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1. EXECUTIVE SUMMARY 

One subtask conducted under the International Nuclear Fuel 
Cycle Evaluation (INFCE) Committee is to evaluate and compare the 
health and safety impacts of nuclear waste management from seven 
different fuel cycles. For purposes of this study, all radioac
tive wastes (except mining and milling) are placed in a geologic 
repository designed for hard crystalline rock. The reference 
repository for this study is for granitic rock or gneiss as the 
host rock. A separate release consequence analysis was made for 
each of the seven reference fuel cycles of WG.7: 

1. Light water reactor (LWR) with spent fuel disposal 

2. LWR with plutoniuin recycle 

3. Fast breeder reactor (FBR) with plutonium recycle 

4. Heavy water reactor (HWR) with spent fuel disposal 

5. HWR with plutonium recycle 

6. HWR with uranium - thorium recycle 

7. High-temperature reactor (HTR) with uranium - thorium recycle. 

The objective of the modeling efforts presented in this 
release consequence study is to predict the rate of transport of 
radioactive contaminants from the repository through the geosphere 
to the biosphere and thus estimate the potential dose to humans so 
that the release consequence impacts of the various fuel cycles can 
be compared. Because the data on hard crystalline rock indicate 
breach of the repository to be highly improbable, only the normal 
release scenario was studied. In this normal scenario, wastes are 
moved by the small amounts of water (normally present in hard 
crystalline rocks at depth) out of the repository areas after the 
waste canisters have failed. 

1.1 Geology/hydrology 

A granitic rock or gneiss was chosen as the host rock for the 
reference repository. For long-term isolation of radioactive 
wastes these hard rocks have many characteristics that make them 
excellent candidate host rocks. These chaiacteristics include 
their age, stability, wide distribution, and lack of resource 
potential [1], 

The generic site is considered to be composed of relatively 
large areas of granite or gneiss consisting of solid rock blocks 
surrounded by small fracture planes or joints that are intercon
nected to some degree. This degree of interconnection gives rise 
to low permeability and porosity associated with these relatively 
large areas. These large areas of low permeability rock, domi
nated by flow through joint systems, are bounded by fractured 
zones which vary in length and width and need not be continuous 
throughout the rock mass. According to the stresses which now 
exist or caused these highly fractured zones, the first- and 
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second-order tension zones were assigned widths of 50 and 10 meters, 
respectively. Shear zones and compression zones were assigned widths 
of 20 and 5 meters, respectively. 

It is generally accepted that the hydraulic conductivity of 
these large areas of granite and gneiss is less than 10~H meters/ 
sec and that significant flow can occur only through fracture planes 
of the joint systems and the bounding highly fractured zones. The 
hydrologic properties of the bounding highly fractured zones vary, 
depending on the stresses which produced these zones, the stresses 
currently acting on them, and the depth of the zone beneath the sur
face. In these hard rock systems permeability decreases logarith
mically with depth because of the decrease in fracture aperture size 
resulting from compression produced by the overburden. 

The extent of the area used in the hydrologic model is 
25,000 meters by 25,000 meters. Within the generic area, lakes, 
rivers, and topography are given as shown in Fig. 22. A finite 
element grid representation was chosen such that the element 
size, shape and orientation best represent the topography and 
structural properties of the region. A subdued version of the 
topography was used to represent the ground-water table eleva
tions throughout the region. The ground-water divide to the 
south has an altitude of 40 to 45 meters above the level of the 
sea to the north. The major fracture zones are represented by 
discrete elements in the model. Their widths are set according 
to the type of fracture as discussed above. 

The repository dimensions are based on its ability to hold the 
waste arising from a 100-GWe-yr power production for any of the 
seven fuel cycles. The repository is 1150 by 1150 meters in area 
and 12.4 tieters in height, is situated as shown in Fig. 22, and is 
located 500 meters below the surface. 

1.2 Scenario description and release rate 

For the reasons stated in Section 3.1.2, the only scenario con
sidered was normal, slow water movement through the very low 
permeability rock. It is assumed that the waste is stored in 
simple stainless steel canisters and drums and that these contain
ers simultaneously fail after 100 years. 

The high-level waste packages include two major waste forms: 
unreprocessed spent fuel and vitrified reprocessing waste. Because 
spent fuel is predominantly uranium oxide, it is assumed that 
dissolution of spent fuel occurs at a rate corresponding to the 
solubility limited diffusion of uranium. Other radionuclides are 
released in proportion to their concentrations relative to uranium. 
The dissolution of vitrified waste within a diffusion barrier is 
less straightforward to analyze because no constituent dominates as 
does uranium in spent fuel. Since silica is usually a major con
stituent of vitrified waste, and its hydrolysis is closely related 
to glass leaching, it is assumed that the release from vitrified 
waste within a diffusion barrier is that corresponding to the 
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diffusion of amorphous hydrated silica. Other species are being 
released in proportion to their concentration relative to silica. 

The non-high-level wastes are packaged in drums. These tyues of 
wastes are more difficult to analyze because the disposal concept is 
less well developed and the waste forms are not specified in detail, 
nor are they optimized. A conservative estimate of the release rate 
for these waste categories was made by assuming that the contained 
waste was dissolved to saturation in the available amount of ground 
water flowing through the repository. This will give an unrealis-
ticclly high release rate since loading of these ground waters from 
the other waste forms was not accounted for, nor was the actual flow 
past the waste drums through the bentonite-sand backfill actually 
calculated. 

1.3 Geosphere transport 

Prediction of radionuclide transport requires an estimate of 
water movement because water is the main transport medium for waste 
movement in a geohydrologic system. A numerical three-dimensional 
ground-water hydrologic code was used. For the generic granite site 
the average streamline parameters (indicating the length of path 
and time for movement of contaminants from the repository to the 
biosphere) are: 

• average distance - 7,100 meters 
• average water travel time - 11,700 years 
• average velocity - 0.61 meters/year. 

A volume of 2.6 cubic meters per year flows through the entire 
repository. 

The output from the hydrologic model is used as input to 
the one-dimensional transport model that was used to model radio
active decay and rock-nuclide-water reactions. Outputs from the 
transport model are nuclide concentrations in the ground water as 
a function of time. 

1.4 Biosphere transport 

The radionuclides in the ground water are assumed to enter the 
biosphere environment as seepage into a fresh-water lake. Subsequent 
transport in the biosphere is modeled using a multicompartment 
model with parameters selected to represent the reference granitic 
site. 

In this model the radioactivity in each compartment is described 
mathematically by a system of linear first-order differential 
equations with constant transfer rates between the compartments. 
Production of radioactive daughters within each compartment is 
considered. The exchange of radionuclides between compartments 
is described by transfer coefficients which give turnover per unit 
time. 
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The model of the biosphere is divided into three subsystems of 
progressively increasing size referrin to regional, intermediate 
and global ecosystems. The structure of the model permits the 
recirculation of radionuclides between different compartments. 

The regional ecosystem includes a fresh-water lake (receptor 
of ground-water activity), lake sediments, soil and subsurface 
ground water. The intermediate ecosystem is represented by a large 
lake or sea with associated sediments. The atmosphere above the 
regional area and intermediate sea area is the tropospheric air 
volume up to an altitude of 1 kilometer. 

The global ecosystem models the oceans, the continents, and 
the global atmosphere. 

The calculated concentrations of radionuclides in the bio
sphere are used in the exposure pathway analysis to estimate the 
total intake by the maximum exposed individual.* Pathways con
sidered include inhalation, ingestion of food and drinking water, 
and external exposure from material deposited on the ground. The 
pathway analysis provides the external dose and the inhalation and 
ingestion rate for each radionuclide. The intake rates are used to 
calculate weighted whole body doses for each radionuclide. 

1.5 Conclusions 

The timing and magnitude of annual doses to the maximum exposed 
individual parallel the previously cited discharge of radionuclides 
to the biosphere. Pathways of principal importance were ingestion 
of food and drinking water. 

Based on the assumptions in this report, annual doses to the 
most exposed individual were calculated to occur at 400 million 
years and are below a level of 0.2 millirem per year. Protac-
tinium-231 is the principal contributor to doso, with minor con
tributions by 226R 3. 

Because annual normal background dose is on the order of 
100 millirem, no differentiation can be made between the seven 
fuel cycles based on a possible maximum dose to an individual 
in the very far future. 

2. INTRODUCTION 

One subtask being conducted under Working Group 7 of Interna
tional Nuclear Fuel Cycle Evaluation (INFCE) Committee is to evalu
ate and compare the health and safety impacts of waste management 
for seven different fuel cycles. This report makes an evaluation 

* The maximum exposed individual, or maximum individual, is a person 
whose location and habits tend to maximize his radiation dose, 
resulting in a dose higher than that received by individuals in 
the general population. 
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of the long-term behavior of the wastes placed in a hard rock 
repository [2,3j. For the purposes of this study, all radioactive 
wastes from each fuel cycle (except mining and milling) are placed 
in the geologic repository. Impacts were analyzed for the seven 
reference fuel cycles of WG.7: 

1. Light water reactor (LWR) with spent fuel disposal 

2. LWR with plutonium recycle 

3. Fast breeder reactor (FBR) with plutonium recycle 

4. Heavy water reactor (HWR) with spent fuel disposal 

5. HWR with plutonium recycle 

6. HWR with uranium - thorium recycle 

7. High-temperature reactor (HTR) with uranium - thorium recycle. 

The reference repository for this study is for granitic rock 
or gneiss as the host rock. These rocks are in many respects 
representative of a broad class of hard crystalline silicate 
rocks. The descriptions of waste packages and repository facil
ities used in this study represent only one of many possible 
designs based on the multiple barriers concept. Actual designs 
could contain more barriers or fewer, depending on the actual 
hydrologic conditions of the site and the particulars of the 
nuclear economy and local regulatory requirements. The reposi
tory's size is based on a nuclear economy producing 100 giga-
watts of electricity per year (GWe-yr) for 1 year. 

The objective of the modeling efforts presented in this study 
is to predict the rate of transport of radioactive contaminants 
from the repository through the geosphere to the biosphere and thus 
determine an estimate of the potential dose to humans so that the 
release consequence impacts of the various fuel cycles can be 
evaluated. 

The purpose of the study is only to provide a comparison 
of the impact of the different fuel cycles for a repository in 
hard crystalline rock. Since the repository design does not 
necejsarily represent an optimum design for the reference granite 
site described here and was not optimized for various fuel cycles, 
these study results and those for the salt repository [4] should 
not be compared. This is particularly true since, as discussed 
in Section 6.3, the methods used to convert concentrations to dose 
in this report differ from those used in Reference 4. 

Currently available hydrologic, leach, transport, and dose 
models were used in this study. The hydrologic model defines 
water-flow tubes and travel times from input describing the 
hydrologic system and the disruptive event to be analyzed. The 
transport model uses the output from the hydrologic model and 
radioactive release source terms from the leach model to describe 
the movement of the contaminants through the geosphere. The 
transport model thus provides release rates and concentrations of 
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radionuclides in the fluids released to the biosphere (in this 
case, to a surface-water body). This output then serves as an 
input to the dose model, which provides the estimate of the 
environmental dose resulting from the radioactive release. 

The data on hard crystalline rock indicate that except for 
highly improbable violent events such as meteorite strikes and 
volcanisir little else in the way of more probable geologic activ
ity (tectonics, erosion, etc.) is believed to result in disruption 
of the repository. If appropriate site selection criteria are 
applied, the probability of deliberate or inadvertent intrusion 
of a repository or its immediate environment by humans should be 
negligible [S], Thus man-caused disruptiva scenarios were not 
considered. As a result, the only release studied represents the 
normal scenario in which wastes are moved by the small amounts of 
water (normally present in hard crystalline rocks at dep'.h) out of 
the repository areas after the waste canisters have failed. 

3. DESCRIPTION OF A REPRESENTATIVE GRANITE FORMATION AND THE 
HYPOTHETICAL REPOSITORY DESIGN 

Granite rock or gneiss was picked as the host rock for the 
reference repository since these rocks are representative of a 
broad class of hard crystalline silicate rocks. For long-term 
isolation of radioactive wastes these hard rocks have many char
acteristics that make them excellent candidate h< st rocks. Some 
of these include: 

• Abundance - Granite rock and gneisses are the most abundant 
rock types in the upper 10 km of the earth's continental 
crust. 

• Form of Occurrence - These rocks appear at the surface in 
large stable platform areas. 

• Uniformity of Structure - As a rule, in these stable platform 
areas, they appear in rather monotonous, uniform geologic 
units. 

• Little Intrinsic Value as a Resource - These rock masses 
rarely contain significant ore deposits. 

• Strength - The mechanical strength of the rocks and modern 
mining technology makes underground construction for nuclear 
waste storage both safe and economically competitive. These 
rock masses are currently being used for storage of oil, 
compressed air, frozen food, etc. 

• Tectonic Stability - Although stability can vary, there are 
many areas where vast masses of these rocks occur in tec-
to.iically stable areas. 
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• Erosional Stability - Resistance to erosion is highly site-
specific. However, there are many areas where erosion has 
reached a mature stage and the potential for renewed erosion 
is very small. 

• Ground-water Occurrence - Granite and other hard crystalline 
rocks at depth are generally poor sources of water. 

Potential disadvantages relate to granite's low thermal con
ductivity and the presence of water in these formations at depth. 
However, low thermal conductivity can be accommodated by proper 
repository design, and the presence of water is of little concern 
since the flow rate and velocity of the water is very low. Fur
ther geohydrologic information on the representative granite site 
and repository design can be found in References 2 and 3. 

3.1 Geology and hydrology of granite and other igneous and 
metamorphic rock formations 

3.1.1 Structural characteristics 

Bodies of igneous and metamorphic rocks can take many dif
ferent forms and shapes, and they occupy large areas in Pre-
cambrian shield zones. Fig. 1 shows a schematic of a cross-
section through a granite-gneiss sequence typical of many Pre-
cambrian, and younger, igneous-metamorphic terrains. On a 
regional scale, the lateral and vertical distribution of the dif
ferent lithological units can be determined by geophysical measure
ment and drilling programs. 

In addition to the shape and size of igneous and gneissic 
rock bodies, the structural features most important to the con
tainment capability of such rock masses are the fractures and 
fracture systems* that occur in these rock masses. Of particular 
importance are the major shear zones and fracture zones in these 
rock masses along with the typical, somewhat discontinuous 
systems of small fractures (joints) found throughout most of the 
rock mass (Fig. 2). 

The rock mass is composed of solid rock blocks surrounded by 
small fracture planes or joints. Within these roc'i; blocks micro
fractures occur in the mineral grains and/or between the grains. 
Joints are discontinuous in their own planes. In rock masses 
dominated by joints, the hydraulic characteristics derive partly 
from the interconnection of the different joint sets. These rock 
masses, dominated by joint systems and microfractures, frequently 
contain more highly interconnected discrete fractures. Zones 

* In this discussion terminology was used that corresponds to the 
International Society for Rock Mechanics' 1975 recommendations 
[6], in which "fracture" is the general or collective term for 
any mechanical discontinuity in rock. 
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measure from less than a meter to tens of meters in width and 
hundreds of meters in length but need not be continuous throughout 
the rock mass. The hydraulic properties of fractured zones depend 
on the magnitude and orientation of both the stresses which pro
duced these zones and the existing stresses. Shear zones are 
generally filled with broken and crushed rock; and, depending on 
the rock type, this material may be embedded in a clay matrix. 
Shear zones tend to be hydraulically continuous throughout large 
parts of the rock mass. Large-scale features can extend for tens 
of kilometers, but their hydraulic properties can vary considerably 
over such distances. 

2.1.2 Tectonic and erosional activity 

Uplift, Taulting, and fracturing, and the rate at which they 
occur in igneous and metamorphic rocks are the most significant 
effects of tectonic activity of concern to the siting of waste 
storage repositories. The distribution of mobile zones and stable 
areas is generally well known on the basis of earthquake statistics 
and structural evidence. Normally there is agreement regarding the 
age of fractures and the time of the mos>. recent activity in areas 
generally considered stable. There is a general consensus that 
post-glacial movaments have occurred chiefly along pre-existing 
fractures. 

Because of the variability of tectonic activity from area to 
area, potential effects must be evaluated on both regional and local 
proof. Evidence generally indicates that a subsurface repository 
in gneissic and granitic rocks is not endangered by seismic shaking 
when sited away from major pre-existing fracture zones. 

Events such as shear displacements along existing fracture 
planes might result in changes in rock mass permeability. No data 
exist at this time to indicate that this would necessarily have 
any detrimental effect at the repository level. The main impact on 
the hydrologic system resulting from tectonic and erosional activ
ity would be to change local gradients and the location of recharge 
and discharge areas. Usually the areal exposure of Precambrian 
granites and gneisses, which originally formed at great depth, in 
itself indicates that erosion has reached a mature stage in remov
ing the overlying formations. The potential for renewed erosion, 
particularly in flat and low-lying areas outside recent orogenic 
regions and away from major rivers, therefore, is very small. 

3.1.3 Hydraulic characteristics of fractured rocks 

3.1.3.1 General considerations 

Most igneous and metamorphic rock masses consist of rock 
blocks bounded by fracture planes as previously discussed. In 
igneous and metamorphic rocks it is generally accepted that the 
hydraulic conductivity that results from microfractures in these 
rock blocks is normally less than 10~H m/sec and that significant 
flows can occur only through the fracture planes. Although the 
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previously mentioned microfractures found in the rock blocks do not 
contribute significantly to the ground-water flow, they are of 
importance for the diffusion of nuclides from the hydraulically 
active fractures into the rock blocks, thus delaying the transport 
time. 

Many field estimates of porosity and permeability of fractured 
rocks have been made during dam site investigations. Such sites 
are generally located near major structural features. Other data 
have come from borehole tests during development of domestic and 
industrial ground-water supplies. These boreholes are general]v 
restricted to depths of less than 150 m. In both cases the near-
surface zone, in which these measurements have been made, forms the 
most permeable zone within fractured igneous and metamorphic rocks. 
Recently (1978 and 1979) Gale and Witherspoon [7], Hult et al. [8], 
and Olkiewicz et al. [9] have presented the results of more sys
tematic tests at greater depths in granitic rocks. These results 
will be discussed later. Table I and Fig. 3 show the range of 
permeabilities for a range of rock types including granitic and 
metamorphic rocks. It should be noted that in many cases the equip
ment for evaluation of very low permeabilities determines the lower 
limit of values that can be measured. 

Existing fracture and matrix porosity data (Fig. 4) have been 
summarized by Brace [10], Laboratory measurements by Knapp [11] 
show that total matrix porosities for a number of granitic rocks is 
on the order of 0.01 to 0.02% and that only about 0.01% of this 
total porosity is actually involved in the flow process. 

The injection test data from dam site investigations tabulated 
by Snow [12] and well yield data tabulated by Davis and Turk [13] 
both suggest that statistically there is a logarithmic variat<on of 
permeability with depth. Fracture porosity data suggest a similar 
depth relationship. Thus there should be rapid decreases in porosity 
and permeability in the first 10 to 100 m depth interval, with a 
similar decrease in the 100 to 1000 m depth interval. Theoretically 
one would expect a similar decrease in the 1000 to 10,000 m depth 
interval, with the limiting condition being the matrix permeability 
for the stresses encountered at those depths. 

3.1.3.2 Faotors controlling flow through fractured rooks 

Laboratory studies have shown that flow through single fractures 
obeys the laws governing flow between parallel plates. Based on this 
parallel plate analogy, the hydraulic conductivity of a single frac
ture becomes a function of the aperture squared, and hence the flux 
through a single fracture is a function of the aperture cubed. Frac
tures are the most deformable component of crystalline and metamorphic 
rocks and, thus, given the cubic dependence of flux on aperture, it 
is not suprising that flow through single fractures decreases very 
rapidly with an increase in normal stress [14,15]. 

Other factors that affect flow through single fractures are rock 
type, fracture type and fracture roughness. The impact of shear 
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displacement on flow through single fractures may also be very sig
nificant at low normal stresses. 

In attempting to relate laboratory measurements of flow through 
single fractures to field measurements of flow through multiple frac
tures, it must be remembered that fractures are discontinuous within 
their own planes. Fractures or joints, in most cases, are continuous 
over distances that are probably on the order of three to four times 
the average fracture spacing. Thus it is the degree and nature of 
a fracture's interconnection with other fractures that determine 
its contribution to the rock mass permeability. 

3.2 Waste repository design 

The following provides a brief physical and functional descrip
tion of a geologic repository located in hard crystalline rock. The 
repository design for each reactor strategy (fuel cycle) can handle 
all wastes associated with that strategy except those from mining and 
milling. 

The above-ground repository facilities are comprised of facili
ties for reception and encapsulation of the waste. The reposxiory 
itself consists of a tunnel system in the hard crystalline rock 
500 m below the surface for final disposal (Fig. 5). In this 
concept all categories of waste are disposed of in the same reposi
tory even though safety considerations do not require that drums 
containing medium-level waste (MLW) and low-level waste (LLW) be 
placed in the same type of repository as high-level waste (.HLW, 
i.e., spent fuel or vitrified waste). In view of the importance of 
geochemical conditions for the proper functioning of the repository, 
the various types of waste are in separate parts of the repository, 
and due regard is given to direction of ground-water flow so as to 
prevent leachate from one waste contacting another and thus avoid 
negative geochemical effects. 

All repository facilities and their operational sequences 
are designed to protect the public and the operating personnel from 
radiation and contamination hazards, both during normal operations 
and emergency or accident situations. Facilities containing radio
active materials are designed to maintain their integrity during 
natural disasters. 

Further details regarding the repository design and waste 
packaging than presented in the following discussions can be found 
in Reference 2. 

3.2.1 Repository dimensions 

For purposes of this study the repository dimensions are based 
on ability of the repository to hold the waste arising from one 
year of a 100 GWe economy. Table II shews the number of canisters 
(HLW) and drums (MLW and LLW) arising from 100 GWe-yr for each of 
the seven fuel cycles. Table III gives repository tunnel lengths, 
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spacings, area and mining requirements for each of the seven fuel 
cycles, and Fig. 6 gives dimensions and spacings for the HLW. 
Based on the maximum area (122 hectares, range 65 to 122) require
ment for any of the fuel cycles, the reference repository is 
assumed to be 1150 by 1150 meters and 500 m below the surface. 

2. 2. 2 Waste packaging 

High-level wastes in the form of spent fuel and vitrified 
waste are encapsulated and emplaced in slightly different ways 
because of their differing forms and sizes. Canisters with spent 
fuel are filled with lead and positioned in the repository. The 
arias around the cans and the tunnel are then backfilled with pure 
bentonite and bentonite sand mix '30 to 90% quartz sand), respec
tively, as shown in Figures 7 and 8. Canisters of vitrified high-
level waste are nlaced in the repository, which is backfilled as 
shown in Fig. 9. All fuel cycles give rise to some *orm of medium-
and/or low-level wastes (MLW and LLW), which is mixed with concrete 
and packed in drums and placed in the repository with backfill as 
shown in Fig. 10. Further data on canister and bentonite dimen
sions, canister shape, canister content and canister thermal 
loading are given in Table IV and Fig. 11. 

2. 2. 2. Repository-caused perturbations 

The presence of a repository containing wastes will cause 
several perturbations from the natural conditions, but the reposi
tory design attempts to minimize the impact of these perturbations. 
The removal of rock for emplacement of wastes creates new hydro-
logic paths and openings which, because of the low extent of plas
tic deformation, will not close. Negative effects are minimized 
by proper tunnel orientation and by backfilling the tunnels and 
openings. The bentonite-sand or compacted bentonite swells upon 
absorption of natural rock waters. 

Heat-induced effects are minimized by proper het't loading 
considerations based on the conductivity and heat capacity of the 
rock, along with the waste spacing. For the thermal loading 
anticipated in the repository the temperature excursions predicted 
are given in Figures 12 and 13 for spent fuel and vitrified waste, 
respectively. 

Other repository-induced changes involve radiolysis, oxi
dation and possible depression of ground-water potentials around 
the repository. Radiolysis has a very local effect owinj, to the 
shielding provided by the rock. 

Opening of the subsurface repositoiy may cause temporary oxi
dation of the drained volumes of roc'.v near the repository. Oxida
tion during this phase is comparable to that induced by underground 
mining. Published studies [16] indicate that this effect is of 
very limited extent. It cannot be expected to endanger the barrier 
action of reductive precipitation further along the flow-path of 
the ground water. 
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While the repository is accessible, the direction of the 
ground-water flow will be towards it and no outward migration of 
nuclides can take place. During this period good possibilities are 
at hand to detect and thus modify eventual inflow of ground water. 

S 2.4 Repository inventory 

The nuclear inventory of high-level wastes to be stored in the 
repository for fuel cycles 1 and 4 is spent fuel (once-through), 
and for cycles 2, 3, 5, 6, and 7 is the high-level vitrified waste 
associated with recycle. Waste arirings except mining and milling 
from one year of a 100 GWe nuclear economy are placed ir the reposi
tory. The inventory for each fuel cycle was obtained from the 
flow sheet data (Figures 1': through 20) on the fuel cycles and the 
isotopic content information (Table V) contained Reference 17, 
Disposal for Selected Nuclear Fuel Cycles. Since Reference 17 gave 
isotopic distributions only for spent fuel and reprocessing waste 
(Figures 14 through 20) , it was necessary to estimate the isotopic 
distribution for other waste streams going to the repository. This 
additional inventory is shown in Tables VI through IX. The total 
inventory for the repository detailed by isotopic content is thus 
obtained from combining Tables V through IX. The numbers in these 
tables are the waste arising per GWe-yr and therefore must be 
multiplied by 100 to obtain the inventory from 1 year of operation 
at the 100 GWe level. 

4. SCENARIO DESCRIPTION AND RELEASE RATE 

As a prerequisite for comparative radionuclide transport cal
culations for each of the various fuel cycles, an estimate must be 
made of the rates of release of radionuclides from waste packages 
to ground water. As discussed in Section 3, the waste packages 
include two major waste forms: unreprocessed spent fuel and vit
rified reprocessing waste. Models for the release rates from these 
two waste forms and others must be unbiased; to this end, models 
are chosen that are neither expressly speculative nor conserva
tive, but rather are as realistic as practicable. 

Among the prerequisites for use of the GET0UT code (see Sec
tion 6) in determining radionuclide geohydrologic transport are 
the estimations of two release parameters: the release duration 
(a constant release rate is implied) and the time elapsed after 
emplacement before release begins. In this section these esti
mates are made for the waste forms, based on the repository 
description presented in Section 3. 

4.1 Scenario description 

A hard rock repository is described in Section 3. For either 
spent fuel (Figures 7 and 8), vitrified waste (Fig. 9), or waste 
in drums (Fig. 10), release of radionuclides is from the waste 
form through a compacted bentonite backfill, and into ground 
water within rock fissures. Canisters of spent i'uel and vitrified 
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waste (both packaged) are emplaced in individual holes; for this 
case the release rate can be estimated by taking into account the 
resistance to mass transfer of the bentonite buffer. 

Neretnieks [18] has treated the estimation of mass transfer 
resistance of homogeneous bentonite annuli fitted inside a hole 
in fractured rock. On absorbing water, bentonite swells and 
exerts pressure on its surroundings. Confined in a hole, the 
bentonite fills gaps and interstices, so that the assumption of 
homogeneity is reasonable. The canisters are designed to resist 
the pressure. Following Neretniaks, it is assumed that the hole 
intercepts e. set of parallel, horizontal fissures in which ground 
water flows around the bentonite annulus, as illustrated in 
Fig. 21. Because of the very low permeability of compacted 
bentonite it is assumed that water flow in the bentonite is too 
small to increase mass transfer significantly beyond that due to 
diffusion alone. It is likely that under its swelling pressure 
bentonite will intrude into the fissures, thereby extending the 
buffer region and its attending mass transfer resistance; however, 
since the extent of intrusion is difficult to estimate, it is 
assumed that no intrusion occurs. 

The ion exchange capacity of bentonite can further inhibit 
release by retaining the shorter lived or more strongly adsorbed 
radionuclides long enough for significant radioactive decay to 
occur. However, any such adsorptive retention must necessarily 
be preceded by release of canister corrosion products to the 
bentonite, which might become adsorbed and thereby reduce the 
exchange capacity. For this reason, no ion exchange capacity for 
the bentonite is assumed; however, any retention of canister 
corrosion products is not expected to affect the mass transfer 
resistance described above. 

For the purpose of this study it was assumed that relatively 
inexpensive stainless steel canisters and drums are used that last 
only 100 years. This fixes the time elapsed before release begins. 
As has been shown, however, by the Swedish KBS study [19,20], 
more expensive canisters can be designed to last for thousands of 
years or longer. One of the advantages thus gained is that the 
canisters will fail over thousands of years, or longer, thereby 
dispersing over this large time period any "pulse" release of 
unbound radionuclides upon canister failure, and thus reducing the 
radionuclide concentration in flowing repository ground water. 
Realistically, failures of the "100-year" canisters assumed for 
this study would be distributed over many years, but for the pur
pose of the study, simultaneous failures were assumed. 

4.2 Description of release models 

As discussed in 4.1, the bentonite backfill around emplaced 
waste creates a barrier to mass transport. The mass transport can 
be controlled in three basic ways: by a limiting release rate from 
the waste form to the backfill, by a limiting concentration dif
ference across the backfill, or by a limiting flow of water past 
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the waste and surrounding backfill. Because of the bentonits dif
fusion barrier, it was assumed that limiting concentration differ
ences control release for individually emplaced canisters, as 
discussed below. 

The geometry of drums with non-high-level waste stacked within 
sand-bentonite backfill is rather complex. As the mass transfer 
resistance is difficult to estimate for that waste, it was assumed 
that a limiting flow of water would control the release. 

The release rate, N, through the annular backfill surrounding 
spent fuel or vitrified waste and into ground water flowing in the 
fissure is given by Neretnieks [18]: 

N = 2irL 
b/S 

fcnO^/r.^ b 

+ Dn 6 k r0 1 v 2 

Ac 

where the dimensions S, b, r., and r_ are identified in Fig. 21. 

6 = (S-b)/Un S/b) 

L is the length of the hole 

D1 is the diffusivity for mass transport in the bentonite 

Ac is a concentration difference and 

k is a "film coefficient" for mass transfer across the con-
centration boundary-layer in the flowing ground water 
adjacent to the bentonite annulus. 

Appropriate values for D. have been determined experimentally by 
Neretnieks [21,22]. 

To a good approximation [18]: 

o /D U 
= 1 JUL 

v TT yj r2 

where Up is the water velocity in the fissure and Dv is the mass dif-
fusivity in water. 

The concentration difference, Ac, is taken to be the difference 
between an appropriate solubility concentration inside the annular 
backfill and the concentration in flowing ground water. Neglecting 
the latter, Ac is equal to the solubility. The release rate, N, 
can be used to determine the dissolution rate of the two major 
waste forms. 
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4.2.1 Release from spent fuel 

Because spent fuel is predominantly uranium oxide, it was assumed 
that dissolution of spent fuel occurs at a rate corresponding to the 
solubility-limited diffusion of uranium. Other radionuclides are 
released in proportion to their concentrations relative to uranium. 
The mechanism controlling the solubility of uranium dioxide (U0_) is 
not conclusively understood. The high radiation field within and 
around the waste form might produce an oxidizing environment regard
less of the ambient ground-water characteristics. Assuming that this 
occurs, the uranium dioxide could either be transformed to schoepite 
(U03 • 2H20) or to uranyl hydroxide [UO2 (0H)21. The latter has a 
slightly lower solubility [Reference 23]. Hexavalent uranium forms 
strong carbonate complexes that will be the predominant srluble spe
cies at the probable pH and carbonate content of the ground water. 

As some iodine tends to migrate to the fuel pellet surfaces 
during burnup, it is assumed that 10% of the 129i inventory is 
initially not bound to the uranium matrix and thus is immediately 
mobile inside the bentonite backfill. Because the release rate 
across the bentonite is then proportional to the concentration 
inside it, the 129j release will decrease exponentially with time. 
Therefore the release rate is: 

N = (I/T) exp (-t/x) 

where I is the initial inventory, t is time, and T is a time 
constant determined using the Neretnieks expression for mass 
transfer resistance across the backfill. 

Fig. 12 describes the repository temnerature history after 
emplacement of spent fuel. At 100 years, release will begin at 
a temperature of 65°C. As the temperature decreases to near back
ground in the first few thousand years the release rate falls off 
in the same manner. Hence the release rate as a function of time 
shows an initial "peak" a few thousand years wide followed by an 
extended "plateau" hundreds of thousands of years wide. Because 
the transport time for the radionuclides, except for 129if is s o 

long (tens to hundreds of millions of years), dispersion will 
flatten this initial "peak," and thus the appropriate release rate 
in terms cf maximum dose to man is the rate corresponding to the 
low temperature of the "extended plateau." For 129i the transport 
time is short, so that its contributed maximum dose to man will 
correspond to the initial release "peak." Therefore for unbound 
129i the initial release rate is assumed for the GETOUT calcula
tions. The remaining 90% of the 129i is assumed bound in the spent 
fuel and in released proportionately as the uranium dissolves. 

4.2.2 Release from vitrified waste 

The dissolution of vitrifed waste within a diffusion barrie. 
is less straightforward to analyze because no constituent domi
nates as does uranium in spent fuel. Leaching of silicate glasses 
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typically proceeds by ion exchange and slow hydrolysis of silica, 
although the scenario for complicated waste glasses is poorly 
understood. In the absence of a diffusion barrier, vitrified 
waste initially releases its radionuclides disproportionately to 
their concentration in the waste; the ratios of release rates 
relative to concentrations in the waste can differ by several 
orders of magnitude among the various radionuclides [24], With a 
diffusion barrier radionuclides would probably also be released 
disproportionately, but the differences among radionuclides would 
be difficult to predict. Since silica is usually a major consti
tuent of vitrified waste, and its hydrolysis is closely related to 
glass leaching, it is assumed here that release from vitrified 
waste within a diffusion barrier is that corresponding to the 
diffusion of amorphous hydrated silica, with other species being 
released in proportion to their concentration relative to silica. 

The release rate from vitrified waste will decrease rapidly 
from an initial maximum as the temperature decreases. By the same 
arguments presented in 4.2.1, the later release rate is the appro
priate parameter for the GETOUT calculations. 

4.2.3 Release from other wastes 

According to INFCE Working Group 7 assumptions, iodine 
released during reprocessing is not incorporated into vitrified 
waste, but instead is adsorbed on special filters. Here it is 
assumed that iodine is immobilized on silver zeolite and emplaced 
in concrete in drums (see Fig. 10). The release rate is taken to 
be the product of the solubility of silver iodide and the water 
flow rate intercepted by the drums. The appropriate cross-sectional 
area is found given the number of drums, which can be estimated 
from the capacity and density of the silver zeolite. 

Intermediate- (medium) and low-level wastes are emplaced in 
drums as shown in Fig. 10. Uranium is the major waste consti
tuent. The release rate is estimated to be controlled by uranium 
solubility and the water flow intercepted by the drums. 

4.3 Input to and results from the leach modeling 

The data used and results obtained from the leach modeling of 
the high-level waste stream are presented in Sections 4.3.1 through 
4.3.3. The iodine inventories in the high-level waste have been 
treated separately (see Subsection 4.3.4). In Section 4.3.5 the 
leaching of non-high-level waste is treated. 

4. 3.1 Near-field hydrologia data and diffusivities 

The geohydrologic data entered into the previously described 
model for calculating the leach duration of high-level waste are 
summarized in Table X. The data are the same that were used in a 
prior consequence analysis in Reference 19. 
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The diffusivity usad for ions in compacted clay was estimated 
for cations at a clay density of 1900 kg/m3, i.e., for a somewhat 
expanded clay [18]. 

The fissure width used corresponds to a near-field permeability 
of 6.5 x 10~6 m/sec, i.e., considerably higher than in the surrounding 
rock. 

4.3.2 Concentration gradient across the buffer layer 

The rate of diffusion through the buffer layer is proportional 
to the concentration gradient. At steady state this is approximated 
by che concentration at the canister wall divided by the diffusion 
distance. 

Measurements of the uranium concentration in oxidizing ground 
waters yield concentrations of up to about 10 mg/£. Thermodynamic 
equilibrium concentrations based on data collected by Serne [25] 
seem to support this value. However, data from Allard [26] yield 
a solubility of 40 mg/£ while data from another reference [27] 
give a value of about 1500 mg/£. In light of these uncertainties, 
a value of 1000 mg/2. was chosen to use. 

In the case of silica in vitrified high-level waste, a solu
bility of 150 mg/S,, valid at about 25°C [20], was chosen. 

4.3.3 Resulting leach durations for high-level waste matrices 

The calculated leach durations for the various high-level waste 
canister types are listed in Table XI along with the geometrir and 
solubility data used in the calculations. The amount of silica 
present in the HLW canister is taken as 60% of the contained glass 
weight. 

4.3.4 Resulting leach durations for the -iodine contents of 
high-level wastes 

In the reprocessing cycles, the capacity of the special filters 
used to trap iodine is 1 to 2 mg of iodi.ne per gram filter mass [28]. 
The bulk density of the filter mass is about 1200 kg/m3, which means 
that 240 kg of filter can be contained in a 200-£ drum. This cor
responds to roughly 350 g of iodine per drum. With a low ground
water flow rate of 0.12 £/drum/yr (see the preceding section) and 
a low iodine solubility of 1.5 x 10-6 g/j, [29], about 2 billion 
years are required to leach the iodine from the filters. 

For the once-through cycles, the unbound portion of the iodine 
diffuses through the buffer layer with the time constant, T (see 
Section 4.2.1), varying between 650 years and 950 years for the 
three canister types used in these cycles. Both the diffusion 
through the buffer layer and the migration through the rock give 
rise to a dispersion effect that broadens the initial peak some
what. To simulate the maximum release rate, the iodine was modeled 
with a constant release rate for 1000 years. 
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4.S.5 Resulting leaoh durations for non-high-level waste 

The leach durations have been calculated separately for the 
different waste categories. Using for the repository data from 
Figure 10 and assuming that the water velocity in the sand-
bentonite is twice the calculated bulk ground-water velocity, 
i.e., 0.6 m3/m2/yr (see Section 5.4), the maximum amount of water 
available per drum per year was calculated to be 0.12 £. By 
multiplying this amount by the solubility of uranium, a release 
rate was estimated. The uranium solubility of 1000 tng/% was 
used. Though probably conservative, the same value was used 
for plutonium in the waste from mixed oxide fuel fabrication 
in cycles 2, 3 and 5. 

The results obtained with this method of calculating the 
leach duration depend mostly on the concentration of the waste 
in the drums. No account was taken for retardation or disper
sion in the sand-bentonite barrier. This leads to unrealis--
tically short leach duration in some of the waste categories. 
But because of difficulties to produce a more accurate model 
within this study's schedule, these release rates have been 
used in Section 6 for the calculations of discharge rates to 
the biospherp. The leach durations and the release rates for 
the different non-high-level waste categories are presented in 
Table XX in Section 6.3. 

5. HYDROLOGIC MODELING 

Prediction of radionuclide transport requires an estimate of 
water movement because water is the transport medium for waste 
movement in a geoh/drologic system. Hydrologic models define ground
water flow paths and travel times from input data describing the sys
tem and the release scenario. 

For this study only normal slow water movement through the 
low permeability rock was considered. Consideration of the effects 
of highly fractured zones on regional water flow and the decrease 
in permeability and porosity of the rock masses and fracture zones 
with depth requires the use of a three-dimensional numerical model 
f.o study water movement. The steps involved in geohydrologic 
modeling involve formulation of the geohydrologic data into a 
conceptual geohydrologic model followed by a translation to a 
numerical model input data set required to run the model. In this 
process certain simplifying assumptions are required and need to 
be justified. The following discussions present the steps taken 
in the above modeling process. 

5.1 Three-dimensional finite element ground-water flow model 

To model the multilayered geohydrologic system with discrete 
highly fractured zones described in the following sections of this 
report, a finite element, three-dimensional ground-water (FE3DGW) 
flow model was used that was originally developed by Gupta et al. 
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[30] and later modified and improved. Geohydrologic systems and 
surface-water bodies (lakes, rivers, etc.) usually have irregular 
boundaries, making the finite element method (irregular grid) a 
powerful tool for defining their space and boundaries. The FE3DGW 
model allows one to divide a region info a number of discrete 
nodes and elements at which all hydrologic parameters are defined. 
Connecting the nodes results in subdividing the entire surface 
region into two-dimensional elements. Spacing of the model nodes 
can be varied as required, thereb> allowing a closer spacing and 
smaller elements (i.e., higher resolution) in areas of greater 
change in potentials (i.e., repository, rivers, lakes or fractures) 
and a larger spacing in areas where limited data or less complex 
interactions are present. The FE3DGW flow model has been applied 
and verified on large ground-water systems, and thus is defendable 
as a predictive tool both for generic and site-specific repository 
studies. The capabilities of the model were demonstrated by using 
a test case consisting of the multilayered ground-water system 
beneath Long Island, New York [31]. 

5.2 Development of a conceptual hydrologic model from data on 
the generic waste repository site 

The generic geohydrologic description of the granite waste 
repository site is given in the next subsection and is followed by 
the translation to a conceptual model and finally to an input data 
set for use with the FE3DGW model. 

5.2.1 Description of the geohydrology for the reference repository 
in granite 

The generic geohydrology includes the major geologic and 
hydrologic features one would find at the reference granite reposi
tory site [2]. Fig. 22 illustrates the boundaries of the refer
ence repository site in granite along with the regional water 
table configuration and assumed boundary definitions. Although an 
actual site might contain some surficial layers of till and clay, 
these layers would tend to retard deeper circulation patterns and 
were ignored in our description so as to favor conservatism. The 
stratigraphy was thus assumed to be granite from the surface down. 
Recharge calculations are avoided by holding the water surface 
according to a subdued version of the actual topography. The 
reference topography decided upon was a version of an actual 
granite area modified slightly to be consistent with the assumed 
boundary conditions. Regional tilt is of an order 10~3 m/m, am' 
local topographic variations are from near zero to 10~1 m/m. The 
site shows a topography common for glaciated hard rock areas in 
Precambrian shields. The regional discharge site was assumed to 
be both large fresh and salt water bodies. The boundary condi
tions include: no-flow boundaries on the east and west, a ver
tical no-flow boundary to the south since this is assumed to be 
the regional ground-water divide, and a lake or ocean boundary to 
the north which is held at the lake or ocean elevation on the lake 
or ocean surface and along the vertical northern boundary. Con
sistent with data observed for hard rock geologies, permeabilities 
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and porosities decrease *ith depth. For modeling purposes, the 
upper 1.5 km is modeled in 'etail and the lowest layer is of suf
ficient thickness to avoid interference by the assumed no-flow 
boundary along the lower surface. 

Major shear or fracture zones in patterns like those observed 
in an actual granite area have been included, ihese fracture 
patterns at an actual site should be spaced so that blocks (undis
turbed by major fracture or shear zones) of the appropriate size 
for repository siting are available. All major fracture zones are 
assumed to be vertical. In accordance with a generic stress dis
tribution in the rock, the fracture zones are divided into tension, 
shear and compression zones. 

5.2.2 Conceptual model of the reference repository site 

As discussed in Section 3.2, the flow in the hard rock masses 
of the reference repository site is governed by all the properties 
of fractures—orientation, spacing, interconnection, and aperture— 
including the three-dimensional stress field's effect on aperture 
size. The equivalent porous medium approach has been used to 
describe the regional water movement. 

The regions of major fracture or shear zones as determined 
from geophysical methods are handled as discrete features. The 
equivalent porous medium permeability and porosity were chosen to 
reflect the higher degree of connectivity between fractures in 
these zones, the greater fracture permeabilities and aperture 
sizes (as they relate to porosity), the closer spacing of frac
tures, and the presence or absence of clay in the fractures of 
these zones. It should be noted that when the equivalent porous 
medium parameters are developed from an inappropriate data base 
errors can be introduced in calculating the velocity field. 

5.3 Model input parameters 

The extent of the area used in the hydrologic model is 
25,000 m by 25,000 m. The finite element grid representation of 
the area is shown in Fig. 23. Element size, shape and orientation 
were chosen so as to best represent the actual topography and 
structural properties of the granite mass within the modeled 
region. The regional ground-water divide to the south has an 
altitude of 40 to 45 m above the ".evel of the regional lake (or 
sea) elevation. The vertical boundary of the regional lake or 
sea is placed about 4000 m from the shoreline, and it is a held 
potential. The major fracture zones are represented by discrete 
elements. The widths of these discrete elements were assigned 
according to the type of fracture zone. First and second order 
tension zones were assigned widths of 50 and 10 m, respectively. 
Shear zones and compression zones were assigned widths of 20 and 
5 m, respectively. The model used works with discrete layers in 
the vertical direction in which the permeability and porosity are 
set constant. Table XII gives the values of the hydraulic proper
ties used in the different geohydrologic structures at the ground 
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surface and at 500 m depth. The permeability-depth and porosity-
depth relationships are given in Table XIII for the different 
zones. The permeability-depth and porosity-depth relationships 
are also shown in Figures 24 and 25, respectively. These figures 
illustrate the logarithmic layering with depth and the permeabil
ities and porosities assigned to each of the six model layers. 
The same slope is assumed for the different geohydrologic units, 
but they start at different surface values. 

5.4 Geohydrologic model results 

The output from the hydrologic model is the ground-water 
potential distribution throughout the modeled region. An auxil
iary program for the FE3DGW model calculates the travel time, 
Lravel path, and travel distance along any streamline within the 
region. These values are calculated from the predicted potentials 
and from the input values used to* permeability and porosity. 
Figures 26 and 27 illustrate the X-Y paths that water, entering 
the four corners and middle of the generic repository, would take 
as it proceeds to the discharge site in Lake C. Figure 28 illus
trates the Y-Z paths for the same five streamlines. The dots 
along the streamlines are placed 1000 years apart in time. Notice 
that as the streamlines encounter the second order tension zone 
enroute to Lake C they move upward and westward because of the 
higher permeability of the fracture and the disjuncture in 
gradients. Table XIV illustrates the total travel time and dis
tance for each of the five streamlines illustrated in the figures. 
The average streamline parameters are: 

• average distance 7100 m 
• average travel time 11,700 yr ± 1300 yr 
• average velocity 0.61 m/yr 

Since the transport is to be simulated with a one-dimensional 
model, the hydrologic. model results must be reduced to an equiva
lent one-dimensional data set. The one-dimensional model requires 
a column length, pore water velocity, dispersion length, column 
width, column porosity, column height and column flow. The one-
dimensional column parameters are related as follows: 

Flow = width x height x pore velocity x porosity. 

The flow through the repository was estimated from the average X, 
Y, Z flux per unit area at the corners and middle of the reposi
tory. The flux per unit area for the repository middle corners, 
along with the total X, Y and Z flux, is shown in Table XV. The 
resultant one-dimensional flow is thus 2.6 m 3/yr. 

The one-dimensional column width of 1600 m was estimated from 
Figures 26 and 27. Pore water velocity of 0.61 m/yr is obtained 
from the quotient of the average streamline distance and travel 
time. A porosity estimate of 1.9E-4 was taken from the average of 
the time-weighted porosity along each of the five streamlines. The 
theoretical column height of 14.2 m was chosen to be consistent 
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with the flow, width, velocity and porosity estimates. A column 
length of 7100 m ensures the appropriate average travel time for a 
velocrty of 0.61 m/yr. The ±1300 years variation in arrival time 
due to flow geometry can be accounted for by appropriate choice of 
the minimum longitudinal dispersion length. For a one-dimensional 
problem a ±1300-yr spread in arrival time for a conservative 
contaminant is due to a ±800 m (±1300 x 0.61) spread in the con
tamination plume. The sigma for a one-dimensional transport 
problem is given by the square root of the product of two times 
the dispersion length times the velocity times the travel time. 
Equating 800 m to the transport sigma, the equivalent dispersion 
length required to give a ±1300-yr spread is 42 m. Table XVI 
summarizes the one-dimensional column data required for the 
transport simulation. 

6. TRANSPORT MODELING 

Nuclides leached from the waste canisters will be transported 
towards the biosphere by ground-water flow. The results of the 
transport modeling and calculations described in this section are 
the radionuclide discharge rates at some unspecified interface to 
the biosphere. 

In the seven fuel cycles treated, various types of waste 
arise. However, the emphasis of this study is on the high-level 
waste. This waste consists of spent nuclear fuel in fuel cycles 
1 and 4 and of vitrified waste in the other cycles. 

In the reprocessing cycles " 9 T £S disposed of in zeolites 
with a low iodine solubility. In the once-through cycles part of 
the iodine occurs in readily, soluble form in the gap between the 
fuel's Zircaloy cladding and the fuel matrix. As a result, iodine 
has been treated separately in the analysis. 

The non-high-level wastes have been estimated separately using 
the results from the high-level waste calculation. 

6.1 One-dimensional GETOUT model 

The model used for the migration calculations is a one-
dimensional transport model that includes axial dispersion, geo-
chemical retardation, and radioactive chain decay. The model, 
called GETOUT, was originally developed at PNL [32,33], The ver
sion used in this study is mathematically equivalent to that used 
in Reference 33; i.e., the dispersion is omitted for those nuclides 
formed by chain decay during the migration process. However, 
daughter product dispersion was accounted for using dispersion 
factors generated by GETOUT for parent radionuclides. This pro
cedure has been shown to give comparable results to a modified 
version of GETOUT for fuel cycle 1 [34]. 

The model is based on the analytical solutions of a set of 
partial differential equations of the form: 
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1 -.a i> ^ 2 -> i i i i - l i - 1 i - l 
39 Pe 3n 3n 

where: N. = number of moles of n u c l i d e i 
l 

8 = dimensionless time = t • u/L 

t = time, yr 

u = ground-water velocity, m/yr 

L = column length, m 

H = dimensionless length coordinate = Z/L 

Z = length coordinate, m 

Pe = Peclet's number = u • L/D 
2 

D = dispersion coefficient, m /yr 

K. = nuclide retentivity = u/u. 

u. = nuclide velocity for nuclide i, m/yr 

R. = decay number for nuclide i = X. • L/u 

\ . = decay constant for nuclide i, yr 

Equation 1 is solved for a constant release rate of the waste. 
The retardation factor, K^, is based on the assumption that for 
trace contaminants the geochemical interactions are reversible 
ion-exchange or adsorption reactions where the concentration of 
radionuclides sorbed on the rock is proportional to the concentra
tion in the ground water. From the laboratory measurements of the 
distribution coefficient, Kj (m-Vkg), the retention factor for a 
fissured rock can be calculated: 

K, = 1 + K - a &=£• (2) 
i a e 

Kd 
where: K = — • surface distribution coefficient, m 

a a2 

a„ » conversion factor equivalent to surface area of the 
laboratory sample, m^/kg 

e • the porosity of the rock 

a • area of fissure surfacer: per unit volume of 
rock, tn~l. 
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Equation 2 is based on the assumption that the sorption reac
tions take place only ^t the surfaces of the crack walls. Experi
mental measurements [26] of the conversion factor, a2» indicate 
a significant kinetic effect, possibly diffusion into the micro
fractures of the rock mass. This would increase the retention fac
tors considerably compared to the values used in this study. 

6.2 Waste inventories and input parameters 

In this section th' input to the GETOUT model calculations is 
presented. Some of the data have been presented earlier in this 
report and are therefore only referenced here. 

6.2.1 Waste inventories 

The transport calculations have been performed for a reposi
tory containing waste "-OIK the production of 100 GWe-yr. The 
nuclide inventories for : > high-level waste stream (vitrified 
high-level waste and spent lael), have been treated as a main case. 
Other significant waste categories have been treated separately 
because their leach scenarios, due to different packaging and 
storage in the repository, differ from those for the high-level 
v iste. Table XVII summarizes the waste categories that have been 
taken into account in the various fuel cycles treated. The nuclide 
inventories [17,35] are listed in Tables V through IX in Sec
tion 3.2.4. 

6.2.2 Release scenario 

The release scenario is defined ty two parameters, leach start
ing time and leach duration. The leach starting time is the time 
elapsed before the ground water gains access to the waste, i.e., the 
life of the canister material. In this study this parametei has 
been set at 100 years for both the high-level waste and spent fuel 
canisters and the drums used for the disposal of non-high-level 
wastes. At the leach starting time it is assumed that all canister 
material is gone and therefore offers no resistance to leaching. 
This pessimistic assumption is imposed by the constraints of the 
GETOUT model. The leach duration is the time it takes to completely 
dissolve the waste nuclides in the flowing ground watev. The model 
for calculating the leach duration is discussed in Section 4. 
Table XI summarizes the resulting leach durations for high-level 
waste. The results for iodine and non-high-level wastes can be 
found in Section 4 and Table XX, respectively. 

6.2.3 Hydrologiaal input 

The GETOUT model assumes a homogeneous migration column. In 
the hydrologic model (see Section 5) both the permeability and 
the porosity vary with depth, implying that these values as wexi 
as the resulting ground-water flow and velocity ha'"? to be averaged 
before being used in the GETOUT model. 
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The hydrologic model yielded an average ground-water travel 
time of 11,700 years. In the actual transport modeling this has 
been rounded off to 10,000 years. The geometry of the repository 
gives a spread in the travel time for the five streamlines cor
responding to a standard deviation of about 1300 years. 

If this variability were interpreted in terms of the disper
sion model defined by Equation 1, it would correspond to a disper
sion coefficient of tt.l x 10"? m^/sec. It has, however, not been 
verified that this variation of transport times can be interpreted 
as a dispersion coefficient and applied in the GETOUT model. The 
travel time distribution in the dispersion model arises from 
velocity fluctuations and molecular diffusion within a flow tube. 
However, the distribution obtained froi? the hydrologic model is 
due to differences between the flow tubes and, hence, mainly 
dependent on the topography, permeability and porosity. Because 
of these uncertainties, a value of 1.5 x 10-9 m2/sec, accounting 
only for the molecular diffusivity for ions in water, was chosen. 
This implies, however, that the influence of dispersion on che 
maximum discharge rate is not fully taken into account. 

The average permeability and porosity have been evaluated as 
"he time-integrated means. The permeability obtained this way 
vas 6 x 10~9 m/sec, and the porosity 2 x 10-4. 

8.2.4 Geoehemicdl input 

As mentioned in Section 6.1, chemical interactions between 
the dissolved waste nuclides in the ground water and the rock 
result in a letardation effect quantified by a retention factor 
that is specific for a given element in a certain chemical and 
geologic environment. 

The distribution coefficients, K<j (mVkg), used for the cal
culation of the retardation factors have been taken as the best 
estimate values used in Reference 19. The retention factors are 
then calculated from Equation 2 in Section 6.1. 

The factor &2 for the conversion of the Kj values to the 
surface distribution coefficients Ka was assessed from Ka mea
surements on a natural crack surface [26] The a2 values were 
obtained by dividing the K<j values, measured for crushed rock, 
by the measured Ka values. Three different elements were used 
in the Ka measurements: strontium, cesium, and americium. The 
a2 values obtained for these elements were 3, 2, and 10 m^/kg, 
respectively. In this study, .-.- in Reference 19, the cesium 
value was used only for ce«1nm, the strontium value for both 
strontium and radium, and the americium value for the rest of 
the waste elements. 

The differences in the &2 factor for the various elements 
reflect their different chemical behavior in the geologic environ
ment. The use of the americium value for the bulk of the elements 
is justified by similarities in the behavior (e.g., formation of 
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insoluble hydroxide complexes). It also gives the lowest retar
dation factors, thus yielding the shortest nuclide migration 
times. 

The area of fissure surfaces per unit volume of rock, a (m~l), 
can be calculated from the average fissure spacing, s (m), assum
ing that the fissure surfaces are planar and parallel: 

a = | (3) 
s 

If the porosity of the rock is interpreted as the result of 
parallel fissures with planar walls, the fissure spacing can be 
obtained from: 

T12V 11/2 

= L_g pj s 3 / 2 w 

e 

where: g = gravitational constant, m/sec^ 

v = kinetic viscosity, m2/sec 

K = parallel fissure permeability, m/sec. 

From the preceding section, the average porosity of the flow 
tube is 2 x 10~4 and the average permeability 6 x 10-9 m/sec. 
From these values the average fissure spacing is calculated as 
0.03 m. According to Equation 3 this spacing yields a value for 
the parameter, a, of about 67 m^/m^ rock mass. 

The geochemical input data to the transport calculations can 
be found in Table XVIII. The retention factors are higher than 
those used in Reference 19 by a factor 1.8 due to the different 
porosity and permeability obtained in this study. 

6.3 Transport model results 

6.3.1 Nuclide discharge rates for high-level waste and spent 
fuel 

The nuclide discharge rates to the biosphere for high-level 
waste and spent fuel were calculated with the GETOUT model. The 
results are given in Table XIX as maximum discharge rates and times 
of these maximums. 

The nuclide travel times are generally on the order of hun
dreds of million years. An exception is "9i« it migrates at 
the ground-water velocity with a travel time of about 10,000 years. 

The long travel times cause most of the nuclides to decay, 
leaving only those with extremely long half-lives and those 
arising from long-lived parent nuclides. These are 238u along 
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with its daughter nuclides 234Uf 23(>rh, and
 226Ra and 235u with 

its daughter nuclide 231pa. in the once-through cycles, 129i 
reaches significant discharge rates, as discussed below. 

In Table XIX the 129i discharges in fuel cycles 1 and 4 have 
been split between the portion bound by the fuel matrix (90% of 
the inventory) and the readily soluble portion in the gap between 
the fuel matrix and the fuel cladding. As can be seen in the 
table, the latter predominates because of the shorter leach dura
tion (1000 years) used for this portion. 

In the reprocessing cycles the 129i occurs adsorbed on silver 
zeolites with an extremely low solubility and consequently a long 
leach duration (see Section 4.3.4). The discharges of 129i from 
these cycles, therefore, become insignificant. 

6.5.2 Nuclide discharge rates from non-high-level waste 
categories 

The leach durations calculated as in Section 4, with the 
solubility of uranium and the maximum amount of water available 
in the repository as governing factors, are used to calculate the 
release rates for the different non-high-level waste categories. 
235y, 238u and 239pu are the only nuclides released that will 
result in any significant discharge rates to the biosphere. The 
other nuclides have either small inventories or will decay dur
ing the long transport times. Table XX presents the amounts of 
uranium and plutonium, the leach durations, and the resulting 
release rates. The release rates differ considerably between the 
waste categories and the fuel cycles, depending on the different 
amounts of uranium contained in each drum. The differences in 
release have, however, very little influence on the discharge 
rates to the biosphere because of the dispersion during the long 
travel time of the nuclides. 

The release rates of 238u a r e Uged to calculate the discharge 
rates to the biosphere for the daughter nuclides 234u, 230xh and 
226R 3. The discharge rates of 231pa and 235u are calculated from 
the release rates of 239pu and 235u. The discharge rates are 
presented in Table XXI. 

It should be stressed that the calculated leach durations in 
several of the cases are extremely short and that an analysis of 
the diffusion resistance in the buffer material would yield much 
longer durations. It should also be pointed out that the leach 
durations might be extended by improved waste forms and packages. 

6.3.3 Summary of transport model results 

All discharge rates to the biosphere calculated by the 
transport model are small in magnitude. The earliest peak con
centration observed is that for 129i at 11,000 years for release 
from spent fuel. No other fission product peaks of significance 
appeared. The peak concentrations, for actinides all occur at 
400 million years or later. 
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Because of the long transport times, the significant discharge 
rates to the biosphere arise from the long-lived nuclides 235u and 
238y and their daughter nuclides. As a consequence the discharge 
rates from high-level waste are highest in those fuel cycles with 
the highest uranium concentration in the waste, i.e., cycles 1 
and 4. 

Because of the dispersion effect the discharge rates to the 
biosphere from the non-high-level waste are virtually proportional 
to the total inventories of the predominant parent nuclides. This 
means that the discharge rates are largest in those fuel cycles 
with the largest amounts of uranium in the waste. Thus the dis
charge rates for the nuclide 238JJ and its daughter nuclides are 
largest in cycles 1, 2, 5 and 7 while the discharge rates for 
235u an<j its daughter nuclides are insignificant in all fuel 
cycles but cycles 1 and 2. The enrichment tails are generally 
the main source for most of the discharges from non-high-level 
waste. In fuel cycle 5, however, the depleted uranium waste from 
reprocessing is predominant. 

Adding the discharges from high-level and non-high-level 
wastes, the once-through cycles give rise to the highest dis
charge rates. The differences to the reprocessing cycle are, 
however, smaller than for the high-level waste discharges alone. 

7. BIOSPHERE AND DOSIMETRY MODELING 

The release of radioactivity via ground water with subsequent 
transport in the biosphere can result in radiation dose to people. 
This section describes the biosphere transport and radiation dosim
etry models used to evaluate the radiation exposure for each of the 
seven fuel cycle alternatives. 

The biosphere environment selected for this generic study is 
representative of a typical granite site. This environment includes 
an inland lake with local farmlands and drainage to a larger inter
mediate lake* or to the sea. Lake C (Figs. 26 and 27) receives 
radioactivity from the deep ground water as defined in Sections 5 
and 6 of this report. The biosphere transport is modeled using 
the multicompartment model of Bergman, Bergstrom and Evans [36], 
The biosphere model (described in Section 7.1) uses the deep ground
water activity release rate to determine the radioactivity in .cich 
compartment as a function of time. The compartment activities are 
used in the pathway analysis to determine the rate of radionuclide 
intake for the maximum exposed individual.** The pathways of 
uptake by people ar • described in Section 7.2. The radionuclide 

* Called regional lake in Section 5. 
** The maximum exposed individual, or maximum individual, is a per

son whose location and habits tend to maximize his radiation 
dose, resulting in a dose higher than that received by other 
individuals in the general population. 
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intake rates are used to calculate the dose received in the 
fiftieth year of exposure by the maximum exposed individual. 
The dosimetry models are described in Section 7.3. 

Doses presented in this report are the annual doses for 
the maximum individual rather than the 50-year accumulated doses 
presented in the salt repository report [4], Therefore, the dose 
results in the two studies cannot be directly compared. 

7.1 Biosphere transport model 

Transport of radionuclides in the biosphere is described by 
the multicompartment model of Bergman, Bergstrb'm and Evans [36]. 
In this model the ecosystem is divided into a number of physically 
well-defined areas or volumes. In the following discussion these 
are referred to as compartments. The quantity of radionuclide in 
each compartment is described by a system of linear first-order 
differential equations expressed mathematically in vector form as 
follows. 

For parent radionuclides: 

Yp(t) = KpYp(t) + Qp(t) - XpYp(t) 

For daughter radionuclides: 

*D(t) = KDYD(t) + XDYP(t) V D
( t ) 

The vectors Y and Y refer to activity in the system's compart
ments at time t, and the vectors Yp and YQ represent changes in 
activity per un̂ .t time. The coefficient matrix K (year~l) 
describes the constant transfer rates between the compartments, 
and the vector Qp(t) describes the production or release within 
the compartment (activity per year). The daughter activity source 
strength within each compartment is a function of the parent 
activity in the compartment. The constants Xp and Xp are the 
radiological decay constants for the parent and daughter radio
nuclides, respectively. 

Inherent tn the use of this mathematic model are the 
assumptions: 

• The radionuclide outflow from a compartment is dependent 
on the amount of the radionuclide in it and on the com
partment's transfer parameters. 

• The compartment is instantaneously well mixed. 

• Each unit of activity has the same probability of leaving 
the compartment. 

The model of the biosphere is divided into three subsystems 
of progressively increasing size referring to a regional, an 
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intermediate, and a global ecosystem. This subdivision of the 
environment into three ecosystem zones makes it possible to: 

• study extreme exposure situations in limited ecosystems to 
help define the maximum exposed individual 

• increase the realism of the dispersal pattern described by 
the model by considering gradual dispersal on an ever-
increasing scale as well as feedback between different zones 

• apply the model adequately to typical conditions by choosing 
a large lake or a sea as an intermediate zone. 

Figure 29 shows the compartments considered and their pathways 
of interaction. Radioactivity from the repository enters Lhe 
regional ecosystem through the deep ground water in contact with 
the inland lake from which dispersal in the ecosystems begins. 
The lake has an area of 350 km2 and an average depth of 20 m. The 
area of the sediment layer is the same as the lake's, with an upper 
layer of sediment 10 cm deep assumed to participate actively in the 
processes of exchange with overlying water. The regional soil 
compartment consists of 900 km2 of farmland. The soil compartment 
in the legion is considered to have an average depth of 2 m. 
Subsurface ground water includes all soil water and ground water 
down to a depth of 2 m and is not a primary recipient for the 
radionuclide from the repository. The average period of turnover 
for the subsurface ground water is assumed to be 3 years. There 
is hydrologic equilibrium within a precipitation area. 

The sea system comprises a surface area of 3. 7 x 105 km2 
and an average depth of 60 m. The sediment compartment is the 
sediment layer at the bottom of the sea. The atmosphere above 
the regional and sea area is the tropospheric air volume up to an 
altitude of 1 km. 

The global ecosystem embraces seven compartments that are 
considered important for the dispersal and turnover of long-lived 
radionuclides. 

The oceans are divided into two compartments because mixing 
and exchange in the seas decrease rapidly with increasing depth. 
The surface ocean consists of the upper water layer down to a 
depth of about 100 m. The deep ocean basin is below the surface 
ocean. These two compartments connect directly with their respec
tive sediment compartments. The uppermost sediment compartment 
encircles the continents and amounts to about 4% of the total 
sediment area. 

The soil compartment consists of the upper ground layer on 
the continents down to a depth of 0.5 m. The ground-water compart
ment, which transports the nuclides to the surface water and back 
to the soil compartment, connects with the soil compartment. The 
biota compartment consists of the terrestrial short- and long-
lived primary producers, i.e., vegetation that has a short life 
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cycle of up to a few years and vegetation with a life extending 
over several decades. The biota is particularly important for 
the turnover of carbon, iodine, ana technetium. 

The masses and areas of the various compartments .-.re pre
sented in Table XXII. 

The turnover of radioactive elements in the biosphere takes 
place in relation to the movement of certain carriers in dif
ferent media. Through irrigation as well as dry and wet deposi
tion, radioactive substances can be transferred to the ground, 
while resuspension, leaching and runoff are responsible for 
transport in the opposite direction to the atmosphere, subsur
face ground water and lake water. In the lake, the activity 
settles out and is resuspended while at the same time it is 
carried to the sea through water turnover. Exchange of activity 
between water and sediment occurs there as well. The sea is 
connected with the global ocean area. Exchange takes place 
between the global atmosphere and the ocean by means of evapora
tion, precipitation, and aerosol formation. Radioactive elements 
are recirculated in the global land area by means of resuspen
sion, leaching, and runoff. 

The structure of the model permits the recirculation of radio
active elements between different parts of the compartment system. 
The exchange of radionuclides between the compartments is described 
by transfer coefficients which give turnover per unit time. Water 
balance calculations and hydrologic information concerning water 
turnover on a regional and global scale are used in cases where 
ground water and surface water are carriers. With this as a 
basis and with the aid of distribution coefficients determined by 
the mobility of the nuclide in relation to that of water, nuclide-
specific coefficients for transfer between soil and water are 
obtained. 

Studies of fallout radioactivity from nuclear weapons tests 
have provided information on the dispersal and deposition of a 
number of nuclides in various media. Leaking storage facilities 
and releases have also contributed to information on how elements 
migrate in soil and water [37-41]. The distributions of the stable 
isotopes of the radioactive elements or of chemically analogous 
elements in the different compartments, as well as experimental 
data from field and laboratory studies, have also been used in 
the model [38,42-45]. The transfer parameters with derivations 
are reported in Reference 36. 

7.2 Exposure pathway model 

The environmental concentrations generated by the biosphere 
transport model are used in the exposure pathway analysis to esti
mate the tot?'' Intake by the maximum exposed individual from inges
tion and inhalation. External exposure situations are also con
sidered. Previous work [36] has shown the maximum exposed indi
vidual to be located in the regional ecosystem. Pathways that have 
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been shown to be important are internal exposure via inhalation 
and ingestion of food and drinking water and external exposure 
from material deposited on the ground. Figure 30 illustrates 
these pathways in the regional ecosystem. Other pathways of 
interest for external exposure include bathing, beach activities, 
and exposure to fishing tackle contaminated with lake sediments. 

Internal exposure from food results from several ecological 
transport paths such as uptake by plant roots, by fish, and by 
grazing animals used for meat and milk production. The food crop 
and grazing pathways include contributions from irrigation with 
Take water. Also, ground water from irrigated areas is used for 
haman drinking water. The exposure pathways considered in this 
study are listed in Table XXIII by source compartment and transfer 
mode. 

The annual intake by the maximum individual is calculated 
by the equations given in Reference 36. 

External exposures are calculated directly from compartment 
activity levels using dose conversion factors described in Sec
tion 7.3. The exposure is also dependent on the total time of 
exposure (hours/year) for each external pathway. All data param
eters for the pathway analysis are reported in Reference 36. 

7.3 Dosimetry model 

The pathway models consider exposures to the maximum indi
vidual from external irradiation, inhalation of airborne radio
activity and ingestion of contaminated food and water. This 
section describes the models used to convert environmental con
centrations to external radiation dose and to convert radionu
clide intakes via inhalation and ingestion to dose. 

The weighted whole-body dose is calculated for each radio
nuclide and each pathway. Recommendations of the International 
Commission on Radiological Protection (ICRP) as given in Ref
erence 46 are used for the dose calculations. The results pre
sented in Section 7.4 represent the dose during the fiftieth 
year following fifty years of chronic intake for the maximum 
exposed individual plus any external exposure received during 
that year. 

External radiation exposure may contribute to the maximum 
individual dose through the following pathways: 

• exposure to contaminated ground (soil) 

• exposure to contaminated beaches (sediment) 

• exposure while bathing (lake water) 

• exposure to contaminated fishing tackle (sediment). 

The external exposures consider beta and gamma radiations. 
Gamma radiations contribute to all internal organ doses equally 
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while beta radiations contribute only to skin dose. All exter
nal exposures are calculated in units of rem/yr, with considera
tion of the fraction of the year that exposure is received. 
Details for calculation may be found in Reference 36. 

The maximum individual weighted whole-body doses from inges
tion and inhalation are based on the recommendations of ICRP [46]. 
Weighted whole-body dose conversion factors taken from the work 
of Adams, Hunt and Reissland [47] were used to convert intake to 
dose and are shown here in Table XXIV. The factors give the 
doses (rem) to an individual during the fiftieth year of exposure 
for chronic intake at 1 Ci/yr. A quality factor of 20 has been 
used for high linear energy transfer (LET) radiation and a fac
tor of unity for low LEI radiation, e.g., beta and gamma. The 
conversion factors are based on internal organ doses calculated 
using the lung model of the ICRP Task Group on Lung Dynamics [48] 
and the gastrointestinal tract model of Eve [49]. 

The radiation doses calculated here for high-level waste 
disposal in granite cannot be directly compared with the radia
tion doses calculated for a salt repository [4]. Considering 
only the dose models, the comparison is invalid for several 
reasons. The salt repository values are doses accumulated over 
a 50-year period, while the granite values are annual doses in 
the fiftieth year following 50 years of constant chronic intake. 
Therefore, the two schemes for accounting for long-term exposure 
to radionuclides in the environment are considerably different. 

The dose methodology for the salt repository was based on 
ICRP Publication 2 (1959) [50] which identified certain specific 
organs as "critical organs." The dose methodology used for the 
granite site was based upon ICRP Publication 26 (1977) [46], 
which identifies an entirely new pseudo-entity called a "weighted" 
whole body dose equivalent. The weighted dose is obtained by 
calculating doses to numerous body organs, selecting those iden
tified either as important organs and/or those receiving the 
highest doses, and then multiplying these selected organ doses 
by weighting fractions. 

A third difference is that a few of the parameters used to 
calculate the dose effectiveness of certain radionuclides have 
undergone changes between the two ICRP reports. The principal 
change was in the value of the Quality Factor, Q, for alpha 
radiation. The newly recommended value is 20, and the older 
value is 10. 

7.4 Biosphere model results 

The biosphere and dosimetry models were used to generate the 
maximum annual dose received by an individual for each of the 
seven fuel cycles evaluated. Table XXV presents the annual maxi
mum individual dose (by radionuclide) for the high-level waste 
and spent fuel category. Table XXVI presents the dose results for 
the non-high-level waste category. As discussed in Section 7.3, 
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the dose represents the weighted whole-body dose received by the 
maximum exposed individual during the fiftieth year following 
50 years of chronic intake. 

The timing and magnitude of doses to the maximum individual 
parallel the radionuclide discharge rates to the biosphere (Sec
tion 6.3). The highest doses appear at 400 million years, with an 
earlier but smaller peak at 11,000 years from 129j for the once-
through spent fuel cycles 1 and 4. For the recycle fuel cycles 
the iodine is bound to silver zeolite filters and does not reach 
the environment. The highest calculated total dose of 0.13 mrem 
per year for high-level waste is well below the average annual 
background dose rate of 100 mrem per year. The highest total dose 
for non-high-level waste was 0.069 mrem. The main contributors to 
dose were "lp a and 226R 3 through the ingestion pathways. 

Because the maximum individual doses are so small and are of 
similar magnitude, no differentiation can be made between the seven 
fuel cycles based on the possible doses to an individual in the very 
far future. 

The dose results are for a repository containing waste from 
a 100-GWe-yr of a nuclear economy. To obtain the dose to the maxi
mum exposed individual for any other sized repository un to the 
maximum of about 4 years of waste from a 100-GWe-yr economy, the 
dose numbers of Tables XXV and XXVI must be multiplied by the 
factor: 

„ _ Economy Size (GWe-yr)'Years of Operation 
F a C t ° r " 100 GWe Year 

For a repository holding 20 years of waste from a 4 GWe-yr 
economy, the dose numbers in Tables XXV and XXVI must be multiplied 
by 0.8. 
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TABLE I , DEGREES OF PERMEABILITY OF VARIOUS ROCK TYPES 

Permeabi i i t y , 

, / • ? * 

1.0 10 
- 1 

10 
- 2 

10 10 10 

X 

10 
- 6 

10 10 10 
- 9 

10 
•10 

10 - 1 1 

D s r c i e s 10 J 

_L_ 

10 

_L_ 

10^ 

J_ 

10 

JL. 

10 1.0 

_L_ 

10 

J _ 
10 10 10 

_L 

10 
- 5 

10 
- 6 

Degree of 

P e r m e a b i 1 i ! 

Sock 

type 

Verv 

h igh 
H i y h Modera te l.ow 

S h a l e 

•(unf ra t ' tu red) • 

Very 

Low 

r* 
|<— (f racturod) Sandstone -^—— 

-(solution ciivitit's) Limost rnif and doloml to 
\t— (fractured or weathered)——Volcanir rocks, excluding basalt 

.(cavernous and fractured) Basalt (dense) >j 
\t (weathered )-

(wea t hi* r o d ) — — — 

—Metamorphic r o c k s 
(*- Bedded s a l t 

• Trai i i r i c - t v p e rooks—— 



TABLE II. SUMMARY OF PACKAGED WASTE ARISINGS FROM 
REFERENCE FUEL CYCLES/GWe-yr 

Fuel Cycle 

Origin 

Conversion 
and enrich
ment plants 

Package Type 

Drums, unshielded 

LWR FBR HWR HTR 
Once- U-Pu U-Pu Once- U-Pu U-Th U-Th 

Through Cycle Cycle Through Cycle Cycle Cycle 

364 221 18 122 51 22 144 

Fuel ele
ment fabri
cation 
plant 

Drums, unshielded 200 285 318 498 750 1207 175 

Power plant 

Spent fuel 
condition
ing plant 

Reprocess
ing plant 

Total 
packaged 
waste 

Drums, unshielded 
Drums, shielded 
Canisters, HWR 

Drums, shielded 
Canisters, 
Canisters, 
Canisters, 

FWR 
BWR 
HWR 

Drums, unshielded 
Drums, shielded 
Canisters, 
Canisters, 
Gas flasks 

HWR 
HLWg 

Drums, unshielded 
Drums, shielded 
Canisters, 
Canisters, 
Canisters, 
Canisters, 
Gas flasks 

PWR 
BWR 
HWR 
HLWg 

1800 
600 
3 

45 
53 
22 

2364 
645 
53 
22 
3 

1800 
600 
10 

320 
112 
33 
67 
17 

2626 
712 

43 
67 
17 

15 
610 
7 

201 
72 
86 
53 
17 

552 
682 

93 
53 
17 

1547 
524 

80 

132 

2167 
604 

132 

1547 
524 

747 
237 
31 
67 
17 

3095 
761 

31 
67 
17 

1547 
524 

1066 
381 
49 
69 
18 

3842 
905 

49 
69 
18 

3060 
535 
8 

3469 
43 

65 
18 

6818 
578 

8 
65 
18 



TABLE III. REPOSITORY DATA, 100 GWe-yr/yr GENERATKD POWER 10 YEARS OLD HLW 

Fuel 
Cycle Type of Waste 

Canistered HLW 
Other canistered waste 
Drummed actinide waste 
Drummed nonac'. Inide waste 

Canistered HLW 
Other canistered waste 
Drummed actinide waste 
Drummed nonactinide waste 

Canistered HLW 
Other canistered waste 
Di immed actinide waste 
Drummed nonactinide waste 

Canistered HLW 
Other canistered waste 
Drummed actinide waste 
Drummed nonactinide waste 

Canistered HLW 
Other canistered waste 
Drummed actinide waste 
Drummed nonactinide waste 

Canistered HLW 
Other canistered waste 
Drummed actinide waste 
Drummed nonactinide waste 

Canistered HLW 
Other canistered waste 
Drummed actinide waste 
Drummed nonactinide waste 

Required 
Annual 

Length of 
Disposal 
Tunnels 
!\L, m 

26,300 
210 
0 

6,020 

23,500 
3,100 
1,180 
5,500 

18,600 
6,400 
1,180 
1,290 

23,100 
210 
0 

5,540 

2 3,4 50 
z,400 
3,470 
4,240 

24,150 
3,650 
5,320 
4, 190 

22,800 
5 50 

7,380 
7,420 

Distance 
Between 
Tunnel 

Centers 
c, m 

25 
15 
35 
35 

25 
15 
35 
35 

25 
15 
35 
35 

25 
15 
35 
35 

25 
15 
35 
35 

25 
15 
35 
35 

25 
15 
35 
35 

Required 
Annual 

Disposal 
Area 

A, ha 
A=cEL 

66 
0.3 
0 
21 

59 
5 
4 
19 

47 
10 
4 
4 

58 
0.3 
0 
19 

59 
4 
12 
15 

60 
5 
19 
15 

57 
0.8 
26 
26 

Annual Volume of 
Solid Rock to be 
Excavated, m-* 
(access tunnels 

and shafts excl.) 

447,000 
3,300 

0 
440,000 

280,000 
50,000 
87,000 

403,000 

220,000 
100,000 
86,COO 
94,000 

319,000 
3,000 

0 
406,000 

279,000 
37,000 

254,000 
311.000 

287,000 
57,000 

389,000 
3G7.0O0 

271,000 
9,000 

540,000 
544,000 



TABLE IV. WASTE PACKAGE DESCRIPTIONS 

Package 
Type 

Canister PWR 

Canister BWR 

Canister HWR(a) 

Canister HLW 

Drum, 
unshielded 

Drum, 
shielded 

Package 
Material 

Stainless 
steel with 
lead back
fill 

Stainless 
steel with 
lead back
fill 

Stainless 
steel with 
lead back
fill 

Stainless 
steel 

Carbon 
steel 

Carbon 
steel and 
concrete. 

Waste Type 
Contained 

Spent PWR fuel 
assemblies. 
Control rods. 

Spent BWR fuel 
assemblies. 
BWR control 
rods 

Spent HWR fuel 
assemblies. 
Hulls, spacers. 
insolubles. 
MLW from 
reprocessing. 

Vitrified HLW 

LLW and MLW 

MLW 

External Internal 
Diameter, Diameter, Length of 

m m (approx.) Canister, 

0.35 

0.44 

0.90 

0.22 

Variable 

Variab' 

0.32 

0.41 

0.86 

0.20 

4.90 

4.90 

1.15 

3.00 

Variable 

Variable 

Volume of 
Waste Heavy 

Contained, Metals, 
m3 _ ton (U+Pu) 

1 PWR 
element 

3 BWR 
elements 

72 HWR 
assemblies 
(0.6 m3) 

0.077 
(net vol.) 

0.20 

0.20 

0.45 

0.54 

1.35 

Thickness 
of Bentonite 

Sleeves 
in 

0.30 

0.30 

0.30 

0.20 

Thermal Load 
(10-year-old 
waste), 

kW/canister 

0.55 

0.55 

0.30 

0.50 

(a) Sote that the canister "type HWR" is not only used for wasto from the HWR cycle, but also for some waste from other cycles. 



TABLE V. RADIOACTIVITY (Ci) IN SPENT FUEL HASTE OR VITRIFICATION 
REPROCESSING HASTE FOR REFERENCE FUEL CYCLES PER GWe-yr (AFTER 
10 YEARS) 

Kr-85 * 

Sr-90 without Y-90 

Tc-99 

1-129 * 

Cs-134 

C»-135 

Cs-137 no Ba-137 m 

Fu-147 

Eu-154 

Th-228 

Th-229 

Th-230 

Th-232 

U-232 

U-233 

0-234 

U-235 

U-236 

U-238 

Np-237 

Pu-238 

Pu-239 

Pu-240 

Pu-241 

Pu-242 

Aa-241 

Am-242m 

Aa-243 

Cm-242 

Cor 243 

,C«-244 

t-i 
years 

10.8 

28.1 

2.1E5 

I.7E7 

2.05 

3.0E6 

30.0 

2.62 

16 

1.9! 

7.3E3 

8.0E4 

I.4E10 

72.0 

1.6E5 

2.5E5 

7.1E8 

2.4E7 

4.5E9 

2.1E6 

89.0 

2.4E4 

6.8E3 

14.6 

3.8E5 

433 

152 

7.7E3 

0.45 

32.0 

1 18.1 

1 2 

LVR 

once-
thru 

2.0E5 

2.0E6 

5.0E2 

1.3E0 

2.9E5 

8.2E0 

2.9E6 

2.5E5 

1.6E5 

2.6EI 

5.5ET 

9.6E0 

1.1E1 

1.3E1, 

9.3E4 

1.1E4 

1.6E4 

2.2E6 

5.0EI 

4.8E4 

2.7E2 

6.5E2 

2.2E2 

I.1E2 

6.1E4 

U-Pu 
cycle 

1.8E5 

1.8E6 

5.0E2 

I.3E0 

3.3E5 

1.2E1 

2.9E6 

2.3E5 

2.2E5 

2.8ET 

6.0E3 

l.OET 

1.2ET 

!.5E1 

2.2E3 

1.8E2 

2.0E2 

4.4E4 

1.0EO 

1.7E4 

1.3E3 

2.8E3 

I.1E3 

3.0E2 

5.8E5 

3 

FBR 

U-Pu 
cycle 

1.0E5 

9.8E5 

4.5E2 

8.4ET 

3.1E4 

3.4E1 

2.8E6 

6.5E5 

2.9E5 

2.0ET 

8.0E4 

2.623 

7.0E2 

3.9E0 

1.1E4 

1.3E3 

1.8E3 

1.3E5 

5.3E0 

7.7E4 

i.5E3 

1.5E3 

2.9E3 

1.4E3 

3.4E4 

4 5 6 

HWR 

once-
thru 

2.0E5 

2.3E6 

2.1E2 

1.2E0 

9.1E4 

3.8E0 

3.3E6 

8.6E5 

7.3E4 

5.1E1 

9.3ET 

8.2E0 

5.9E1 

3.4E0 

9.0E3 

2.9E4 

3.8E4 

1.9E6 

3.1E1 

3.9E4 

2.0E1 

6.3E1 

1.7E1 

1.6EI 

1.3E3 

U-Pu 
cvcle 

1.7E6 

5.4E2 

1.7E5 

5.0E0 

3.3E6 

6.4E5 

1.3E5 

2.0ET 

2.2E3 

1.5E2 

2.5ET 

3.7E0 

4.4E2 

1.4E2 

5.8E2 

3.8E4 

7.3E0 

8.0E4 

1.3E2 

8.6E3 

1.IE2 

6.7E2 

3.9E5 

U-Th 
cvcle 

3.7E6 

1.7E2 

8.0E4 

6.2E0 

3.6E6 

7.3E5 

3.7E4 

1.9E2 

1.8ET 

4.4E3 

1.3ET 

I.9E2 

i.8E2 

4.6E1 

3.1E3 

2.4ET 

2.4E3 

8.6E0 

2.3E4 

4.9E2 

4.6E2 

4.4E4 

5.2ET 

9.1E2 

5.9ET 

1.1E0 

5.0ET 

3.1FJ 

2.1E1 

7 

HTR 

U-Th 
cycle 

2.7E5 

2.1E6 

4.9E! 

0.7E0 

1.6E5 

4.7E0 

2.0E6 

1.5E5 

3.7E4 

4.0E1 

3.6E2 

l.OET 

1.5E2 

4.3E1 

3.6E1 

9.4E0 

1.8E2 

3.0E0 

4.3E3 

8.5E0 

6.8F.4 

5.6E1 

9.5E1 

2.6E4 

1.6E0 

5.6E2 

2.2E0 

2.4E! 

1.8E0 

3.8E0 

3.1E3 

* Not In vitrified waste 
NOTE: 2.2E6 means 2.2 x 106; 5.9E1 means 5.9 x 10 

-1 



TABLE VI. CONVERSION WASTE FROM FLOW SHEETS 
NOT INCLUDED IN TABLE V 

Isotopic Content, g/GWe-yr for Cycles 
Isotope 1 2 3 4 5 

234U 47 31 0.03 40 17 1.6 13 

235U 5.8 x 103 4.2 x 103 3.5 5.0 x 103 2.1 x 103 200 1.6 x 103 

236 

238U 8.2 x 105 5.8 x 105 480 7.0 x 105 3.0 x 105 2.8 x 10* 2.3 x 105 



TABLE VII. ENRICHMENT TAILS FROM FLOW SHEETS 
NOT INCLUDED IN TABLE V 

Isotope 
Isotoplc Content, g/GWe-yr for Cycles 

234, 
500 330 21 

235, 
U 3.4 x 105 2.2 x 105 1.4 x 104 1.1 x 105 

236, 
8.0 x 10 

238, 
1.7 x 108 1.1 x 10 8 6.9 x 106 5.6 x 107 



TABLE VIII. FUEL ELEMENT FABRICATION FROM FLOW SHEETS 
NOT INCLUDED IN TABLE V 

Isotope 
Isotopic Content, g/GWe-yr for Cycles 

241Pu 44 130 38 

242Pu 26 140 190 

* 

233 3 

U 1.9 x 10J 3?0 

234U 66 45 3 10 4.5 760 102 

235U 6.6 x 103 4.6 x 103 34 1.3 x 103 560 150 1.8 x 103 

236U 480 4 380 57 

238U 2.1 x 105 1.6 x 105 2.0 x 104 .1.8 x 105 7.9 x 104 720 171 

238Pu 13 66 2.6 

239 3 
Pu 290 2.1 x 10J 230 

240Pu 92 830 270 

?3° 5 4 
ZJtTh 1.2 x 10J 1.4 x 10H 



TABLE IX. DEPLETED URANIUM FROM REPROCESSING 
FROM FLOW SHEETS NOT INCLUDED IN TABLE V 

Isotopic Content, g/GWe-yr for Cycles 

Isotope 1 2 3 4 5 

23AU 500 3.3 x 103 

235U A.9 x 104 1.0 x 105 

236U 6.0 x 103 2.4 x 104 

238U 1.1 x 107 7.3 x 107 



TABLE X. GEOHYDROLOGIC DATA AND DIFFUSIVITIES 
USED IN LEACH MODEL 

Diffusivity for ions in water, m^/sec 2 x 10 

Diffusivity for ions in compacted clay, 4 x 10 
m^/sec 

-4 
Fissure width, m 2 x 10 

Fissure spacing, m 4 x 10 
-3 

Bulk ground water-velocity in undisturbed 1 x 10 
rock, m/yr 



TABLE 

Package Type 

HLW canister 

PWR canister 

BWR canister 

HWR canister 

XI. GEOMETRIC LEACH 

Canister 
Length, m 

3.00 

4.90 

4.90 

1.15 x 2 

MODiiL INPUT 

Canister Disposal 1 
Diameter, m Diameter 

0.22 

0.35 

0.44 

0.90 

0.62 

1.0 

1.10 

1.50 

ANI. 

Pit 
, m 

RESULTING LEACH DURATIONS FOR HIGH-

rl» m 

0.11 

0.175 

0.22 

0.45 

r2» ni 

0.31 

0.5 

0.55 

0.75 

Amount 
of U, kg 

130(a) 

450 

540 

1350 

Solubility 
Ac, mg/1 

150 ( a ) 

1000 

1000 

1000 

•LEVEL WASTE 

N/(Ac«L), 
m^/yr 

3.6E-4 

4.1E-4 

4.5E-4 

6.1E-4 

CATEGORIES 

N? g/yr 

1.6E-1 

2.2 

2.4 

1.5 

Leach 
Duration, 

8.0E5 

2.0E5 

2.3E5 

9.0E5 

yr 

(a) Values refer to hydrated silica and not to uranium. 



TABLE XII. HYDRAULIC PROPERTIES OF DIFFERENT HYDROGEOLOGIC STRUCTURES 
IN THE REFERENCE REPOSITORY SITE AREA IN GRANITE 

Description 

Rock Mass 

First Order 
Frrcture Zones 
(tension) 

Second Order 
Fracture Zones 
(tension) 

Second Order 
Fracture Zones 
(shear) 

Second Order 
Fracture Zones 
(compression) 

Width 

50 ra 

10 m 

20 m 

5 in 

Depth 

1 m 
500 m 

1 
500 

1 
500 

1 
500 

1 
500 

m 
in 

m 
ii> 

m 
m 

m 
m 

Permeability, 

5 
5 

m/sec 

10 

10 8 

10 8 

11S:» 

< 
10 * 

Porosity 

3 x 10 
10 

-3 
-5 

3 x 10 
10 

-2 
-4 

3 x 10 
10 

-2 
-4 

5 x 10 
1.7 x 10 

-3 
-5 

5 x 10 
1.7 x 10 

-3 
-5 

Velocity 
(unit gradient), 

m/sec 

3.33 x 
1 X 

3.33 x 

3.33 x 

1 X 
3 x 

2 x 
6 x 

"If 
10 D 

< 
10 * 

10 

< 
10 D 

< 
10 3 

Water 
Travel Time for 
1 km under 0.001 

gr* idient, yr 

951 
3170 

95 
317 

95 
317 

317 
1057 

159 
529 



TABLE XIII. ALTITUDE, THICKNESS, PERMEABILITY AND POROSITY 
OF THE DISCRETE LAYERS IN THE GEOHYDROLOGIC MODEL 

U t 

J Till 

it a 

i t h 

3 : n 

i t h 

Layer 

Layer 

Laver 

l a y e r 

l a y e r 

Layer 

Depth Belov 
Ground Surface 

to Bottom of 
Layer, m 

- 1 0 . 0 

- 3 0 . J 

- 9 1 . 0 

- J 7 4 . 0 

- S J S . o 

-iiOO.O 

T ' - u k n e s i i , 
m 

10.0 

- '0. .' 

00 . i 

l i ' » . . . 

i ? , . J 

i h - ' i - ; 

_.. 

t . O 

I . . . 

1 . 0 

1. 1 

*.' 
.' i» 

-

X 

X 

X 

X 

x 

A 

Na_sa 

l o " ' 

1 0 - " 

i o - » 

10" l ° 

1 0 - l l 

l o " 1 1 

— 
I s 

- rVrraeab 

Urdvr 
'^'JX*ion / o n e 

1.0 x 10 _ > 

. ' .h 

1 . 0 

>. 1 

•».o 

.. . b 

X 

X 

X 

» 

10" 7 

l o " ' 

1.)-" 

lu"» 

l u - 9 

-L .U.1- • / .». 

. ' i .i o r d i T 

1.0 x l o " ' ' 

t.<> 

1 . 0 

1. 1 

v.o 

: . h 

X 

X 

x 

X 

l o " ' 

l o " 7 

1 0 - " 

i o - » 

1 0 - " 

. ' l l l l i 

j . o 

l . H 

> . _ ' 

1 . 1 

- . . J 

1. 1 

ir 

X 

X 

X 

X 

X 

X 

T U . r 

l o - 7 

I . . - 8 

Mf" 

1 0 - " 

1 0 - " ' 

l o - ' u 

V 
c 

1 

1 

I 

1 

» 
.. 

Ill' 

•m 
Order' 

>r • s s ion 

o x in"1 ' 

., 
0 

1 

0 

b 

X 

X 

X 

X 

X 

i o - N 

l o " 8 

l o - " 

lo - '" 

l o - ' " 

K 

1 

I 

h 

J 

» 
1 

0 x 1 0 " ' 

<) 
1* 

I 

1 

1 

X 

X 

X 

X 

X 

l o " " 

10-' ' 

11)-' 

l o -

l o - " 

'1'. 

1 

I 

h 

J 

V 

1 

u i rde r 
•nxIan / o n e 

0 x 10"-' 

<t 

¥ 

. 
1 

1 

X 

X 

X 

X 

X 

i o - ' 

lo" ; 

1 0 ' " 

m-
l o " 

Porualty 

-!nd i 

1 . 0 

l . » 

*.» 
> . 'i 

9 . 1 

"). i 

X 

X 

X 

X 

X 

X 

>rU*-r 

lu"* 1 

lu" 

io-* 

l o - * 

10" J 

i o - s 

-
J nil 

S>-j 

*).0 

1 . / 

l . J 

i . J 

1 . ) 

;» . 'i 

ir 

K 

X 

X 

X 

X 

X 

i rder 
/.une 

l o - ' 

l u " ' 

lo"1 

io - J 

l o ' 1 

i o -

. 'n 
l.am 

1 i 
i n 

'1,0 x 

I . J 

I . : 

i . J 

1 . 1 

i . i 

X 

X 

X 

X 

X 

i r d i T " 
XN i.»ti 
i-

l o " 

lu"* 

1 u" ' 

l o " ' 

u)-'J 

l o -



TABLE XIV. TOTAL TRAVEL TIME AND DISTANCE FOR STREAMLINES 1-5 
ILLUSTRATED IN FIGURES 26 THROUGH 28 

Description 

Streamline < 

AVERAGE 

Standard Deviat 

/ 1 

1 2 
\ 3 

[ 4 

\ 5 

ion 

Time, yr 

13,473 

12,320 

11,438 

10,334 

10,694 

11,651 

+1271 

Distance, m 

7831 

7836 

6550 

6620 

7138 

71i5 



TABLE XV. FLUX PER UNIT AREA DATA AT THE CORNERS AND 
MIDDLE OF THE REPOSITORY IN THE X, Y AND Z DIRECTIONS. 
TOTAL REPOSITORY FLUX CALCULATIONS ARE ALSO S'UWN FOR 
THE 1150 X 1150 X 12.4 m REPOSITORY. 

Position 

Lower left (1) 

Lower right (2) 

Upper left (3) 

Upper right (4) 

Middle (5) 

X Direction 
Flux, 

nt-Vm^-sec 

-2.66E-14 

-2.87E-14 

-3.82E-14 

-3.85E-14 

-3.33E-14 

Y Direction 
Flux, 

m^/m^-sec 

2.93E-13 

2.81E-13 

2.85E-13 

2.75E-13 

2.83E-13 

Z Direction 
Flux. 

m-Vm^-sec 

-1.01E-13 

-7.90E-14 

-3.60E-14 

-2.89E-14 

-5.96E-14 

AVERAGE -3.31E-14 2.83E-13 -6.00E-14 

Total X 
Direction 
Flux 

3.31E-14 X 3.1536E7 X 1150 X 12.4 
or 0.015 m3/yr 

Total Y 
Direction 
Flux 

2.77E-13 X 3.1536E7 X 1150 X 12.4 
or 0.128 ra3/yr 

Total Z 
Direction 
Flux 

6.0E-14 X 3.1536E7 X 1150 X 1150 
or 2.502 m3/yr 

Flux through 
Repository 

2.645 m3/yr 

3.1536E7 = number of seconds in one year 



TABLE XVI. SUMMARY OF THE EQUIVALENT ONE-DIMENSIONAL COLUMN 
DATA REQUIRED OF A ONE-DIMENSIONAL SIMULATION OF CONTAMINANT 
TRANSPORT 

Parameter Description 

Column length, m 

Column height, m 

Column width, m 

*Column porosity (time-weighted average) 

*Column permeability (time-weighted average), 
m/sec 

Column water velocity, m/yr 

Value 

7115 

14.2 

1600 

1.9E-4 

5.95E-9 

0.611 

Minimum column dispersion length required 
to account for dispersion resulting from 
flow geometry, m 

42 

Column travel time, yr 

3 
Column flow, m /yr 

11651 

2.645 

* Time-weighted porosity and permeability are needed in 
fracture flow systems to pick a representative 3 value 
for calculating the retardation factor. 



TABLE XVII. WASTE CATEGORIES TAKEN INTO ACCOUNT IN THE 
TRANSPORT CALCULATIONS 

Waste Category 

Refining and 
conversion 
waste 

Enrichment tails 

U02-fuel fabri
cation waste 

1 
LWR 

Once-
Through 

X 

X 

X 

2 

U-Pu 
Cycle 

X 

X 

X 

Fuel Cycle 
3 
FBR 
U-Pu 
Cycle 

X 

4 

Once-
Through 

X 

X 

5 
HWR 
U-Pu 
Cycle 

X 

6 

U-Th 
Cycle 

X 

X 

7 
HTR 
U-Th 
Cycle 

X 

X 

MOX-fuel fabri- X X X X 
cation waste 

Conditioned fuel X X 
assemblies 

Vitrified high- X X X X 
level waste 
(incl. hulls, 
spacers, in-
solubles and 
medium level 
reprocessing 
waste) 

Depleted uranium X X 
waste from re
processing 

Iodine filter X X X X 



TABLE XVIII. DISTRIBUTION COEFFICIENTS, Kd, SURFACE 
DISTRIBUTION COEFFICIENTS, K , AND RETENTION FACTORS, 
K±, USED IN TRANSPORT CALCULATIONS 

Element 

Sr 

Tc 

I 

Cs 

Ra 

Th 

Pa 

U 

Np 

Pu 

Am 

Cm 

K^, m /kg 

0.016 

0.05 

0 

0.064 

0.50 

2.4 

0.6 

1.2 

1.2 

0.30 

32 

16 

Ka, m 

0.008 

0.005 

0 

0.021 

0.25 

0.24 

0.06 

0.12 

0.12 

0.03 

3.2 

1.6 

Kl 
2,700 

1,700 

1 

7,000 

84,000 

81,000 

20,000 

41,000 

41,000 

10,000 

1,080,000 

540,000 



TABLE XIX. MAXIMUM RADIONUCLIDE DISCHARGE RATES (Ci/yr) AND TIMES FOR 
THE MAXIMUM (YEAR) FOR HIGH-LEVEL WASTE AND SPENT FUEL 

Time of Fuel Cycle 
Radionuclide 

129j(a) 

129x(b) 

i35Cs 
226Ra 
230Th 
232Th 
23lpa 
234 

U 
235u 
236u 
238u 

Maximum 

1.1 x 104 

1.1 

7.1 

4.1 

4.1 

8.1 

4.1 

4.1 

4.1 

4.1 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

104 

107 

108 

108 

108 

108 

108 

108 

108 

108 

5.6 

1.3 

6.3 

9.4 

1.0 

3.5 

2.2 

2.0 

1.0 

2.0 

2.0 

1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

io-4 

io-2 

lo-n 

io-5 

io-4 

lO"8 

io-5 

io-4 

io-5 

io-9 

io-4 

7.2 

1.0 

1.1 

3.2 

1.1 

2.2 

1.7 

8.4 

2.2 

2 

X 

X 

X 

X 

X 

X 

X 

X 

X 

lo-n 

io-6 

io-6 

ID"9 

ID"6 

ID"6 

ID"7 

lo-u 

io-6 

2.0 

6.2 

6.3 

4,2 

1.5 

1.3 

6.0 

7.7 

1.3 

3 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-1° 

IO-7 

io-7 

lO"9 

io-6 

lO"6 

ID"7 

lo-n 

io-6 

1.2 

1.2 

2.2 

5.2 

5.4 

8.7 

4.8 

1.1 

2.5 

2.7 

1.1 

4 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

IO-4 

IO- 2 

lo-n 

io-4 

ID"4 

io-8 

ID"5 

ID"3 

io-5 

io-9 

io-3 

3.0 

2.2 

2.3 

6.2 

2.6 

4.5 

1.3 

1.2 

4.5 

5 

X 

X 

X 

X 

X 

X 

X 

X 

X 

lo-n 

io-6 

io-6 

ID"9 

ID"6 

ID"6 

io-7 

10-1° 

10-1° 

3.7 

2.2 

2.2 

1.2 

5.1 

4.5 

2.6 

5.3 

4.5 

6 

X 

X 

X 

X 

X 

X 

X 

X 

X 

io"ii 

io-& 

io-8 

ID"6 

lO"7 

io-8 

io-7 

lo-n 

ID"8 

2.8 

3.9 

4.0 

1.9 

5.2 

8.6 

2.6 

4.4 

8.6 

X 

X 

X 

X 

X 

X 

X 

X 

X 

1 

lo-u 

lO"8 

ID"8 

ID"7 

ID"7 

ID"8 

io-7 

10-1° 

io-8 

a. From "^1 - bound in fuel matrix. 
b. From 129j _ in gap between fuel cladding and fuel matrix. 



TABLE XX. CALCULATED RELEASE RATES FROM NON-HIGH-.EVEL 
WASTE CATEGORIES/1000 GWe-YR 

Conversion Waste 
238,, 

Ci 

Drums, no. 

Leach duration, yr 

Release rate from repository, Ci/yr 

238U 

Enrichment Tails 
238,, 

Ci 

Drums, no. 

Leach duration, yr 

Release rate from repository, Ci/yr 

2 3 8U 

U0- Fuel Fabrication Waste 

Uranium, kg 

Drums, no. 

Leach duration, yr 

Inventory 
235,, 

238 
U, Ci 

U, Ci 

Release rate from repository 
2 3 Y Ci/yr 
" Y Ci/yr 

Mox Fuel Fabrication Waste 

Uranium, kg 

Drums, no. 

Leach duration, yr 

Activity, Ci 

" 5 U 
2 3 8u 

Release rate from repository, Ci/yr 

235U 
2 3 8u 

Plutonium, kg 

Drums, no. 

Leach duration, yr 

Activity, Ci 
239 Pu 

Release rate from repository 

239Pu, Ci/yr 

Depleted Uranium from Reprocessing 
238,, 

U, g 

CI 

Drums, no. 

Release time, yr 

Release rate from repository, Ci/yr 

8.2E7 5.8E7 4.80E4 7.CE7 3.0E7 2.8E6 2.3E7 

2.74E1 1.94E1 1.60E-2 2.34E1 1.00E1 9.35E1 7.68 

16,300 9,500 1,800 12,200 5,100 1,300 4,800 

3.9E4 4.7E4 210 4.5E4 4.6E4 1.7E4 3.3E4 

7.0E-4 4.1E-4 7.7E-5 5.3E-4 2 .3E-4 5.6E-5 2.1E-4 

1.7E10 ' .1E10 

5.68E3 3.67E3 

19,100 12,100 

6.7E6 6.7E6 

8 .2E-4 5.:p.-4 

220 

200 

9.2E3 

1.4 

7.0 

1.5E-4 

7.6E-4 

150 

130 

9.6E3 

9.7E-1 

5.0 

1.0E-4 

5.2E-4 

1,000 

15,500 

540 

2 

31 

,000 

,800 

520 

180 

498 

3.0E3 

2.8E-1 

6.0 

9.3E-5 

2.0E-3 

1.5E-2 7 .3E-3 

3.3E-1 6 .7E-1 

2.8F.-5 1.4E-5 

6.1F.-4 1.3F.-3 

50 300 

15,500 31,800 

27 79 

1.8E3 1.3F.4 

6.7F.1 1.6F.2 

1.1K9 

1.67F.2 

1,300 

6.6K4 

5.6F.-5 

6.9E8 5.6E9 

2.9E2 1.87E3 

800 6,300 

6.7E6 6.7E6 

3.5E-5 2.7E-4 

8,000 400 2,500 

75,000 120,700 17,500 

890 30 120 

1.2E-1 3.2£-2 3.9E-1 

2 . 6 2.4E-2 5.7E-3 

1.3E-4 1.1E-3 3.3E-3 

2 .9E-3 8.0E-4 4.8E-5 

70 

75,000 

7.8 

1.4K3 

1.8E2 

7.3F.9 

2.44 : i 

8,300 

6.7K6 

3.6K-4 



TABLE XXI. MAXIMUM DISCHARGE RATES TO THE BIOSPHERE FROM 
NON-HIGH-LEVEL WASTE CATEGORIES (Ci/yr) 

Fuel Cycle 
1 2 3 4 5 6 7 

1.5 x 10~3 

1.6 x 10~3 

2.2 x 10~5 

1.0 x 10~3 

1.0 x 10"5 

1.0 x 10"3 

3.4 x 10~4 

3.5 x 10~4 

1.7 x 10~5 

7.4 x 10"4 

8.4 x 10"6 

7.4 x 10"4 

5.7 x 10"8 

5.8 x 10"8 

1.1 x 10"7 

1.2 x 10"7 

5.4 x 10"8 

1.2 x 10"7 

9.0 x 10~6 

9.2 x 10"6 

3.3 x 10"7 

5.3 x 10"6 

1.6 x 10"7 

5.3 x 10"6 

2.0 x 10"4 

2.2 x 10"4 

5.3 x 10"6 

4.5 x 10"4 

2.7 x 10"6 

4.5 x 10"4 

3.2 x 10"5 

3.3 x 10"5 

7.5 x 10"7 

7.0 x 10"5 

3.7 x 10"7 

7.0 x 10"5 

1.5 x 10"4 

1.6 x 10"4 

5.8 x 10~6 

3.4 x 10"4 

2.9 x 10"6 

3.4 x 10"4 



TABLE XXII. COMPARTMENT SIZES 

Compartment Area or Mass 

g 
Deep ground water 2.5 x 10 kg 

Subsurface ground water 8.6 x 10 kg 
12 

Soil, regional 3.6 x 10 kg 

Atmosphere, regional, ., 
including sea 4.8 x 10 kg 

12 
Lake, regional 7.0 x 10 kg 

8 2 
Sediment, lake 3.5 x 10 m 

Sea, intermediate 2.2 x 10 kg 
11 2 

Sediment, sea 3.7 x 10 m 
18 

Atmosphere, global 4.4 x 10 kg 
19 

Surface sea 2.0 x 10 kg 
13 2 

Sediment, surface sea 2.0 x 10 m 
21 

Deep sea 1.4 x 10 kg 
14 2 

Sediment, deep sea 3.6 x 10 m 

Biota, global 1.8 x 10 kg 

Soil, global 1.6 x 1017 kg 
19 

Ground water, global 6.0 x 10 kg 



TABLE XXIII. EXPOSURE PATHWAYS FOR THE MAXIMUM INDIVIDUAL 

Compartment 

Atmosphere 

Atmosphere 

Lake 

Lake 

Sediment 

Soil 

Soil 

Subsurface 
ground water 

Transfer 

Deposition 

Deposition 

Deposition 

Breathing 

Direct to man 

Direct to animal 

Direct to animal 

Direct 

Irrigation 

— 

— 

Root uptake 

Root uptake 

Root uptake 

Root uptake by 
grain 

Root uptake by 
grass 

Root uptake by 
grass 

— 

Direct to man 

Contaminated 
Product 

Green 
vegetables 

Milk of grazing 
animals 

Meat of grazing 
animals 

Air 

Drinking water 

Milk (drinking 
water) 

Meat (drinking 
water) 

Fish 

Green 
vegetables 

Beach activity 

Fishing tackle 

Grain 

Green 
vegetables 

Root vegetables 

Eggs 

Milk of grazing 
animals 

Meat of grazing 
animals 

Land 

Drinking water 

Exposure Mode 

Ingestion 

Ingestion 

Ingestion 

Inhalation 

Ingestion 

Ingestion 

Ingestion 

Ingestion 

External 

External 

Ingestion 

Ingestion 

Ingestion 

Ingestion 

Ingestion 

Ingestion 

External 

Ingestion 



TABLE XXIV. WEIGHTED WHOLE-BODY DOSE 
CONVERSION FACTORS, DOSE DURINO THE 50th 
YEAR, rem/Ci/yr 

Radionuclide 

9°Sr 

93Zr 

99Tc 

129J 

135Cs 

137Cs 

226Ra 

229Th 

230Th 

231,, 
Pa 

2 3 3u 

2 3 4u 

2 3 5u 

2 3 6u 

238 

u 
2 3 7v Np 

239p Pu 

240T> Pu 

242p Pu 

2 4 1 A 

Am 
243A Am 

Inhalation 

2.1 

5.2 

7.4 

2.3 

4.8 

3.3 

8.1 

2.1 

3.2 

2.1 

7.2 

7.1 

6.6 

6.7 

6.3 

5.0 

5.2 

5.1 

4.9 

5.3 

5.3 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

105 

104 

103 

105 

103 

104 

106 

109 

108 

109 

106 

106 

io6 

106 

io6 

108 

108 

io8 

io8 

io8 

io8 

Ingestion 

1.2 

9.6 

9.3 

3.7 

7.4 

5.2 

1.2 

3.6 

5.3 

1.7 

3.2 

3.1 

2.9 

3.0 

2.7 

4.0 

4.3 

4.3 

4.1 

2.2 

2.2 

x 105 

2 
x 10 

2 
x 10 

x 105 

x 103 

x 104 

x 106 

x 106 

x 105 

x 108 

x 105 

x 105 

x 105 

x 105 

x 105 

x 107 

x 105 

x 105 

x 105 

x 106 

x 106 

a. Annual dose in fifthieth year following an 
intake of 1 Ci/yr for 50 yr. 



TABLE XXV. ANNUAL MAXIMUM INDIVIDUAL DOSES (rem/yr) FOR 
HIGH-LEVEL WASTE AND SPENT FUEL<a) 

Time of Fuel Cycle 
Radionuclide Maximum, year 1 2 3 4 5 6 7 

129J 

1 3 5Cs ( b ) 

226Ra 
23°Th 
232Th 
231_ Pa 
234 J U 
2 3 5u 
2 3 6u 
2 3 8u 
23°Th/226Ra<c) 

234U/226Ra(d) 

Maximum annual 
total dose 

Time of maximum 
total dose, year 

1.1 

7.1 

4.1 

4.1 

8.1 

4.1 

4.1 

4.1 

4.1 

4.1 

4.1 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

— 

-

10* 

107 

io8 

108 

io8 

io8 

108 

io8 

108 

108 

108 

io 8 

5.1 

1.5 

1.0 

2.8 

4.7 

5.7 

1.4 

3.0 

2.7 

2.4 

2.2 

5.5 

5.9 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

io-6 

io"14 

io-7 

lO"8 

io-i° 
io-5 

lO"8 

lO"9 

lO"13 

io-8 

10"6 

lO"8 

lO"5 

io8 

1.7 

1.1 

3.1 

5.0 

2.7 

1.6 

5.0 

1.1 

2.6 

2.4 

6.0 

2.7 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

io-iA 

io- 9 

10-1° 

lo-n 
io-6 

10-1° 

lo-n 
ID"14 

lO"10 

io-8 

io-i° 
io-6 

108 

4.6 

6.7 

1.3 

5.5 

3.8 

9.2 

1.7 

1.0 

1.5 

1.4 

3.5 

3.8 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-14 

10-1° 

10-1° 

io-n 
10-6 

10-n 

10-1° 

10-14 

10-10 

10-8 

10-1° 

10-6 

108 

4.7 

5.1 

5.5 

1.5 

1.1 

1.2 

7.8 

7.6 

3.6 

1.3 

1.2 

3.0 

1.3 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-8 

10-15 

10-7 

10-7 

10-9 

10-4 

10-8 

10-9 

10-13 

10-7 

10-5 

ID"7 

ID"4 

108 

6.9 

2.4 

6.6 

8.2 

6.6 

3.2 

3.8 

1.6 

5.3 

5.1 

1.2 

6.7 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-15 

10-9 

10-1° 

10-11 

10-8 

10-1° 

10-11 

10-14 

10-1° 

10-8 

10-9 

10-6 

108 

8.5 

2.4 

6.3 

1.5 

1.3 

3.2 

7.8 

7.1 

5.3 

4.7 

1.2 

1.3 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-15 

1 0 - u 

10-12 

ID"8 

10-6 

10-12 

10-n 

10-15 

i o - i 2 

10-1° 
10-u 

10-6 

108 

6.4 

4.2 

1.1 

2.5 

1.3 

6.1 

8.0 

5.9 

1.0 

8.6 

2.3 

1.3 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-15 

lo-n 
10-n 

10-9 

10-6 

io-i2 

lo-n 
10"14 

-11 

lO"10 

10-11 

10-6 

108 

a. Fuel cycles 1 and 4 represent disposal of spent fuel while the other cycles represent disposal of vitrified waste. 
b. Refers to 226R3 which reaches the biosphere directly from the ground water. 
c. Refers to 226R3 produced by radioactive decay of 230xh in the biosphere. 
d. Refers to 226R3 produced by radioactive decay of 234u (via 230rn) ±n the biosphere. 



TABLE XXVI. ANNUAL MAXIMUM INDIVIDUAL DOSES (rem/yr) FOR 
NON-HIGH-LEVEL WASTE CATEGORIES 

Fuel Cycle 
Radionuclide 1 2 3 A 5 6 7 

2 2 6
R a <

a ) 

23°Th 
23iPa 
234 J U 
2 3 5u 
2 3 8u 
230Th/226Ra(b) 

234u/226, 

Maximum 
total do 

Time of 
maximum, 

Ra<c> 

annual 
se 

yr 

1.6 

*.5 

5.5 

7.0 

3.0 

1.2 

1.1 

2.7 

6.9 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-6 

10-7 

ID"5 

10-8 

ID"9 

ID"7 

ID-5 

ID"7 

ID"5 

108 

3.5 

1.0 

4.3 

5.3 

2.5 

8.8 

7.7 

2.0 

5.1 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

ID"7 

ID"7 

ID"5 

ID"8 

ID"9 

ID'8 

10-6 

lO-7 

ID"5 

ioti 

6.1 

1.7 

2.7 

8.6 

1.6 

1.5 

1.2 

3.3 

2.7 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

lo-u 
io-n 
ID"7 

lO"12 

lo-n 
lo-n 
ID"9 

lo-u 
ID"7 

io 8 

9.8 

2.6 

8.3 

3.8 

4.9 

6.4 

5.6 

1.4 

9.0 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

ID"9 

ID"10 

ID'7 

io-i° 
lo-n 
10-1° 
ID"8 

lO-9 

ID"7 

108 

2.1 

6.2 

1.3 

3.2 

8.1 

5.3 

4.8 

1.2 

1.8 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

ID"7 

ID"8 

10"5 

ID"8 

10-1° 
lO-8 

lO-6 

ID"7 

ID"5 

108 

3.4 

9.4 

3.9 

5.0 

1.1 

1.3 

7.2 

1,9 

2.7 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

lO-8 

io-9 

ID"6 

lO-9 

10-1° 
ID"8 

lO-7 

lO-8 

lO-6 

108 

1.6 

4.5 

1.5 

2.4 

8.7 

4.0 

3.5 

9.0 

1.9 

4.1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

lO-7 

ID"8 

lO-5 

lO-8 

10-1° 
ID"8 

ID"6 

ID"8 

ID"5 

108 

a. Refers to ""Ra which reaches the biosphere directly from the ground water. 
b. Refers to 226R3 produced by radioactive decay of 230^ ^n t^e biosphere. 
c. Refers to 226R3 produced by radioactive decay of 234u (via 230xn) in the biosphere. 
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FIG. 10. SeaUm through disposal tunnel 
for drums with *IT-W and LLW after sealing. 
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FIG. 23. Finite element grid representation 
of the model region. 
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FIG. 24. Permeability versus depth for the reference 
repository site area in granite. 
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FIG. 26. X-Y paths for streamlines 1 and 2 starting 
at the lower left and right corners of the repository. 
The dote rn the streamline paths are placed 1000 years 
apart in time. 



FIG. 27. X-Y paths for streamlinee 3-5 starting at 
the upper left arid, upper right corners of the reposi
tory as weil as the middle. The dots along the stream
line paths are placed 1000 years apart in time. 
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apart in time. 
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FIG. 30. Paths of human exposure in the regional ecosystem. 


