6 
a. 797E+1)5 
1.526E+1)6 
1.625E+05 



TABLE B-3 (Cont•d.) 

l.ffy'ER NO. :::; 1 
UPPER PSI :::; a.S30E+Ol 
l.OI.~ER PSI :::; 0. 
OUTPUT ~·a.S30E+01 
STREAMS :::; I). 

ARC LENGTH::; 0. 
F.ACTDR :::; 0. 

RADIONUCl.IDE 
SR""""91) 
TC""""99 
1:;:::.-:-137.' 
S~h151 

EU""""154 
PI.J-,.238 
pu...,.c:J·;. 
p1J...,.240 
pu...,.a41 
At·l-:--241 
Ct·h244 

REDUCTION 
1). 
o. 
1). 
1). 
I) • 
1). 
1). 
1). 
1). 
1). 
o. 

B-15 

TT(\'EARS). 
1). 

. 1). 
1). 
1). 
1). 
1). 
1). 
1). 
I) • 

1). 

1). 



TABLE B-4 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 10731 Years After Repository Decommissioning 
and Resaturation 

1 
SHA~E CASE : 7 LAYERS AND 11 RADIDNUCLIDES 
SUMMARY ~ 200 0 0 0 0 0 0 

t..RYFR ··m. ~ 7 
I· 

iJF.'PER ~·:s; I 
LDI.,JER ::.si 
OUTPUT· 

~ 

~ 

~ 

1.541E+IB 
:3. 547E+1)2 
6.:362E+1)2 

S:TF' ~AM:; ~ I). 
ARC LEN•~TH~ 1). 
F.RC roR :;. •) .. 

RADIDNUCLIDE 
S~:-,.'311) 

Tr~..,.99 

CS:-:-137 
S:th151 
EU..,.154 
P.U-,.23 3 
P.U-,.23 :01 

PU-:-24') 
PU..,.24 .L 
Ath24l 
Cf':l-,.24-l-

LA\'~R NO. ~ 6 

REDUCT I Dr~ 
1). 

1). 
1)., 

1). 

1). 

1). 
1)., 

1)., 

1). 

1). 

I) • 

UPPER PS:I ·-. :3 .. 54?E-t·1)2 
LOWER RSl - 3i41~E·~02 
OUTPUT ~ 5.135E+02 
STRE~MS ~ l.~~U~+U~ 
ARC LENGTH~ 1.809E+04 
FACTOR ~ 8.633E+01 

RADIDNUCLIDE 
~F-:..,.91) 

TC..,.9'31 
cs . 1 3? 
S:M-151 
EU-:-154 
P.U-,.2:3.:;: 
PIJ-,.23 ;I 
p1J..,.241j 
p1J..,.24l 
At·l..,.241 
Ct'h244 

REDUCTION 
4. ':::144..,.11) iJ 
5.45?E-,.1)1 
3.861..,.1 01) 
3 .. ·:::;.41) :100 
:3. 29:3-,.11) I) 
:3.388-,.1 01) 
2.746E..,.54 
5.202..,.1 01) 
2. 913'3..,.1 0 I) 
4. 067-:-1 01) 

::3;..325..,.100 

TT(VEARS:). 
1). 

1). 

1). 

1). 

0. 
I) • 

o. 
1). 

1). 

1). 

0. 

TT(YEARS:). 
3. ·;..:; OE + 04 
:3.361 E +1)2 
~.1)11)E+05 

':i.·.uaa:+o~ 
2.496E+05 
1.167E+06 
4. 7:37E+06 
4.4J:3E+06 
4.578E+1)~ 

2.:3?8E+06 
2 .. 640E+05. 

B-16 



TABLE B-4 (Cont•d.) 

l..~VER HO. :; 5 
UPPER PSI ~ 3.412E+02 
LOWER PSI ~ 3.408E+02 
OUTPUT ~ 3.954E~01 

STREAMS ~ 2.000E+OO 
ARC LEN~TH~ i.437E+04 
FACTOR ~ 8.368E+01 

RADIONUCLIDE 
sR~91) 

TC~9'=-' 
cs~.1:37 
:iM~151 

EU~154 

PU~238 

PU-:-23'3 
PU-:-240 
PU-:-241 
At'h241 
CM~244 

. LR··(ER t~D. :; 4 

REDUCTION 
8. 715~1 01) 
9.987E~01 

6. 727~11)1) 
6.868~1 01) 
5.840~1 01) 
5.985~100 
2.064E-:-65 
9.:305~1 01) 
.5.383~1 01) 
7. 067-:-1 01) 
5.889~1 01) 

UPPER PSI ~ 3.408E+02 
LOWER PSI ~ 3.224E+02 
OUTPUT - 1.849E+01 
STREAMS ~ 1.100E+01 
ARC LENGTH~ 1.433E+04 
FACTOR ~ S.323E+01 

RA'DIONUCLIDE REDUCTION 
SR~90 8.562-:-100 
TC-:-9'3 9.'=-'84E~t)1 

CS-;137 6.604~11)1) 

· St•h151 6. 738~1 I) I) 
EU~154 5.775~100 

PU-:-23f:l 5.910~100 

PU~239 5.972E,-:-81 
PU~24.1) 9.194~100 

PU~241 5.353-:-11)0 
AM-~241 6.'=.t26-:-1 01) 
GM-,.244 5.821-:-100 

B-17 

TT ('iEARS) 
4. :38:3E + 1)4 
4.116E+1)2 
2. 1)1)4E+1)5 
5.423E+05 
2. 4:33E+1)5 
1.141E+1)6 
5.863E+1)6 
5.157E+06 
4.4:38E+05 
2.402E+1)6 
2.576E+1)5 

TT(\'EARS) 
4.584E+04 
4. 99:3E+02 
2.1H6E+05 
5.465E+05 
2.4:3::3E+05 
1.142E+06 
6.481E+1)6 
5.527E+t)6 
4.432E+1)5 
2.426E+06 
2.576E+05 



TABLE B-4 (Cont•d.) 

:' 1 i i( LFtYER NO. = 3 
UPPER p::;:I = 3.224£+02 
LOI.~IER PSI = 3.220E+02 
OUTPUT = :3. 997E-01 
STREAM::;: = 1.000E+OO 
ARC LENGTH= 1 .• 441E+04 
FACTO!': - :::. 453E+01. 

RADICNUCLIDE.· REDUCTION 
SR-90 8.345-100 
.TC-99 9.980E-01 
CS-187 6.446-100 
SM-151 6.570-100 
EU-154 5.694-100 
Pll-?:-=l::;: ~. :315-1 0 0 
PU-239 5.314E-96 
PU-240 9.030-100 
PU-241 5.316-100 
AM-241 6.745-100 
CM-244 5.735-100 

LAYER NO. = 2 
UPPER PSI = 3.220E+02 
LOWER PSI = 3.187E+01 
OUTPUT ·· 2.9C•1E+02· 
STREAMS = 3.800E+Ol 
ARC LENGTH= 1.291E+04 
FACTOR = 6.428E+01 

RADIONUCLIDE 
SR-90 
TC-99 
c;s-1:37 
SM-151 
I::.U-154 
PU-238 
PU-239 
PU-240 
PU-241 
RM-241 
CM-244 

REDUCTION 
1.:372-1 nn 
1.624E-01 
1.061-100 
1.082-100 
·~ . .:::.:::3-101 
·;.. 540-1 01 
4. 228E -4:::: 
1. 4:30-1 (II) 
8.682-101 
1.112-100 
9.403-101 

8-18 

TT <YEAR!. '.I 
5.037E+04 
6·. 133E+1:•;;: 
~.121E::+IJ5 

5. 75E~E+05 
2.541E+05 
1. 1'J4E+06 
7.596E+06 
6.247E+06 
4.622E+05 
2.562E+o6· 
2.692E+05 

TT(YEARS) 
2. 8'5~E~•H 
5.9931E+02 
1.., ~~14E+05 
3.294E+05 
1. 460E+•)5 
6.857E+05. 
4.273E+06 
3.527E+06 
2.659E+05 

. 1. 464E + 06 
1. S47E+05 



TABLE B-4 (Cont'd.) 

· LAYER' NO. = 1 
UPPER PSI = 3.187E+01 
LO~.IER P:S I = 0. 
00TPUT = 3.187E+Ol 
STREAMS = 0. 
ARC LENGTH= 0. 
FACTOR = 0. 

RADIONUCLIDE 
.:SR-'30 
TC-'3'3 
CS-1:37 
SM-151 
EU-154 
PU-238 

. PU-23'3 
PU-240 
PU-241 
AM'•2t-1 

. CM-244 

f;:EDUCT I ON 
o. 
0. 
o. 
o. 
0. 
o. 
0. 
0. 
o. 
0 • 
o. 

B-19 

TTO::YEARS:) 
o. 
o. 
0. 
o. 
o. 
o. 
o . 
o. 
o. 
o. 
o. 



TABLE B-5 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 45257 Years After Repository Decommissioning 
and Resaturation 

SHALE CASE . : 7 
S:UI'1MAF:'l = 200 

LAYERS AND 11 RADIDNUCLIDES 

LA\'ER r·m. = 
UPPER PSI -· 
Lat..IE~: PSI = 
OUTPUT = 
:s:TREAI'1.S: = 

0 

7 
1.510E+0:3 
:::. 814E+02 
6.28E:E+02 
0. 

0 

ARC LEI·~•3TH= 0. 
FACTO~: = 0'. 

Rt=tD I DI'WC L IDE 
S:P-90 
TC-99 
c:s:-1:.::1 
:S:M-151 
EU-1 ~54 
PU-2:~::: 

PU-2:::-:.;. 
PU-240 
PU-241 
At·1-241 
Ct1-24·4-

LA'lER NO. = 
UPPER P::;: I = 
LOJ.,IER P:S: I = 
DUTPt.IT -
S T R E Af'1:S: = 
ARC LENGTH= 
FACTDF.: = 
RADIDNUCLIDE 
. :s:f.::-90 
rr: .. •::••) 
c;s:-t ::::7 
S:M-151 
EU-154 
PU-2:~:.:: 

PU-2~: ~ 

PU-240 
PU-241 
Ftt·1-241 
Ct·l-24 4 

~l:!.liUI...: I' lON 
0. 
1). 

0. 
o. 
0. 
0. 
o. 
o. 
0. 
o. 
o. 

6 
8.814E+02 
4.121E+02 
4.69:3E+02 
1. 3:30E+02 
1.839E+04 
9.378E+01 

REDUCTION 
!3.545-101 
·;t. ·:H•~E-OC: 
6.587-101 
6.722-101 
5.748-101 
5.884-101 
2.024E-98 
9.162-101 
5. 320-101 
6. '312-1 01 
5.794-101 

0 

B-20 

(I 0 

TT ('v'E.ARS:) 
o. 
o. 
o. 
o. 
0. 
o. 
0. 
0. 

·~·· 0. 
0. 

0 

TTC:YEAR:S:) 
5.661E+04 

2.542E+05 
. 6. ::::::5E + 05 
3.076E+OS 
1.44:3E+06 
7.713E+U6 
6.725E+06 
5.606E+05 
3. 0'53E + 06 
3.257E+05 

PS:17 



TABLE B-5 (Cont•d.) 

LAYER NO. = 5 
UPPER PSI = 4.121E+02 
LOWER PSI = 4.117E+02 
OUTPUT = 3.765E-01 
STREAMS = 2.000E+OO 
ARC LENGTH= 1 • 5 07E +{14 
FACTOR = 9.504E+01 

RADIONUCLIDE 
SR-90 
TC-9'3 
(:S:-137 
SM-151 
EU-:-154 
PU-23E: 
PU-239· 
PU-240 
PU-241 
AM-241 
Ct1-244 

LAYER NO. 
UPPER PSI 
LOI.~IER PSI 
OUTPUT 
STREAMS: 

= 
·-
= 
= 
= 

ARC LENGTH= 
FACTOR = 
RAD I DNt.ICL I DE 

SR-90 
TC-99 

S:M-151 
EU-154 
PU-2~:8 

PU-239 
PU-240 
PU-241 
AM-241 
GM-244 

4 

REDUCTION 
:3.022-100 
9.967E-01 
6.250-100 
6. 35'3-1 00 
5.595-100 
5.700-100 
9.490-100 
8.742-100 
5.270-100 
6.515-100 
5.631-100 

4.117E+02 
3. 9:33E+02 
1.846E+01 
5.400E+01 
1 • :3:35E +fl4 
6.5:37E+01 

REDUCTION 
:3.:369-100 
·:;.. 977E-01 
6. 4'30-1 00 
6.616-100 
5.718-100 
5.843-100 
2. ·378E-32 
6.077E-96 
5.~:27-100 

6.794-100 
5 • 761 -1 (II) 

B-21 

TTO::YEARS) 
6.757E+04 
9.262E+02 
2. 7::::?E+05 
7.441E+05 
3.257E+05 
1. 5:.:::1E+06. 
1.13:3E+07 
8.660E+06 . . 
5.912E+05 
3.319E+06 
3.450E+05 

TTO::YEARS:> 
3.189E+04 
6.713E+02 
1 • .304E+05 
3.544E+05 
1.557E+05 
7.317E+05 
5.463E+06 

. 4. 0'33E+06 
2.829E+05 
1.579E+06 
·1. 649E+05 



' ., 

TABLE B-5 (Cont•d.) 

LAYER NO. = :3 
UPPER PSI = :3.933E+02 
LOWER PSI = 3.928E+02 
OUTPUT = 4.396E-01 
STREAMS = 2.000E+OO 
ARC LENGTH= 1~205E+04 
FACTOR ~ 6.930E+01 

RADIDNUCLIDE 
SR-90 
TC-99 
c:s:-1 :37 
S:M-151 
EU-154 
PU-23:=: 
PU-23'3 
PU-240 
PU-241 
AM-241 
CM-244 

LA'iEP NO. :::; 2 

REDUCTION 
7.767-100 
9. 972~-01 
15.117-100 
6.216-100 
5.530-100 
5.624-100 
1.799E-66 
8.495-100 
5.241-100 
6.357-100 
5.562-100 

UPPER PSI :::; 3.92SE+02 
LOWER PSI·:::; 3.914E+01 
QUTHUT ~ 3.53?E+O~ 
STREAM~ :::; 1.300E+01 
ARC LENGTH::; 1.184E+04 
F~CTOR :::; 7.630E+01 

RADIONUCL..IDE 
SR-:-91) 
TC:-:-99 

SM-:-151 
C:U-:-1~4-
PU-:-2:3:3 
PU-:-2:39 
PU-240 
PU-241 
RM-241 
CM-244 

REDUCTION 
5.5:34-:-11)2 
7 .461E-:-1)3 
4.429-:-ll)a 
4.491-:-11)2 
4. 067-:-102 
4.124-:-11)2 
6.:324-:-102 
6.094-102 
3.:391-102 
4. 580-102 
4. 086-102 

B-22. 

TT ('lEH~S) 
3.:386E+04 
8.8@9E+02 
1 • 4:3:3£ + 05 
4.054E+05 
1. 75'3E+05 
El. 27'4-E+03 
7. 5?8E+OE. 
5.240E+06 
3.187E+05 
1 • ::: 13E + 06 
1. 864E+1)5 

TT (\'EARS:) 
. 4.916E+04 

1.15:3E+1):3 
1.828E+Il!"'.; 
4.·=..asE+05 
2.151E+t)5 
1.012E-t:06 
L 008E+07 
6.76E:E+06 
3. :::·=.t4E+05 
2.2.34E+06 
2.280E+05 



TABLE B-5 (Cont•d.) 

LAYER ~m. - 1 
UPPER PSI = 3.914E+01 
LOWER PSI = 0. 
OUTPUT . =·3.914E+01 
STREAMS - 0. 
FtRC LENGTH= 0. 
FACTOR = 0.' 

RAIIIONUCLIDE REDUCTION 
sr;;~-90 o. 
TC-99 0. 
(:S:-1 :37 0. 
SM-151 0. 
EU-154 o. 
PU-238 0. 
PU-2:39 o. 
PU-240 0. 
PU-241 0. 
AM...:.241 o. 
CM-244 o. 

B-23 

TT (\'EARS:) 
0. 
o. 
o. 
0. ., 
0. 
0. 
0. 
o. 
o. 
0. 
o. 



co
 

I ·~
 



rABLE B-6 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 9.3 Years After Repository Decommissioning 
and Resaturation 

'" GRANITE ·ctrtSEa 4 Lf.l'y'ERS HND 11 RAitiONUCllDES 
SUMMARY = 146 0 0 0 0 0 0 

LAY'ER t~O. = 4 
UP.PER PSI ~ l.l04E+02 
LOWER PSI - 6.931E+~O 
OUTPUT ~ l.03SE+02 
STREAM::; ~ 0. 
ARC LENGTH~ 0 • 

. F.ACTOFr~ ::; I). 

RADIONUCLIDE 
SR"791) 
TC-99 
cs:-13? 
SM-151 
EU-154 
PU-23:::: 
PU·-23':~ 

PU·-240 
PU-241 
FtM -241 
CM-244 

LAYER no. - :~: 

REDUCTION 
I) • 

0. 
o. 
o. 
o. 
o. 
o. 
0. 
0. 
o. 
0. 

UPPER PSI = 6.931E+OO 
LOWER PSI = 1.961E-01 
OUTPUT = 6.735E+OO 
STREAMS - 1.030E+02 
ARC LENGTH= 1.873E+04 
FACTOR '= 5.634E+01 

RADJONUCLIDE 
SR-90 
TC-99 
cs:-137 
SM-151 
EU-154 
PU-23:=: 
PU-23"::1 
PU-24.0 
PU-241 
AM-241 
CM-2.4:4 

REDUCTION 
·1. 095-100 
1.219E-01 
8.525-101 
8. 715-101 
7.303-101 
7.50€.-101 
2.319E-28 
9.230E-94 
6.656-101 
8.976-101 
7. 372-t ot· 

TT ('~EARS). 
o. 
o. 
0. 
o. 
0. 
o. 
o. 
o. 
o. 
o. 
o. 

TT(YEARS> 
1.80:3E+04 
7.593E+02 

· 8. 77'3E+04 
2. 36'3E+05 
1. 080E+05 
5. o5::::E + o5 
2. 30'3E+06 · 
2.075E+06 
1. 976E+05 
1.044E+OE. 
1.143E+O~· 

P622 



TABLE B-6 {Cont'd.) 

LAYER NO. = 2 
UPPER PSI = 1.961E-01 
LOWER PSI = 7.698E-03 
OUTPUT = 1.884E-01 
STREAMS - 4.300E+01 
ARC LENGTH= 1.~68E+04 
FACTOR = 6.680E+01 

RADIDNUCLIDE 
SR-90 
TC-99 
CS-137 
SM-151 
EU-154 
PU-238 
PU-239 
PU-240 
PU-241 
AM-241 
CM-244 

LAYEP NO. = 1 

REDUCTION 
7.397-100 
9.~64E-n1 
5.953-100. 
6.037-100 
5.452-100 
5.532-100 
2.198E-34 
1.647E-99 
5.205-100 
6.158-100 
5.479-100 

UPPER PSI = 7.~q8E-03 
LDWEP PSI = 0. 
OUTPUT = 7.698E-03 
~TREAM8 • ~.OOOE+OO 
ARC LENGTH~ 1.695E+04 
FACTOR ~ 1.132E+02 

RADIONUCLIDE 
iR-90 
TC-99 
~S-137 

SM-151 
EU-154 
PU-238 
PU-239 
PU-240 
PU-241 
AM-241 
CM-244 

REDUCTION 
5.963-100 
6.409E-01 
5.332-100 
5.363-100 
5.154-100 
5.182-100 
7.286-100 
6.398-100 
5.070-100 
5.408-100 
5.164-100 

B-26 

TT<YEARS) 
3.730E+04 
1.437E+04 
1.391E+05 
3.790E+05 
1.641E+05 
7.723E+05 
8.159E+06 
5.210E+06 

. 2.974E+05 
1.697E+06 
1.739E+05 

TT<YEARS> 
J.2~JE+05 
1.743E+05 
4.213E+03 
1.152E+06 
4.888E+05 
2.304E+06. 
3.433E+07 
1.883E+07 
S.822E+05 
5.190E+06 
5.184E+05 



TABLE B-7 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 93.3 Years After Repository Decommissioning 
and Resaturation 

..... 
GRANITE CASE: 4 LAYERS AND 11 RADIONUCLIDES 
S:UMt·1AR'/ = 12 0 0 0 0 0 0 0 

LA'lER t·m. = 4 
UPPER PSI = 1.105E+02 
LOWER PSI = 6.933E+OO 
OUTPUT = 1.035E+02 
STREAM:~: = 0. 
ARC LEnGTH= 0. 
FACTOR = 0. 

RADIONUCLIDE 
S:R-90 
TC-99 
c:s:-1~:? 

SM-151 
EU-154 
PU-23::=: 
PU-23·::• 
PU-240 
PU-241 
AM-241 
CM-244 

LAYE~; t·m. = 3 

REDUCTION 
o. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

UPPER PSI = 6.933E+OO 
LOWER PSI 1.602E-01 
OUTPUT = 6.773E+OO 
STREAMS = 1.090E+02 
ARC LENGTH= 1.872E+04 
FACTOR = 5.363E+01 

RADIONUCLIDE 
:s:R-90 
Tc-·~·~ 

r:S-137 
S:M-151 
EU-154 
PU-23::: 
PU-239. 
PU-24(t 
PU-241 
AM-241 
CM-244 

REDUCTION 
5.51::0-100 
6.113E-01 
4.377-100 
4.476-100 
3.719-100 
3.830-100 
1.493E-23 
1.022E-78 
3.363-100 
4.612-100 
3.757-100 

TT ('r'EARS:> 
0. 
0. 
o. 
0 •. 
0. 
o. 
0. 
o. 
0. 
0. 
o. 

TT ('r'EARS) 
1. 490E+04 
4.373E+02 
7.66BE+04 
2. 063E +·05 
9.560E+04 
4.470E+05 
1. 785E+06 
1.661E+06 
1.756E+05 
·~. 057E+05 
1.011E+05 

B-27 
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TABLE B-7 (Cont•d.) 

LAYEP NO. = 2 
UPPEP PSI = 1.602E-01 
LOWER PSI = 5.114E-03 
OUTPUT = 1.551E-01 
STREAMS = 1.100E+01 

.ARC LENGTH= 1.648E+Q4 
FACTOR ·~ 5.992E+01 

RADIONUCLIDE 
SR-90 
TC-99 
cs:-t ::::? 
:~;M....:.t '51 
EU-154 
PU-238 
PU-23'j 
PU-240 
PU-241 
FH'l-241 
Ct1-244 

LA\'EF.: tiD. = 1 

REDUCTION 
s.1ee .... 1oo 
9.764E-01 
6. 3:30-100 
6. 4';4t;.-1 (! lj 

5.667-100 

1. :396E-26 
6.44:3E-87 
5.304-100 
6.660-100 
5.706-100 

UPPEP PSI= 5.114E-03 
LOI.oJEf': P:S I = 0. 
OUTPUT = 5.114E-03 
STREA~S = 2.000E+OO 
ARC LENGTH= 1.814E+04 
FACTOR = 8.661E+Ol 

RADIOnUCLIDE 
SR-90 
n::-9·:~· 

St1-:-151 
EIJ-:-154 
PIJ-:-2.38 
PIJ-:-2:39 
PIJ-:-241) 
PIJ-:-241 
AM-:-241 
C:M-:-244 

REIIUCTION 
7.027-100 
:::. 424E-(11 
~ .. 786-:-1 Cll) 
5.:356-:-11)1) 
5. :372-:-11) I) 
5.4:37-:-1 I) I) 
:3.611-:-11)1) 
7.672-:-1 01) 
5.168-:-11)1) 
5.'357-:-11)0 
5. 3'34-:-1 I) 0 

B-28 

TT ('lEARS> 
c. 5·=":?.E+04 
7.0'39E+03 
1.063E+05 
2. 8:~4E+05 
1. 276E+05 
5. 9'33E+05 
4.972E+06 
3.426E+06 
2. ~~:2:~:E+05 
1.283E+OE. 
1. ::::52E+05 

TT (\'EA;:;;:S:) 
6. 7o:::E+04 
7.743E+04 
2.:..;!:..!bb.-i-IJ5 
6.511JE+1)5 
2. ?9:3E+05 
1.31:3E+t)6 
1.697E+1)7 
9. (:'!32£+1Jb 
5. 064E+t)5 
a. ·:\~lE+oG 
a. ·:;..s6E+1)5 



TABLE B-g Nuclide Reduction Factor and Travel Time for Flow 
Pattern 853 Years After Repository Decomm1ss1on1ng 

... 

and Resaturation · 

GRAN I TE CASE:. 4 LA'iERS AND 11 RAD 1 DNUCL I DES 
SUMMARY ~ 110 0 0 0 0 0 0 

LA\'ER NO. ~ 

UPPER PSI -· 
LOI.~ER F.'S I ~ 

4 
1.114E+02 
7.175E+OO 

OUTPUT ~ 1. 1)42E+02 
2.1)01)E+01 
2.11)9E+1)4 
8.1)60E+01 

STF.:EAt·1:5: ,. 
ARC: LENGTH~ 
F.AC:TDF~ :; 

RF.IDIDNIJCL.lDE 
:::;:~:....,.90 

TC...,.99 
c::~...,.1 :37 
St'h 1'51 
EU...,.154 
PU...,.2:3:3 
p1J...,.239 
F'·h240 
p1J...,.241 
At'h241 
C~h244 

L.F.t\'ER r·m. 
up.::·ER p::;:I 
LDJER P::;:I 
OUTPUT 

~ 

~ 

~ 

~ 

3 

REDUCTION 
2.1)62....,.101 
2. 097E...,.1)2 
1.864....,.11)1 
1.892....,.11)1 
1.571....,.11)1 
1.636....,.11)1 
:3.341E...,.17 
:3.266E...,.56 
1.312...,.101 
1 • ·;.25...,.11H 
1. 594...,.11)1 

7.175E+OO 
9. 944E...,.1)2 
7 .1)75E+I)Ij 

STREAMS ~ 8.800E+01 
ARC LENGTH~ 1.879E+04 
FACTO~ ~ 6.726E+Ol 

RAD I Dt-WCL.l DE 
::;R...,.9U 
TC...,.9·~ 

cs...,.1::;:7 
St1...,.151 
EJJ...,.154 
P.IJ-.,.23:J: 
PU...,.239 
p1J...,.240 
p1J...,.241 
At·h241 

. C:~h244 

REDUCTION 
9. 722...,.1 l)lj 
9. 9•;.3E...,.I)l 
:3.526...,.1 00 
:3.675.:.,.1 01) 
7 .144....,.1 01) 
7.432...,.100 
1 •. 197E...,.14 

· ·:,.. 28'31E -:-48 
6. 1)5:3...,.10 I) 
:3.:361)....,.1 01) 
7.245...,.100 

B-29 

TT (\'EARS:). 
1.134E+1)4 
1. 1)40E+t)2 
:3.918E+t)4 
2.3l'I)E+05 
1.417E+1)5 
6.384E+05 
1.179E+1)6 
1.162E+06 
2.:356E+1)5 
9.6:31E+1)5 
1.481)E+1)5 

TT(\'EARS:). 
1.2 C14E+04 
2. 31):3E+02 
7. 725E+1)4 
2.1)34E+CI5 
1.118E+05 
5.11)5E+05 
1.353E+·06 
1.2·;.c:E+06 
2.185E+05 
a.671E+05 
1.1?3E+05 

PG24 
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TABLE B-8 (Cont'd.) 

l..H 'iER NO. :; 2 
UPPER PSI :; 9.944E~aa 
l..DWER PSI :; 5.911E~04 
OUTPUT :; 9.884E~02 
STRE8M~ :; 4.000E+OO 
ARC LENGTH:; 1.769E+04 
hH~lU~ :; 6.848E+Oi 

Rti D I Ot·WC:l.. I DE 
:S:R-90 
TC-:-99 
c:;..,.1a? 
:~t1-:-151 

EIJ~154 
Pu~2:3::;: 

PiJ-:-2:39 
PU-:-241) 
PIJ~241 
Ar·l-:-241 
C:t1-:-244 

l..A\'ER ~10. = 1 

PEDUC:TION 
·? .. 362-:-11)0 
9.902E~IH 
7.824~11)1) 

7. 979-;-1 !) I) 
6. 5:3:3-:-11) 0 
6.:324~11)1) 

1.409E~75 

5. 761-:-11)0 
:::.1::::.:1~1 ()0 

6 • 6 7 1)-:- 1 lj I) 

UPPER PSI = 5.911E-04 
LDI .• JE~~ PS: I = 0. 
UUI~UI' = 5.911E-04 
STREAMS = 1.000E+OO 
A~C LENGTH= 1.892E+04 
FACTOR = 7.451E+01 

RA[IIONU(LIDE 
S:F.:-90 
TC-'319 
CS:·-137 
S:t·l-151 
'EU-154 
PU-C.:3::: 
PU-2:39 
PU·-240 
PU-241 
At·1-241 
Ct·l-244 

REDUCTIJI'~ 
:::.970-100 
1:-f. 6E:i3E- ·) 1 
? • :32 0""1 (I 0 
7. 466-1 1)0 
6.251-100 
6.445-100 
1. 5:~:2E- .7:1:~: 

·9. :::::~~E:.; 1 0 0 
5.591-100 
7.660-100 
6.:318-1 :)1) 

B-30 

Tt ('iEAI''S\ 
.::.IH2E+CI4 
J~9:31E+ID 
·::,.. ·:;..S.4E + 04 
?.664E+05 
1.:325E+05 
6.121E+05 
:::;: • 4 o::;:E + 1)6. 
2. 544E+Ijo; 
2.51:3E+05 
1 • l 62E+ 1)6. 
1.:3?.16E+1)5 

TT o::'..-"EAF<~::~:> 
2.960E+04 
9.564E:+03 
!.2.3'1E+OS 
J.472E+05 
1.66JE+OS 
7.716E+05 
5. ::;::::2E + U6 
:;: •· ·~45E + 06 

.3.125E+05 
1. 527E+OE. 
1 • 7":4E + 1)5 



TABLE B-9 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 3560 Years After Repository Decommissioning 
and Resaturation · 

1 
GRANITE Cfi$E~ · 4. LFlYf.RS AND 11 ~DIONLICLlDE:S 
SUt·1f1FtR'r-' · . = 1 04 ·0 . 0 0 0 0 · 0 ., . . . 

· .'\ LAVER NO• '=. 4 
,• 'UPPER. PSi.-= 1. t2·:;..E+02··:· 

LOWER PSI = 7 •. 507E+OO 
. · .. OUTPUT = 1 •. 054E + 02 

:, STPEAt·E = .3. 500E+01 
ARC LENGTH:;:: 2. o:=:1E+04 
FACTOF.: - 7 o 90 l.E+Of 

RADIONUCLIDE 
S~:-90 

TC-'3'3 

:s:r·1-151 
EU-154 
Pl_!-23:=: 
PU-239 
PU-240 
PU-241 
Ar·i-241 
Ct·1-244 

LA\'ER t·m. = 3 

REDUCTION 
2.44:3-101 
2.477E-02 
2. 2.:36-101 
2.267-!01 
1.900-101 
1. '378-1 01 
1~:314E-14 

1.128E-46 
1.579-101 
2.:303-101 
10 928-101 

UPPER PSI = 7.507E+OO 
LOWER PSI = 5.621E-02 
OUTPUT ~ ?.~50E+OO 

STREAMS = 7.000E+01 
ARC LENGTH= 1o863E+04 
FACTOR = 7.014E+01 

RADIONUCLIDE 
SP-90 
TC-99 
c:::-1:37 
:~:t·1-151 

EU·-154 
PU-2~::=: 

PU-239 
PU-240 
Pll-241 
At1-241 
CM-244 

REIIUCTIDt--1 

9.995E-01 
:=:.805-100 
8.939-100 
7.438-100 
7.741-100 
1. 60:3E-12 
1.715E-40 
.: .• 235-100 
9.101-100 
7.546-100 

B-31 

TT (\'EARS> 
9. 4'35E+0:3 
8. :::::JOE+01 
7.7.31E+04 
1.995E+05 
1. 26';1E+05 
5.6SlE+05 
·3. 7:36E+05 
9. t.:30E+05 
2.604E+05 
8.276E+05 
1. ;;:23E + 05 

TT <YEARS:) 
9.905E+03 
1.546E+02 
6. '374E+ 04, 
1.E:20E+u~ 
1.076E+05 
4.857E+OS 
1. o:=:2E+06 
1.045E+06 
2.165E+0:5 
? M 669E+·05 
1.124£+(1'3 

P625 



' o, 

·TABLE B-9 (Cont•d.) 

1 

LAYER NO. = 2 
UPPER PSI = 5.621E-02 
LOWER PSI =-2~701E-03 
OUTPUT - 5.891E-02 
STREAMS ~ t.OOOE+OO 
RRC L~NGTH~ 1.716E+04 
FACTOR = 6. 794E+t)f 

RF'tDIONUCLIDE 
. $R-9o 

TC-99 
CS:-1 ~:7 
Sl•l-1 ~l 
EU-154 
pu..:...:-~38 
pu.;..-:~39 
PU-.::40 
PU~241 
At·1-241 
CM-244 

LAYEr;!: NO. = 1 

REDUCTIOn 
·:... 243-100 
9.527E-01 
:3. 093-100 

. :3. 2'.32-i ou 
6.:305-100 
7.075-100 
1.424E~20 

7.888E-69 
5.781-100 
B.·406-fOO 
6.900-100 

UPPER PSI =-2.701E-03 
L(Jl,!EP F'~ I ~ 0. 
OUTPUT =~2.701E-03 
:S:TREAt·1S: = 0. 
ARC LENGTH= 0. 
FACTOR = 0 •. 

RADIONUCLIDE REDUCTION 
:~:R-90 o. 
TC-99 o. 
CS:-137 0. 
::i:M-151 o. 
EU-154 0. 
PU-238 o. 
PU-239 0. 
PU-240 0. 
PU-241 o. 
AM-241 0. 
CM-244 0. 

B-32 

c ' 

TT ('i[f"tRS:) 
1 ·• 2€· OE+04 
4.509E+02 
7.577E+04 
1. '::1'.::1~1::. + t_i~ • 

· 1. 09'3E+05 
5.005E+05 
1.534E+06 

·1. 400E+06 
2. 166E +.05 
8.554E+05 
1.152E+05 

TT ('/EARS> 
0. 
r:r. 
0. 
o. 
0. 
0. 
o. 
0. 
o. 
o. 
o. 

' v 



TABLE B-10 Nuclide Reduction Factor and Travel Time for Flow· 
Pattern 9765 Years After Repository Decommissioning 
and Resaturation 

(;~:AN 1 TE CASE: 4 LAYERS AND 11 RAD I ONUCL I DE:S:' 
SUMMARY = 105 0 0 0 0 0 0 

LA'lE~: NO. = 
UF'PE~: PSI = 
LOI.•JEf': PSI = 
OUTPUT = 
STREAt1:S: = 
APC LENGTH= 
FACTO~: = 

RADIOHUCLIDE 

TC:-9·~ 

c~:-1:.::7 

:~ ;1-1.5 1 
E'J-1'54 
F'·J-2.3::: 
PiJ-239 
PU-240 
PU-241 
At·l-241 
Ct·l-244 

LA\'ER t·iO. = 
UPPER F'SI :=; 

LQI...IER P:~: I -
OUTPUT = 
::a;~:DlM:~: . 
AF.:··: LEt·1GTH= 
FAC:TOF.: = 

RADim·iUCLIDE 
SP-90 
TC-9':01 
cs:-1~:7 

S:M-151 
EU-154 
PU-2:3::: 
PU-2~:·::,. 

PU-240 
PU-241 
AM-241 
Ct·l-244 

4, 
1.123E+02 
7.246E+OO 
1.051E+02 
0. 
o. 
o. 

.-. 
·:.0 

REDUCTION 
o. 
0. 
0. 
0. 
0. 
0. 
o. 
o. 
0. 
0. 
0. 

7.246E+OO 
6. 2 o:;:E- 02 
7.184E+OO 
1.040E+02 
1. ':.+25E+04 
7.117E+01 

REDUCTIOt~ 
9.028-100 
·:.+. 240E-:-01 
:::.016-100 
8. 148-1 i)l) 
6.737-100 
7.012-100 
4. 4:32E-15 
·:.+. 443E-51 
5.678-100 
:::.309-100 
6.834-100 

B-33 

TT ('lEARS:) 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 

TT(YEARS) 
1.077E+04· 
1. 803E+02 
7.548E+04 
1. 971E+05 
l.150E+05 
5.208E+05 
1.175E+06 
1.i::::5E+06 
2.294E+05 
8.317E+05 
1.204E+05 

PG26 



TABLE B-10 (Cont'd.) 

LAVER NO. = 2 
UPPER PSI = 6.203E-02 
LOWER PSI =-2.158E-03 
OUTPUT = 6.419E-02 
STREAMS = 2.000E+OO 
ARC LENGTH= 1.770E+04 
FACTOR ~ b.926E+01 

RADIONUCLIDE 
SR-·:;.o 
TC-99 

:S:M-151 
E::.U-154 
PLI-23:3 
PU-23';. 
PU-240 
PU-241 
At1-241 
CM-244 

LA'r'E~~ NO. --· 1 

REIIUCT I ON 
·;:... ::: 04-1 (11) 

9. 642E-01 
:::.036-100 
;;:: • 1 :::·:::.., 1 0 0 
6.738-100 
7.002-100 
1.037E-22 
1.302E-75 
5.765-100 
:3~ 369-100 
6.830-100 

UPPER PSI =-2.158E-03 
LOI.,IEf': PSI = 0. 
OUTPUT =-2.158E-03 
:S:TREAt1:S: = 0. 
ARC LENGTH= 0. 
FACTOf;,~ = 0. 

P.AIIIONUCLIDE 
SR-90 
TC-99 
CS-1 :37 
:S:t1-151 
EU-154 
PU-2~::3 

PU-23•;. 
PU-;240 
PU-241 
AM-241 
CM-244 

PEDUC:TION 
0. 
0. 
0. 
o. 
o. 
0. 
0. 
o. 
o. 
0. 
o. 

TT ClEARS:) 
1.619E+04 
1.685E+03 
8. :::~:4E + 04 
E:. ::::4.::E+IJ5 
1. 235E+05 
5. 65:::E +05 
2. :;:37E+06 
1. 912£+06 
2. ::::92E+05 
1 •. ~1 ~ E~'?~ 
1 • .::.9.· ETIJ._, 

TT ClEARS) 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
0~ 



TABLE B-11 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 47900 Years After Repository-Decommissioning 
and Resaturation 

.. 
GRANITE CASE: 4 LAYERS AND 11 RADIONUCLIDES 
SU~1r'1AR'f' = l19 0 0 0 0 0 0 

LAYER rm. = 4 
UPPER PSI= 1.110E+02 
LOWER PSI = 6.930E+OO 
OUTPUT = 1.041E+02 
STREAM:~: = 0. 
ARC LEt·H:iTH= 0. 
FACTOR = 0. 

RADIONUCLIDE 
:5:R-90 
TC-99 

SM-151 
EU-:-154 
PU-23::: 
PU-239 
PU-240 
PU-241 
AM-241 
CM-244 

LAYER t·m. = · 3 

REDUCTION 
1). 
1). 
o. 
o. 
o. 
o. 

. I). 

o. 
o. 
o. 
o. 

UPPER PSI - 6.930E+OO 
LOWER PSI = 1.438E-01 

·oUTPUT = 6.786E+OO 
STREAMS = 1.080E+02 
ARC LENGTH= 1.870E+04 
FACTOR = 5.574E+01 

RADIONUCLIDE 
S:R-90 
TC-99 
CS-137 
S:M-151 
EU-154 
PU-··23::: 
PU-239 
PU-240 
PU-241 
At1-241 
CM-244 

REDUCTION 
1.404-100 
1. 568E-01 
1.091-100 
1.115-100 

·9.361-101 
9.618-101 
1. 520E-28 
~.817E-94 
8.546-101 
1. 14:3-:-100 
9. 44'3-1 01 

TT ('"f'EARS) 
o. 
0. 
o. 
0. 
0. 
0. 
o. 
0. 
o. 
0. 
0. 

TT ('r'EARS) 
1. 7~:5E+04 
6.223E+02 
8.5J7E+04 
2.302E+05 
1. 05.?.E+05 
4.929E+05 
2.166E+06 
1. '374E+06 
1. 92:3E+05 
1. 014E+06 
1.114E+05 

8-35 

PG27 



TABLE B-11 (Cont•d.) 

LAYER NO. = 
UPPEf;: PS: I = 
LOt.OIE~: PS: I = 
OUTPUT = 
STREF'tt1S: = 
ARC LENGTH= 
t-HCTOR 

RAitiONUCLIDE 
:s:R-9Ct 
TC-9·::. 
CS:-1 :37 
:s:M-151 
EU-154 
PU-2:3:3 
PU-2::::9 
Pll-240 
PU-241 
F'tt1-241 
Ct1-244 

2 
1.4:3:3E-01 
3.281E-03 
1.405E-01 
1. 200E+01 
1. t;.60E+fl4 
6. 307E+Ol 

REDUCTIOn 
8.0.3'3-10(1 
9.774E-01 
6.288-100 
6 • J•)9- t 0 (i 
5.617-100 
5.724-100 
7.193E-34 
8.725-100 
5. 280-1 (1(1 

6.557-100 
0 5. 653-1 (I (I 

LF't'f'EP NO. = 1 
UPPER PSI = 3.281E-03 
LOl~EF: P:S: I = 0. 
our~ur = 3.281E-03 
STREAMS = 1.000E+OO 
ARC LENGTH= 1.774E+04 
FACTOR = 7.560E+01 

RF't!IIDNUCLIDE 
:S:R-90 
TC-9'~ 

:s:M-151 
EU-154 
PU-23:3 
PU-239 
PU.:...240 
PU-241 
AM-241 
CM-244 

REitUCTIOt'i 
7.199-100 
9.275E-01 
5.839-100 
5. '315-1 00 
5. ~:95-1 00 
5.465-100 
8.:=:78-100 
7. 9(t3-1 00 
5.179-100 
6.025-100 
5.419-100 

8-36 

TT (\'EFIR:S) 
2. '38:3E + 04 
7.475E+03 
1. 203E+05 
:3.2?1E+05 
1.434E+05 
6.740E+05 
5. 0551E+06 
3. ·:;.17E+06 
2. 6'Ct4E+05 
1. 45'3E+06 ° 
1. 51°3E+05 

TT ('lEAR:S:) 
0 4. :::70E+04 
2.281£+04 
1. 7'38E+05 
4.904E+05 
2.115E+05 
9. '357E+05. 
1. 0·13E+(J7 
6. :330E+06 
3. ::::30E+05 
2.197E+06 
2.242E+05 



TABLE B-12 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 97447 Years After Repository Decommissioning 
and Resaturation 

GRANITE CASE: 4 LAYERS AND 11 RADIONUCLIDES: 
SUMMARY = 159 0 0 0 0 0 0 

LA'lER NO. = 4 
UPPER PSI- 1.107E+02 
LOWER PSI = 6.936E+OO 
OUTPUT = 1.037E+02 
STF:EAMS - 0. 
ARC: LENGTH= O. 
FACTOR = 0. 

RAI1 I ONUCL I DE 
S:F:-90 
TC-99 
CS:-137 
S:M-151 
.EU -154 
PU-23::: 
PU-239 
PU-240 
PU-241 
At1-241 
. C~1-244 

LA'r':::R NO. = . 3 

REDUCTION 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o •. 
o. 

UPPER PSI = 6.936E+OO 
LOW~R PSI = 1.829E-01 
OUTPUT = 6.753E+OO 
STREAMS = 1.070E+02 
~RC LENGTH= 1.852E+04 
FACTOR = 5.854E+01 

RAil I ONUCL I DE 
S:l':-90 
TC-99 
c:s:-t:37 
S:~1-151' 
EU-154 
PU-238 
PU-239 
PU-240 
PU·-241 
AM-241 
CM-244 

REDUCTION 
3.998-101 
4.564E-02 
3.0:38-101 
3.153-101 
2.678-101 
2.745-101 
1. 6:38E-38 
4.265.:....101 
2.467-101 
3.-2~5-101 
2.701-101 

B-37 

TT(YEARS:) 
0. 
0. 
0. 
0. 
I) • 

0. 
o. 
0. 
o. 
0. 
0. 

TT(YEARS:) 
2. 1 o:.=:E+o4 
1.158E+03 
9.754E+04 
2.638E+05 
1.1-:37E+05 
5.567E+05 
2.832E+06 
2.466E+06. 
2.167E+OS 
1.167E+06 
1.257E+05 

PG28 



TABLE B-12 (Cont•d.) 

LA'tER NO. = 
UPPER PS:I = 
LOI.o.IER PS:I = 
OUTPUT = 
.S:TREAI'C = 
ARC LENGTI-f..,. 
FACTO~~ = 

RAir I Dt-~lwiCl I DE 
S:R-9(1 
TC-9'? 
C:S:-1 :~:7 
s:t1-1:; 1 
EU-154 
PU-238 
PU-2:39 
PU-240 
PU-241 
At1-241 
Ct1-244 

·::o .... 
1.:329E-01 
6. 215E-0:3 
1. 766E-01 
5. 1 OOE+I)l 
1.5;::0E+04 
6. 876E+1)1 

REDUCTIOI'I 
7.:315-100 
9.554E-01 
5.902-100 
~. 9:3.3-I LIIJ 
5.426-100 
5.501-100 
6.506E-40 
:3.016-100 
5.19:3-100 
6.099-100 
5.452-100 

LA'lEFt~ NO. = 1 
UPPER PSI = 6.215E-03 
Lot~IER P:£: I ···" 0. 
OUTPUT = 6.~15E-0:3 
STREAMS • 3.000E+OO 
ARC LENGTH= 1.5:36E+04 
FACTOR = 1.05:3E+02 

RAD I OtKICL I DE 
S:R-90 
TC-99 
c::s-t ~~:7· 
:S:M-151 
EU-154 
PU-238 
PU-2:39 
PU-240 
PU_:241 
AM-241 
CM-244 

REDUCTION 
5.927-100 
6. 5S':;.E-01 
5. :~:16-1 00 
5.346-100 
5.147-100 
5.173-100 
7.242-100 
6.356-100 
5. 066-100 
5.:390-100 
.5. 156-100 

B-38 

TT <:'r'EA~::$) 
4.061E+04 
1. 439E+04 
1.494E+05 
4. 075E+(15 
1. 754E+05 
:3.259E+05 
::::.816E+06 
.S.669E+06 
3.175E+05 
1.827E+06 
1. 859E+05 

TT(YEAP:S:) 
1 • o:=:.:=.E + os 
1. :379F.+05 
:3. 654E+05 
9.998E+05 
4.236E+05 
1. 997E+OE. 
2. '324E+07 
1.626E+07 
? • €.43E+05 
4.504E+06 
4.492E+05 
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TABLE B-13 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 10 Years After Repository Decommissioning 
and Resaturati on 

.... 
BASALT {ASE : 9 LAYER-S FtND 11 RAI1 IOHltC:L.I IIES 
:S:UMt1A~:·/ :: 139. 0 0 0 0 11 ·. 0 

LA\'ER NO.. -· 9 
UPPER PSI= 1.096E+03 
LOWER PSI= 6~001E+01 
OUTPUT = 1.036E+03 
:S:TREAf'i'S: = 0. 
FtRC' LEti1aTH:- 0. 
FACTOk ""' 0. 

~~AD I Ot·ii.ICL I DE· 
S:P-91J 
TC-99 
CS-1~:? 

SM-151 
EU-154 
PU-2~:.:: 

PU-23'3 
PU-240 
PU-241 
AM-241 
CM-244 

REIIUCTIDN 
0. 
0. 
1). 

0. 
1}, 

0. 
0. 
0. 
0. 
0. 
0. 

LA''!"CR r·m. = 
UPPER ;;;·:si = 
LDI .•. t=:R c·:s: I = 
OUl 1-'U I = 

6.001E+01 
5.984E+01 
1. 775E-01 

STREAMs: = 0 ~ 
ARC LEt·1GTH= 0. 
FACTOR = 0. 

RAI• I Of~UCL 11.11:. 
:S:R-·:.HI 
TC-99 
C'S:-137 
:s:M-151 
EU-154 
PU-23:::: 
PU-23'~ 

PU-240 
PU-241 
At1-241 

. 'Ct1-244. , . 

RE!IUC:fiDN 
0. 
0. 
0. 
0. 
0. 
o. 
0. 
0. 
o. 
0 • 
1). 

B-40 

TT <:YEAR.S. ':i 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
0~ 
o. 

TT ('r'EARS) 
o. 
o. 
'-'· 
1). 
1). 
o. 
o. 
o. 
0. 
o. 
o. 

PB22 



TABLE B-13 (Cont'd.) 

LAYER NO. = ? 
UPPER PSI = 5. '384E+01 
LOWER PSI = 2.809E+01 
OUTPUT = 3.175E+01 
:S:TREAt1:S: = 0 •. 
ARC LENGTH= 0. 
FACTOR = 0. 

RADIONUCLIDE 
:S:R-90 
TC-99 
c:s-137 
SM-151 
EU-154. 
PU-2:38 
PU-239 
PU-240 
PU-241 
At·l-241 
Ct·l-244 

LA''f'ER NO;. = 6· 

REDUCTION 
0. 
0. 
0. 
o. 
0. 
o. 
o. 
0. 
o. 
0. 
o. 

UPPER PSI = 2.809E+01 
LOWER PSI = 2.288E+01 
OUTPUT - 5.205E+OO 
STPEAM~: = 0. 
ARC LENGTH= 0. 
FACTOR - 0. 

RADIONUCLIDE 
SR-90 
TC-9'=.t 
c:s:-137 
SM-151 
EU-154 
PU-2:38 
PU-:-239 
PU-24(1 
PU-241 
AM-241 
cM~244 

REDUCTION 
0. 
0. 
0. 
o. 
0. 

. o. 
o. 
0. 
0. 
0. 
o. 

B-41 

TT (''f'EAR:S:) 
o. 
o. 
1). 
o. 
o. 
o. 
o. 
1). 
1). 
o. 
o. 

TT (''f'EAR:S:) 
o. 
o. 
o. 
o. 
(1 • 

o. 
o. 
o. 
o. 
(1. 
o. 



TABLE B-13 (Cont'd.) 

LA'tER . NO. = 
IJPPE~: P:S: I = 
LOIJ.IE~: PSI = 
OUTPUT = 
STREANS: ~ 

c::-
• .J ' 

2. 28E:E+01 
2. 270E+01 
1. 805E.;..O 1 
o. 

ARC LENGTH= 0. 
FACTOR = o. 

RADIDNUCLIDE 
s·R-·~o 
TC-'99 
cs:-1 :37 
SM-151 
EU-154 

PU-239 
PU-240 
PU~241 
AM-241 
CM-244 

LA'lE~: NO.e ~ 4 

REDUCT I Of'~ 
o. 
o. 
0. 
o. ' 
o. 
0. 
o. 
0. 
o. 
o. 
0. 

UPPER PSI - 2.270E+01 
LOWER PSI = 6.276E+OO 
OUTPUT - 1.643E•01 
STREAMS = 1.120E+02 
ARC LENGTH= .. 1~831E+04 
FACTOR = 5.768E~01 

ft~FtD I Ot'WCL I Di 
:S:R-90 
TC-99 
CS:-1:37 
.S:M-15·1 
EU-154 
PU-2:38 
pu.:..2:39 
PU-240 
PU-241 
At1-241 
CM-244 

' ' 

REDUCT lOti 
:3.271-100 

· ::::. E.95E-01 
e. 52·;.-1 on 
2. 5:34-100 
2. 18:3-1 (I (I 
2.240-100 
8.791E-3:.:: 
3.476-100 • 
2.00:3-100 
2.660-100 
2._202-1 oo 

B-42 

TT.Ci'EARS) 
0. 
0. 
0. 
0. 
o. 
o. 
o. 
o. 
o. 
o. 
0. 

TT ('t'EA~S:) 
1.~ 9:~3E+04 
6. 69:3E+02 
9.3821;;+04· 
2.536E+05 
1. 146E+05 
5.370E+05 
2.532E+06 
2. 286E+·I)6 
2.092E+05 
1. 120E+06 
1 .. ·21:~:E+05 



TA~LE B-13 (Cont'd.) 

LA'·f'ER NO. = 
UP~ER PSI = 6.276E+OO 
LOWER PSI = 6.071E+OO 
OUTPUT = 2.057E-01 
STREAMS = 5.000E+OO 
ARC LENGTH= 1.543E+04 
FACTOR - 5.536E+01 

RAD I OI'HJC.L I DE · 
. ·: sR..:·:;.o . 

~:EIIUCT I ON 
8.646-100 
9. ·:;.76E-01 
6.664-100 
6;.802:-100 
5.806-100 
5~946-100 

· ., TC:-9;3 ·. · .;· 
. . . 
· ,~.: .c:.s:-1~:7 

j' • 

SM..:.151 · 
. EU:-:-154:· 
; PH-238 · .. · 
Pl.:..l-239 
PU-240 
PU-241 
At'l-241 
CM-244 

. LA'tER NO. = 
·uPPER PSI= 

LOlJER. PS:I = 
OUTPUT ·
STREAMS = 
ARC LENI:=iTH= 
FACTOR = 

RADIONUCLIDE 
SR-90 
Tc-·:;..·:;. 
c:S:-137 
SM-151 
EU-154 

PU-239 
PU-240 
PU-241 
AM-241 

. CM-244 

·::. 
'-

2. OE.3E-.33 
9. 258-10~1 
5.367-100 
6.997-100 
5.854-100 

6.071E+OO 
6.061E+OO 
·:;.. 946E-(L3 
2.000E+OO 
1. 53E:E+04 
5. 69::::E+O 1 

~:EDUCTION 
8.466-100 
9. 968E-01 . 
6.535-100 
6.665-100 
5.740-100 
5.868-100 
9.621E-41 
9.119-100 
5.337-100 
6. 84:::-1 00 

. 5.?83-1'(11)' 

B-43 

TT (YEAJ;:S) 
1. 96:3E+0'4 
7.175E+02. 
:::. 854E+04 
2.398E+05 
.1. 072E+05 
5 . .028E+05 
2.652E+06 
2.323E+06 
1.953E+05 
1. 06::::E+06 
1. 1~:5E+05 

TT(YEARS> 
2.177E+04 
9.220E+02 
9.500E+04 
2.575E+05 
1.145E+05 
5.373E+05 
3. 1E.?E+06 
2.648E+06 
2.084E+05 
1. 144E+06 
1. 2·12E+05 



TABLE B-13 (Cont'd.) 

1 

LAYER NO. == 1 
UPPER PSI = 6.061E+OO 

· LO~IER PS:I = 0. 
OUTPUT = 6.061E+OO 
STREAMS == 7.300E+01 
ARC LENGTH= 1.373E+04 
FACTOR = 6.003E+01. 

RAD I Dt'IUCL I !IE 
:S:R-90 
TC-99 
(:S:-1 :37 
:S:t1-151 
EU-154· 
PU-23:::: 
PU-239 
PU-240 
PU-241. 
AM'--241 

· CM-.~'44 

REDUCTION 
6.i=:l8-100 
7. 738E-01 
4. a::::4-1 o o 
4.918-100 
4.:::::36-1 01) 
4.415-100 
3.098E-47 
6. :3 0 0-1 (II) 
4.090-100 
5'. 037-1 (II). '. 

4. :363-1 (II), 

B-44 

TT ( .... 'EARS> 
2.?46E+04 
1.268E+03 
1.100E+05 
2.994E+05 
1. 306E+05. 
6. 141E+05. 
4.35?E+06 

· 3. 4·::.5E+06 
2.369E+05 

.. 1 • .337E:+06 
. ·1. :j::NE-to05 



TABLE B-14 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 100 Years After Repository Decommissionin~ 
and Resaturation 

. ' 

·' 

-.E:Ft:SAL T CRSE· : 9 
SUMt1ARY · = 9 0 

LAYERS AND 11 RADIDNUCLIDES 
(I 

LAYER NO. = 9 
UPPER PSI.= 1.099E+03 
LOWER PSI = 5.836E+01 
OUTPUT - 1.041E+03 
:~: T REFtl'lS: = 0. 
ARC LENGTH=- 0. 
FACTOR = 0 • 

0 

F.: AD I DNUCL I DE REIIUCTION 
SR-"::.10 0. 
TC-'?9 o. 
c:s:-1 ::::7 1). 
:::M-151 o. 
EU-154 o. 
PU-~::38 o. 
PU-239· o. 
F'U-240 o. 
,-=·u-241 o. 
At1-241 o. 
C:M-244 o. 

LA'iER NO. - 8 
UPPER PSI = 5.836E+01 
LOWER PSI = 5.818E+01 
OUTPUT = 1.781E-01 
S:TREAM:S: = 0. 
A:?C LENGTH= 0. 
FriCTOR = 0. 

F.:Fi D I ONUCL I DE 
SR-90 
TC-'37.1 

:~:t·1-1 51 
.EIJ-154 
PU-2 ~::3 
PU-~:::9 
PU-240 
PU-241 
At1-241 
Ct-1-244 

REDUCTION 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
(1. 
o. 

0 

8-45 

0 :3:3 

TT C'f'EAR:S:) 
0. 
o. 
o. 
o. 
0. 
o. 
o. 
o. 
0. 
0. 
o. 

TT ClEAR:~:) 
o. 
o. 
0. 
o. 
o • 
o. 
o. 
0. 
0. 
0. 
o. 

(I 



TABLE 8-14 {Cont•d.) 

LAYEP NO. = 7 
UPPER PSI = 5.818E+Ol 
LOWER PSI = 2.485E+Ol 
OUTPUT = 3.333E+Ol 
STREAMS ~ 2.000E+01· 
ARC LENGTH~ 1.973E~04 
F.ACTDR ~ 5.354E+01 

RADIDnUCLIDE 
· ·:::;R...,.9•:J 
TC·o:·9·~ 

CS-...,.·1 :37 
S:M-,.151 
EU...,.154 
p:;u...,.a-3:3 
pfJ...,.2:39 
pfJ...,.24-1) 
PU-:241 
At•b241 
Ct·h244 

LA't'ER t-40. ~ 
IJP.PER PS.l ::;: 
L.OWER PSl ~ 
OUTPUT ~ 

:~TREANS :;: . 
APC LENGTH~ 
.F.RC:TQf;~. ::;: 

RAI;IIONUCLIDE 
S:R790 
u::...,.99 
C:S:-:137 
:;i:M-: 151 
EU""15·'l. 
p1.J....,.23:3 
PU-:239 
pfJ...,.240 
p1.J...,.241 
At1-:-i::41 
Ct'l-::244 

REDUCTION 
:3.387....,.11)1) 
.:3 .. E. 9;?-F.:....,. f)l 
2.690....,.1 (II) 
2 .. (.'5(1....,.100 
2 .. 277....,.100 
2.348....,.11)0 
a.a7.'2E-:-a3 
4.241E-:74 
2·. 047-:1 01) 
2.8:32-:100 
2.302....,.100 

6 
2.485E+01 
1. 940E+01 
5. 45·:3E+1)0 
. 1 .. 300E+Ol 
1 • S36E + 1)4 
5.524E+01 

REDUCT I 0~~ 
:~ .. 9(."7.'~t fJfJ 
·;... '382E ...,.,; 1 
6.996.-:-1 01) 
7.151....,.11:11) 
5. '339~ 11) IJ 
6..157-:11)1) 
2. 1):33E -:24 
1.27f5.E....,.B1 
5.453....,.1 01) 
;:: -~65-:1 I) I) 
6. 046.-:100. 

B-46 

TTC:YEARS) 
1.4201::+04 
4.G:Ii4E+02 
7 .. 31'3E+04 
1. '36.4E+IJ5 
·=.. .. 277E:+04 
4.32:3E+05 
1 .. 322E+1)6 
1.6.27E+1)6 
1 ,,;71 :3E + Cl5 
:3 .. 5'3:3E + 1)5 
9. 81)41::+1)4 

TT ('tEAPS:) 
1 • .;.9a6:+0··t 
5.473E+02 
:3- ;;.::~&~E + 04 
2.246E+05 
1 • IJ:31JC: + 1)5 
4.S20E+05 
2.1•J:3E+06 
1 .. '325E+06 
l.B.37E+O~ 
·3f .. S·31E+IJ5 
1. o-:..,Je:+o5 



TABLE B-14 (Cont'd.) 

Lti'(ER NO. ::; 5 
UPPER PSI ::; 1.940E+01. 
LOWER PSI ::; 1.921E+01 
OUTPUT ::; 1.806E~01 . 
S~REI'iMS ::; 2 •. 000E+OO 
ARC LENGTH:; 1.802E+04 
FACTOR ::; 5.853E+01 

RADIONUCLIDE 
s~:~91) 

·Tc~99 

c:s:~ 137 
:~M~151 

EU~154 

PU-23:3 
PU-23'3 
PU-240 
PU-241 

. AM-241 
CM-244 

LA'lE~~ NO. = 4 

f<:EDUCTION 
8. 747~11)1) 
'3. 976E~IH 
6. 746~11)1) 
6.890-:-11)1) 
5.849~100 

5.996-100 
1. o::::oE-::::5 
9.:330-100 
5~38?-100 
?.090-100 
5.899-100 

UPPER PSI = 1.921E+01 
LOWER PSI = 2.824E+OO 
OUTPUT = 1.639E+01 
STREAMS = 4.900E+01 
ARC LENGTH= 1 .• 669E+04 
FACTOR = 5.166E+01 

PAD I ONUCL I r1E 
:s:R:....9o 
TC-99 

:S:t'l-151 
EU-154 
PU-2:3E: 
PU-239 

.PU-240 
PU-241 
AM-241 

. '· GM-244 

REDUCTION 
9.040-100 
9. ';t85E-01 
?.0?6-100 
?.234-100 
6.035-100 
6.210-100 
2.080E-18 
3.201E-61 
5.4?5-100 
?.452-100 
6. 095-1 (1(1 

B-47 

TT<YEARS). 
2.121E+04 
7 .24"3E+02 
·;.. 789E+1)4 ·. 
2.649E+05 
1. 1:::9E+05 
5.5?9E+05 
2. 75E.E + OE. 
2.4?2E+06 

· 2. 1 ?OE+05 
1.1?:3E+06 
1.259E+05 

TT ClEARS) 
1.426E+04 
4.526E+02 
?.181E+04 
1. '334E+05 
8.924E+04 
4.174E+05 
1. ?44E+06 
1.609E+06 
1. 6:3:3E + 05 
.8. 4'39E+05. 
9.440E+04 



TABLE B-14 (Cont'd.) 

LAYER NO. = 3 
UPPER PSI = 2.824E+OO 
LOWER PSI = 2.619E+OO 
OUTPUT = 2.043E-01 
STREAMS = 2.000E+OO 
ARC LENGTH= 1.555E+04 
~~CTDR ~ 4iOG4C~Ol 

RADIDNUCLIDE 
:;R-90 
I'C-99 

SM-151 
EU-·154 
PU-23:3 
PU-239 
PU-240 
PU-241 
At1-241 
CM-244 

LAYER NO. = 2 

REDUCTION 
9.100-100 
9.987E-01 
?.161-100 
?.322-100 
6. o:=::6'-l o o 
6.268-100 
4.043E-19 
::::. 273E-64 
5.500-100 
7.542-100 
6.148-100 

UPPER PSI = 2.619E+OO 
LOWER PSI ~ e.611E+OO 
OUTPUT = B.OllE-03 
STREAMS = l.OOOE+OO 
ARC LENGTH= 1.563E+04 
FACTOR = 4.909E+01 

RAD I DnUCL I I•E 
SR-90 
TC-99 
c .. s-1.:::7 
:s:M ·151 
EU-154 
PU-23!3 
PU-2:~:9 

PU-240 
·PU-241 
AM-241 
CM-244 

REDUCTION 
9.065-100 
9.985E-01 
7.125-100 
7. 2:~4-1 00 
6.066-100 
6.245-100 
1.347E-21 
5.750E-72 
s.4·3o~1oo 

7.502-100 
. .:.~127-10(1 

B-48 

TT (\'EARS> 
1. 219E+04 
4.047E+02 
6.220E+04 
1.672E+05 
?. /';I!=!E+IJ4 
3.643E+05 
1. 516E+06 
1. 3:::0E+06 
1.435E+05 
7. ~:.:::5E+05 
:3. 245E+04 

TT Cr'EARS:) 
1. 265E+04 
4.419E+02 
6. :~:69E+04 
1. 71 2:E+05 
7. ·~6:=:E+04 
:3. 724E+05 
1. 614E+OE. 
1. 447E+06 
1. 465E +U:i 
7.520E+05 
8.426E+04 



._ABLE B-14 {Cont•d.) 

LAYER NO. = 1 
UPPER PSI = 2.611E+OO 
LOJ...IER PSI =. 0. 
OUTPUT = 2.611E+OO 
STREAMS = 9.000E+OO 
ARC LENGTH= 1.565E+04 
FACTOR = 5.467E+Ol 

B-49 



TABLE B-15 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 1000 Years After Repository Decommissioning 
and Resaturation 

BASALt CAS:E : 9 LAYERS AND 11 PAD I Ot~IJCL I I•ES 
.S:UMM~RY = 55 0 0 0 0 SO 0 

.LAYER NO. = 
UPPER PSI = 
LOh.IE~: PSI = 
OUTPUT = 
.~:TRE FINS -
ARC LENGTH=== 
FACTOR = 

RADIONIJCLIDE 
SR-90 
Tc-·:;.·:;. 
L . .S-1 :.::1. 
.S:M-151 
EU-154 
PU-238 
PU-2:39 
PU-240 
PU-i::41 
AM-:::41 
CM-244 

9 
1.115£+03 
4. ::::1SE+01 
1.072£+0:3 
C'. 60(•£::+01 
2.048E+04 
1.151£+02 

REDUCTION 
::::.631-101 
4. 036£-n;::: 
2.817-101 
2.879-101 
2.418-101 
2.484-101 
4.617E-68 
~:. 840-1 01 
2.208-101 
2.965-101 
2. 440-101 

LFt'"f'Ef~: NO. = 8 
UPPER PSI = 4.310[+01 
LOWER PSI = 4.293E+01 
OUTPUT = 1.830E-01 
STREAMS = 2.000E+OO 
ARC LENGTH= 1.782E+04 
FACTOR = 6.980E+01 

RADIONUCLIDE 
.S:R-90 
rc-.f;.•=" 
c::-137 
SM-151 
EU-154 
PU-2::::3 
F'U-239 
F·U-240 

. F'U-241 
AM-241 
c t1-244 .. 

REDUC:T I ON 
1. 920E-99 
·:;.. 966E-01 
7.059-100 
7.216-100 
6.026-100 
6.200-100 
2.7'34E-14 
:~:. ~: 02E -45 
5.47'1-100 
7. 43::::-100 
6. 085..,...1 00. 

B-50 

TT<YEAF.:S:> 
7.511E+04 
1.94:)[+0::3 
3.669E+05 
9. ·:;.o2E+os 
4.510E+05 
2.112E+06 
9.2SOE+06 
8.514E+06 
8.251E+05 
4. ::::66E+06. 
4. 77::::E+05 

TT CI'EAF.:D 
2. 4;:::6[ .. (14 
6.589E+02 
1. 277E+05 
3.434£+05 
1. 602E+OS 
7.482£+05 
3. 0 04E + 06 
2.786£+06 
2.948£+05 
1.506£+06 
1. 6';t3E+05 

PB24 



-ABLE 8-15 (Cont'd.) 

LA'lER NO. = 
UPPER PSI = 
LOI.!IER PS: I = 
OUTPUT = 
STREAMS: = 
ARC LENGTH= 
FACTOR = 

RADIONUCLIDE 
:::;:F0:-90 
TC-99 
cs:-137 
SM-151 
EU-154 
PU-2:38 
PU-2:3'~ 
PU-241j 
PU....,.24l 
At1-241 
CM-244 

7 
4. 299E+01 
4.564E+OO 
:3. 84:3E+01 . 
2. 600E+01 
1.699E+04 
4. :328E+01 

REDUCT lot"~ 
:3. 180E-6:3 
9.994E-01 
7. •:;.54-1 00 
8.126-100 
6.610-100 
6.860-100 
1. o5oE-o:::: 

5. 759....,.llj0 
:3.350-100 
6. 6'~6-1 00 

LA'·f'ER t~O. = E. 
UPPER PSI = 4.564E+OO 
LOWER PS:I =-1.951E-01 
OUTPUT = 4.760E+OO 
STREAMS - 4.000E+OO 
ARC LENGTH= 1.624E+04 
FACTOR = 4.255E+01 

RADIONUCLIDE 
SR-90 
TC-99 
c::s:-137 
S~l-151 

EU-154 
PU-2:3:::: 
PU-2:39 
PU-240 
PU-241 
AM-241 

'CM-244 · 

F.:EDUCT I m~ 
2.5?7E-67 
9.5:34E-01 
7.587-100 
7.753-100. 
6.309-100 
6. 545-1 (II) 
3.426E-09 
3.601E-30 
5.508-100 
7. 968-1_0 0 
6. 3'31-1 00 

B-51 

TT ('/EARS) 
6.:354£+0:3 
1.?76E+02 
4.017E+04 
1.064E+05 
5.445E+04 
2.517E+05 
6.994£+05 
6.744E+05 
1.026E+05 
4.5?1£+05 
5.738£+04 

TT ClEARS> 
6. 2.73E + 0.3 
1.?69E+02 
3.918E+04 
1.039E+05 
5.291E+04 
2. 447E+05 · 
6. ·~55E+05 
6.685E+05 
9.956E+04 
4_. 4.6?£.+05 
5.576E+04 



TABLE B-15 (Cont•d.) 

LAYER NO.-=· 5 
UPPER PSI =-1.951E-01 
LOWER PSI =-2.808E-01 
OUTPUT = 8.~73E~02. 

·. ~S:TREAM:s: = I)~ 

· · ARC LENI3TH= O·. 
P'PiCT[]~ .. :: 0. 

'· 

· RA,II I ONUCL I DE-'- REIIt.ICT I ON 
::}f;: =-9 (1 o. 
TC-·99 o. 
c::s:-1 ~37 · o. 
S:t-1-151 o. 
EU-154 o. 
PU-238 o. 
PU-239. 1). 
PU-240 o. 
PU-241 o. 
At-1-241 o. 
Ct-1-244 o. 

LA\'ER t·IO. .,. 4 
UPPER PSI =-2.808E-01 
LOWER PSI =-7.770E+OO · 
nUTPUT = 7.489E+OO 
S:TI':EAMS: = 0. 
ARC LENGTH= 0. 
FACTOR = 0. 

RADIONUCLIDE REDUCTION 
s:R-90 o. 
TC-99 o. 
CS-137 0~ 

SM-151 i). 

EU-154 o. 
PU-~38 o. 
PU-239 o. 
PU-240 1). 
PU-241' 1). 
AM-241 o. 
CM-244 o. 

8-52 

TT (''f'EARS:::O 
o. ·!' 

0. 
o. 
0. 
o. 
0. 
0. 
0. 
0. 
o. 
0. 

TT ('-f'EAF:S:) 
o. 
0. 
0. 
0. 
o. 
1). 
0. 
o. 
0.' 
0. 
o. 



TABLE 8-15 (Cont'd.) 

-

LAYER NO. = 3 
UPPER PSI =-7.770E+OO. 
LOWER .PSI =-7.860E+OO 
OUTPUT = 9.048E-O~ 
STREAMS: = 0. 
ARC LENGTH= 0. 
FAC:TOR = 0. 

RAI• I ONtiCL I DE REI•UCTION 
S:R-90 0. 
TC-99 (i. 
CS:-137 0. 
:S:M~151 0. 
EU-154 o. 
PU-2:3:3 o. 
Pll-239 o. 
PU-240 0. 
PU-241 o. 
AM-241 o. 
CM-244 0. 

LA'r'ER NO. = 2 
UPPER PSI =-7~860E+OO 
LOWER PSI =~7.859E+OO 
OUTPUT =-1.406E-03 
S:TREAM:S: = O. 
ARC LENGTH= O. 
FACTOR = 0. 

RADIONUCLIDE REDUCTIOt'f 
S:R-90 o. 
TC-99 o. 
c:s:-137 1). 
S:M-151 o. 
EU-154 o. 
pl_l, 2JQ o. 
PU-239 o. 
f?IJ-=240 o. 
PU-241 o. 
At1-24·1 0. 
CM-244 o. 

8-53 

TT ClEARS:) 
0. 
0. 
o. 
o. 
0. 
0. 
o. 
o. 
o. 
1). 
0. 

· TT (:'f'EARS:) 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
o. 
o. 



TABLE B-15 (Cont•d.) 

1 

LFt'r'ER NO. - · 1 
UPPER PSI =-7.859E~OO 
LOi.t.IER PSI·= 0. 
OUl~Ur =-7.859E+OO 
~~TF<:EAMS: = 0 •. 
A~:C LENGTH= 0 • 
.FACTDR = O. 

RADIONUCLIDE 
S:P-90 
TC:o-·;t·;t 
c:::-137 
S:t·l-151 
EU-154 
PU-238 
PU-2:3';. 
PU-240 
PU-241 
AM-241 
CM-244 

REDUCTION 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
1). 

B-54 

TT ('/EARS:::O 
Oa 
o. 
o. 
1). 
o. 
o. 
o. 
1). 
o. 

.... o. 
o. 



TABLE B-16 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 5000 Years After Repository Decommissioning 
and Resaturation 

BASALT CASE : 9 LAYERS AND 11 RADIONUCLIDES 
iUMM8RY = 77 0 0 0 0 27 0 

LAYER NO. = 9 
UPPER PSI = 1.173E+03 
LOWER PSI = 6.903E+OO 
OUTPUT = 1.167E+03 
STREAMS = 7.400E+01 
ARC LENGTH= 2.008E+04 
FACTOR = 1.176E+02 

RArt I ONUCL I IrE 
.s:R-90 
Tc-·;::.-:;. 
CS-137 
SM-151 
EU-154 
PU-238 
F'U-239 
F"U-c:4o 
F'U-241 
AM-E:41 
CM-244' 

LA'lEF: NO. = 8 

REDUCTION 
1. 054-1.00 
1. 160E-01 
8.212-101 
:::. ~:97.-1 01 
7'.1)13-1 01 
7.21:3-101 
1.452E-95 
1.110-100 
'6~ :~~74~ 1 I) 1 
-8.651-101 
7.081-101 

UPPEP PSI = 6.903E+OO 
LOI.~IEF: PSI = 6. 704E+OO 

·OUTPUT = 1.'392E-01 
STREAMS = 1.0QOE+OO 
ARC LENGTH= 1.713E+04 
FACTOR = 1.0~3E+02 

RADIDnUCLIDE 
SR-'30 
TC-99 
c::s:-1 ::::7 
.s:t·l-151 
EU-154 
PU-238 
PU-239 
PU-240 
PU-241 
At·l-241 
Ct1-244 

REDUCTION 
'3.013-100 
·:;.. 951 E- 01 
7.021-100 
7.178-100 
6.001-100 
6.171-100 
2.774E-92 
·;..soo-1oo 
5. 45·:;.-1 00 
7.395-100 
6.059-100 

B-55 

TT ClEARS) 
7.428E+04 
1.858E+03 
3.750E+05 
1. 010E+06 
4.647E+05 
2.174E+06 
8.952E+06 
8.320E+06 
8.518E+05 
4.443E+06 
4.916E+05 

TT ('lEARS:) 
5.'322E+04 
1 ~ 495E+03 
2.961E+05 
7.982E+05 
3.663E+05 
1.714E+06 
7.185E+06 
6.658E+06 
6.713E+05 
3.512E+06 
3.875E+05 

PB25 



TABLE B-16 (Cont'd.) 

LAYER NO. = 7 
UPPER PSI = 6.jQ4E+OO 
LOWER PSI =-2.314E+Ol 
OUTPUT = 2.984E+01 
STREAMS = 4.UOOE+OO 
ARC.LENGTH= 1.706E+04 
FACTOR =.9.891E+01 

PADIDNUCLIDE 
SR-90 
TC-~9 

CS-137 
SM-151 
EU-154 
PU-~38 
PU-239 
PU-240 
PU-241 
AM-241 
CM-244 

LAYER NO. ~ 6 

REDUCTION 
~.027-100 
a.2JiE-ot 
1.580-100 
1.616-100 
1.J50-100 
1.388-100 
2.960E-75 
2.135-100 
1.227-100 
1.665-100 
1.363-100 

UPPER PSI =-2.314E+01 
LOWER PSI =-2.458E+01 
OUTPUT = 1.448E+OO 
STREAMS = n. 
ARC LENGTH= U. 
FACTOR ~ U. 

RADlONUCLIDE REDUCTION 
SR-90 o. 
TC-99 o. 
CS-137 o. 
SM-151 o. 
EU-154 0. 
PU-238 0. 
PU-239 0. 
PU-240 0. 
PU-241 0. 
AM-241 0. 
CM~244 Oo 

B-56 

TT<YEARS) 
5.292E+04 
1~J40C~OJ 
2.654E+05 
7.151E+05 
3.20GE•05 
1.538E+06 
6.411E+06 
S.944E+06 
6.02~E+05 
3.146E+06 
3.476E+05 

TTCYEARS> 
o. 
o. 
o. 
o. 
o. 
o. 
0. 
o. 
o. 
o. 
o. 



TABLE 8-16 (Cont'd.) 

LAYER tiD. = 5 
UPPER PSI =-2~458E+01 
LOWER PSI =-2.450E+01 
OUTPUT =~8.497E-02 

STREAMS - 0. 
· ARC- LENGTH= · 0. 
FACTOR = 0. 

RADIDNUCLIDE f;~EDUCT I ON 
:s:R.:....·:;.o 0. 
TC-99 o. 
CS-1:37 0. 
SM-151 o. 
EU-154 0. 
PLI-23E: o. 
PU-239 0. 
PU-"-240 0. 
PU-241 0. 
AM-241 0. 
CM-244 o. 

LAYER NO. = 4 
UPPER PSI =-2.450E+01 
LOWER PSI =-1.626E+01 
OUTPUT =-8.239E~OO 
STREAMS = 0. 
ARC LENGTH= 0. 
FACTOR = 0. 

RADIONUCLIDE f{EIIUCT I ON 
SR-·30 o. 
TC-·~9 0. 
CS-1:37 o. 
St1-151 0. 
EU-154 o. 
PU-2::::::;: 0. 
PU-2~:·3 o. 
PIY-240 ·o. 
PU-241 o. 
Al>1-241 0. 
CM-244 o. 

B-57 

TT CiEARS:) 
0. 
0. 
o. 
o. 
0. 
0. 
0. 
o. 
0. 
0. 
0. 

TT ('iEARS) 
o. 
o. 
o. 
o. 
0. 
1). 

o. 
o. 
o. 
o. 
o. 



TABLE B-16 (Cont'd.) 
\ 

LA\'ER NO. = 3 
UPPER PSI =-1.626E+~1 
LOWER PSI =-1.615E+01 
OUTPUT =-1.074E-01 
STREAMS: = 0. 
ARC LENGTH= 0. 
FACTOR = 0. 

RRDIDNLICI IDE REDUCTION 
SR-90 1). 
TC-99 o. 
c:s:-1:::7 o. 
:SM-151 o. 
EU-154 o. 
PU-2:3:3 o. 
PU-;=:3·;:t o. 
PU-240 o. 
Pll-?41 o. 
A~l-241 o. 
CM-244 o. 

LA'lER NO. = 2 
UPPER PSI =-1-615E•01 
LOWER PSI =-1.614E+01 
OUTPUT =-1.229E-02 
:S:TREAMS: = 0. 
ARC LENGTH= 0. 
FFtCTOR = 1) ~ 

RADIONUCLIDE· 
S:R-90 
Tc-·:;.·:;. 
CS-1 ~:~.~ 
S:~l-151 
EU-154 
PIJ-,::38 

·PU-2:39 
PU-240 
PU-241 
At·1-241 
CM-E:44 

REIIUCT I O~f 
o. 
o. 
o. 
o. 
o. 
o. 
0. 
o. 
o. 
o. 
0. 

B-58 

I '1 (','EAR:s::• 
0. 
o. 
o. 
o. 
0. 
o. 
0. 
0. 

. I). 

0. 
0. 

TT ClERRS::o 
o. 
o. 
0. 
o. 
o. 
0. 
0. 
o~ 

0. 
0. 
1);, 



TABLE B-16 (Cont'd.) 

1 

LA'"f'ER NO. = 1 
UPPER PSI =-1.614E+Ol 
LOIJJER PSI = 0. 

·OUTPUT =-1.614E+Ol 
:s:TREA,.lS = 0 • 

. ARC LENGTH= 0. 
FACTOR = 0. 

RAil I ONUCL I DE REDUCTION 
:::;R-'30 o. 
TC-99 o. 
CS:-137 o. 
S:M-151 0. 
EU-154 o. 
PU-2~:8 o. 
PU-2:~:·;. o. 
PU-240 0. 
PU-241 0 • 

. ·: FtM--241 (r.· 
CM-244 o. 

B-59 

TT o::'r'EFtR:S~; 
o. 
o. 
o. 
o. 
n· -. 
0. 
o. 
o. 
o. 
o. 
o. 



TABLE B-17 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 10,000 Years After Repository Decommissioning 
and Resaturation 

E:ASFILT CASE : 9 LAYERS .AND 11 RHDIONl:ICLIDES 
SUMMARV~ = 105 0 0 0 0 0 0 

LAYER NO. = '3 
UPPER PSI = 1.173E+03 
LOWER PSI = 1.696E+01 
OUTPUT : 1.156E+03 
STREAMS ; 9.50DE+01 
ARC LENGTH= 2.036E+04 
FACTOR = 1.188E+02 

PADIOtiUCLIIIE 
SR-·310 
TC-·3'31 

SM-151 
EU-154 
PU-238 
PU-239 
PU-240 
PU-241 
tith241 
. ..;f'1...,.d44 

L. FftEJT: ~i[J. :; 8 

REDUCTION 
7.888-101 
:3. E·98E- 02 
6.143-101 
6.281-101 
s. 250-101 
5.399-101 
3.151E-98 
8.314-101 
4.776-101 
6.471-:-101 
5.:31)1-:-1 01 

UPPER PSI - 1.696E+01 
LOWER PSI ~ 1.676E+~1 
OUTPUT ~ 1.972E-:-01 
STREAMS ~ 2.000E+OO 
ARC L~NGTH~ 1.725E+O~ 
FACTOR ~ 1.046E+02 

RADiot~IJCLIDE 
S:R-:-'3 I) 
TC-:-'?I';t 

.:;:t'l-:-151 
EU-:-154 
F'IJ-:-2:38 
pu-,.,::·39 

. PIJ-:-241) 
PIJ-,.241·.· 
AM.-,.241 
CM-,.244 ' ···· 

REDUCTION 
'3.1)1):3-,.101) 
9 .. 9:SI)E.,.,·01 
7. 01):3-:-1 1)1) 
7 .165-:-11)1) 
5 • 994-:-1 0 I) 
6.163-:-11)1) 
7. 442E: .... 92' 
.9. 494-:-1 0 0 
5.455-:-1 01) 
7.381-:-100 
6 .. 051-~1'00 

B-60 

TT O::'r'EA~:S) 
7.635E+04 
1. 921E+'03 
3~ 8:38E+05 
1. 034E+OE. 
4.750E+05 
2.223E+06 
9.224E+06 
8. 564E+{I6 
:3.706E+05 
4.550E+06 
5. 1)26E+05 

TT(YEARS) 
5.'392E+04 
1.5181i•03 
2.98SE+05 
s. 1)54E+1)5 
:3. 692E+·05 
1. 728E+1)6 
7.aeaE+t)6 
6.743E+06 
6.765E+05 
3.545E-t-06 
;3;..9'06E-t-05 

PB26 



TABLE B-17 (Cont'd.) 

l.A'y'ER NO. • 7. 
UP.P.ER PSI ~ 1.676E+Ol 
LOWER PSI •~1.305E+01 
OUTPUT • 2.982E+01 
STREAMS • 1.000E+01 
ARC LENGTH• 1.715E+04 
FACTOR • 8.461E+01 

RADIONUCL.IDE REDUCT 1.0~~ 
SR~91) 5.11)3~11)0 

H>99 5.603E~IH 

CS-=-137 :3.997~11)1) 

SM~151 4. 1):37-:-11) I) 
EU-:-154 :3. 41)4-:-11) I) 
PU-:-238 :3.504-:-11)1) 
PU-:-2:39 1.464E-:-22 
PIJ-:-241) 1.114E~73 

PU-:-241 3. 084·.,-1 I) I) 
At1-:-241 4.211-:-11)1) 
CM-:-244 3.4:3:3-:-1 01) 

LA'"~'ER NO. .... 6 
UPPER PSI •~1.305E+01 
LOWER PSI •~1.525E+01 
OUTPUT. • 2.197E+OO 
STREAMS • 1). 
ARC LENGTH• I). 

FACTOR. • 1). 

RADIONIJCLIDE 
SR-:-91) 
TC-=-99 
C:S-=-137 
:~M-=-151 
EU-=-154 
F.'IJ-,.C:38 
PU-:-239 
PU-:-241) 
PU-=-241 
A~b241 

CM~244 

REDUCTION 
1). 
1). 
1). 

1). 
1). 
1). 
1). 
1). 
1). 
0. 
1).,; 

B-61· 

TT CiEARS) 
3. 7:35E+1)4 
9. 70:3E+1)2 
1.919E+05 
5.16:3E+1)5 
2.3:37E+1)5 · 
1.116E+1)6 
4.56:3E+1)6 
4.242E+1)6 
4. :3:3·1 E + 1)5 
2.271E+1)6 
2.524E+1)5 

TT t::\'EAR:::;:::.. 
I) • 

o. 
I) • 
1). 
1). 
1). 
o. 
1). 
1). 
o. 
o. 



· TABLE B-17 ( Cont • d.) 

L..~VER NO. = ·5 
UPPER PSI =~1.525E+Ol 
l..OWER PSI· =~·1.522E+Ol. 
OUTPUT =~3.020E~02 

STREAMS ·. = 0. 
ARC l..ENI~TH= 0. 
F.t1tTOR = o. 

RADIDNUCLIDE REDUCTION 
S;R~90 1). 
TC:-:-9•?.• IJ.r 

c:::;:~t37 1) .. 
Sthl:il 0 .. 
EU~l:i4 1). 
Pu~aa::;: 1). 
Pu~2a·~ 1). 
PU-:-241) o. 
PIJ-:-241 1). 
At·h241 0. 
Ct·h244 o. 

l..AVER NO. = 4 
UPPER PSI =-:-l.r522E+Ol 
LOWER PSI =~1.205E+Ol 
DUlPUT =~3.173E+OO 
~TRF.Ht-l~ .,.. 0., 
ARC l..ENI~TH= 0. 
FACTOR = 0. 

RAD I Ot'~IJC:l..I DE 
sF<~~9o 
rc:~·:.-·3 

c:::;:~ta7 

St·hl51 
EIJ~1!5'-1-

PIJ~238 
PIJ~239 

F.'IJ-:-241) 
PIJ~241 

Al'l-:-241 
cr·h24.4 

REDUCTION 
1). 
1). 
1) .. 
1). 
i). 

1). 
0 .. 
1) .. 

0 .. 
o. 
1). 

B-62 

TT<YEARS) 
1). 
i) .. 
1). 
I)_ 

1). 
1) .. 
1). 
1). 
1). 
1). 
I)_ 

l T ('iEAR.S) 
1). 
1) .. 
I) • 

I) • 

IJ • 
I) .. 

1). 
1). 
1). 
1). 

1). 



TABLE B-17 (Cont'd.) 

LfiVER NO. :o: 3 
URPER RSI :o:~1.205E+Ol 
LOWER PSI :o:~t.2nOE+Ol 
OUTPUT :o:~4.3~7E~02 
ST~EAt1S :o: 0. 
fiRC LENGTH:o: 1). 
FACTOR :o: 0. 

RfiDIONUCLIDE 
SR~91) 

TC~99 

cs~t37 
SM~151 

EU~154 
PU~23:3 

PU~239 
F.'U-,.241) 
RI.J-:-241 
AM~241 
CM~244 

Lfi'l'ER NO. :o: ·a 

REDUCTION 
1). 
1). 
1). 
1). 
1). 
1). 
1). 
1). 

1)., 
o. 
1). 

URRER RSI :o:~1.200E+Ol 
LOWER RSI :o:~1~200E+Ol 
OUTPUT :o:~7.913E~03 
STREfiMS .... 1) •. 
fiRC LENGTH:o: 0. 
FAI:To~~ :o: I). 

Rfi.lJ.lONUCLIDE 
S:R~·:;tl) 

TC~99 

cs~137 
SM~151 

EU~154 
RU~2:39 

RU~239 
PU~241) 

PIJ~241 

fit1~241 

CM~244 

REDUCTION 
1). 
1). 
0. 
1). 
I) • 
o. 
o. 
1). 
1). 
1). 
o. 

B-63 

TT ('J'Efi~~S). 
I) • 
o. 
1). 
1). 

1). 
1). 
1). 
1). 
1). 
0. 
0. 

TTO::VEARS:). 
0. 
1). 
1). 
I) • 
o. 
0. 
o. 
o .. 
1). 
1). 
I). 



. TABLE B-17 (Cont•d.) 

1 

... 
; L:.H'lC:R N[J.. ::;: 1 

. UPPER .PSl ~~l~aOOE+Ol 
' l..OI.IIER P.~ I :::;: I) • 

. [JUTPU.T :;~l.c·OIJ!::+IJl 
STREAt·lS ::;: I). 

ARC LENGTH:;: 0. 
FACTI:JF.: ::;: 0 •. 

RAD I [J~·41JCL I DE 
SR~91) 

TC~99 
c:::;:~l3(.' 

St·l~lSl 
EU~154 

PIJ~C:3:3 

PIJ~C:39 

PIJ-24.·0 
PU~C:41. 

lAI•b24J. I 

CM.;.~44 

. REDUCT I I:JN 
I)~ 

o. 
o. 
1) .. 
I). 

1) .. 
I). 

o .. 
1) .. 
1) .. 

t),; 

B-64 

TT (VEARS). 
o. 
0. 
1). 
1) .. 
1). 
1) .. 
1) .. 
0 .. 
IJ. 
0 .. ' . . 
1). 



TABLE B-18 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 50,000 Years After Repository Decomissioning 
and Resaturation 

B~SALT CASE ~ q 

SUMMARY ~ 113 
LAYERS AND 11 R~DIO~UC~IDES 

a a 

L~YER NO. ~ 9 
UPPER PSI ~ 1.151E+a3 
LOWER PSI ~ 4.418E+a1 
OUTPUT ~ 1.107E+03 
STREAMS ~ 3.200E+01 
ARC LENGTH~ 2.a95E+04 
FACTOR ~ i.aa2E+a2 

RADIONUCLIDE 
SR~90 

TC~99 

SM~151 

EU~154 

PU~238 

PU-239 
PU~240 

~U~241 

~M~241 

CM~244 

LAYER NO. ~ a 

REDUCTION 
4.329~102 

4.aa1E~03 

3.364~102 

3.439~102 

2.963~1a2 

7.a17~100 
4.572~102 

2.628~1a2 

3.542~102 

2.910~102 

UPPER P:I ~ 4.418E+01 
LOWER P:I ~ 4.339E+01 
OUTPUT ~ 1.Ba4E~01 

STREAMS ~ 2.000E+aa 
H~C LENGTH= 2.025E+04 
FACTOR ~ 1.037E+02 

RRDIONUCLID~ 
;R~9o 

TC~99 

SM~l51 

EU~154 
PU~238 

PU~239 
PU~240 

PU~241 
AM~241 

CM~~44 

REDUCTION 
8.973~100 

9.9~aE~01 
6.976~100 

7.131~tao 

5.976~lao 

6.142~100 

1.~14E~92 
9.475~100 
5.447~100 

7.345~100 
I . 

·6.032~100 

0 
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a 

TT<YEARS\ 
6.526E+04 
1.697E+03 
3.215E+05 
a.672E+05 
J.963E+05 
1.856E+06 
a.011E+06 
7.383E+06 
7.256E+05 

. 3.821E+06 
4.193E+a5 

TT(YEARS\ 
5.975E+04 
1.552E+03 
2.949E+05 
7.953E+05 
3.637E+05 
1.7a3E+06 
7.325E+06 
6.755E+a6 
6.661E+05 
3.503E+06 
3.848E+05 

PE27 



TABLE 8-18 (Cont•d.) 

L.A'r'ER t·m. = 7 

' UPPER PSI = 4.399E+01 
LOWER PSI= 1.160E+01 
OUTPUT = 3.239E+01 
STREAMS = 6.300E+01 
ARC LENGTH= 1.030E+04 
FACTOR = 5.~~2E+Ol 

PADIOt-iUCLIDE 
s~:-9o 
"f'(:-,.'j]l 

CS-1 ~:7 
S~l-1 ::.1 
EU-154 
PU-23::: 
PU-239 
PU-240 
PU-241 
At1-241 
Ct1-244 

LA'lE~: NO. = E. 

REDUC:Tim~ 

2. '3'~2E-'?2 
9.9E:8E-01 
?.571-100 
7.740::-100 
t=,. ;-=:4:-=:-1 0 I) 
6.561-100 
1.515E-12 
1.657E-41 
5.625-100 
7.969-100 
6.41:3-100 

IIPPEf;: P:s· I = 1 • 1 E. OE + 01 
LOWER PSI = 7.~~6E+OO 
OUTPUT = 4.267E+OO 
STREA~8 a.OOOE+OO 
ARC L~NGTH= 1.64E:E+04 
FACTOR = 4.673E+01 

RADIONUCLIDE 
~:R-9 1) 
Tc-·:;.·:;. 
cs:-t .:::7 
:5:t·1-15l 
EU-154 
PU-23::: 
PU-E:3'3 
PU-c:40 
PU-241 
At·l-241 
CM-244 

F.:EIIUCT I Ot"1 
2. 4:3'SIE-94 
·.31. 991 E- 0 1 
7.504-100 
7.f..75-10(1 
6.297-100 
6.509-100 
1 • 5::::=:E -1 :3 
5. 5'~7E-45 
5.602-100 
7.903-100 
6.::::69....:.100 
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TT ClEAF.:S) 
1.456E+04 
4.044E+Uc 
7.910E+04 
2.119E+05 
1. 010E+OS 
4.707E+05 
1 • 71 ;;:E + 06 

· 1. 607E+06 
1.:::68E+05 
9. 245E+(L5 
1.067E+05 

TT Clt:AF.::S:) 
·:;t. ::; .::e.t: + o;;: 
2. :=::::tE+02 
5.346E+04 
1. ·l.30E+OS 
6. ::::3SE + 04 
3.207£+05 
1. 120E+ OE. 
1 • 052E + OE. 
1.277E~05 

6.220E+05 
7.27SE+04 



TABLE B-18 (Cont•d) 

LA·YER NO. = 5 
UPPER PSI = 7.336E+OO 
LOWER PSI - 7.232£+00 
OUTPUT = 1.039E-01 

. STREAMS· = 1. OOOE+OO 
ARC."LENGTH= 1.640E+04 
FACTOR = 4.867E+01 

RADIONIJCL..IDE 
SR-90 
TC-99 
cs-1:37 
:5:1'1-151 
EU-154 
PU-23:3 
PU-23'3 
PU-240 
PU-241 
AM-241 
CM"'-244 

LAVER NO. = 4 

REDUCTION 
9.178-100 
'31. '388E-01 
7.279-100 
7. 44:3-100 
6.159-100 
6.352-100 
4~433E-19 
2 •. 5~:9E-t;.4· 
5.535-100 
7.666-100 
6.225-100 

UPPER PSI = ?.232E+OO 
LOWER PSI =-1.846E+OO 
OUTPUT = 9.078E+OO 
STREAMS =· 1~200E+01 
ARC...' LE~iGTH=·i 1 ~ 613E + 04 
~ACtOR . = 5.09?E+01 

R~D i QNIJCL.. I DE· . 
SR~'30 
-rc~·:;.9 · 
cs~1:37 
St1-,.151 
EU~154 

P.U~238 
PU~2:39 

PU-,.240 · 
PU~241 

111'1~241 

CM.~24-:1-. 

REDUCTION 
. 7. 16 9~ 1 Q I) 
7. '354E~1)1 
5.620~1 01) 
5. 744~1 01) 
4.902~1 01) 
4. 9:39~ 1 0 I) 
2.128E~2CI 

1.1'311E~65 
4.359~101) 
5. 914·d I) I) 
4'!" 849~ 11) I) 
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TT<YEARS) 
1.160£+04: 
3. 742E+02. 
6.052E+04 
1.624E+05 
7. 66::::E + 04 
:3. 577E+05 
1. 433E+06 
1.311E+06 
1.415E+05 
?.103E+05 
8.104E+04 

TT ('"(EFIRS.:, 
1.414E+1)4 
4.:3 09E + 1)2 
6.920E+04 
1. 864E+1)5 
9.617E+1)4 
4. 1)29E + 1)5 
1. :324E + 1)6 
1.G:36E+06· 
1.5:3:3E+05 . 
9.196E+05 
9.113E+1)~ . 



TABLE B-18 (Cont'd.) 

LA'·(ER NO. :; · 3 
UPPER PSI :;..,.·1.846·E+Ot) 
LOWER PSI :;..,.1.95~E+OO 
OUTPUT· :; 1.102E..,.01 
STREANS :; 0 .. 

. . AF.:C LENI:;TH:; I) .. 

FACTOR :; 0~ 

P.AD I OliUCI.. I De REIJUC:TlfJN 
S:R-:-.91) o. 
TC-:-99 o .. 
c::~"7l37- 0 .. 
s: t·l-:-15-1 o .. 
EU-:-154 I). 

F.'U-:-23S 0. 
PU-:-239. 1) .. 

F.'U-:-240 1) .. 

PU-:-241 I) .. 
At·l-:-241 1) .. 

Ol-:-244 o. 

LF.f·~'ER NO. ~ a 
UPPER PSI :;-:-l .. 956E+~O 
LOI."ER PS: I :;"'7·1.. 9SSE: +I) 0 
OUTPUT . :; 2.666E-:-O~ 
::i:TREAt1S · :; 0 •. 
FJRG I,FNGTH;;;; 0 •. 
FACTOR :; 0 .. 

RADIONUCLIDE 
. s~:..,.9o 
TC:-:-99 
c:::;:..,.137 
:::;:t'l-:-151 
EiJ-:-154 
PU-:230 
PU-:-239 
PU-:-240 
PU-:-241 
At'l-:-24~ 
cr1..,.a44 

REDUCTION 
1) • 

1). 

0 .. 
1). 

1) .. 

1). 
1). 

1) .. 

1). 

1). 

o .. 
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l l ('"t'hHf.,'~A 
I). 
o .. 
I)_ 

1) .. 

1). 

1) .. 

1) .. 

1) .. 

o. 
o. 
1) .. 

TT Cl'EARS::O. 
I) .. 
t)_ 

I). 
1) .. 

o .. 
o .. 
1). 

I). 
I) • 
1). 

1). 



TABLE 8-18 (Cont'd.) 

1 

l.J~fiER HD. :;: 1 
UPPER PSI ~~1.958E+OO 
L..OWER PSI ~· I). 

OUTPUT. ~~1.958E+OO 
STREAMS ~ 1). 
APC: L..ENI:~TH~ 1). 
F.HC:TOR ~ I). 

RADIONIJC:L..IDE 
::;:R~91) 
TC~99 

cs~1:37 
::;:M~151 

EU~154 
PU~a3:3 

PU~239 
PU-:-241) 
PU-:-241 
At•h241 
CM-:-244· 

REDUCTION 
1). 
o. 
1). 
0. 
1). 
I) • 
1). 
1). 
I) • 

o. 
0. 
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TT .::-·~'EARS:). 
1). 
1). 
1). 
1). 
1). 
1). 
1). 
1}. 
1). 
0. 
1). 

/ 



TABLE B-19 Nuclide Reduction Factor and Travel Time for Flow 
Pattern 100,000 Years After Repository Decommissioning 
and Resaturation 

B~S:ALT C~SE :. 9 L.AYEII(S ANti 11 RADlOtiUCLIDE:S 
SUMMA~Y ~ ~00 0 0 0 0 0 0 

LA'(ER NO. ·~ 9 
UPPER ~SI ~ 1.123E+03 
LOWER PS.I. ~ 5. 753E + 0 .. 1 
OUTPUT ~ 1~0666:+03 
:::;:T~:EiiMS :::: 0. 
ARC LEtJfiTH::r fJ
FACTO~ :; 1). 

RAlJIQNUCLIDE 
::i;f("':-'31) 

REDU.CT I ON 
1). 

TC-:-99 
CS-d:37 
SM-151 
EU-=-154 
PU-238 
PU-239 
PU-240 
PU-241. 
AM-241 
CM-244 

LFtYER NO • ., 8 

0. 
1). 
1). 

o. 
o. 
(1. 
o. 
o. 
o. 
o. 

UPPER PSI - 5.753E+Ol 
LOWER PSI = 5.735E+Ol 
OUTPUT = 1.818E-01 
S:Tf":EAMS = 0. 
ARC LENGTH= 0. 
FACTOR = 0. 

r::~fl{l I DNUCL I DE 
:S:f":-90 

REDUCI' 1 uri 
0. 

TC-'!i'9 
C:S:-1 :'37 
S:t1-151 
EU-154 
PU-238 
PU-239 
PU-240 
PU-241 
At1-2~ 1 
Ct·1..:-~44. 

0. 
0·. 
o. 
o. 
o. 
0. 
o. 
o. 
o. 
(1. 
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TT ('¥'Ef~~~5). 
o. 
1). 

1). 

1) •. 
1). 

o. 
o. 
0. 
0. 
0. 
o. 

TT(YEtiRS) 
o. 
'-'· o. 
o. 
o. 
o. 
0. 
o. 
o. 
o. 
0~ 

PB2:3 



rABLE B-19 (Cont'd.) 

LA'lER t'fO. = 7 
UPPER PSI = 5.735E~01 
LOWER PSI = 2.530E+01 
OUTPUT .- 3.205E+01 
STREAMS = 0. 
ARC LEt'fGTH= 0. 
FACTOR = 0. 

RADIONUCLIDE 
:S:R-·:H) 
TC-'3'9 
C:S:-137 
S:t1-d51 
EU-154 
PU-238 
PU-23'3 

· PU-240 
PU-241 
At1-241 
Ct1-244 

·. 'LAYER NO. = 6 

REDUCTION. 
o •. 
o. 
0. 
o. 
0. 
o. 
(1. 
0. 
o. 
o. 
o. 

UPPER PSI = 2.530E+01 
LOWER PSI - 2.025E+01 
OUTPUT = 5.055E+OO 
STREAMS: = 0. 
ARC LENGTH= 0. 
FAC:TOR = 0. 

RADIONUCLIDE 
S:R-90 
TC-'319 
CS:-1::37 
:S:M-151 
ELI-154 
PIJ-2~:::: 

PU-239 
PIJ-;::40 
PU-241 
AM-241 
CM-244 

REitllCTION 
0. 
o. 
0. 
o. 
0. 
0. 
o. 
0. 
0. 
0. 
o. 
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TT ('lEARS) 
o. 
o. 
o. 
o. 
o. 
0. 
o. 
o. 
I) •. 

o. 
1). 

TT ClEAR:5:) 
{1. 

o. 
o. 
o. 
0. 
o. 
o. 
0. 
o. 
0. 
o. 



TABLE B-19 (Cont'd.) 

LA\'ER NO. = S 
.. UPPER PSI = ~.025E+Ol 

LOl.o.IER PSI =· 2. 008E+{t1 
OUTPUT = 1~679E-01 
STPEAMS = 0. 
A~~~-: L.ENGTH= 0. 
FACTOR ::: 0. 

RAD I [JNUCL I r•E REDUCTION 
s:p-·3o o. 
TC-99 o. 
(::5:-137 1). 
S:t·l-151 o. 
EU-154 o. 
PU-2:::::3 o. 
PU-239 o. 
PU-240 o. 
PU-241 o. 
Ar·1-241 o. 
01-244 o. 

LAYER NO~·= 4 
UPPER PSI = 2.008E+Ol 
~OWER rSI - 4.99!E+UU 
OUTPUT = 1.509E+01 
STREAMS = 1.250E+02 
ARC LENGtH= 1.800E+04 
FACTOR = 5.705E+Ol 

RADIONUCLIDE 
:sF.:-9 n 
TC-99 
r::.::-18 .... 
S:t·l-151 
EU-154. 
PU-23::: 
PU-239 
PU-240 
PU-241 
AM-241 
CM-244 

REDUCTION 
5.561 ~100 
6 •• 280E-01 

. 4. 297-100 
4.390-100 
3.709-100 
3.805-100 
6.044E-30 
6. 641E-·~5 
3.403-·100 
4. 520-100 
3. 741-.1 o·o· 
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TTClE.H~:S) 
0. 
o. 
0. 

·o. 
o. 
0. 
0. 
0. 
0. 
o. 
0. 

T T ('y'EARS> 
1.929E:.+tj4 
,::,_ :)99E+(IE: 
·j. 171E+04 
2.478E+05 
1. t.=OE+05 
5.251E+05 
2. 4:•?E+06 
.::.214E+06 
2.046E+05 
1 • 095E + 0_6 
1. 186E+05 



· TABLE B-19 (Cant' d. ) 

LAYER NO.·= 
I_IF'PER PS: I . = 
LOt..IER PS: I = 
OUTPUT = 
:STREAMS: = 
ARC LENI:;TH= 
FACTOR = 

RADIONUCLIDE 
SF.:-90 
TC-99 
c:s:-t ::::7 
s:t1-151 
EU-154 

·PU-23:3 
PU-2:::9 
PU-240 
PU-241 
At1-241 
CM-244 

4.991E+OO 
4.8041:;+00 
1. 879E-01 
3.000E+OO 
1.487E+04 
5.449E+01 

REDUCTION 
8.646-100 
9.'378E-01 
6.656-100 
6. 7';.4-1 00 
5.801-100 
5.940-100 
1.503E-32 
'3. 262-100 
5.365-100 
6.989-100 
5.848-100 

LA'r'ER NO. = 2 
UPPER PSI = 4.804E+OO 
LOWER PSI = 4.795E+OO 
OUTPUT = 8.777E-03 
STREAMS = 1.000E+~O 
ARC LENGTH= 1.482E+04 
FACTOR = 5.495E+01 

RADIDNUCLIDE 
SR-90 
TC-99 
CS-1:37 
:S:M-151 
EU-154 
PU-238 
PU-239 
PU-240 
PU-241 
At1-241 
Ct1-244 

F.:EDUCT I Dti 
8.600-100 
'3. 976E-01 
6.622-100 
6.758-100 
5.784-:100 
5.'320-100 
1.043E-35 
:~. ZZQ-1. o lj 
5.357-100 
6. '350-1 0(1 
5. 8:3 0-100 
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TT ('lEARS:) 
1. 906E+04 
6.7:30E+02 
::;: • 6 01 E + 04 
2.330E+05 
1.·040E+05 
4.880E+05 
2.5.37E+06 
2.244E+06 
1. 894E+05 
1.0:33E+06 
1.1 01E+05 

TT (YEAF.:S) 
1. 966E+04 
7. 2'39E+02 
8.781E+04 
2. :~:79E + 05 
1. 060E+05 
4.976E+05 
2.685E+06 
2. 3~:?E+OE. 
1.931E+05 
1 • 056E + 06 
1.t23E+05 



TABLE B-19 {Cont'd.) 

I·AYER tiD. '-- l . 
UPPEW PSI ~ 4.795E+OO 
LOI.,IER PSI = (1. 

OUTPUT · ·= 4.795E+OO 
STREAMS = .7.400E+01 

. FtRC LENr:;TH= 1. 325E+04 
FAGTDR ~ 6.256E+Ol 

P.ADIONUCLIDE 
SR-90 
tc-·j9 
c:s:-137. 
$M.,..151 
EU-154 
PU-238 
PU-23'j 
PU-240 
PU-?41 
Al'l-241 
CM-244· 

+PDY• 

REtrUCTIOt-i 
7.813-100 
9.768E-Ol 
6.088-100 
6. 1.91-100 
5.468-100 
5.566-100 
4. 489E-3::: 
8.546-100 
5.iol-too 
6.340-100 
5.501-100 

B-74 

TT Cr"EARS:) 
3. 1~:7E+04 
1. 59'~E+03 
1.215£+05 
3. :30'3E+05 
1 • .:+:34£+05 
6. 74E.E+05 
5. 31E.E+06 
4. f(i(Q+06 
2. 5'371::+05 
1. 4:30E+06 
1.51~E+.£!5 
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c. l. l 

APPENDIX C 

HYDROGEOLOGICAL PARAMETERS 

HYDROGEOLOGICAL PARAMETERS OF THE REPOSITORY HOST ROCKS 

Hydraulic Conductivity 
Values of hydraulic conductivity for granites, basalt and shale can 

vary greatly and depend on a number of geological factors including 
fractures and their interconnections, porosity, uniformity and extent of 
compaction. The hydraulic conductivity of granite and basalt rocks is 
dependent on the frequency, size and interconnection of fractures. The 
interconnections between these openings are the only pathways for the 
flow of ground water; unaltered solid granite and dense basalt are 
virtually impermeable in nature. Thus, the hydraulic conductivity may 
range from virtually zero to i x 10-5 em/sec. ~or this report, a 
hydraulic conductivity of approximately 5 x 10-8 em/sec was assumed for 
both granite and basalt. This value was selected on judgement and past 
experience and is intended to be representative of a repository host 
rock at depth, where the hydraulic conductivity becomes lower due·to 
compressive forces and stresses which probably would reduce the fre
quency and size of openings. Additionally at depth mineralization is 
less weathered and tends to seal joints. 

Values for the. hydraulic conductivity of the various shale forma
tions are variable and are dependent on porosity. Characteristic values 
are USUally very low but on extreme OCCUrrences exceed 1 X 10-3 em/sec. 
The lower values are typical of shale formations which qenerally act as 
confining units for artesian aquifers. However, most shale units are 
capable of transmitting ground water by leakage to adjacent formations 
under differential heads. Generally, a large'portion of the ground 
water flow is conveyed along bedding planes and arenaceous lenses. 

For purposes of this analysis, the rock salt deposits were con
sidered to be virtually impermeable under natural geologic conditions. 
This proposition is supported by our experience and the results of 
research by a number of investigators. For example, E.F. Gloyna and 
T.D. Reynolds 1, on the basis o.f a study on domal salt specimens from 

Grand Saline, Texas, and the bedded salt from Hutchinson, Kansas, showed 

C-1 



that laboratory permeabil ities for domal salt varied from zero to 
. -13 l . 

2.3 x 10 em/sec . The authors noted, however, that the salt ..... per-
meability in situ must obviously be much less than that measured in the 
laboratory .. because ..... the laboratory specimens were fractured when 
they were removed from the mine. 11 Therefore, in our analysis, it is 
&ssumed that in natural confined conditions, before beginning mining 
it•: 

operations, the salt host rock is virtually impermeable. 
In summary, the following values of hydraulic conductivity were 

assumed in the calculations of potential inflow into mining openings: 
Granite· 5 x 10·8 em/sec 
Shale 7.1 x 10-7 em/sec 
Salt Impermeable 
Ba~dll 5 x 10-8 em/sec 

C.l.2 Porosity 
Values of porosity for granitic and dense basaltic rocks is 

directly related to the frequency and size of fractures and joints. 
Unless the rock is unusally weathered and altered by geologic or tectonic 
activity, it is highly unlikely that the porosity would exceed 1%. For 
the purpose of this report, a value of 0.4% and 0.6% was chosen for the 
generic granitic and basaltic host rock respectively. 

Although shales only transmit a limited amount of ground water 
these units are capable of storing large quantities in pore spaces and 
along bedding p"lanes. It is known that porosity values for shales can 
reach 25%. A reasonable range of values may be between 5 and 20%. For 
hydrogeological calculations, ·an effective porosity value of shale equal 
to 4% was chosen. 

Porosity values for salt may range from extremely low values up to 
1%. 

C.2 HYDROGEOLOGICAL PARAMETERS OF FORMATIONS OVERLYING AND 
UNDERLYING HOST ROCKS 

C.2. l Hydraulic Conductivity 
The hydraulic conductivity of general types of unconsolidated 

sediments may -range within the limits shown on Table C-1 2. Additional 
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reported values of hydraulic conductivity for sand (Table C-2), lime
stone, dolomite and .sandstone (Table C-3)4 are cited as well. Other 

values of hydraulic conductivity of limestone beds associated with coal 

deposits in the Moscow Coal· Basin of the USSR are shown on Table C-4 3' 5. 

The values reported· in Table C-4 are included because they repre-
. . 

sent the results of several years of hydrogeological testing and analy-. . . 

sis for designing a mammoth dewatering scheme for the exploitation and 

development of the carboniferous coal-bearing series within the 120,000 

km2 (46,080 mi 2) Moscow Coal .Basin of the USSR. 

The afore-cited data and our professional experience and judgment 

are the basis for selecti.ng values of hydraulic conductivity used in the 
analysis of ground water inflow for the "bedded salt" rock type condition: 

1. Glacial till under "bedded salt" rock type condition: 
K = 6.8 x 10-6 em/sec 

2. Calcareous shale, partly sandy: 
K - l. 2 x 10-5 em/sec 

In order to select representative values of hydraulic conductivity 
for limestone, dolomite and sandstone, data from references (3), (4) and 
(5) were used and compiled in Tables C-3, C-4 and C-5. 

Hydraulic conductivity values cited .in ref. (4) for limestone are 
considerably less than analogous data from ref. (3) and ref. (5). In 
our opinion this difference c·an be explained by the following reasons: 
S.N. Davis and R.J.M. DeWei.st, ref. (4), have cited data from laboratory 

'measurements on rock core samples from water wells drilled into aquifers 

used for water supply; whereas, the data cited in ref. (3) and ref. (5) 

were obtained during mine cbnstruction and dewatering from a number of 

coal deposits being developed over a large basin area. 

It would appear that th~se later data more fully reflect natural 
hydrogeologic rock properties as measured in the vicinity of mining 

operations. Therefore, for a supposed area of repository .construction, 
the following values of hydraulic conductivity of carbonate rocks and 

sandstone were selected: 
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Rock Type H~draulic Conductivit~, K. 

1 imestone: (under 4.7 X 10-5 em/sec 
11 shale 11 condition) 

dolomite: 8.1 X 10-5 em/sec 

sandstone and 8.1 -5 x 10 em/sec 
qolomite 

cherty limestone, -5 5.8 x 10 em/sec 
dolomite, some 
anhydrite 

interbedded dolomite -6 . 5.8 x 10 em/sec 
and .Ehale 

interbedded sandstone, 1.2 x 10-3 em/sec 
coal and shale 

sandstone -4 3.5 x 10 em/sec 

2.2.2 Porosity 

The value of porosity for the general water bearing rock types 

present in the bedded salt section were abstracted from available 

1 i terature (ref. 3, 4, 6). The range in reported va 1 ues of porosity foP 

selected rock types is presented in Table C-6. 

According to David and DeWeist4 porosity of limestone may range 

from 4.1 to 29.5 percent, dolomite from 6.3 to 27.8 percent, and sand
stone from 6.7 to 25.6 percent, whereas Abramov, et a1. 3 report value 

of. porosity for a clean sand as 30-40 percent and clay and· loam as 40-50 
percent. 

· On the basis of these data, the fo 11 owing va 1 ues of porosity (in 
percent)have been assigned to particular rock types: 

1. Glacial till (Terrace deposits) 20% 

2. Calcareous shale, partly sandy 13% 

3. Sandstone and dolomite 20% 

4. Sha~e, partly calcareous, some 
anhydrite 13% 

5. Cherty limestone, dolomite, some 
anydrite 20% 

6. Sand and gravel 20% 

7. Uolomite 30% 
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8. Interbedded dolomite and shale 20% 
9. Sand 35% 

10. Glauconitic clay, sand and clay 40% 
11. Limestone 20% 
12. Interbedded sandstone, coal and 

shale 25% 

C.2.3 Specific Yield 
Some type ranges for the specific yield of various rock types, the 

water yielded from water-bear·ing material by gravity drainage, are shown 
in Tables C-7 and C-8. 

For simplification of our hydrogeological calculations it was 
assumed. that the specific yield of all. rock types equals 2% (0.02} with 
the exception of sand and gr~vel with a selected value of 3% (0.03). 
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TABLE C-1 

HYDRAULIC CONDUCTIVITY OF UNCONSOLIDATED SEDIMENTS 

Sediments gal.d-l .ft-2 ft.min-l m.d-l 

1. Gravel, clean 4810 - 2455 0.46 - 0.23 200 - 100 

2. Gravel with sand 3683 - 1841 0.42 - 0.21 150 - 75 

3. Gravely coarse-grained sand 2455 - 1228 0. 23 . - 0.41 100 - 50 

4. Coarse-grained sand 1841 - 614 0.21 - 0.07 75 - 25 

5. Medium-grained sand 614 - 246 0;07 - 0.02 25 - 10 

6. Fine-grained sand 246 - 49 0.02 - 0.006 10 - . 2 

7. Fine clayish sand 49 - 24.6 0.006 - 0.003 2 - 1 

8. Clay <0. 12 <1.4 X 10 -5 <0.005 



TABLE C-2 

HYDRAULIC CONDUCTIVITY OF SAND3 

Sedim~nts 
-1 -2 gal.d ·.ft ft.min-1 m.d-l 

-
3. Gravely coarse-grained sand 2455 - 1841 .0.23 - 0.21 100 - 75 

4. Coarse-grained sand 1228 - 368 0.14 - 0.04 50 - 15 

5. Medium-grained sand 368 - 123 0.04 - 0.014 15 - 5 

6. Fine-grained sand 123 - 24.6 0.014 - 0.003 5 - 1 
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TABLE C-3 

HYDRAULIC CONDUCTIVITY OF LIMESTONE, DOLOMITE AND SANDSTONE4 

Rock 

Limestone 

II 

II 

II 

. II 

Dolomite 

II 

II 

Sandstone 

II 

II 

II 

II 

II 

Mi 11 i darc~s 

< 0.1 

7.7 

37.8 

339 

0.1 

16.5 . 

290 

1 

2.7 

383 

4 

4400 

36 

0.3 

ga1.d-1 .ft-2 

< 1.82 X 10-3 

C-9 

0.14 

0.69 

6.17 

1.82 X 10-3 

0.3 

5.28 

1.82 X 10-2 

0.05 

6.97 

0.07 

80.1 

0.66 

0. 01 

m.d- 1 

< 7.4 X 10 -5 

1 X 10-4 

J X. 10-2 

0.25 

7.4 x io-5 

0. 01 

0. 21 

7.4 X 10-4 

.2 X 10-3 

0.28 

3 X 10-3 

3.26 . 

0.03 

2.2 X 1.0-4 



TABLE C-4 

HYDRAULIC CONDUCTIVITY OF LIMESTONE BEDS AND 

ASSOCIATED COAL SEAMS3' 5 

SEAM THICKNESS TOTAL HEAD HYDRAULIC CONDUCTIVITY 

ft ft -1 -1 -2 m m m.d gal.d. ft 

15 49 40 131 8 196.4 

25 82. 80 262 12 294.6 

15 4Y ~8 157 3.5 86 

60 197 100 328 3.5 86 

30 98 30 98 17 417 

30 98 60 197 1 24.6 

23 75 55 180 2 49 

10 33 50 164 12 294.6 

15 49 50 164 4 98 

30 98 20.45 502 

6 20 18.5? 455 

20 66 12.01 295 

C-10 



(""") 
I 
--' 
--' 

TABLE c..:s 

RANGE OF HYDRAULIC CONDUCTIVITY OF LIMESTONE (CONTAINING THE MAIN AQUIFERS) IN MOSCOW COAL BASIN, USSR3 

NAMES OF A UIFERS 
by ages of water

bearing sediments) 

Oksky, c2 

Upper Toolsky, c2 

Down Toolsky, c2 Overlying coal bed 

Undercoal c1 

Upinsky, c1 

Devonian, D 

NORTH M1ERICAN 
ALAOG 

{by age) 

PENNSYLVArHAN 

SYSTEM 

MISSISSIPPIAN 

SYSTEM 

LifviESTONE BED 
THICKNESS 

m ft 

30 98 

"' 6 'V20 

20 66 

HYDRAULIC CONDUCTIVITY 

. -1 m.d 

0.9 - 40 

0.03 - 37 

0.03 - 5 

Mean 
-1 -2 gal.d .ft 

22 - 982 

0.74 - 908 

0.74 - 123 

0.03 - 4.7 0.74 - 115 

0.02 - 24 0.49 - 589 

90 - 95 

50 - 60 

8 - 10 

10 

60 - 80 

0.3 - 60 7.37 - 1473 . 120 

Ma·ximum 

2210 - 2332 

1228 -'-1473 

198 - 246 

246 

1473 - 1964 

2946 



Rock Type 

Clayish shale 

Cherty shale 

L.imestone 

Dolomite 

Sandstone 

Sand 

Clay 

TABLE C-6 

POROSITY FOR GENERAL WATER-BEARING ROCK TYPES 

Porosity, Percent (%) 

Minimum Maximum 

0.5 7.5 

0.85 0.9 

0.5 13.!) 

1.5 22.0 

3.5 28.5 

35.0 42.0 

25.0 55.0 
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TABLE C-7 

SPECIFIC YIELD FOR VARIOUS ROCK TYPES 

Rock Type 

1. Fine-grained sand and sandy loam 

2. Small-grained and clayish sand 

3. Medium-grained sand 

4. Coarse-grained and gravely sand 

5.· Sandstone on the clayish cement 

6. Limestone fractured 

C-13 

Specific Yield Expressed 
As A Decimal (%) 

10 - 15 

15 - 20 

20 - 25 

25 - 35 

2 - 3 

<l - 10 



TABLE C-8 

REPRESENTATIVE SPECIFIC YIELD RANGES FOR SELECTED ROCKS 

Rock Type Specific Yield, % 

Clay 1 - 10 

Sand 10 - 30 

Gravel 15 - 30 

Sand and gravel 15 - 25 

Sandstone !; - 1!; 

Shale 0.5 - 5 

Limestone 0.~ - b 
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llASICI.rH::> OF 'fHIVALJo:f!l' ACr:rHnF;~; MID Lflf'.Tili\NII'r::~; MID RESULTS AND DI::JClfSSIOII 
SOLU!JILI':'IES 0[1 TIIF.IR lrfDIWX!DFS* 

Oak Riege lolatiOJ:al Laboratory 
Oak Ri•dge. Tenrr{!ssee 371330 

Tiwra 1 d Nee l1 er nnd !1: ward K.re11;:r:> hnve ~:] ve:n u:: thr:: mn,;t 

in format ion al:out till'! lJa:; i..:it ic::; of the lnuthnnir e:>, both thr·c.>w~h 

their own .:ork (·.1.) <tnd their "·la~si<:al rev'ieH of the :n:b.i::)ct (:'). 

They titrated solution!:: of .11ost of the lnnthani<.k~> nt•l yt:rium ••i :lr 

sodium hydroxUe, nssi~~ncd ~·II ·ml.uc:; for the begi..:1nin1; o.f ]•rcdpi·

tation of thei:!" hydroxides, and caloul.ated solubility pr:>duct con

stants and i:Oiubilities in. \later. They found dec:-easing !"tsicity 

with increasing nt:nr.ic number c:nd rl~reasing ioni~ radius. Differ

cnees between adjoining elf11ent::: als) decreased through tl'e serie::;. 

Kraus and Drun (3) were the f.i rst to -~pply n :;imi l.c..r st.url~· to an 

actinide; they f'ouncl trival.::.n~ plutonium similar to plasccrlymium. 

He have extended the s:..urly of basicities to the triva.l.ent 

actinides americium and cur:.um. We first reexamir.ed yttri~ and 

the previously studied lanthlnides (e>:cept lutetitrn) and n.j.Jecl the 

remainder of the lanthanides. ':'o prcvide for vali:i COJ"tpar i~ons, 

we used the same technique snd. equiva>lent smaU qlllnti~ie3 cf these 

elements as were reqt:ired fer the later treatment oJf the h:ghly 

radioactive 243Am and 244 Crn. 

E:<PERIMENTAL 

l·leasured quantities of -:.ihe elemeats were titrited as 25 ml of 

--.Q,QC,20 Af solutions of nitra~e or chlc•ride with smoll incrcl!Cnts of 

0.05 N [\laO!! in closed beakers un·:ler n stream of aqpn. pll ~>Carlings 

were taken after aprnrent equilibrium bad been rea~ed. Tines 

required for eac:1 menr.urement varied from about one min:Jt·~ to ten 

minutes. 

*n---- rch sponsored ·'Jy the u. 8. Atomi~ F.nergy Comm:ssion ur.r.-~r 
c 1ct 1dth the Union Carb:iide Corpo:·ation. 

3:22 

Rasidty. Data for each of the thirtel1n lanthanirlc::; an<l 

yttrium nre plotted in l•'ig. 1 as J•H v::;. moles of !bOll per mole of 

metnl. In !>ir~· ::· :Jrne·dcium and curium <~rc: eOmJ•.'ll'Ccl t·:itll r.-tl• :::::. of 

the la:Jthanide::; to 1~nk~ their relative poGltion c·lcar. In tire 1 Jl 

r:urvc:; for ~i.trnt.1o< of the Ji:.:ld:p,· 1 ,nl.L '"i :.::·: Lit(:n: .i:: ;, :·.JJ:11·r· 

bn::d1 bc:L~.-~cn tlu: v::l'tical. aud horizout:t.l p:u·t::. 'l'bc <:ut·v~::·. 1\,,· 

the hcavic.:· J.antiJ.Jrni:l«?:>, yttritun, :mel :uneri•:.itcn "l'J·l'Oaeh fl."L'""'" 
more L~rad=lly. ·'11re: cHrvc:; for lJotlr wnerlt:itnn :.tll•l ellritnn o.:>:ll'ihit 

<1 i :;cout.i.nu:.ti.e::;, but th·~ ma,ior ]iLLrt of the etll'it~n cUt"le j::; !llU·:b 

steer,er thC!ll'tltat •)f an=' other: element titrat,~•J. 

If 
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Fig. 1. ':'itrat:io:l of 0.002 AI Solutions of I.o.nthani! 
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!.'·if:- 2. Titr:1tion of 0.002 M Solutions of Americitnn, Ctu·itlr.1, 
and :ielec:tell Lan'Lilctni<les w.ith O.O'jO .!:!_ ilaO:I. 

t:i~emi.cc.l ).•rorerti es .:tre often relate•:! to ionic radii. In 

Fig. 3 He lta:;e plottcfl the iorlic rw'lii of the lantl!anicle·s c.ncl td

valent a~t.i ni fles l'rom the on·i.y availub':..e ::ommon source ( l1). The 

horizontal pl:~t·cmcnt of the actinides is 5uch as to provide the 

rr.axlmwn coi~t::icle!:ee of the two curves, th:)UGh they do not have the 

su:ne slope. A second set of <:urves sho~rs the pll ''alue;, ob~crved 

at the point ''t \·Jilich 0. 5 equivalent oC t!J.OH per nole ol' metal hu:; 

teen nuclccl. In t;encral, the ]'ll V:J] ues for the lanthnuicles 

deere:.tsed w.:.th ionic 1·ad.iur., but ~<ere nearly alike ror the heavier 

el ernents. 
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' num. t - L>·.ir: c~"lil of' . 
' iord(· r~•dii oi' <:o.:tiniclc:· .. ,· 0 

II ] -, 1·ll values o•· 
P va.ucs oi' actinides. 

'l'he radius curve f 
.. • 0 or the actinide::: i:; more i rreg\Ll ,·,r. Foe 

corn pur L>Oil of' pi! va lueo at th 
~ e corre~:ponrliJJ(: :!cd)il:l·l r;,tio, He h·•Y<: 

placed plutoni urn with pru:;eodymhun, 
becuu.>e f~·aus and D:lln found 

thern to be similar. hnericium behaved o:: 
promethium, While ti.Ie pll value for 

thouch it l<ere the r.~·U:~·ing 

curium \•:IS ncr.rly u full unit 
the·Jowest lunth3nlde. lower than that of 

llu·..re:vcr, the relativ.·~ 
po::;ition of CU!'i'\Un ch::tnges ~s t. 

~ l t l'."\t j Oil )'·~·oo:ect1 5, 
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It has long been kno·~n that t:1e relative hydro:.yt:c behavicr 

of y is (](:peudent on itz :oncentrn-:;ion (5). It has 'been placed 

over the range from praze•xl::mium to erbium. Concentration also 

influcncei> the Joll of hydro:l.ysis of the lanthanides. ~.'e have illus

t~".ted both of these effe:ts in F'i~. 1~. Our data fer FaOH/!4 = G.h 

are plotted along ·with those reported by Nceller anc Y..remerz. He 

3.]::; 0 in::lude :la!;u :'or Lil, 1'!!1, Yb, ::.nrl Y from ot:r clurlico.tion of 

their experimentu'l condit:.:>ns. Ota low-concentraticn rJ! values 3.re 

obvio1.r:Jy considerably hig~er than theirs with conce:ritration::; abJut 

q0 times higher. Our results with their conditions are remarkably 

close to thei:-s. The shif: in the pozition of Y is :>bvious. 

9.2 
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0 8.4 
ll 

+ 
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J: 
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0 
z ... 7.6 
<f 

J: 
a. 

7.2 

6.8 

6.4 
La Ce Pr Nd Pm Sm Eu ·Gd Tb Dy Ho Er Tm Yb Lu 

rig. IL ''ompar'ison of Lanthanicie pi! Values at UaOil:/1•1 = 0. 11 

w]th Data oi' f·1oel.ler and Y.reme:!':;. 0, our data for O.J02 .1-1 '-Ol'J
s; t, our data for 0. 05 M solution:;; 6, data of l·belil.e:- 'HI'~ 
. er:: for 0.05 Al solutious. 

f.tc-::·~hiometr.t. Other Norker'S ho.ve observed qualitative].~· t!1nt 

lnnthanictes (1,(':,6) az1d plutonium (3) can be ccmpletely preci!·i

tated wit-h less th!ln the stoichiometric amount of JiaOH. Our 

:Figs. 1 e.nd 2 shm-7 tl!!lt the :toi-::hiometry varies with the el.e:r.:<'nt. 

hnong the lanthan:.des the lo,.,est buse/la~t!-.":·.i.•}e ratio of 2.1,q 

·:>ccurs near the middle of the series., l{hile the ratio for \b i:; 

01.bout 2.·~· The r.atios for Am and an are 2.!;o .Jnd 2.10, irJ.:~ic"·;i,-;; 
~hat On is precipitated almost entirely as On(OJI) 2 ~I03 • The d:2t:: oC 

Xraus and Dam indicate a ratio of about 2. 55 for Pu. He are a·.-:'lrc

-:.hat ":;rih:tdroxides car; be produced by lor:g contact l{i th e"':cs~ 

naOJI, but it appea:-s certain that the srecies rrecipito.ted in 

titroti.on:: to corrpare basicities are h.:t:;ie salts of variou:; co::.ro

sitions but constant f':>r e;iven elements under given condition~. 

'-·olutHiti.es "'.1d 8olubilitv rroduds. l·loel1er and l<'.rt'r~er: (1.) 

cnlcuhte·~ solubH:ty :oroduct::; and sol.ub.ilitie::; in Hater b·v tbc 
- . "+ n 1 /n+ 1 · 

e=tuations iK.r.p = [~1~ ][o1r J and s = ( r::.;p/:,n) , 1-cith !:!. = ;;. 
~;ince both: they and we founrl that the value of n in 1-I(OI!)n .i:; J.c:;::; 

t:1an 3.0, N~ have IIElde our calculations on the basi::; of the ~:bi
c:biomctdr:: which ":! ob::ervcrl. Thus, tl.e cqu:.tiom; for Am -~t·e 

l ;a ·l 
t:Ep = [AmJ:Oir)

2
'

4 
3.lld S = (K5 p/2.iJ 2 •

4
) • • The values for e:t::-h 

element at !JaOI!/N ratioo of J..O, 1.2, and 1..5 ar~ given in 'l'~•ol:: l 

along with the averages reported by ~loeller and Kremers for :hOI! 

rcrtios of (•.6, l.. 2", and 1. 5. 

In Ta:=le 2 He present data on solubilities in 1;ater dcr.ivctl 

fr·:>m :;olubilit.v proc'uct clnta. Our· <.olubil.it:; r·rooud::; ocvi:,te 

cr~atly fro-11 tho:::e cf ~Ioeller and KrP.mers, but the solubility 

·n :uer: are not far apart, especially for the lighter element::. 

Va.-iatJon:o i.n the so-lubiil ity J'r·ocluct values for Cln illt.lieal;" tll:tt; 

the composit~on of t'ris "hydroxide" V·'lric::; as predpitation ]·ro

cre::;::;es. Tlilerefore, the ce,lculatcd value for solubility c:tnnot IJP. 
rellied upon. 

He have 'begun L{Ork to te:;t the validity of our conclusion:·. 

rec;trding stcichior:1::tr.v by determining the di:;tribution th•• 

nitrate ion beb-1een the precipitate and ::;o]ution at V.:lr· 

or rweci pitation . 
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Table l. :;ol,ubilj ty Prof..ucts of Lanthanide 
and llc:tinide "!!;<,<lroxirle:;" 

K:;p X 10~0 

:·;toiehiometry NaOll/M: 1..0 1-2 1.) 

:.·. fl"l :~lro 2110 ::.'(~() 

~. t'') '1(0 1,.')0 ~50 
:.!.70 l1•) 119 53 
:::>.!,."\ Jno 1100 l1jO 
') , . .., 
c.;.o)'- )2 37 1!3 
2.62 8.5 fU! y.o 
2.(,) 6.2 7.0 7·5 
2.f,5 ]..h 1.6 2.0 
2. ~:;5 22 21 21 
2.~Lj 5.2 5·5 5·5 
~!. fl5 0.20 0.21~ 0.27 
2.(:5 ;>.3 2.5 'c.-7 
·2. 'S~ O.Q"\3 0.097 o.n 
2.)3 1!2· 37 32 
2.110 370 310 330 
2.10 970 1)00 2900 

T::tb l e 2. :;c.J.ubilit ies iu H2 0 of Lanthanide 
and Actinide "ll:o-droxides" 

::. x lOG (mol ez/J iter) 
(llvr.·· or v:;lue::: ·'lt rb.Oll.1r4 = J..O, 1.2, 1-~) 

J.3.2 
3-1 
5·5 
5-3 
3.0 
2-7 
2.~ 

2 . ."\ 
2.6 
1.9 
:!.1 
1.6 
3.1 
3-9 
2.) 

32H 

Ref. 1 

l.l. 
0.70 
o.fll! 
0.0)1 
o. 0oi1G 
0.0013 
0.00113 

0.00075 
o.ooo:;o 
0.00022 
0.0014 

f!ef. 1 

0.7 
o.G 
0.5 
0.9 
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A SURVEY 07 TECI-2iETTh~·1 RECOVERY PROCESSES 

S. J. Ri.mshaw 

ABST~.Cl' 

A total of 30.0 ~g of Tc/1 g of 235U bu~ned up, or 
9.4 mg of Tc/1 curie of 137Cs is formed in fission. During 

·ruel processinG, 80~ of the technetium goes to the aqueous 
wqste and .20% of the techneti~~ goes with the ur~nium L~to 
TBP. Technetium is r~covered fro~ the UFa stream containing 
20'% of the total fission techr.~tium by adsorption on 
pelleti3ed MgF2 • Solyent extraction by a tertiary or 
quaternary ~~ine is the method of choice in recovering 99rc 
from aqueous·solution containing high concentra~ions of 
nitrate ions.M L~tidine (2,+-dL~ethylpy~idine) quantitatively 
extrac~s T~..:04 from 4 M ·rla!lU3 -0. ~ t1 NaUf-1. soJ.'..+"tion with high 
decontamination from other fission-products. Trilauryat!line 
is si.r.:.ilarl.y effective in extracting Tc04 - from an acid 
oolut~on contcining >3;0 ~nitrate iru1. ~e c~emist~7 of 
strongly basic anion exchange~s·is similar to the chemistrJ 
of a~ine extraction. Methods of separation such as the 
distillation of Tc.207 , the prer. i pi t.A.t.i nn nf 'l'C~f17 frnm 
4 ~ HCl, and the reduction of Tc04 - to Tc02 suffer from 
severe disadvantages in comparison with methods employing 
solvent extraction with.a tertiarJ or quaternary amine, or 
anion exchange with a strongly basic "solid amine exchanger. 

DISTRIBUTION OF TECHNETiill-1 IN THE 7LlEL .FROCESSTI;G CYCIE 

Technetium has a fission yield of 6.1~ ~~d a half-life of 2.15 x 105 

years. 'l'his yield corresponds to a value of 30.0 mg of technetium per· 1 g 

of 23 SU burned up by fission. 

Because of the high fission yield of 137Cs (5.9%) and its long half-

life (30 yr), it is convenient to relate the amount of 09rc ir. a waste 

to the amount of 137cs which is present. We find that 3.2 curies of· 

l 3 7cs are forced per 1 g of 235u burned up.. Hence, we oota.in 9.4 mg of 

i 9 Brc per 1 curie of 137Cs. Burnup or the removal qf 137Cs a.~d. 9 Srrc by 

neutron capture ~eactions was neglected in arriving at these figures •. 

Hence, these values must be considered as approximate theoretical values. 

Howe-rer 1 these values can be compared with actual values. Thus·, Hanfor1 

ran a complete material balance on the fate of 9 9rc in their rUel proc

essing cycle. 1 It was found that 80% of the technetium went with the 
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aqueous fission product waste snd 20% with the urani~~ fraction. A 

total of 10~ of the tecbnetiu;n is recycled within the system and < 1~· 

of tp~ teGhnetiuro goes with the plutoni~~ fraction. 
' 1 • • ., ; ~ 

• ; I' to ~ • 

Actual analysis of the alkaline neutralized fission product waste 

showed that 6. 77 mg of 9 S:lc were associated with 1 curie of 137 Cs ( 17.6 mg 

Of 9 S:rc/lite:r a.11d 2·.6 CUries Of 137Cs/liter). This actual Value is 72.1% 

of the theo~etical value (9.4 mg of 9 &rc per 1 curie of 137cs), and agrees 

satisfactorily with what would be expected from the above st~dl on the 

material balance of tec~~etium in this plan~. 

RECOVERY OF TECHHETIUN FROH u7 6 STRE.AN 

A:f THE UNION CARBI:E PADUCP.R P.IJ-~lT D~ IDTTUCKY 

Although only 20% of the technetium goes with the ura.ni"UO fraction 

during tbe tribut:,rlphospl:.ate (J:BP) -n:. ~ric acid solY':mt extraction ste?, 

it is more convenient to recover technetium =~~m tc! ur~~ium fraction 

because of the absence of fission products, ani most of the tec~~e~i~~ 

available L~ the United States today has been recovered from this source. 

The technetium accompanies uranium on dehydrating urar~l nitrate 

hexa.byd:c-ate (illr.ti) to U03Jon red;1ci.ng U03 to U02 with H2 , on bydrofluoririatir.g 

U02 to 1JF4 •,rith HF, and on oxid:izing UF4 to UF6 with elemental F2~2 ) Tec_bnetium 

is present as the hexafluoride TcF6 or as the pertechnetyl fluoride compound 

Tc03F. (3) 

A~ in-plant test showed thst the fluorinated tec~~eti~ compound 

is quantitc:.tively (96~ yield) absorbed by pelletized tvigF2. (
2 ) ·The MgF2 · 
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trap is 40 in. diame-cer and 48 in. high, and contains 1100 lb of ?-1g.F2 

pellets sized between -1/4 and +1/8 of an inch. The exhausted l-tgF2 

pellets cbrttained 0.45 wt a, technetium after exposure to the UF6 -TcFa 

mixture. A to~al of 4.6 kg of technetium (93~ leach yield) vas removed 

from the MgF2 by circulating 285 gallons of water at room tecperature 

through each trap. ':lhe leach solution contained 2.1 g of technP.t.i11m 

per lite~, 40 g of fluoride per liter, and 3.0 g of uranium per liter~. 

The MgF2 .pellets, ~hich are insoluble in water, vere air-dried, treated 

with fluori11e, and returned to the sorption cycle. The technetium 

solu~ion was processed on an ~xisting anion exchanger.(4 ) 

SOLVENT EXTRl\cr'ION OF TECilll'ZTIUH BY V:ARIOUS .AriDTES AND KETONES 

In 1952 Goishi and Libby(5) reported distribution coefficients 

of 8000 for Y~, 778 for Tc 1 and 225 for. Re between pyridine and 4.0!!, 

NaOH. Boyd and Larson~6 ) obtained a distribution coefficient (Kd) of 

l8U.for technetium bet ...... een pyTidine and 1 N NaOH. Gerlit(7) found a 

Kd of.39 for technetium and a Kd of 24 for rhenium between pyridine 

and 5. 0 TI_ NaOH. 

Rimshaw and Malling(B) showed that roethyl-nubstituted derivatives 

of pyridine are more effective ·than pyridine itself in recovering 

technetium from solutions con~aining an appreciable a~ount of nitrate 

ion or NI40H. Thus, lutidine ( 21 4-dimethylpy.ridine) showed e. high Kd 

of 50 for techneti'U!ll in 4.0 IT, NaN03 -0.5 ~NaOH, while pyridine salted out 

sodium nitrate from solution and thus was completely ineffective because 
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of its high solubility in the aqueous phase. In 2.0 ~ (~)2C03 
solutions, the distribution coefficients of pyridine and 2-metbyl-

pyridine for techne-cium are ·7. 5 a.'1d 242, respectively. The methyl 

pyridine derivative is superior to pyridine itself in its ability to 

extract technetium. 
.../ 

Lutidine (2,4-d.ir:etbylW.ridine) has been successfully used to 

recover kilogram quantities of technetium from solutions containing a 

high concentration of nitrate ion. Technetium is eluted from an anion 

exchane:er at Paducah, (4) and is shipped to Oa.'l{ Ridge National Laboratory, 

as a lC ~ I-IN03 solution in a volume of 100 liters. The acid solution 

is neutralized with concentrated caustic in a 55 gallon stainless steel 

vessel equipped with an agitator and cooling coils. The final solution 

is 4.0 ~ Nali03 -0.5 ~ NaOH, from •.;hich technetium is recovered by con-

tactin~ with lutidine (2,4-dimethylpyridine). The volatile amine is 

eliminated by steam dist=!-llation, and can be reused in the process. 

The initial concentration of technetium increased from 1.0 g/liter to 

20 g/liter after the steam distillation step.(S) The technetium 

concentration can be i~ther increased to 100-200 g/liter by evaporation. 

~~aitsev and coworkers(9) investigated the ~xtraction of tech.'1et:.um. 

by means of lutidine (2,4-dirnetbylpyr.idi.'1e) and aldebydine (2,metbyl-

5 etbylpyridine) in 3reater detail with the use of the 6.0 hr oemrc 

·tracer. It was fotUld that the· pyridine analogs extract technetium 

better than pyridine does. As shown in Table 1, the technetium 
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Table 1. Tbe distribution coefficient of technetium as a ~~ction 
of ni tra.te ion concentrati-:m in a mixti..lre of NaOH + · Na.L·;0 3 

·at a constant ionic stre!1.dh of 3. ( 9) 

-Kdof Tc Kd of Tc 
Nitrate concentration, in lutidine in aldebydine 

.moles . (2,4-dimetbylpyridine) (2-metcyl-5-etbyl pyridine) 

2 •. 9 7<3.5 "117 

2.5 104 1Z2 

2.0 146 143 

1.5 171 - .· 154 

1.0 205' 164 

0.5 296 170 

0.3 604 :: 210 

0.1 775 324 

o.o 1670 9,0 

- ·,·· 
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_7stri1J·..1tion coefficient falls off with increas:L."lg concentration of 

nitrate ion. However, lutid.ine (2,4-dimethylpyridine) and aldebydine. 

( 2-me"tjP::l..;-5 -ethyl P'JTidine) extre.ct technetium almost completely even 
:'\ ·' . 

from a ::1ixtu.re containing 2.9!:! Ne.N03 andO.l !1_ NaOn. 

The deconta~ination of ·technetium from various fission products 

is excellent, as can be seen.from Table 2. LutidL~e (2,4-dinethyl-

- pyridine) and aldehydine (2-me~hyl, 5-ethyl pyriQine) give separatio~ 

coefficients on the order of 105 -107 • T. Kiba and coworkers(lO) note 

that the perruthenate anion, which is formed in an alkaline solution 

on treatment with a strong o:cidizing agent, can be quantitatively 

extracted by pyridine. Hence, precautions should be taken to eliminate 

strong cxidants in order to obtain good decontamination from ruthenium. 

Tc~hnetium ca."l also be back-e:dracted fro!ll pyridine and its 

analogs ':Jy e.dding an inert diluent to the organic solution. Thus, 

with 100% alC..ebydine in contact with 1. 0 li NaOH, the Kd for technetium 

is ·4701 ~d the Kd decreases(9) to 1 on diluting the aldehydine 

(2-methyL-·5-etbyl pyridine) with b'enzene by a factor of 2. The Kd 

for tech1etium falls to 0.01 with a dilution factor of 4(9)0il and 

gree.se 1 .. ,.;hicb. extract into the organic phase, can be separated from 

the technetLl .. ra by using an inert diluent. Gerlit( 7 ) early pointed out 

that rhe::ium and tech..~etium can be efficientl..Y back,-~xtracted from 

·oxygen -cuntaining sol vents t :.· this procedure. J. J. Pinaj ian ( 11 ) sho',;ed 

that the Kd for technetiu."l decreased from 2.3 for 100'% methyletbyl ketone 

+.o 5.6 x 10- 5 for 25% metbyletbyl ketone in an inert diluent of bexane 
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Table 2. The distribution coefficients of various fission nroducts 
on extrac"Gion with e.ld.e!J,.vdine (2.:.!net!-~rl-5-e-:b.yl nyriciine l 

from 1 H llli4 0H + 1 H (lili-1,) 2 C03 • ~:::) 

Fission product Kd , 

eszr-9~ 5 X 10-4 

l06Ru 1 X 10-4 

H7Prn 3 X 10"'5 

9~·10 6 X 10-4 

.~ 

13"lcs 2 X 10-3 

. ; 

. .-

•' 
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which is c·mtacted with water. A moderate dilution by a factor of 2-3 with an 

inert dilu·mt loT,...ers the distribution coefficient by a factor of lci3 

to 105 ~ :3. number of systems. (ll) Thus, tributylphospbate (TBP) 

can be diluted with kerosene or decane;(lG) cyclohexanone can be 

diluted wi tb hexane' ( 11 ) and quinoline can be diluted with chloroform ( l7) 

in stripping technetium from the organic phase into the aqueous phase. 

In 1961, Peterson et a1~ 12 ) found that a quaternary amine with 

the brand name General Mills Aliquat 336 and "--1 th the chemical name 

tricaprJl roono~ethyl ammonium chloride (RiNCH3 Cl, where R.is a mixture 

of C8 and C ~o ce_rbon chains) was a powerful and selective extractant 

for rhenium from alkaline solution. Tests with tracer ~86Re showed 

that 98.8% of the rhenium was extracted by a 2-stage extraction with 

~he amine in cli'..orofo!'ID. This ·solvent extraction with an amine is the 
. 

key step jn dete~ining small.amounts of rhenium in all types of materials 

which were first opened up by an alkaline flux. The amine-chloroform 

layer is Ecrubbed with dilute NaOH to eliminate a host of interfering 

elements. The subsequent procedure was complicated somewhat by using 

percbloric acid to strip rhenium from the organic solution. Salaria 

and coworkers(l3 ) extended this study to the pertechnetate anion. It 

was found that technetiur.l foms a 1:1 compound with the quaternarJ amine 

Aliquat 3~6. Distribution coefficients of 10-175 were obtained in 

extractinG tec~~etium from HCl and H2 S04 solutions with a 0.15 ~ 

solution of the amine :in chloroform. 
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C. F. Colefuan et al.(l4 ) extracted tec~~etium and neptunium 

'With a 0.3 !:! solution of tr:i.laurylamine (TLA) in Amsco 125-82 (an 

al~phatic hydrocarbon) from an aqueous feed - 0.5 li in HN03 and - 2.5 ! 

in Al(N03 b. Technetium was stripped from the organic phase with NaOH 

With the use of 4 N NaOH in a closed recycle, > 9~ of the-- . 

tecbnetium was recovered at 1.87 g of Tc/liter in 3.2 !!, Na.N03-0.84 ! Na~H 

solution. In this case technetium follows the nitrate anion into the 

aqueous phase. It is also obvious tha:t 'the specific ext..ral!l.iun uehav·lol' 

of the amine cannot be predicted with any amount of certainty. Under 

the above conditions, for example, pyridine and its analogs and the 

quaternary amine metbyltricaprylammonium chloride would retain technetium 

in the org~~ic phase. 

Pozdnyakov and coworkers< 22 ) found that triphenylguanipine chloride 

efficiently extracts Tc04 - and Reo4 - from 0-10 ~ H2 S04 with distribution 

coefficients of 1o2-103 • The Kd of Re04 - and Tco4 - falls off rapidly 

with increasing acid concentration in HCl and ffi{03 solution. 

Extraction of Techneti~~ by Tributylnhosnhate (TBfl 

Siddall ( l5) Ehmre: that in extracting uranitun wi t.h 3rf/a ~"RP frnm mma 

solutions, 4% of the technetium may accompany the uranium at high. acidities, 

and as much as 40~ of the technetium mey accompany the uranium at low 

acidities and high loading of the organic phase 'With uranium. The 

extraction of technetium in the presence of uranium is due to the fonna-

tion of U02 N03Tc04 • Technetium itself extracts as the HTc04 ·3TBP complex 
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in the a·Jsence of ureniun. Thus, in the presence of urar1iurn, technetium 

is ext:::-a::ted in tw-o forms: (1) as U02 If03 Tc04 ·2I'BP, and (2) as 

ff.f::0 4 ·3T:~P. Siddall (l5) also fo'LL."ld that only 2% of the technetium 

volatilLed when uranyl nitrate hexahydrate (UNH) is denitrated to U03. 

Za: .tsev and coworkers (l6 ) investigated the extraction of technetiur.l 

by TBP rutd other phosphoric acid derivatives in some~hat greater detail 

than Boyd,( 6 ) Ger~it,C 7 ) and Spitsyn(l7) did. Zaitsev found that the 

distribution coefficients of technetium between lOG% TBP and the 

aqueous phase were 26 fro:::1 0.1 !:!_ HN03 , 65 from 1·.0 !:!_ HN03 , and 13 for 

4.0 £! IDT03 . The maximum Kd is observed at an acidity between 0.5 and 

1.0 -~ H1{1 l3 . Di-isbamylether metbylphosphoric acid (DN·iP) is similar to 

TBP in b·~havior~. It extracts technetium not only from acid solutions, 

but also from neutra~ and alkaline solutions. The composition of the 

techneti'UI!l salt extracted from neutral and alkaline media is NaTc04 • 

3DN·~. Technetium is readily stripped from the organic phase by addition 

of an in·~rt diluent. Thus, in a 2.5 !!, HN03 solution the Kd for technetium· 

drops frt Jm a high of 22 ·..nth 100% TBP. to 2.1 with 60~ TBP, and to 0. 087 

with 20% TBF in keroser.e as the inert diluent. These data are in 

essential agre~ent with those of Siddall1 (l5) who also shows that the 

presence of ura."lium in the organic phase has a favorable effect on the 

extracti-m of technetitun. 

Co.~.. ton ( 18 ) studied the extraction of rhenium by TBP. Perrhenic 

acid is ·~xtracted as the lffie04 •3TBP complex. The behavior of rhenium is 

similar to that of technetium. 
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The Extraction of Technetium by Ketones 

Gerlit(7) reports a distribution coefficient of 49 for technetium 

with metbyletbylketone (1>1EK) from 5 R NaOH. Boyd( 6) points out that 

the methYl ketones show the highest extraction efficience for technetium. 

Rimshaw and 1-ialling(B) report that t;e K~ for technetium on extraction 

with MrX is 20.5 from 1.0 N NaOH1 40.3 from 2.0 N: Na0H1 50.3 frorn ' R NaOH, 

and 60.0 from 4.0 N NaOH. A direct comparison of distribution coefficients 

under the sa~e conditions shows that pyridine is more effective than MEK 

in extracting technetium from alkaline solution. Hence, in the presence 

of high concentrations of nitrate ions, MEK would be unsuitable as ~ 

extracting agent for technetium since pyridine is unsatisfactory under 

these conditions. As pointed out above, lutidine (2,4-dimetbylpyridine) 

or aldehydine (2 1 methyl---5-etbyl pyridine) would be.prefer=ed in the 

presence of large a~ounts of nitrate ion.(B,9) 
• 

ActualJ.y_. in the absence of hiih concentrations of nitrate ion,. 

the ketones serve as valuable extracting agents in the isolation of 

tecbn~tium.· Thus, Faddeeva and coworkers~l9) found that the Kd for 

technetiTh~ in KOH-K2 C03 solutions was 1001 while the distribution 

coefficient of molybdenum is 0.0002-0.0005. The tracer. 9 9IIl.rc (T
1

; 2 = 6.0 hr) 

can be rca.dily oepara.ted from_ irradiated Ho08 • The r~dioo.ctive impurities 

esZn, eoco, 18 1w, 124Sb 1 
95zr, and 59Fe show low distribution coefficients 

on the order of 0.0005-0.0007. The 9~c product showed no radiochemical 
separ; 

im~~ity after 56-70 hr decaY of the 99~c (T 1j 2 = 6 hr). Tracer 9~IDrc was/ 
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from 9~ ·.o activity with the use of acetone c: 1 as the extracting agent 

from 2-( IT_ NaOH, but r·!EK appears to be more efficient than acetone. 

. (21) . 
Allen put 9 9r.1o (T

1
/

2 
= 67 hr) on an alumina colur:m and eluted 

the ssrrTc (T
1

/
2 

= 6.0 hr) daughter with MEK. The methylethylketone. 

(:t.lEK) contacted the aqueous phase around each alumina granule and 

selectively extracted the 9~c tracer: of high radiochemical purity. 

The 9~c product is readily recovered by addi.n15 hexane as an inert 

diluent to i-1EK. ( 11 ) 

E-13 



THE AESOR.PI'IOl{ ()F PERTECHlttTATE ANION (Tc04 -) BY ANION EXCHru'iGERS 

Strongly basic anion exchangers contain quaternary amine groups or 

~ertiary amine groups,C 23) which serve as preferential sites for the 
'd, . . 

absorption of the pertechnetate ~ion. The Tc04 - anion reacts preferentially 

to form a strong complex with the quaternary amine, and this reaction has 

found numerous ap~lications .in analytical chemistry.C24 -3l) 

Rheni~~ and technetilli~ react so strongly with the anion amine 

exchan~er tbat they can be ~P.varated from virtually any combinntion of 

elements encountered in solution. However, difficulties occur on·subse-

quentl1 eluting the rhenium and technetium from the anion column. Thus, 

Fisher and Meloche(24 ) found that almost 1.0 liter of 8 [ ~Cl was required 

to elute 22.7 mg of rhenilli~ from an anion column containing 10 grams of 

IRA-400 resin. Later Meloche and Preuss(3l) reco~~ended the use of 1M 

perchloric acid which requires only 300 m1 volume to remove 19.8 mg of 

.rhenium. Under siiililar conditions the volume of 7 !! HCl is at least 

800 ml. Thus, it Gan be seen that large vol\unes of conc~ntra.ted acid 

solutiona must b~ used to remove technetium or rhenium from an anion 

exchanger, and consequently, some of the advantages of the preliminary 

separation step are lost. 

As can be seen from Table 31 an increase :tn· nitrat~ concentration· 

decreases the distribution coefficient of technetium between the anion . 

resin Dowex 1 and· an alkaline (0.25 ~ NaOH) solution containing various 

concentrations of Na.N03 • (
8 ) Roberts~· Smi th1 and Wheelwright (32 ) also 

found that. nitrate lowers the distribution coefficient of technetium. 
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:: g:'able 3. Distribution coefficients of 9 Sorc tracer between 

the anion resin Dowex 1 and aD:aline (0.25 N NaOH) solutions 

containing various concentrations of Na.N03 (b)· 

Na.N03, moles/liter Ku 

0.0 4500 

0.5 575 

1.0 340 

2.0 190 

... 3.0 142 

4.0 125 

5.0 121 

6.0 122 
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In this respect the checistry is analogous whether the pertechnetate 

anion reacts with a liquid amine (see Table 1) or with a solid amine 

(Tab~e ~),. Nitrate depresses the technetium distribution coefficient, 

but Tc04 - can be qu~~titatively extracted even in the presence of high 

concentrations of nitrate anion. 

Because of thf'! 15implioity of the wdt opetati.on, anion exchange 

has been used to recover gram amounts of technetium from neutralized 

Pu:rex was"te containing up to 7. 5 t! Ua.N03 • (32 ) "Fifty column volumes of 

waste were passed through a 5-liter anion exchange bed without significant 

break-through of technetium. Technetium was eluted from the anion column 

vith strong nitric acid. The ruthenium contaminant ( 106Ru) in. the eluate 

was oxidized to Ru04 and absorbed on a cation resin. Technetium was 

precipitated fro~ HCl solution as Tc2 S7 • The technetium yield was 80%, 

and its radiochemical purity was >99'fo. 

Technetium is concentrated by anion exchange at Paducah, KentuckJ.(4) 

Liquid-liquid extracti-::m is superior to anion exchange in the recovery 

of technetium because of the simplicity of the subsequent processing. 

Technetium can be recovered from thP. liquid. runinc by dilu.Llug the amine 

with an inert diluent, or by distilling awa:y the volatile a.111lne from an 

nlkalinti: ~:>olution. Technetium can be concentrated to 100-200 g/liter by 

evaporation without the addition of nitrate ion. With anion excb::..nGe 

large amounts of HCl, HN03 or HCl0-1 must be used to recover tet:hnetiu;n 

from the amine anion exchanger. Nevertheless, anion exchange is a useful 

step in the concentration of technetium. 

E-16 



from a quartz vessel. Because of the high temperature and corrosive 

conditio~s, this method is most suitable for small-scale applications. 

Considerable awo~~~s of H2S04 are codistilled with the Tc 2 07 • 

Precipitation of Tec~~eti~~ Heptasulphide Tc?S 7 

Tc2 S7 is precipitated quantitatively from 2-4 N HCl. (33,35) The 

precipitate is difficult to filter, but digestion at 80°C improves its 

filtering properties.(32 ) Large amounts of nitrate cannot be tolerated 

during tb~ sulfide precipitation. Glass e~uipment must be used, since 

HCl is corrosive to most metals. Sulfide precipitation of Tc2 S7 is often 

used after elu~io.:l of Tc04 - from an anion exchanger with HCl or HC104 • 

Reductio~ of T~o~ to Tc02 Nith Fvdrazine in ftl~aline Solution a~d 

Carrying •,:i th Hc.zneti te 

Tc04 can be reduced to Tc02 with 0.10 ~ bydrazine in alkaline 

. . ( 7)6) c:l. f . - 1" solution. · 'l'ne !"irst 501" c the Tc04 is redu-:ed almost instantaneous...;,, 

and the second 50% is reduced slowly over a period of one hour. This 

behavior indicates the presence of a dispropo.rtionation reaction. 

This method was used to recover gram a~ounts of techneti~~ from 

fission produc~ wastes, but it was rapidly supplanted by extraction with 

pyridine derivatives.(B) 

Other possible recovery methods are described in the reviews by 

·Anders, (37,3B) Tribalat, (39) Boyd, (40) Murin, (4l) and Pozdnyakov. (33 ) 
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CONCLUSIONS 

1. The fission producti,on of 9 9rc is 30.0 mg uf Tc/1 g of 23SU burned 

up, or 9. .• 4 mg of Tc/1 curie of 1~7Cs formed in fission. 

2. During irradiation fuel processing it was found that 80~ of the. tecbneti· 

goes with the aqueous fission product waste, and 20% of the technetium 

goes {nto the organic extractant (TBP) "7itb. tr.: Hr~n.il.un fraction. 

3. A relatively simple method has been developed to recover the 20% of 

the technetiu.1l in the uranium fraction by absorbing TcF6 on pelletized 

MgF2 :frcm a W6 stream. No shielding is required because mostof the 

fission products have been already removed in purif':lring the uranium. The 

80% of the 9 9rc in the neutralized alkaline waste serves as an additional 

source of technetium, if demand should develop for this element. 

4. Solvent extraction by a tertiary or quaternary amine is the method 

of choice in recovering 99Tc from aqueous rolutions containing high con· 

centrations of nitrate ion. Lutidine (2,4-dimethylpyridine), and 

aldehydine (2-methyl, 5-etbyl pyridine) extract Tc04 - quantitatively from 

alkaline solution even in the presence of 4 M NaN03 with high decontamina

tion from other fission products. Trilaurylamine extracts 'l'c01 eff·i 1":-'.f::'ntl..y 

frbm.an acid solution containing >3.0! nitrate ion. The technetium can 

be recovered from the organir. amine by addition of au inert diluent, or 

by distilling off the free amine in an alkaline solution. 
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5. Ketones such as metbylethylketone can be used to isolate tec~~eti~~ 

in the absence of high conce!'lt:..-ations of nitrate ions. 

6. Strongly basic anion exchangers such as Dowex l or IR-400 which 
;:: ' 

contain quater-nai"'J and tertiary amine groups can be used in the isolation 

of techneti~~ even in the pyesence of high concentrations of nitrate 

ions. However, large amounts of mineral acid (HCl, IDT03 or HC104 ) must be 

used to elute Tc04 from the a~ion exchange with corresponding complications 

. in the subsequent processing. 

1· Methods such as the distillation of Tc2 07 from concentrated H2 S04 

at >155°C, the precipitation of Tc2 S7 from 4!! HCl, and the reduction of· 

Tc04 to Tc02 with bydrazine in alkaline solution suffer from severe 
I 

disadvantages in comparison with methodS employing extraction with a 

tertiary or quaternary emine, or anion exchange with a·strongly basic 

exchanger. 
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