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SECOND REPORT 
DEVELOPMENT OF SITE SUITABILITY CRITERIA 

FOR THE 
HIGH LEVEL WASTE REPOSITORY 

FOR 
LAWRENCE LIVERMORE LABORATORY 

SUMMARY 

GENERAL 

This report presents the results of our mining and geotech-
nical studies provided to the University in support of the develop
ment of site suitability criteria. This work was performed in 
accordance with our unsolicited proposal to Lawrence Livermore 
Laboratories (LLL) dated May 1977 and authorized by the University 
Purchase Order 7480103. The primary purpose of our work was to 
expand those areas of analysis described in our first report 
(Golder Associates, Inc. 1977a) and to include an analysis of 
those characteristics that are common to both site suitability 
and site performance criteria. This information is to be inte
grated into the Site Suitability Repository Model developed by The 
Analytic Sciences Corporation (TASC) of Reading, Massachusetts. 
This model is described in detail in various TASC reports (TASC, 
1977a, 1977b) and will not be described in this report. 

The work presented in this report supplements and expands 
the work presented in our initial report entitled "Development 
of Site Suitability Criteria for the High Level Waste Repository 
for La1 rence Livermore Laboratories" submitted in June 1977 
(GAI, 1977a). This current report should be reviewed in conjunc
tion with that June report. 
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GEOTECHNICAL AND MINING CONSIDERATIONS AND CONCERNS 

A comprehensive listing of geotechnical and mining factors 
pertinent to the site suitability evaluations was included in 
our June report (GAI, 1977a). In general, these considerations 
should include the following topics: 

1. Major geologic formation types considered appropriate 
for a repository including sedimentary (salt and shale), 
salt domes, basalts, tuff, and crystalline rocks 
(plutons). 

2. All potential radiation release mechanisms including 
water transport, gas transport, and direct physical 
transport (erosion, man-made excavations, etc.). 

3. All potential hydrologic situations including downward 
flow, upward flow, lateral flow, combination thereof, 
and so flow (dispersion dominated). 

4. Event and/or time driven variations including fault
ing, glaciation, climatic changes, chemical changes, 
secondary tectonic changes, and others. 

5. Wan-made events such as mining, drilling of wells, etc. 

6. Design variables such as repository geometry, backfill 
type, waste form, and others. 
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7. Effects of varying biologic and demographic assumptions. 

Fundamentally, in our opinion, the basic idea of deep 
geologic disposal of nuclear waste is a sound engineering concept. 
Technically, although there are certainly design and construction 
problems, there are numerous sites and geologic formations 
which would appear to provide safe containment of the waste. 
The most serious difficulties will, in all probability, be related 
to adequately demonstrating the suitability of the site and the 
repository design. 

Technically, there are several areas we have identified as 
being potential site suitability problems. These include: 

1. Dry Repository. The concept of a totally dry reposi
tory constructed below the water table is theoretically 
difficult to understand and may be impossible to prove. 

2. Fracture Flow: The proper understanding of fracture 
fluid flow may be essential in adequately evaluating 
the waste release pathways for certain hydrologic site 
conditions. Current measurement and prediction of 
fracture flow behavior, especially in low permeability 
rocks, is poorly understood. 

3. Dispersion Behavior: As with fracture flow, the proper 
understanding of nuclide dispersion may be essential 
in adequately evaluating certain site conditions. 
Current measurement of dispersion parameters and 
prediction of dispersion behavior, especially in low 
permeability rocks and/or rocks exhibiting fracture 
flow, is poorly understood. 
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4. Formatlonal Hydrologic Properties: The measurement and 
prediction of fluid flow in rocks exhibiting very low 
permeability is currently poorly understood. ' 

5. Engineered Features: For many types of site conditions, 
the proper behavior of the engineered features of the" 
repository may be essential in providing adequate con
tainment of the waste. In our opinion, the technology 
to adequately design and construct certain engineered 
features for certain types of site conditions currently 
does not exist. Thus it may become necessary to con
struct the repositories in formations that in no way 
rely on the performance of these features. 

6. Thermal Effects: In our opinion, the thermal effects 
of the canister heat has not been adequately evaluated. 

7. Loss of Administrative Control: It may not be feasible 
through siting of the repository to ensure that loss of 
administrative control would have no adverse affect on 
the containment of waste. Thus it may only be possible 
to minimize the potential hazards resulting from a loss 
of administrative control. 

8. Effect of Demography and Water Resources: The demography 
and water resource use, both current and projected, has 
a major impact on the hazards associated with loss of 
waste containment. In our opinion, this concept has not 
been adequately evaluated. 

DATA BASE STUDY 

Our initial site suitability report (GAI, 1977a) presented 
a geotechnical data base framework. The purpose of the framework 

iv 



was to provide an initial definition and evaluation of geotech-
nical factors needed to evaluate site suitability. The work 
consisted of three main topics: groundwater hydrology, geology, 
and rock mechanics/mining. In section 3.0 of this report we 
present additions, refinements and changes to the basic data 
base work presented in the June report. In general, this addi
tional work includes: 

1. Inclusion of preliminary information on basalts, tuff, 
crystalline rocks (plutons), and salt domes into the 
geology and hydrologic available data base. 

2. Information on available field and laboratory testing 
techniques as related to site suitability and site 
selection. 

3. Information on natural resources and loss of admin
istrative control. 

4. Further definition and evaluations of information 
presented in the initial report and subsequently 
identified by LLL as warranting further study. 

DESCRIPTORS AMD COEFFICIEKTS 

During the course of this study, a new cycle of the TASC 
model was not initiated. Thus, for this study, GAI was not 
requested to provide specific new descriptors or coefficients for 
the TASC model. However, parametric uncertainty estimates were 
developed and are discussed in Section 5.2 of this report. In 
addition, in Appendix C we provide supplementary documentation 
information on the Cycle II model descriptors and coefficients. 
This information was provided for the Peer Group Review Report 
(GAI, 1977b). 
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UNCERTAINTY CONSIDERATIONS 

In Section 5.0 we present an analysis and initial evaluation 
of the uncertainties related to site suitability. For the pur
poses of this report, we have defined and discussed the following 
general categories of uncertainty: 

1. Parametric Uncertainties: These relate to the uncer
tainties in the data used to describe the geologic, 
hydrologic, and engineered features of the repository. 
In this report we provide parametric uncertainty data 
for the descriptors and coefficients provided for the 
Cycle II model analysis. 

2. Modeling Uncertainties: These relate to the uncer
tainties in analyzing the data and predicting the 
future behavior of the repository waste containment 
system. In this report we discuss modeling uncertain
ties relating to the theories, the geometric models, 
and analysis methods. This discussion includes a 
crude approximate modeling uncertainty analysis. 

3. Residual Uncertainties: These relate to the enormous 
range of "real world" conditions, processes, and possi
bilities (both identified and unforeseen) which are 
not incorporated into a site suitability evaluation. 
In this report we briefly discuss these residual uncer
tainties, their significance, and methods to minimize 
them. 

vi 
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NATURAL RESOURCES/LOSS OF ADMINISTRATIVE CONTROL 

In our opinion, the potential constraints on natural resource 
exploitation due to construction of a nuclear repository, and the 
potential dangers due to a loss of administrative control are 
important considerations in a site suitability evaluation. In 
Section 6.0 of this report we discuss a method of evaluating the 
problem and present an initial review of current natural resources. 
This review involves a discussion of geologic environments 
favorable for discovery and exploitation of mineral resources 
and data on select commodities. This data includes mode of 
occurrence, principal locations in the U.S., mining methods, 
reserves, and recognized demands. 

DESIGN SITE SUITABILITY CONSIDERATIONS 

In Section 7.0 of this report we discuss those areas of 
design performance and licensing that have an impact on a site 
suitability evaluation. In general, the areas discussed include 
the following major topics: 

1. Engineered Features: The characteristics of the 
repository that must be incorporated into a site suit
ability evaluation in order to properly assess the 
impact of the repository. 

2. Impact of the Repository on Natural Features: The 
repository represents a major anomaly in the host rock 
and may alter the waste containment characteristics of 
the host rock. 

and in determining the number and nature of potential 
contamination pathways created by boreholes, test wells, 
instrumentation holes, etc. 
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FUTURE SITE SUITABILITY CONSIDERATIONS 

In Section 8.0 of this report we present our concepts and 
opinions for future mining and geotecanical site suitability 
worK. 

viii 
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1.0 PURPOSE AND SCOPE 

This report presents the results of our mining and geotech-
nical studies provided to the University in support for the 
development of site suitability criteria. This work was performed 
in accordance with our unsolicited proposal to Lawrence Livermore 
Laboratories (LLL) dated May 1977, and authorized by the Univer
sity Purchase Order 7480103. The primary purpose of our work was 
to expand those areas of analysis described in our first report 
(Golder Associates (GAI), 1977a), and to include an analysis of 
those characteristics that are common to both site suitability 
and site performance criteria. This information is to be inte
grated into the Site Suitability Repository Model developed by 
The Analytic Sciences Corporation (TASC) of Reading, Massachusetts. 
This model is described in detail in various TASC reports (TASC 
1977a, 1977b) and will not be described in this report. 

The scope of our work involved literature research, further 
evaluation of geotechnical and mining site suitability factors, 
further development of specific geotechnical descriptions and 
coefficients relating to uncertainties, additional documentation 
of descriptors and coefficients developed for the Cycle II model, 
and geotechnical and mining guidance to the overall LLL site suit
ability work. In addition to the work presented in this report, 
we attended numerous working project meetings involving LLL and 
their other consultants; presented a summary of our work at a 
three-day joint NRC-LLL meeting in Livermore on August 16-18; 
reviewed and commented on several drafts of NRC's Site Suitability 
Criteria; and made several trips to Washington D.C. to confer 
directly with NRC. We also worked closely with LLL in formula
ting a future plan for the overall site suitability and design 
performance work in FY'78. 
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The work presented in this report supplements and expands 
the work presented in our initial report entitled "Develop-
mer.t of Site Suitability Criteria for the High Level Waste 
Repository for Lawrence Livermore Laboratories" submitted in 
June 1977 (GAI 1977a). Tbis current report should be reviewed 
in conjunction witb tbat June report. In addition to this site 
suitability work for LLL, we are currently under contract to TASC 
as the prime subcontractor on an NRC contract entitled "Defini
tion of Design Performance Criteria for a Geologic Waste 
Repository," Basic Ordering Agreement NR-02-77-81. 
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2.0 GENERAL SITE SUITABILITY PHILOSOPHY AND CONCERNS 

2.1 GENERAL 

In this section a brief description of GAI's site suita
bility philosophy and concerns is presented. Since GAI was 
generally only involved with geotechnical and mining considera
tions, we have a limited view of the overall project and may not 
fully appreciate other aspects of the problem. However, in our 
opinion, it is important to express our views in order to provide 
the overall project with a geotechnical and mining perspective 
of the problem. 

2.2 GAI SITE SUITABILITY PHILOSOPHY 

In our opinion, the purpose of the site suitability study 
is to provide LLL (subsequently NRC) with a "data base" which 
will support their effort in developing regulations, regulatory 
guides, standards, branch technical positions, and licensing 
procedures. Due to NRC's critical scheduling deadlines, our 
mandate is to provide information along the "critical path" and 
not over-emphasize details at this time. This philosophy will 
inherently lead to some inefficiency and lack of rigorous docu
mentation and model validation. However, we do not appear to 
have the option to develop the program in a more scientific, 
systematic manner and still respond to NRC's short-term needs. 

Fundamentally, in our opinion, the most significant site 
suitability regulations would specify the acceptable radiation 
risk limits. These could be expressed in terms of dose to an 
individual, population dose, and/or concentrations, and would 
have to be coupled with risk probabilities. (The current TASC 
expected values is a method of combining consequence with risk; 



2-2 

however, in our opinion, this procedure by itself can, in some 
instances, be misleading. This is because a high risk, low conse
quence occurrence may be far more acceptable to the public than a 
low risk, high consequence occurrence even though both may have 
the same expected values.) The determination of acceptable 
limits is a very difficult problem since it.is based on complex 
biological, political, design, and geologic considerations. 
Currently NRC is basing acceptable limits on concentration as 
follows: "radionuclide concentrations in any pathway to man, at 
the first point of reasonable accessability, shall be as low as 
is reasonably achievable and in any case shall not exceed a small 
fraction of the limits specified 10 CFR Part 20, Appendix B, Table 
II, Column 2..." (NRC, 1977). Since NRC will probably not finalize 
the acceptable risk criteria for some time, the LLL site suit
ability effort must remain flexible enough to respond to any 
credible risk criteria. 

In our opinion, the LLL study should develop a site suita
bility evaluation methodology and, concurrently, describe the 
site suitability "surface." This "surface" refers to the complex 
inter-relationships between credible generic site geologic, 
hydrologic, and demographic characteristics and repository per
formance as measured by an acceptable risk criteria. The current 
methodology consists of the TASC model approach which appears to 
provide a good primary evaluation tool. The "surface" described 
by the Cycle I and II models is extremely limited and must be 
vastly expanded in order to be of any significant use to NEC. A 
suggested modeling strategy for expanding the description of the 
site suitability "surface" is presented in Section 8.0 of this report. 

2.3 GAI SITE SUITABILITY CONCEPTS 

Due to the nature of the high level waste radiation decay, 
there appears to be three distinct radiation consequence time 
periods: (after TASC, 1977b). 
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1. An initial period lasting about 400 years. During 
this period, the consequences of radiation release 
could be quite severe. 

2. An intermediate period lasting about 500,000 to 
3 million years. Consequences of radiation release 
during this period is significantly less than during 
tbe initial 400-year interval. As an example, based 
on a waste dissolution tinv of 10,000 years and the 
ecosystem and bioaccuroulation dose model utilized 
by TASC CTASC, 1977c) virtually any rpnnsitory 
containment failure scenario after 400 years will 
result in a radiation consequence equivalent to less 
than one percent of normal background.radiation. 

3. A final period in which the hazard of the waste will 
be primarily due to natural 238y a n d its decay products. 
The repository will contain little more than uranium 
which was originally mined and subsequently buried 
in the deep, stable repository formation. This is not 
likely to represent an increase hazard over the original 
natural conditions. 

These time periods are based on the radiologic properties 
of high level waste. Preliminary studies by TASC (TASC, 1977b) 
indicate that there would be similar time periods for other waste 
forms such as fuel rods and military waste. 

Based on the radiologic time periods and geologic 
and mining considerations, it appears reasonable to consider 
four stages in the life of the repository in evaluating site 
suitability criteria. These periods include: 
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Period 1: During repository construction, operation and 
decommissioning; approximately 2S-50 years. 

Period 2: After abandonment and prior to groundwater 
resaturation of the repository backfill. During this period 
radioactive gas (released from the waste) and/or steam 
(generated by groundwater leakage contacting the heated 
zones around the water canisters) would probably be the 
only credible radiation release mechanisms. Since reposi
tories constructed in certain geological formations (such 
as salt or at depths above the zone of saturation) may 
remain essentially dry for very long periods, Period 2 may 
extend directly to Period 4 discussed below. 

Period 3; After repository saturation and during the critical 
radiation consequence period; approximately 400 years. 

Period 4: After Period 3 and extending into geologic time; 
approximately 3 million years. 

In our opinion, Periods 1-3 are by far the most significant 
periods and probably the only periods which can be rigorously 
evaluated and accommodated for in the site selection and reposi
tory design. However, for nontechnical reasons, Period 4 may 
be equally important due to public perception and must also 
be carefully evaluated. 

Period 1, the construction and operational phase of the 
repository is undoubtedly the most critical period in the life of 
the repository. If anything disastrous is going to occur, it 
will probably be during this phase. Due to the definitions of 
site suitability and site design,it is understood that Period 1 
will be considered in detail by design performance criteria 
studies and hot by the site suitability criteria studies. However, 
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proper evaluation of Period 1 must consider both design and site 
suitability as the two are inherently interrelated. Thus many 
design problems can be minimized or even eliminated through the 
suitable choice of a repository site. This interrelationship is 
discussed in more detail in Section 7.0. 

Once the waste is in place and the repository is backfilled, 
there is a significant decrease in the risk of any radiation 
release. However, during Periods 2 and 3, there is still a 
possibility that a significant radiation release could occur. 
It is these two phases in the repository's life which, in 
our opinion, deserve the greatest site suitability emphasis. It 
should be the intent of the criteria to effectively eliminate the 
possibility of any disastrous radiation releases during these 
periods. Thus NRC should, in our opinion, adopt a policy to 
develop criteria that are ultraconservative using multibarrier 
concepts which allow for complete failure of one or more barriers 
without causing a disastrous consequence. The multibarrier 
concept has already been proposed and adopted by NRC in draft form 
(NRC, 1977). This conservative approach is clearly warranted due 
to the potential hazards, the negative public perception of the 
problem, and the availability of sites which would satisfy such a 
multibarrier concept. This concept is similar to the current 
multisafety backup systems used in the commercial nuclear reactor 
designs. 

It is important to realize that there are numerous sites and 
geologic formations which can theoretically safely contain the 
wastes for the critical initial 400-year period, assuming a 
properly designed and constructed repository. Should something 
seriously go wrong during this 400-year period, it will probably 
be caused by an accident, a complete breakdown of an engineered 
barrier, or a significant natural or man-induced process that was 
totally missed in the site selection and design of the repository. 
These might include: 
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1. Operational accidents. 

2. Effects of undetected geologic flaws and anomalies. 

3. Failure or partial failure of an engineered barrier 
such as the repository backfill, the waste canister 
(dissolution), shaft seal, borehole seal, etc. 

4. Man-made pathways such as adjacent existing or future 
boreholes, wells, mines, etc. 

5. Unforeseen or improperly evaluated natural and/or man-
induced processes. These might include the effects of 
canister heat (producing steam, causing thermal expansion 
and cracking); effects of fracture flow behavior 
(possibly providing a quick, direct pathway to the 
biosphere); unusual physical and chemical reactions 
(brine and gas migration in salt due to heating, rapid 
changes in the rock due to heating, etc.); and other 
"unforeseen" problems. 

In our opinion, due to the uncertainties in predicting long-
term behavior, it will be impossible to demonstrate perfect 
radiologic containment for Period 4 which extends in excess of 
500,000 years. Fortunately, in general, the consequences of 
release during Period 4 appear to be "numerically negligible." 
Considerations during this long-term, low risk period would 
include erosional effects, glaciatioa, climatic changes, tectonic 
changes, loss of administrative control, and other hypothesized 
long-term scenarios. 
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2.4 GEOTECHNICAL AND MINING SITE SUITABILITY CONSIDERATIONS 

A comprehensive listing of geotechnical and mining factors 
pertinent to the site suitability evaluations was included in our 
June report (GAI, 1977a). These factors were divided into three 
main categories: hydrology, geology, and rock mechanics/mining. 
Further definition and evaluation of these factors is presented 
in Section 3,0 of this report. 

In general, the geotechnical and mining considerations 
include the following topics: 

1. Major geologic formation types considered appropriate 
for a repository including sedimentary (salt and shale), 
salt domes, basalts, tuff, and crystalline rocks (plutons). 

2. All potential radiation release mechanisms including 
water transport, gas transport, and direct physical 
transport (erosion, man-made excavations, etc.). 

3. All potential hydrologic situations including downward 
flow, upward flow, lateral flow, combination thereof, 
and no flow (dispersion dominated). 

4. Event and/or time driven variations including faulting, 
glaciation, climatic changes, chemical changes, secondary 
tectonic changes, and others. 

5. Man-made events such as mining, drilling of wells, etc. 

6. Design variables such as repository geometry, backfill 
type, waste form, and others. 

7. Effects of varying biologic and demographic assumptions. 
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2.5 CURRENT GAI CONCERNS 

Fundamentally, in our opinion, the basic idea of deep geologic 
disposal of nuclear waste is a sound engineering concept. Tech
nically, although there are certainly design and construction 
problems, there are numerous sites and geologic formations which 
would appear to provide safe containment of the waste. The 
most serious difficulties will in all probability be related to 

• adequately demonstrating the suitability of the site and the 
repository design. 

As related to the current status of the LLL site suitability 
effort, in our opinion, there may be a tendency to over-emphasize 
the results of the Cycle I and Cycle II TASC models (TASC, 1977b; 
LLL, 1977). It is important to put these results in perspective 
as being preliminary results of a few very specific models which 
provide only limited insight into the overall site suitability 
problem. It is reasonable to divide the current site suitability 
effort into two main categories: methodology development and 
generic site suitability evaluations. To date, in our opinion, 
most of the credible results relate to methodology development 
(i.e., the general TASC model development) and to development of 
a data base framework. To this end, Cycle I and Cycle II were 
very useful since we all learned a great deal about the effective 
use and limitations of the TASC modeling approach. Thus, it is 
essential to begin to use the methodology as a tool to consider 
the enormous "real world" conditions and variables. The project 
•does not have the luxury to systematically develop and refine the 
methodology prior to its use. Rather the methodology must be 
developed concurrently with its utilization. 

Technically there are several areas we have identified as 
being potential site suitability problems. These include: 
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1. Dry Repository: The concept of a totally dry repository 
constructed below the water table is theoretically dif
ficult to understand and may be impossible to prove. 
The data we have reviewed does not prove that bedded 
salt, deep crystalline rock, and other so-called "dry" 
formations are totally impervious and completely free 
of moving groundwater. Rather the data indicates that 
the permeability is extremely small and water movement 
is neglible for normal mining operations. This problem 
is discussed in more detail in Section 3.2.1.1. 

2. Fracture Flow: The proper understanding of fracture 
fluid flow may be essential in adequately evaluating 
the waste release pathways for certain hydrologic site 
conditions. Current measurement and prediction of 
fracture flow behavior, especially in low permeability 
rocks, is poorly understood. 

3. Dispersion Behavior: As with fracture flow, the proper 
understanding of nuclide dispersion may be essential in 
adequately evaluating certain site conditions. Current 
measurement of dispersion parameters and prediction of 
dispersion behavior, especially in low permeability rocks 
and/or rocks exhibiting fracture flow, is poorly under
stood. 

4. Formational Hydrologic Properties: The measurement and 
prediction of fluid flow in rocks exhibiting very low 
permeability is currently poorly understood. This 
problem is further discussed in Section 3.2.1.4. 
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Engineered Features; For many types of site condi
tions, the proper behavior of the engineered features 
of the repository may be essential in providing adequate 
containment of the waste. These might include the 
effectiveness of the shaft seals, the low permeability 
of the repository backfill, and the effectiveness of 
the borehole seals. In our opinion, the technology to 
adequately design and construct these engineered features 
for certain types of site conditions currently does not 
exist. Although the technology may be developed in the 
near future by DOE, it may be impossible to prove the 
integrity of these engineered features over the long 
time spans required (at least 400 years). Thus it may 
become necessary to construct the repositories which in 
no way rely on the performance of these features. This 
problem is discussed in more detail in Section 3.6. and 
7.0. 

Thermal Effects: In our opinion, the thermal effects 
of the canister heat has not been adequately evaluated. 
The canister heat can affect rock stress and deformation, 
chemical and physical behavior of the formation and 
enclosed fluids and behavior of fluid flow. 

Loss of Administrative Control: It may not be feasible 
through siting of the repository to insure that loss of 
administrative control would have no adverse effect on 
the containment of waste. It would seem that for 
virtually any repository siting, a loss of administrative 
control scenario could be postulated which could breach 
the repository containment. Thus it may only be possible 
to minimize the potential hazards resulting from a loss 
of administrative control. This problem is discussed 
in more detail in Section 6.0. 
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Effect of Demography and Water Resources: The demo
graphy and water resource use, both current and projected, 
has a major impact on the hazards associated with loss 
of waste containment. Identical geologic and bydrologic 
conditions can result in entirely different biologic 
hazards to man depending on the demography and water 
use of the site area. In our opinion, this concept has 
not been adequately evaluated. 
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3.0 GEOTECHNICAL DATA BASE 

3.1 GENERAL 

Our initial June site suitability report (GAI, 1977a) pre
sented a geotechnical data base framework. The purpose of the 
framework was to provide an initial definition and evaluation of 
geotechnical factors needed to evaluate site suitability. The 
work consisted of three main topics: groundwater hydrology, 
geology, and rock mechanics/ mining. Each major section was sub
divided into factors, available information, and technology. In 
the factors section, a list of conditions, parameters, phenomenon, 
and variables pertinent to site suitability were presented with a 
preliminary discussion of the more significant topics. The 
available information section was a brief review of available 
field data based on a literature survey. The technology section 
discussed some of the general numerical and analytical tools 
currently available for analyzing critical site suitability 
factors. 

In this section of the report, we present additions, refine
ments, and changes to the basic data base work presented in the 
June report. In general, this additional work includes: 

1. Inclusion of preliminary information on basalts, tuff, 
crystalline rocks (Plutons), and salt domes into the 
geology and hydrologic available data base. 

2. Information on available field and laboratory testing 
techniques as related to site suitability and site 
selection. This work is also appropriate for para
metric uncertainty evaluations. 
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3. Information on natural resources and loss of adminis
trative control. 

4. Further definition and evaluations of information 
presented in the initial report and subsequently 
identified by LLL as warranting further study. 

3.2 GROUWWATER HYDROLOGY 

3.2.1 Factors • 

3.2.1.1 Concept of a Dry Repository in Impervious Rock 

The current TASC geologic-hydrologic model evaluates potential 
radiologic transport out of the repository by flowing groundwater. 
Thus the model depicts a hydrologic regime which includes ground
water gradients, geologic formations with finite permeabilities, 
and a repository at a depth below the zone of saturation. The 
initial model evaluations have included a significant upward 
vertical gradient through the repository layers. Since the mine 
openings will probably be maintained essentially dry during the 
operational phase, time will be required to saturate the repository 
backfill after abandonment. Depending on the permeability of the 
geologic formation and the properties of the backfill material, 
the saturation time could be very long, possibly exceeding 
several hundred years. Until the backfill saturates and the 
natural groundwater water gradients are re-established, it seems 
unlikely that any nuclides will be transported to the biosphere 
by groundwater. This factor is evaluated in the model by pro
viding a time delay after backfilling before allowing any move
ment of groundwater out of the repository. The initial model 
runs used a preferred delay time of 100 years with a range of 20 
to 1,000 years. 
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Since the concept of a deep geologic repository was formu
lated, many proponents have suggested that there is no moving 
groundwater in certain formations (such as in a thick bedded salt 
deposit) and a suitably backfilled excavation would remain dry 
"forever." Evidence includes: 

1. Existing "dry" mines. 
2. In the case of salt, the stable existence 

of soluble salt and the lack of solution features. 
3. Field and laboratory data. 
4. The mechanical behavior of many soft rocks 

such as salt which would tend to close fractures 
at depth. 

However, the majority of the data does not necessarily prove that 
these formations are totally impervious and completely free of 
moving groundwater. Rather the data indicates that the perme
ability is probably extremely small and water movement is negli
gible for normal mining operations. 

Fundamentally, the assumption that any formation has no 
moving groundwater and that a repository constructed in such a 
formation would remain dry "forever" may be very difficult to 
prove. Some of the problems associated with the concept of 
impervious rock include: 

1. The initial TASC model results have indicated that even 
at permeabilities as low as 10" 9 cm/sec some radiologic 
transport to the biosphere may occur under adverse 
conditions. In any normal mining operation, an excava
tion in such a formation would be considered "dry" as 
the total leakage would probably be less than 1/2 gallon 
per day for an acre of mine area. Such a small inflow 
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would be easily masked by the moisture movements in the 
ventilation system and/or rock surface behavior (chemical 
alterations, physical alterations, capillary stress 
effects, etc.). 

2. Very low permeabilities, such as 10" 8, 10" 9, 1 0 ~ 1 0 

cm/sec, may be impractical to measure in situ. With 
normal testing techniques, it is necessary to measure 
some fluid flow or induce a pressure change over a 
relatively large area. For very low permeability 
materials, this may not be feasible. This problem is 
discussed in detail in Section 3.2.1.4. 

3. Most deposits are not massive, uniform formations but 
complex layered sequences. In the case of salt, these 
could include anhydrite, shale, and various salts. 
These formations are further complicated by solution 
features, flow features, zones of recrystallization, 
and inclusions of gas and brine. Over the relatively 
large area of the repository these inhomogeneities may 
provide avenues for fluid movement. Examples of 
inhomogeneities in salt domes are discussed in 
Section 3.3.4.3. 

4. In the case of salt, the stable geologic existence of 
salt, which is highly soluble in freshwater, does not 
necessarily prove the lack of circulating groundwater. 
In fact, salt saturated groundwater may tend to precip
itate and recrystallize rather than dissolve the salt. 

In addition to the problem of proving that the host rock is 
impermeable, water may be transmitted through the engineered 
features of ,he repository. Thus, the fracture zone around the 
shaft and the shaft backfill material potentially provides a 
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pathway for water from overlying aquifers to flood the abandoned 
repository and subsequently transmit nuclides out of the reposi
tory. It may be difficult if not impractical to demonstrate that 
these features can be engineered and constructed to provide a 
near perfect seal "forever." 

These comments are not intended to discredit the advantages 
of a "dry" repository in a formation containing no circulating 
groundwater. Certainly such a formation would be an ideal host 
rock for the repository. Rather the comments are intended to 
point out the difficulties of proving such a concept and providing 
an adequate seal of the repository shafts after abandonment. 

The current TASC model was developed both to reflect the 
problems discussed above for so-called impervious formations and 
to be flexible enough to evaluate formations with known perme
ability. The model can easily be modified to include a host 
formation which is functionally impervious. In such a model, all 
potential pathways out of the repository formation would be 
ihrough the engineered features or through new flaws. In view of 
the potential difficulty in proving that a host rock is totally 
impervious, it may be appropriate to assume a finite value for 
permeability. This conservative assumption would avoid the 
potential pitfall of approving a site whose suitability was 
dependent on conditions which might be impossible to adequately 
prove. Of course, at this time the site suitability study should 
remain flexible enough to accept any reasonable set of conditions. 

3.2.1.2 Steam and Thermal Convection Pathways 

Due to the heat generated by the HLW canisters, there is a 
potential for the production of steam in the repository zone. Ve 
performed a preliminary, conceptual evaluation of the possibility 
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of steam providing a pathway for the nuclides to reach the 
biosphere. Based on this preliminary evaluation, steam pathways 
do not appear to be a significant problem. The potential effects 
of the heat producing a convection cell of circulating ground
water was also considered. 

The evaluation was based on the following conditions and 
assumptions: 

1. The repository backfill is dry initially after placement 
but saturates with time. The resaturation can be very 
slow (through the bedrock formations) or sudden (through 
geologic flaws or engineered flaws). 

2. The general vicinity of the canisters will heat up to 
about 100° to 200° C (depending on initial canister age, 
spacing, rock type, and placement details) within about 
30-50 years after backfilling. This maximum temperature 
will quickly dissipate to below 100° C after a few 
hundred years as the waste decays. Section 3.5.2 
presents a preliminary evaluation, of temperatures 
anticipated in the general repository region. 

• 3. The repository is at a depth of at least 1,000 feet, 
is well below the natural groundwater table, and is 
overlain by an aquifer. 

* '4. The physical effects of the heat and steam on the waste 
or host rock were not considered. 

i ' 

5,, The groundwater obeys the classical pressure/temperature 
phase relationships. 
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The following potential steam generation scenarios were 
developed: 

1. Sudden Influx of Water (such as through a sudden failure 
of an engineered feature) 

With the repository zone above the boiling point, the 
inflowing water initially cools the rock and backfill. 
The zone then gradually reheats either to boiling or 
below. If not above boiling, there is no steam developed. 
If above boiling, assuming a vapor dominated situation, 
then water enters the repository zone and is converted 
to steam. The steam can exit the zone from the shafts, 
boreholes, fractures or the point of entry of the 
fluid. By keeping the pathways to the surface at 
hydrostatic pressure, no vapor would exit to the surface 
since the temperature would be too low to produce steam 
at the high hydrostatic pressure. In fact steam vapor 
would probably not exist in the chamber once the natural 
hydrostatic pressure was re-established. If one of the 
pathways such as the shaft remains at a pressure less 
than hydrostatic then steam, vapor and/or hot water 
could escape to the surface. 

2. Slow Influx of Water (such as through slow leakage 
through the host rock) 

Water slowly enters the repository and heats up to 
steam. There are two possible cases: 1) Steam moves 
out of zone and up a pathway to the surface. As it 
moves up the pathway, vapor condenses; and, if given 
sufficient time, the vapor in the pathway becomes 
saturated up to hydrostatic pressure and there is no 
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further steam escape. 2) Or, as steam or vapor moves 
up a pathway, there is sufficient volume of flow with 
sufficient contained heat such that escape to the 
surface is possible. Then either a hot spring or 
fumarole will form at the surface. An aquifer above 
the chamber would probably dissipate the steam and it 
would not move to the surface. 

Even if some steam should escape from the repository zone, 
it may not be very significant. The nuclides, which generally 
have a low solubility in water, may be effectively non-soluble in 
vapor. Of course, radioactive gas may escape with the steam. 
However given the short duration of temperatures sufficient to 
produce steam, this may also not be a problem (see Figure 3-20), 

It seems unlikely that the canister heat will produce any 
significant convection groundwater circulation in the geologic 
formations. This is due to the low permeability of the host 
rock, the very small hydrologic gradients produced by the temper
ature gradients, the geologically very short heating period, and 
the relatively small magnitude of the heat source. Significantly, 
natural convection cells are generally associated with very large 
heat sources and result in very slow movements of water. The 
special case of differential heating within repository zone 
(caused by the different ages of the waste) causing a local 
convection cell to be produced between two permeable shafts 
should be examined. 

3.2.1.3 Influences of Mines and Wells 

Mines and wells can influence the repository in one or both 
of two different ways: 
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1. They may create a pathway for more rapid contaminant 
escape from the repository. 

2. They may cause an alteration in subsurface conditions 
and thus speed contain-nant escape through existing 
pathways. ); 

This section deals with the range of possible man-made 
subsurface structures, and their potential impact upon the integrity 
of a repository. Mines are important because they not only can 
create pathways to the biosphere for escape of contaminated water 
and gas, but also offer the opportunity to directly expose workers 
to radioactivity from the repository materials, and might even 
transport the materials out of the mine in the case where mining 
intersected an existing depository mine. Dewatering also creates 
regional influences. Wells are of diverse types. First, the 
water well clearly offers the opportunity to extract contaminated 
water and supply it to the population, either directly or through 
irrigation or industrial use. Oil and gas wells create conduits 
licking the surface with potentially contaminated water or gas, 
as do mineral exploratory holes. 

Mines and wells create pathways for radiological release in 
a variety of ways. The following is a review of these pathways, 
and presents an evaluation of their likely significance for both 
the scenario of loss in administrative control and no loss of 
administrative control. An attempt has been made to present 
these pathways in order of their potential hazard. 

With Loss of Administrative Control: 

1. Intersecting Mines: Possibly the most dramatic radio
logical release would occur in the case where a mine 
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intersected a nuclear waste repository. The impact 
would clearly depend on when the intersection occurred 
in the life of the waste material. At the worst, the 
elevated temperature of the repository could trap steam 
and other gases which could cause an explosive break
through into the mine. Loss of life might occur, due 
both to the breakthrough itself, and the subsequent 
high radiological exposure of the miners. In any 
event, the integrity of the repository would be seri
ously compromised as the mine would make a ready pathway 
for radiological escape. 

If the breakthrough occurred later in the life of the 
rtpository (estimated in excess of 100 years), it is 
conceivable that repository materials, or contaminated 
rock from near the repository, could be transported to 
the surface as waste rock. This physical transport 
might create a significant risk to the population of 
the surrounding area, even if the radiological levels 
were relatively modest. 

Intersecting Drill Holes: A more likely scenario, 
although somewhat less serious, is the case of the 
intersection of an existing repository by a drill hole. 
In this situation a small quantity of solid transport 
(drill cuttings or core from the radioactive waste) is 
possible, and might cause limited impact on the biosphere. 
Drilling fluid may also be contaminated, and might 
present a threat to the environment. If the intersection 
occurred relatively early in the repository life 
(estimated to be the first hundred years) and the hole is 
not full of water (such as an air rotary drilled hole) 
the conduit created might, although unlikely, allow 
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venting of steam and radioactive gas at high pressure 
and high velocity. In this worst case scenario, the 
prospect of material and fluid transport in this vent
ing gas suggests that a risk of radioactive contami
nation of the biosphere is possible. 

Even if venting of steam and gas did not occur, the 
drill hole would offer the prospect of a direct conduit 
from the surface to the repository. This would also be 
true oi an undetected existing borehole or well which 
intersected the repository site. Such a connection 
would allow accelerated resaturation of the repository, 
which would substantially reduce the containment 
capability of the entire system. Once the resaturation 
of the repository was complete, the borehole or well 
would act as a conduit for escape of contaminated 
groundwater and dissolved gases to the aquifers above, 
or directly to the biosphere. 

With No Loss of Administrative Control: 

1« Nearby Wells: Perhaps the next most significant man-
made feature in terms of radiological escape would be a 
nearby water well. The pumping of water from near the 
repository would cause contaminated water to be drawn 
towards the well. The danger comes not only from the 
shortening of the path for contaminants to reach the 
biosphere, but also from the direct human use of the 
water. In addition, after well production ceases, 
there will be likely to be a connection between the 
deeper materials and near-surface aquifers, which will 
shorten the path for radionuclide escape. 
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Nearby Mines; Nearby mines present some opportunity 
for degradation of the degree of containment available 
at a repository. The main effect stems from the fact 
that mines beneath the water table act as a sink for 
regional groundwater, and thus the potential exists for 
more rapid movement of radionuclides to the mine. The 
influxing water is pumped from the mine to the surface, 
and would in most instances be discharged. The inflow 
water might well discharge dissolved radioactive gases, 
including radon, and this could conceivably have an 
effect upon mine workers, and on the discharged vent
ilation air. While dissolved radionuclide concentra
tions of the discharged water or air would probably be 
low, the cumulative effect on the biosphere could be 
significantly greater than the effect if the mine did 
not exist. However, the cumulative effect would 
probably also be low due to the relatively short life 
span of the mine. 

After mine abandonment there would likely be a direct 
connection between the repository host rock and any 
overlying aquifers. In the case of an open pit mine 
which has been allowed to flood after abandonment, the 
lake water might well present a significant radiological 
risk due the evaporative concentration of groundwater. 

Nearby Drill Holes: Possibly the least significant of 
the direct man-made influences is from nearby drill 
holes other than water wells. Although most boreholes 
are backfilled with allegedly impervious material, the 
final condition of such boles is highly variable, and 
the effective life of the backfill is often relatively 
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short (see Section 3.5.1.4). These drill holes might 
create connection of aquifers and of the repository 
layer to the aquifers. This would allow a pathway for 
escape of contaminated groundwater to the biosphere. 
This connection could be significant at least in the 
case of flat lying sedimentary basins, where the 
horizontal permeability of the repository rock may ex
ceed its vertical permeability by several orders of 
magnitude. Under these conditions the significance of 
a vertical conduit to the biosphere, even at some dis
tance from the repository, may be important. 

4. Brine Wells: A final special case of man-made sub
surface features which may create or alter pathways for 
radionuclide escape is the brine well. Here salt is 
dissolved from a subsurface formation and transported 
to the surface via brine wells. This not only has the 
effect of creating a transport medium for contaminated 
groundwater, but potentially reduces the thickness of 
material (in this case salt) which protects the deposi
tory. In the limit, it is conceivable that the actual 
repository host rock could be dissolved away. 

Mines and wells can also cause an alteration in subsurface 
conditions. Such an alteration in the vicinity of the repository 
would require a large scale impact to be generated. However, 
some experiences in geohydrologic systems in various parts of the 
world indicate that such modifications can and do occur. The 
following outlines some of the more significant possible changes, 
and indicates some case histories of these changes. 

X. Increase in Vertical Head Gradient in Repository Layer: 
, In certain cases, the rate of discharge of radionuclides 
from the repository is proportional to the vertical 
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hydraulic gradient in the repository layer (other 
things being equal). The vertical hydraulic gradient 
can be increased by a number of human activities: 

a. Depletion of Overlying Aquifers: Usage of ground
water in many areas is depleting the resource, and 
lowering pressures in the near-surface aquifers. 
Examples are common, and include shallow aquifers 
in Arizona, California, Nebraska and Colorado. 
This increases the upward head gradients in the 
underlying materials, and could speed transport of 
radionuclides to the near-surface aquifers. As 
these aquifers are often being utilized for human 
consumption, the effect could intensify. 

t. Mine Dewatering: Mine dewatering has been observed 
to have similar effects. However the water 
extraction is more localized, and the drawdown is 
frequently less severe as a result. Good examples 
cf regional groundwater depletion due to mine 
dewatering are observed in Morwell, Australia 
(lignite); Fort McMurray, Canada (tar sand); and 
Bankcroft, Zambia (copper). 

c. Oil Field and Geothermal Exploitation: Fluid 
pressure reductions due to oil field depletion or 
geothermal energy extraction are another potential 
method of increasing hydraulic gradients in deep 
repositories. Examples of major pressure reductions 
in oil fields include Wilmington, California, and 
the gulf coast of Texas, and geothermal depletion 
examples include Aukland, New Zealand. 
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d. Fluid Injection: The vertical head gradient in 
the repository layer can also be increased by 
fluid injection at a depth beneath the repository. 
The most likely reasons for this are for the dis
posal of waste fluid and for water drive in deep 
oil fields, 

e. Changes in Current Resource Use Activities: 
Currently the regional groundwater regime could 
be altered by on-going pumping (oil, gas, water) 
and/or fluid injection. Conditions which may 
presently be advantageous could be adversely 
altered by termination of these activities. Thus, 
an existing man-induced downward gradient could 
change to an upward gradient in the future. 

All of these impacts increase the vertical trans
port of nuclides through the repository layer, 
rather than create new paths for transport. 

Increase in Horizontal Head Gradient in Overlying 
Aquifer: Other things being equal, the escape of 
nuclides is also proportional to the horizontal 
hydraulic gradient in an overlying aquifer. There are 
a number of ways that man-made impacts can increase 
this gradient. 

a. Localized Aquifer Use: Many towns and cities draw 
domestic and municipal water from near-surface 
aquifers. The producing wells are usually located 
close to the use points, and thus create a gradient 
in the regional groundwater system towards the town. 
This would have the effect of directing radionuclide 
movement towards the population centers and into 
the drinking water system. 
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b. Mine Dewatering: Large scale mine dewatering also 
has the same effect. In this case the impact is 
somewhat smaller, as the water is not in general 
use for human consumption. However direct discharge 
is a common disposal technique, which implies an 
accelerated passage to the biosphere both due to 
the mine and due to the higher than natural hori
zontal gradients, 

3. Changes in the Nature of Fluid in the Aquifers and 
the Rock: The man-made subsurface structures discussed 
above can have some influence on the nature of the pore 
fluid and the conductive media. These changes can have 
adverse impacts on the integrity of the repository, as 
discussed below: 

a. Brine Invasion: Withdrawal of freshwater from an 
aquifer may lead to brine water replacing the 
freshwater, either from another brine aquifer, or 
from sea water. There are numerous examples of 
this phenomenon, especially on islands (Hawaii; 
Long Island, N.Y.) and in coastal regions (Florida). 
Apart from the degradation of the water resource, 
the brine may also reduce the retardation which 
radionuclides experience in the aquifers, thus 
speeding and increasing radionuclide release. 

b. Solution of Rock: The increased head gradients 
discussed above may result in relatively fresh water 
being drawn into previously brine-saturated areas 
of rock. The subsurface dissolution of material 
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will vastly increase permeabilities, leading to 
more rapid nuclide transport and possible disso
lution of the repository rock itself (in the case 
of salt). 

c. Temperature Effects; Some mining and drilling 
activities (in-situ shale-oil extraction and coal 
gasification, fire and steam flooding, geotherroal 
energy extraction) serve to heat large volumes of 
rock. The increased temperature may cause an 
increase in hydraulic conductivity, induce water 
circulation, and/or increase rock fracturing. 

d. Deformation Effects: Nearby mines could induce 
significant subsidence and deformation in overlying 
or adjacent strata which could adversely alter the 
overall waste containment. It is important to 
realize that under normal mining operations little 
attempt may be made to control subsidence with high 
extraction ratios add minimal backfilling exercised. 

4. Alterations of Conditions Which Improve the Containment: 
Some of the man-made subsurface structures could be 
expected to improve the capability of the repository to 
contain the wastes. For example any activity which 
reduces the head gradient in the vicinity of the reposi
tory would improve the performance of the facility, 
other things being equal (which they might not be). 

The implications of the above discussion for site suitability 
criteria are fairly clear, although development of numerical 
criteria for use in guidelines and regulations may be difficult. 
The implications include: 
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1. Existing Mines and Wells: The site suitability criteria 
will likely have to include some discussion of the 
potential effects of existing mines or drilled holes 
encroaching on the actual repository area and a method
ology for evaluating these effects. In addition, 
criteria relating to the proximity of the nearest mine, 
the nearest dewatering system, the nearest water well, 
and the nearest reinjection system will also be required. 
A large amount of evaluation of real and simulated 
situations will be required before rationally chosen 
criteria can be selected. 

2. Future Mines and Wells: In the near future (less than 
100 years) it is reasonable to expect that administrative 
control will be maintained (see Section 6.0). In this 
period any required limitations on the proximity of 
man-made subsurface structures could be enforced. 

However beyond that period, it may be unreasonable to 
expect administrative control to be maintained. In 
this case it is necessary to attempt to ensure that the 
integrity of the repository will not be significantly 
compromised. This could be attempted by locating the 
repository in such a way that man would be unlikely to 
create a structure which either directly or indirectly 
threatened it. Thus depending on other repository 
characteristics, it may be appropriate that the allow
able locations for a repository be defined in terms of 
minimum distances to potable groundwater resources, and 
minimum distances to viable mineral resources. 

There are clearly major definitional problems to be resolved, 
and a great deal of sensitivity analysis work to be performed 

\ 
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before rational values can be given to the minima implied in the 
above paragraph. It should also be noted that these minima can 
only be selected using some measure of acceptable performance of 
the site. 

Below is presented a partial list of the modeling which may 
be required: 

1. Features Penetrating the Repository: Considerable work 
has already been performed on the breached repository, 
in terms of the transport of waste from the repository 
(TASC, 1977b). The main question requiring solution 
relates to the area of the repository which contributes 
flow to the drill hole or mine which intersects it. 
Some two-dimensional or even three-dimensional axisym-
met ic studies will help to define this parameter, to 
the extent that definition is possible. Thereafter the 
existing TASC models should continue to be used to de
fine importance of this man-made event. 

2. Features Adjacent to the Repository: In order to de
fine how far the repository must be from mines and 
wells, analyses of the effect of nearby mines and wells 
must be performed. Guidance for the development of 
appropriate TASC pipe analogues must be obtained from 
sirple two-dimensional analogues of the repository/well 
system. As the system is not readily reducible to a 
two-dimensional form, some ingenuity must be exercised 
to create believable analogues. 

3. Area Wide Effects: Most of the remaining questions 
abcut man-made impacts on the repository depend upon an 
understanding of the behavior of the entire region 
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surrounding the repository site. At present little 
attention has been paid in the modeling effort to 
basin-wide considerations. As some of the implications 
seem major (e.g., is maybe wise to avoid areas with 
potable aquifers altogether, even though an unused 
potable aquifer is one of the most powerful barriers to 
nuclide migration) this type of analysis is becoming 
urgent. A quasi three-dimensional analysis would 
likely be adequate to allow development of approximate 
TASC network inputs, as well as to allow definition of 
basin-wide imperatives. 

Direct Hydrological Testing of Low Permeability Media 

General: The testing of low permeability media has not 
been extensively addressed in the geohydrology litera
ture. This is a result of the emphasis in testing upon 
media which have the potential to provide a useful 
water supply for domestic, agricultural, or industrial 
use. 

Most of the testing of low permeability media which has 
been undertaken falls into one of the following cate
gories : 

a. Testing for leakage potential of water impoundment 
areas. 

b. Testing for inflow potential for mines. 

c. Testing for water pressure control system design 
in slopes. 
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d. Testing for pollutant transport potential for 
waste impoundments. 

e. Testing for reservoir potential of oil bearing 
rocks. 

f. Testing of soil permeability for consolidation 
.analyses. 

In general, material is considered to be functionally 
impervious if the hydraulic conductivity (permeability) 
approaches, or is less than, 10" 7 cm/sec, or the absolute 
permeabilit/ approaches or is less than 10" 1 millidarcy. 
Thus,;most of the tests which have been developed for 
low permeability materials may not be directly appli
cable in the range of interest for the proposed repository 
zone (around 10~" cm/sec hydraulic conductivity, or 
10~ 2 millidarcy). 

Single Hole Permeability Testing: In this mode of 
testing, a fluid (usually water in aqueous environments) 
is injected into, or withdrawn from, a section of the 
hole. The flow rate from or to the section, and the 
head change in the fluid in the section, are measured 
and can be used to compute a hydraulic conductivity. 
Within certain assumptions which are in general valid 
for this kind of test, the equations relating the flow 
rate, the observed head change, and the geometric 
parameters are; 

•i 
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a. Transient Equation (Theis. 1935) (1) 

h h - Q t d" 
n o " ft " 4TTKL r2s s/4Kt u 

b. Steady State Equation (Horslev, 1951) (2) 
h o " h - 2iLT l n ( L' r ) 

where h *» head loss from infinity to radius r 
r = radial distance from center of the hole 
Q = flow rate to or from hole 
K = hydraulic conductivity 
L = length of open hole segment 
S s = specific storage of medium 
t = time since test started 

Utilizing these equations for the currently modeled 
TASC salt or shale repository layer material (TASC, 
1977b) produces the theoretical results shown on 
Table 3-1, These results indicate that the single hole 
test only yields an indication of the permeability 
within a very small zone around the well. 

This suggests that even for shafts, the radius within 
which most of the head loss occurs is probably<less 
than about 20 diameters, or perhaps 600 feet. For 
boreholes, the testing in a single hole only tests the 
few feet of material near the hole. 

An additional weakness of the single hole test is its 
inability to indicate the presence of major disconti
nuities, even when they are within the radius of inves
tigation. The only impact which will be recorded is a 
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e Table 3-1 

o Time Taken 
in Test 

Radius of Investigation of a Single Hole Test 

o Time Taken 
in Test 

Number of Hole Diameters Required for 
Given Percentage of Applied Head to be 

Dissipated 
50 Percent 90 Percent 

0 1 hour 1 diameter 4 diameters 

n 1 day 3 diameters 12 diameters 

0 Steady State (1 year) 8 diameters 170 diameters 

Parameters used: 

rjj - radius of well • 3" (7.62 cm) 

K • hydraulic conductivity • 10~ 8 cm/sec 

S 3 « specific storage • 3 x 10 /cm 

L * length of section tested » 3000 cm 

Note: the results in the table are not particularly sensitive to 
these chosen parameters. 
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The following maximum errors are likely: 

Flow (Q) * 20 percent 
Length of section (L) + 10 percent 
Head difference (H) + 50 percent 
Radius (r) + 30 percent 

Using basic statistical techniques it can be shown that 

k 

: K=K 
V °L2 

+ ^ 
• « - — + — 
H2 L2 + Q2 (4) 

where a = standard deviation 
(assuming that the log term variations is very small, 
which it is). For the test above, assuming that the 
maximum errors are equal to two standard deviations, 
then the maximum error in hydraulic conductivity is 
approximately 

AK = 2aK = 2K | 0 . 2 5 2 + 0.052 + 0.10 2 

= 0.54K 

Tims ,ve can expect that the variation of permeability 
around the actual value will be about +50 percent, or 
put another way, that the actual permeability will be 
within +50 percent of the measured value. 

The above assumes that the analytical technique was 
entirely error free, and that the test itself was such 
as intended. To accommodate these errors, we have 
found that permeability values can usually be relied 
upon to within about + a factor two. That is, the actual 
permeability within the small zone- tested will lie 
within the range 

observed actual observed 
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modified value of the computed average permeability. 
The shape of the head/flow/time characteristic in the 
test is not at all sensitive to inhomogeneities unless 
the hole actually intersects them. 

The final limitation on this kind of testing comes 
about as a function of the logistics of the test. Very 
low permeabilities in the medium being tested result in 
low flow rates during the test. The most accurate way 
to measure flow rates is by recording the movement of a 
free surface in a small diameter vertical tube, such as 
a standpipe piezometer tube. Rates of 1 foot per day 
are generally considered to be a lower limit for obser
vation of this kind of test, and the flow rate implied 
by this water movement is about 3 x 10" 8 cubic feet per 
second or 0.06 cc per minute (assuming a 3/4 inch 
diameter standpipe). For normal test conditions this 
implies a lower limit to permeability detection of 
about 10~ 9 cm per second by this method. 

In summary, single hole testing can only be relied upon 
to test the material immediately adjacent to the hole 
location (say within 20 hole diameters) and will not 
detect nearby discontinuities. 

The accuracy of single hole testing is relatively low. 
From the equation for steady state (equation 2 above), 

K - mln (L'r) (3) 
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This rule has been developed as a result of: 

a. analyses of inflow to underground mines using 
single hole permeability test data, and comparing 
the results with the actual measured inflow. 

b. comparison of results of single hole permeability 
tests and multiple hole tests (see Item 3 
below). 

c. comparison of simulation of regional geohydrologies 
using single hole test results from many representa
tive holes and the actual natural hydrologies. 

3. Multiple Hole Testing: The basic feature of multiple 
hole testing is that a fluid stress is initiated in one 
location, and the response to that stress is recorded 
at another location. The advantages of such a test are 
that the pressure response at the observation points 
depends, both in magnitude and shape with respect to 
time, upon the average permeability of the medium, and 
on the type and location of discontinuities. Thus, it 
is generally a more useful test approach for the inves
tigation of the geohydrology of potential repository 
sites. 

The transient equation relating drawdown or head change 
to fluid flow rate from the central pumped hole is 
given in equation (1) above (subject to a number of 
assumptions). The usual test technique is to pump 
water from the hole at a constant rate, and monitor the 
time/drawdown response in observation wells located at 



3-27 

varying distances from the test well. In general it is 
desirable to keep the head drop in the pumped well 
modest, in order to limit the development of non-linear 
bead losses in the formation. The following is a 
preliminary evaluation of the extent to which this type 
of test is useful in estimating permeability of the 
medium and in identifying major discontinuities. 

a. Permeability Determination: The pumping of• water 
from the test hole creates a head drop in the 
nearby rock mass. The water in the rock flows 
towards the well as a result, and the head reduc
tion thus spreads out. The water obtained in the 
well comes (in the theoretical analysis and in 
general in real life situations) from storage, due 
to compression of the rock mass. Thus,in the 
short term at least, it is necessary to use two 
parameters to describe geohydrologic behavior: 
permeability and compressibility. The compressibility 
of rock masses is low, but when coupled with low 
permeabilities it is usually adequate to seriously 
delay the development of drawdown in the rock 
mass, and hence to limit the usefulness of the 
test method. Figure 3-1 shows the limitation upon 
the radius of investigation for multi-hole hydrology 
testing, expressed in terms of diameters of the 
pumped well. It has been developed by computing 
the point at which the drawdown after one year 
equals one percent of the drawdown in the pumped 
well, assuming a confined aquifer conditions. 

•j' 
1 i 

In the case of the well which is being pumped, 
normal diameters are in the order of 1 foot. From 
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the graph in Figure 3-1, it is clear that such 
a well can only test to a radius of about 100 feet 
in a one-year period if the hydraulic conductivity 
of the medium is 10" 6 cm/sec. By the time the 
hydraulic conductivity has increased to 10" 4 

cm/sec, the radius of investigation has increased 
to two miles. 

The situation in an unconfined aquifer is that the 
radius of investigation is about an order of 
magnitude smaller than for the same condition when 
it is confined. As unconfined test conditions 
usually occur only in sand or gravel materials, 
where the hydraulic conductivity is in excess of 
10~ 4 cm/sec, it is expected that a radius of 
2 miles may be about the limit of the capability 
of a one-year test in any material. 

The lower limit of testability of the hydraulic 
conductivity of a material by this method is in 
general determined by the ability to locate the 
observation point a reasonable distance from the 
well. If the least distance which is achievable 
is 50-hole diameters (say 50 feet) at a depth of 
the order of 1,000 feet, then the theoretical 
limit of observable hydraulic conductivity is 
about 10"° cm/sec. It has been our experience 
that the practical limit is about 10~ 8 cm/sec. 

Discontinuity Location: There are reports in the 
literature of the possibility of detecting major 
discontinuities in otherwise homogeneous media by 
the use of multiple well tests (such as Walton, 
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1962, pages 47, 48). It is useful to evaluate the 
extent to which such techniques can be utilized in 
low permeability media to detect either lower 
permeability barriers to flow ("barrier boundaries") 
or high permeability boundaries ("recharging 
boundaries"). There are two potential methods of 
detecting the influence of boundaries on a test as 
discussed below. 

The first is through the observation of the spatial 
distribution of water pressures and their change 
with time. Figure 3-2 shows the modification of 
head at steady state around a pumping well due to 
barrier and recharge boundaries. By way of comment, 
there are several observations germane to this 
technique;:; 

1) It is not possible to detect barrier effects 
using the results of a pump test if the 
feature is beyond the radius of investigation 
of the test. Thus the criteria in the previous 
section apply. 

2) The differences between barrier and non-
barrier test results are usually fairly 
subtle, even in homogeneous media. In jointed 
media with low permeability the barrier 
effects may be completely lost. 

3) To obtain a reasonable picture of the piezo-
metric conditions in the test, a relatively 
large number of observation points are 
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needed. As this requires drilling a relatively 
large number of holes into the potential 
repository site, the advantages of knowing 
the locality and nature of a major disconti
nuity may be overwhelmed by the disadvantage 
of increasing the number of potential path
ways to the repository. 

The second technique is to use the time/drawdown 
response in one or a few observation points in the 
medium. This response shows a noticeable diver
gence from that expected from the same test per
formed in a truly homogeneous medium. 

Figure 3-3 shows at example of drawdown results in 
a hypothetical test in a relatively permeable 
material with different boundary conditions. Not 
only the final drawdown achieved, but also the 
shapes of the curves, differ significantly. The 
particular example shown is for a relatively high 
permeability aquifer, in order to accentuate the 
boundary effects. The drawdown is presented in a 
dimensionless form to make the graph somewhat more 
general. 

Figure 3-4 shows the decreasing ability to detect 
the difference between bounded and unbounded tests 
as the permeability decreases. All three cases 
(barrier boundary, no boundary, and recharge 
boundary) are identical in terms of response at 
the observation point after one year of testing 
for hydraulic conductivities lower than about 
10"® cm/sec. For hydraulic conductivities about 
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1 0 - a cm/sec, the difference is quite significant. 
Note that the location of the observation well is 
optimal for detection of these effects, and that 
discrimination will reduce with distance. 

In case there is a temptation to depend upon such 
test results as have been presented to define 
boundaries even in cases where the hydraulic 
conductivity is such as to allow discrimination in 
the test, a further problem should be pointed out. 
The behaviour observed can be produced by a wide 
range of quite dissimilar geohydrological systems. 
The results presented for the recharge boundary in 
an infinite, perfectly confined aquifer have been 
presented in Figure 3-3 and appear as the dots in 
the log-log presentation of Figure 3-5. Also 
drawn on Figure 3-5 is the drawdown/time character
istic for a classical leaky aquifer (Hantush and 
Jacob, 1955). They are functionally identical. 
For the particular case which was analyzed, and 
assuming a 1,000 foot leaky layer, the hydraulic 
conductivity of the layer works out to be 
1.7 x 10" 8 cm/sec, or almost four orders of magni
tude less than the horizontal permeability of the 
aquifer. Thus, if a test produced this set of 
data from an observation well, it would be impossible 
to decide from the test results above whether the 
effects were the result of the presence of a 
nearby infinitely extensive, infinitely permeable 
fault, or because the confining layer of material 
was very slightly permeable. 
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This result, although only presented in a single 
example here, is indicative that conventional 
multihole geohydrology tests are only of signif
icant use in detecting anomalies if the location 
and type of the anomaly is known. 

c. Accuracy: The accuracy of multiple hole testing 
is strongly dependent upon the test conditions and 
the amount and quality of observation points. An 
expertly designed and performed test, properly 
analyzed, can yield regional permeability and 
storage data of about +20 percent precision with 
respect to the actual. This evaluation is based 
on the internal consistency of test results of 
several observation points in the same test, and 
from comparisons of test predictions with real 
results of geohydrologic changes (such as the 
development of open pit mines which intersect 
aquifers). As a general rule, we use the follow
ing accuracy estimate for multiple hole testing 
(providing it has been performed by competent 
testing personnel): 

!Kobserved < K
a ctual * iKobserved 3 3 

3.2.1.5 Indirect Hydrological Testing of Low Permeability Media 

1. Methods: In dealing with natural systems, it has been 
our experience that the most sensitive method of estab
lishing the nature of a geohydrological system is to 
observe the existing pressure and flow regime in the 
system. This can often be analyzed to give a highly 
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detailed and sensitive picture of the entire region of 
interest. It is particularly applicable to assessments 
of low permeability materials and of layered rock 
media. 

The basic technique involved requires detailed observa
tions of the potential energy of the fluids in all 
parts of the system., detailed measurement of fluid 
movements across the boundaries of the system, a know
ledge of system geology, and at least some data on 
material permeabilities. 

a. Potential Energy Measurements; The standard 
technique of measuring the potential energy of the 
system is by the installation of a large number of 
piezometric observation points in the medium. It 
is important that the distribution of these points 
be carefully planned to produce an accurate picture 
of the regional energy regime. It is also important 
that they register essentially point values, 
rather than intersecting a large range of values. 
Data taken from the observation points should 
generally include: 

1) fluid pressure 
2) fluid composition 
3) fluid density 
4) temperature 

Thus, access to the measuring point is essential, 
and for that reason, a standpipe is generally 
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required. A schematic of the essential elements 
of such an installation in a borehole is shown on 
Figure 3-6. 

Fluid Flow Measurements: Direct flow measurements 
of all streams, springs, producing wells, and 
other features use standard techniques which are 
well documented in the literature. In addition, 
some measure of surface water infiltration due to 
precipitation must usually be made. This is a 
non-trivial problem which can be addressed in a 
variety of ways, none of them particularly exact. 
The most commonly used approach involves some sort 
of modeling of incident precipitation, including 
the various ways which it moves once it reaches 
the ground (infiltration, evaporation, transpira
tion, retention, direct runoff). A specific 
example of such modeling is found in Leavesley 
(1973), and the technique is widely discussed in 
standard hydrology tests, for example Gray (1970). 
Other techniques involve direct measurement of 
infiltration and saturation studies. 

System Geology: An understanding of the broad 
geology of the study region is essential to model 
building. This can be obtained from regional 
surface mapping and interpretation of drilling 
cuttings and core. 

Material Permeabilities: An understanding of the 
permeabilities of those materials which can be 
measured is highly desirable. This will limit the 
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number of variables remaining in the regional 
assessment to those that cannot be directly 
measured, which is highly desirable. 

With the above information, a model of the geohydrology 
of the region can usually be obtained. The usual 
technique is to assemble the simplest model that is 
consistent with the observed geology and then to perform 
a steady state analysis of this system to determine the 
expected piezometric heads at each point in the system 
and the expected stream flows. These expected heads 
and flows are compared with those measured in the 
field, and the model adjusted until a reasonable fit 
between expected and observed conditions is obtained. 

Examples: There are a number of excellent published 
examples of this kind of inferential evaluations of 
regional geohydrologies. Perhaps the best examples for 
relatively impermeable materials are those performed in 
the Piceance Basin in Colorado as part of the work 
necessary to evaluate the effects of dewatering oil 
shale mines. The pioneering work in this area is 
presented in Weeks et al. (1974) and followup work 
presented in GAI (lC77b). A smaller scale evaluation of 
Federal Tract C-b in the Piceance Basin was also 
successfully completed using this technique (GAI, 1975) 
after extensive direct testing had failed to provide 
the needed data for mine inflow evaluation. 

The technique can be very powerful for indicating the 
presence of anomalies in otherwise relatively homogen
eous materials. Several mine hydrology evaluations 
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performed by Golder Associates have detected important 
faults and breccia zones by this technique. One such 
study involved investigation in a mine wall where the 
average hydraulic conductivity is 10~8 cm/sec, and 
disclosed: 

a. The value of the average permeability 

b. The location of a major fault which was even less 
permeable. Direct testing had been inadequate to 
achieve either result (GAI, 1977c). 

Numerous examples are available from the ground
water supply industry but are of less significance 
in the context of evaluation of nuclear waste 
repositories. 

3. Accuracy: The accuracy of this kind of evaluation is 
difficult to determine. In general, the model which it 
provides can be tuned to any desired accuracy provided 
enough data is available to calibrate the model, and 
providing the capability to analyze the model exists. 
In general, however, the accuracy is within an order of 
magnitude for permeabilities, and major hydrologic 
anomalies are usually detectable. 
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Repository Recharge Behavior 

General •' During the construction and operation of the 
repository, the repository openings will be maintained 
essentially dry. Certain portions of the repository, 
such as the shaft, may extend through pervious, saturated 
zones (aquifers). Within these areas, the openings will 
probably be hydraulically isolated from the aquifer by 
grouting, shaft lining, and/or other appropriate 
measures. However, in general, the dry openings will 
be in direct hydrologic communication with the host rock. 
This would probably not pose an operational problem since 
the inflow rates would be negligible from the types of 
low permeability host rocks anticipated (shell, salt, 
etc.). In fact, any infiltration would probably be 
carried off by the ventilation system. However, the 
result of maintaining "dry" openings for about 20 to 
50 years will be to depressurize the formation. After 
repository abandonment, time will be required to 
saturate the repository area and reestablish the original 
groundwater regime. This section of the report presents 
a preliminary discussion of anticipated repository 
recharge behavior and a comparison between theory and 
an actual, instrumented mine resaturation test. 

Since the hydrology of a resaturating repository is 
very complex, requiring site specific information for 
any realistic rigorous evaluation, several simplifying 
assumptions were made for the purposes of this discus
sion. These assumptions included: 
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a. The geometry of the repository was assumed to be 
similar to that presented in the Parsons, et al 
report as shown on Figure C-2. 

b. The effects of lateral flow and end effects into 
the sides of the repository were ignored. This 
is tantamount to assuming the repository is infinite 
in areal extent. 

c. The effects of temperature were ignored. 

d. The repository formation was assumed to be below 
the water table and to be overlain and underlain 
by a stratum of significantly greater permeability. 
The repository host formation was also assumed to 
have a finite permeability which would result in 
an eventual resaturation of the repository backfill. 

e. The repository was assumed to be backfilled. 

f. The repository openings were assumed to be main
tained "dry" long enough to reach a steady state 
flow system prior to decommissioning 

2. Resaturation With Air Free to Escape: The most rapid 
method of resaturation of the repository would occur if 
the air in the backfill were vented at atmospheric 
pressure during the fillup stage. After all the air had 
been displaced from the repository, the water pressure 
in the surrounding rock would be gradually raised to 
approximately its original (pre-mining) value by continued 
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flow towards the low pressure zone. Only when the 
water pressure regime approaches the original condition 
will vertical flow be reestablished. For the purposes 
of the radionuclide escape problem, it is at this 
instant that the repository can be considered to be 
"resaturated." 

a. Refilling of Repository: The refilling of the 
repository depends upon the rate of inflow, the 
percent of material extracted in the repository, 
and the percentage of voids in the material used 
for backfilling. Consider the repository to be 
situated in a layer of rock of thickness 2D, 
vertical hydraulic conductivity K v, and with a 
pre-mining water pressure of H, expressed as a 
head of water. If the pressure in the repository 
is lowered to atmospheric, the inflow is given by 
Darcy's law as 

Q 0 = 2K V • | • A (1) 

where Q 0
 = f l o w t 0 t h e repository 

A :. = area of repository 
H ~ head drop between "aquifers" and 

respository 
D = distance from "aquifers" to 

repository 
• K v = vertical hydraulic conductivity 

of repository layer 
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The void volume in the repository is given by 

where 

v f f i 
= LenA (2) 

> v f f i 
= void volume in repository after 

backfilling 
L = height of rooms 
e = extraction ratio 
n = porosity of backfill material 
A = area of repository 

The time to refill the repository is thus given by 

_ Vm _ LenD ,„. 
rm ' Q " 2K VH w 

Pressure Reequilibration: Once the repository is 
refilled at atmospheric pressure, the inflow 
proceeds to reestablish the pressure regime which 
previously existed in the repository layer. The 
time taken to achieve a degree of reequilibration 
of the pressure regime adequate to allow vertical 
flow of radionuclides from the repository is depend
ent on the volume of water required for repressur-
ization, and upon the time/pressure behaviour of 
the medium. 

If the pressure at the repository was atmospheric 
before repressurization began, then the volume of 
water required for reequilibium of the pressure 
regime is: 
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V R = DAHS S (4) 

where V R = volume of water required to 
repressurize rock 

D = distance from repository to aquifers 
above and below 

A = mine area 
H = head change in mine 
S s = specific storage of rock mass 

(or the volume of water required 
to raise the pressure of water in 
a unit volume of rock by one unit 
of head) 

The initial inflow rate is Q 0 as given in equation (1), 
and dwindles to zero as the pressure in the repository 
and nearby rock increases towards the pre-mining 
value. It is necessary to determine the time taken 
for the pressure to reach a value high enough to 
allow vertical flow. We will assume that the 
time taken to approach pressure equilibrium is 
twice the time that would have been taken to reach 
equilibrium if the inflow continued at Q 0. This is 
a reasonable approximation since the volume of voids 
in the backfill will probably be much greater than 
the volume computed in equation (4). Thus: 

t R 2Q 0 2K V
 ( 5 ) 

where t R = time for pressure in rock to approach 
equilibrium; other variables are 
as above 
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c. Unflawed Resaturation Time: The total time for 
resaturation can be simply obtained by adding 
equations (3) and (5). 

t o - 2 K ; H \if~ + e n ) < 6> 

where t 0 = unflawed resaturation time; other 
variables as defined above 

The three major variables in the unflawed case are 
the vertical hydraulic conductivity, k v; the 
extraction ratio of the mine, e; and the mine back
fill material porosity, n. The variation of t 0 with 
respect to these three parameters is shown on 
Figure 3-7. For the purposes of this figure, the 
preferred TASC model Cycle II parameters were used 
(see Appendix C), It should be noted that the effect 
of permeability is dramatic, while that of porosity 
and excavation ratio is weaker. 

d. Impact of Flaws on Resaturation Time; The easiest 
way to include flaws in the evaluation above is to 
ascribe to them an area and a hydraulic conduc
tivity, and to adjust the unflawed vertical 
hydraulic conductivity accordingly. This 
produces: 
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Kv - Kv jl + ffi I for K F»KV (7) 

where K v
 a modified effective vertical hydraulic 

conductivity of repository layer 
K v = unflawed vertical hydraulic con

ductivity of repository layer 
A p * area of flaw in plan 
A • area of repository 
K F = vertical hydraulic conductivity of 

flaw 

This analysis assumes that the repository backfill 
would have a relatively high permeability. If the 
backfill had a very low permeability, the effects 
of the flaw would be relatively local and would 
have a lesser effect on the overall recharge time. 

The preferred Cycle II leaky shaft (see Appendix C) 
is characterized by a diameter of 30 feet and a 
"failed" hydraulic conductivity of 1 0 - 3 cm/sec. 
Assuming one leaky shaft per square mile reduces 
tho"preferred"effective vertical hydraulic conduc
tivity of the repository layer to 

K v = 1.3 x 10" 8 cm/sec 

with a consequent thirteen fold reduction in 
resaturation time (Figure 3-7). While this is a 
specific instance, the effect of leaky shaft seals 
will be to substantially reduce the resaturation 
time of the repository. 
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The "preferred" leaky borehole is 6 inches in 
diameter and has a "failed" hydraulic conductivity 
of 10~ 3 cm/sec (Appendix C). The expression for 
the effective vertical hydraulic conductivity of 
the repository layer with "m" failed boreholes per 
square mile is, in the "preferred" case: 

K v = 10" 9 (1 + 0.007 m) cm/sec 

Thus, for a 10 percent increase in hydraulic con
ductivity it would require 150 failed boreholes per 
square mile at the nominated permeability. However, 
the effect of a single unbackfilled borehole 
(or 1,000 boreholes with failed backfill) per square 
mile may be significant provided the backfill is 
relatively permeable. .'tjflKft single "failed" bore
hole seals do not appear to have much effect on the 
resaturation time. 

3. Effects of Air Trapped in the Repository: It was con
sidered that an important retarding effect on resatura
tion would occur if air were trapped in the backfill. 
In order to evaluate this effect analysis of the case 
where no air escapes was performed. 

a. Analysis: The differential equation for the rate 
of rise of the level of water in a repository with 
air trapped in it can be shown to be: 
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dt en(Pra/P0-l) | P 0 x ' l*> 

where x « distance from roof of mine to 
water level 

t = time since flooding commenced 
Qg = flow to mine at t = 0, per unit 

area of mine 
e = excavation ratio of mine 
n = porosity of mine backfill 
Pa = air pressure in repository at 

t = » 
P 0 = air pressure in repository at 

t = o 
L = height of repository 

The equation can be directly integrated after 
inverting. Noting the boundary condition: 

x = L when t = o, 

the constant of integration may be evaluated. 
After simplification, the resulting solution is 

t _ (P,/Po-D 
to " (P»/P0)2 i n (P„/P0)(x/L)-1 P 0 I1 

where symbols are as above, and 

to • time to fill repository void space if 
air is not trapped equal to enL/Q* 
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This relationship is plotted for varying values 
of P«/Po and X/L, and the results are shown on 
Figure 3-8a. A more valuable plot from the point 
of view of repository nuclide escape is one which 
shows pressure equalization, where the pressure 
equalization ratio is defined as 

From the physical system, it is clear that 

P tx= P 0L (11) 

So that 

F - $£* (12) 

The results of Figure 3-8a are replotted on 
Figure-3-8b using the pressure equalization ratio 
as the ordinate. Note that when the air is free 
to escape, the pressure in the •epository rises 
instantaneously to Pa, at t = t 0. 

Discussion: For a repository situation, the value 
of Pa/Po is in the order of 1800/30 or 60. Reference 
to Figure 3-8a shows that tha rate of water level 
buildup is very close to the case when air is free 
to escape. Figure 3-8b shows that the air pressure 
has reached very close to the steady state value 
within 1.2 times the amount of time that the fillup 
takes if air is not trapped. Thus, it is clear that 
whether the air is trapped or escapes is not important 
in determing the time to resaturate the backfill 
unless the repository is shallow. 
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Case Study of Mine Flooding: Golder Associates have 
performed a careful monitoring of an underground mine 
flooding in order to determine geohydrologic parameters 
and a prototype of the effectiveness of drainage adits 
in the orebody through which the mine was driven. This 
section contrasts the observed behaviour of the mine 
with the theoretical constructs above in the interests 
of providing some validation of the theoretical analysis. 

a. Description of the Mine: The mine was a small pilot 
excavation in a copper porphry orebody in central 
Arizona. The mine was 400 feet below the top of 
the zone of saturation in the overlying materials. 
The mine comprised two sealed shafts, a main drive 
some 2,000 feet long, and a number of crosscuts 
driven from the main drive. Total drive length was 
5,250 feet and nominal drive dimensions were approx
imately 10 x 12 feet. 

The rock in which the mine was located was tested 
for hydraulic conductivity which was found to be 
2 x 10" 5 cm/sec. The inflow to the mine was 530 gpm, 
which corresponds very well to the above permeability. 

b. History of the Flooding: In order to evaluate the 
flooding, piezometers were located in the rock, in 
the drifts, and in the shafts prior to flooding. 
The pressure responses of these piezometers were 
substantially similar during the flooding, and a 

' typical curve is reproduced as Figure 3-9a. 
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c. Analysis of Refill: The theoretical pressure 
equalization curve for the refill was computed 
using: 

P„ _ 175 + 15 _ 1 0 -
P ^ _ — 1 5 1 2 , 7 

The data presented in Figure 3-9a was plotted in 
dimensionless form on Figure 3-9b by plotting 
PTT-U v e r S U S *o 
where 

t 0- V = 5250 x 10 x 12 = 6.2 days 
Q 530 (7.5) x 1440 

and 
t = V = 5250 x 10 x 10 «= 5.2 days 

Q 530 (7.5) x 1440 
The two t 0 values were necessary as the size of 
the drives was not exactly controlled. 

No attempt was made to include the transient effect 
of pressure equalization in the rock mass, as it was 
found to be quite small. 

d. Discussion: The match between expected and observed 
pressure rise is considered to be good. A number of 
minor factors have been ignored: 

1) The shafts to the mine act as large stilling 
wells and probably contribute to some of the 
lagging of the large time values. 
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2) The analysis ignores the storage of the rock 
mass due to pressure increase. This probably 
had some impact on the results at large times. 

3) Some of the air was vented from the drives 
deliberately. This may have had the effect of 
delaying the pressure rise significantly. 

The results support the analysis method and indicate 
that the use of a value of t 0 for the critical time for 
vertical nuclide escape from a repository is reasonable 
and probably somewhat conservative. 

5. Conclusions; 

a. The use of about a 100-year resaturation period for 
an unflawed repository is a reasonable first estimate 
for a shale or salt repository. 

b. The creation of major flaws (failed shafts, unbackfilled 
boreholes, new faults) substantially reduces the 
resaturation time, provided the backfill is pervious. 

c. Failed borehole seals do not have a major impact on 
resaturation time unless there are a large number 
of such holes. 
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The entrainment of air in the repository backfill 
does not significantly alter to resaturation time. 

The analytical method for determing resaturation 
time appears reasonable based upon the only known 
mine resaturation experiment for which the relevant 
data exists. 
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3.2.2 Available Information 

This section presents a brief overview of the hydrology of 
metamorphic and intrusive igneous rocks, extrusive igneous rocks, 
and salt domes. Section 3.3.2 discusses the geology of those 
formations. 

3.2.2.1 Metamorphic and Intrusive Igneous Rocks 

Intergranular porosity in solid pieces of fresh metamorphic 
and intrusive igneous rocks is generally less than 3 percent and 
most commonly less than 1 percent (Krynine and Judd, 1957). 
Existing porosity is poorly interconnected, resulting in extremely 
small permeabilities which, for practical purposes, are commonly 
assumed to be zero. Planar features, including bedding, foli
ation, cleavage, joints ana faults often provide open spaces 
along which water may move. Such openings are commonly lumped 
together and referred to as secondary or fracture porosity with 
the resulting permeability referred to as secondary or fracture 
permeability. Weathering and decomposition of crystalline rock 
can also substantially increase porosities and permeabilities. 
Depths of weathering of from 5 to 50 feet are normally encountered; 
however, the effects of weathering may extend to more than 
300 feet in regions of intense weathering (Davis and DeWiest, 1966). 

Hydrologic data is generally sparse in metamorphic and 
intrusive igneous rocks because of their relative unimportance 
as water-producing formations. This is particularly true at 
depths of over several hundred feet. Water wells seldom penetrate 
to greater depths because the combined effects of the weight of 
the overlying rock, the absence of weathering, and the tendency 
of fractures to be less common at greater depths result in very 
low water yields. 
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Certain regions rely upon tnetamorphic or intrusive igneous 
rocks as the only source of water from wells. In these regions, 
it is important to recognize those features such as faults, 
fractures, weathering, etc., which tend to improve water yield. 
Meier and Peterson (1951) cite an example in Sweden where three 
wells along a fault zone yielded between 70 and 100 gpm whereas 
the same rock type in other areas yielded an average of only 
15 gpm. Enslin (1943) reports that most of the extractable 
underground water in intrusive igneous formations in South Africa 
is stored in basins of decomposed rock. Within such basins a 
definite water table exists if the decomposed rock is saturated. 
He reports that waters stored in fractures in unweathered rock 
are disconnected and too locally confined to form any uniform 
water table. 

Data from relatively shallow wells in metamorphic and intru
sive igneous rock is of limited use in projecting hydrologic 
characteristics at depths of more than several hundred feet. 
The average porosity and permeability of metamorphic and intru
sive igneous rocks decreases rapidly with depth (Turk, 19b2; 
Davis and Turk, 1964; Snow, 1967). This effect is illustrated 
by Figure 3-6 which shows decreasing well yields in crystalline 
rocks in California. Joints, faults, and other fractures tend 
to close at depth due to overburden pressures. Rock flowage is 
not important in most rocks within a few miles of the surface, 
so some openings can, ther fore, exist at great depths (Davis 
and Deffiest, 1966). Snow (1965), after an extensive literature 
review, concludes that: 

"...openings (open fractures) in excess of a millimeter 
are common features of crystalline and some sedimentary 
rocks. These occur not only in the weathered region, but 
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contrary to philosophical and theoretical treatments of 
the maximum depth of fracturing, large openings are also 
at depths to several thousand feet." 

Snow does not present all the information necessary to 
document this conclusion nor does he discuss the potential for 
water movement within these openings. 

Some data are available from deep borings or mines in raeta-
morphic and intrusive igneous rocks. Such data are usually 
acquired during mineral exploration and mining. Most ore bodies 
are located in areas where there has been a greater than average 
amount of faulting, fracturing, and folding so that hydrologic 
characteristics of the rock are probably not representative of 

| an average metamorphic or Intrusive igneous rock. Porosity and 
permeability should be lower in less disturbed rocks not associ-

, ated with mineralization. 

Laboratory permeabilities on unfractured samples of northern 
Michigan meta-sedimentary and intrusive rocks from boreholes, 
ranging in depth from a few feet to 2,000 feet, yielded median 

-8 values generally less than 10 cm/sec (Stuart, Brown and 
Rbodehamel, 1954). Davis and DeWiest (1966) compiled the 
test results in Table 3-2, following. Aquifer tests in the 
same rocks demonstrated a rock mass permeability more than one 
thousand times greater than that of the individual unfractured 
samples. Aquifer tests further indicated permeabilities parallel 
with the strike of the beds which were two to three ticas the 
average permeability. Howevt-r, these tests were performed over 
the entire depth of the hole and reflect an average permeability. 
The actual permeability it depth was not evaluated. 

Yardley (1975) after investigating a number of dfcep mines 
in Precambrian rocks of the Lake Superior region reports that: 
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Table 3-2 

Permeability of Metasediments from Marquette Mining District, Michigan 

Number 
of 

Samples 

36 

Permeability of Unfractured Samples 
cm/sec 

Book Type 

Number 
of 

Samples 

36 

Mean Median 

6 x 10" 9 

Maximum 

3.8 x 10" 5 

Minimum 

Iron Formation and 
Iron Ore 

Number 
of 

Samples 

36 1.6 x 10" 6 

Median 

6 x 10" 9 

Maximum 

3.8 x 10" 5 1.1 x 10' 1 0 

Graywacke 5 3.3 x 10" 8 
-9 3 x 10 1.5 x 10" 7 2.7 x 10" 1 0 

Slate 9 6 x 1 0 - 9 1.3 x 10" 9 4.5 x 10" 8 5 x 10~ 1 0 

Chert 1 1.9 x 10" 1 0 - -

Slate with Quartz 
Seams 1 - 1.8 x 10" 4 - -

Mica Schist 1 - 2.1 x 10" 9 - -

Quartzite 1 - 1.9 x 10" 9 - -

Conglomerate 1 - 2.8 x 10" 8 - -

(Ref: Davis and DeHiest, 1966 from Stuart, Brown, and Bhodehamel, 1954) 
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"No evidence of running, seeping, or moving water was seen 
or reported to us at depths exceeding 3,000 feet. At 
depths of 3,000 feet or less, water seepages do occur in 
some of the mines, usually in minor quantities but increased 
amounts occur as depth becomes less. Others are dry at 
2,000 feet of depth." 

u Martinez (1975), after a similar study of mines in igneous 
and metamorphic rocks in the Maritime Provinces of Canada, writes: 

"It seems reasonable to tentatively conclude that mined 
openings in the rock types investigated (volcanics and 
sediments metamorphosed to a low or subgreen schist facies 
and intensely deformed) would provide hydraulic isolation 
at depths on the order of 2,800 to 3,200 feet below the 
surface or greater." 

These two studies seem to indicate a maximum depth of water 
U penetration in the Pre Cambrian crystalline rocks studied. The 

possibility exists that some inflow does occur but is so small 
jj that it evaporates and is carried away by the mine ventilation 

system before it can be detected. Although extremely small inflows, 
if in fact they do occur, are not significant over short time 
periods (period of active mining), they may be significant over a 
duration of thousands of years. Extremely small inflows may be 
very difficult to measure within an active mine. 

There are basic differences between groundwater tifiw in 
franctured metamorphic and igneous intrusive rocks and that in 
layered sedimentary or extrusive igneous rocks. In the latter 
rock types, groundwater is found in permeable aquifer zones which 
can be confined above and below by less permeable strata. Piezo-
metric heads from one aquifer to another can vary by several hun
dred feet. Water in fractured metamorphic and igneous intrusive 
rocks occurs relatively uniformly throughout fractures which 
provide some hydraulic communication throughout the rock mass. 
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Thus, the piezometric head should not vary greatly vertically 
within the rock mass. The regional groundwater flow is controlled 
by the topography and the occurrence of fractures. Recharge 
occurs near topographic highs and discharge at topographic lov»s. 
It is possible for groundwater in fractures to become relatively 
stagnant at depth because of the tendency for fractures to be 
less frequent and less interconnected (particularly horizontally) 
with increasing depth. Figure 3-7 shows a theoretical model of 
idealized flow pattern which might be expected in fractured 
metamorphic or igneous rocks. Confinement can result from over
lying sedimentary or, in some cases, decomposed crystalline rock 
of low permeability, but artesian conditions are generally rare 
in metamorphic and intrusive igneous rocks (Legrand, 1949). 

The hydrology of several areas containing metamorphic or 
intrusive igneous rock is summarized in Appendix A. These areas 
include the Precambrian crystalline shield rocks found in the 
north-central U.S., metamorphic and intrusive igneous rocks at the 
Savannah River Plant Site in South Carolina, and several granitic 
batholiths in the western U.S. 

3.2.2.2 Extrusive Igneous Rocks 

Extrusive igneous rocks range widely in their hydrologic 
characteristics. Basalts, which usually have relatively low 
porosities, can yield vast quantities of water to wells forming 
some of the most productive aquifers known. In contrast, tuffs 
that are generally high in porosity may exhibit very low permea
bilities. Although there are numerous types of extrusive igneous 
rocks only basalts and tuffs, the two types most commonly con
sidered for waste disposal, are considered in the following brief 
hydrologic descriptions. Two specific basalt sites, the Hanford 

J 
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Reservation in Washington and the Idaho National Engineering 
Laboratory in Idaho, along with one tuff site, the Nevada Test 
Site, are cited as examples. 

1* Basalt: Porosity in basalt can range from less than 
1 percent in the dense center of the flow up to 
50 percent in the vesicular top (Davis and Dewiest, 
1966). Permeability within basalt depends upon 
the interconnection between the numerous possible 
openings. These openings include: a) scoriae, 
resulting from the escape of gas bubbles; b) 
breccia zones between flows; c) voids between 
flows; d) joints caused by cooling; e) lava tubes; 
f) fractures due to folding, faulting, etc; g) 
tree molds. Layers of sediments between successive 
flows can form permeable interbeds when they 
consist of alluvial sands and gravels. When 
interbeds are formed by silt, clay, or volcanic 
ash, they can form confining layers. Horizontal 
permeability is greater than vertical because 
shrinkage cracks, scoriaceous, brecciated, and 
cavernous zones are concentrated between flows. 
The more massive centers of the flows are generally 
low in permeability. 

Permeability within basalt sequences is extremely 
anisotropic and non-homogeneous. Pump tests can 
be conducted and average permeabilities calculated, 
but in reality, most water will probably come from 
several permeable zones wi„h the remainder of the 
aquifer contributing only slightly to flow. The 



3-58 

massive centers in basalt flows generally exhibit 
very low permeabilities with the vesicular and 
brecciated tops and bottoms of flows often exhibit
ing relatively high permeabilities. Groundwater 
can be locally under confined conditions due to 
fine-grained interbeds or the massive centers of 
the flows but basalt aquifers are generally under 
water table conditions on a regional scale. Pump 
tests in the Snake River basalt (Walton and Stewart, 
1959) yielded storage coefficients from 0.02 to 
0.06, all within the range of values indicative of 
water table conditions. Transmissivities ranged 
from 1.3 x 10 4 to 2.4 x 10 6 feet^ per day and aver
aged 5.3 x 10 5 feet 2 per day. The average saturated 
thickness penetrated by wells was 100 feet. This 
thickness when divided into the average transmissivity 
yields a permeability of 1.9 cm/sec, a very high 
value. In contrast, the permeability of dense basalt 
in cores of the Hanford site ranged as low as 
4 x 10" 9 cm/sec (Atlantic Richfield Co., 1976). 

Recharge to basalt aquifers can originate from 
several sources. Natural precipitation may percolate 
downward to the water table, particularly where 
the basalt flows are tilted from horizontal (Newcomb, 
Strand, and Frank, 1972). Perched water tables 
can form where percolating water encounters layers 
of low permeability. These perched water bodies 
are generally small in areal extent. Rivers and 

i. streams flowing across basalt can lose water by 
vertical percolation. For example, waters from 
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several rivers flowing from the mountains to the 
north disappear at the edge of the Snake River 
Plain and reappear in springs along canyon walls 
from permeable zones between flows (Brown, et al., 
1975). 

Wells in Snake River basalt are important sources of 
water for agriculture in southern Idaho which is other
wise a relatively dry region. The Columbia River 
basalt in Washington is less used by wells, particu
larly deep wells, but increased use in the future is 
likely. 

Two sites, the Hanford Reservation and Idaho National 
Engineering Laboratory, in the Columbia and Snake 
River basalts are described briefly in Appendix A. 
The bydrologic characteristics at these sites are 
probably typical of the Columbia Plateau which 
contains the largest and thickest sequence of 
flood basalts in the continental 13,S. 

Tuff; Tuff exhibits a wide range of porosity and 
permeability which varies with the degree of 
welding, zeolitization, and fracturing. Bedded 
tuff is usually higher in interstitial porosity 
and permeability than welded tuff. However, 
welded tuff is more susceptible to fracturing and 
may, therefore, have substantial fracture permeability. 
Welded tuff can form aquifers in some areas 
(Blankennagel and Weir, 1973). 
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Tuffs are commonly associated with rather complex 
volcanic sequences. Beds of welded, non-welded, 
ashflow, and zeolitized tuff occur interbedded 
with rhyolitic lava flows in these volcanic sequences. 
Various layers in both tuff and rhyolite can form 
aquifers with other less permeable layers forming 
aquitards. Although the total sequence of volcanics 
can be very thick, there may be no thick continuous 
zones of low permeability. At the Nevada Test 
Site Winograd and Thorda.rson (1975) divided the 
extrusive volcanic sequence, which is up to 13,000 feet 
thick, and the underlying sedimentary formation 
into 10 hydrogeologic units - 6 aquifers and 4 
aquitards. Permeability within the tuff ranges 
over five orders of magnitude, from approximately 
10~ 5 to 1 0 " 1 0 cm/sec. The relatively complex 
stratification and the existence of permeable 
aquifer zones throughout a tuff sequence may make 
hydrologic isolation of a repository in tuff question
able. It is possible, however, that sufficiently 
thick tuff layers with low permeability could be 
located. 

The hydrology of the extrusive volcanics found at the 
Nevada Test Site is briefly described in Appendix A. 
Although tuff occurs in many other regions, particularly 
in the Western U.S., the Nevada site is described 
in this report because it has been extensively 
studied and tested. 
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3.2.2.3 Salt Domes 

This information supplements the data presented in 
Appendix A of our June report (GAI, 1977a). Salt domes occur 
in the gulf coast province of the United States. Included in 
this area are the northeast Texas, north Louisiana, Mississippi, 
east Texas-south Louisiana, and south Texas salt dome basins. 
Salt domes are surrounded by thick sedimentary deposits through 
which they have intruded from great depths. These sediments 
contain numerous and productive groundwater aquifers which 
constitute important sources of agricultural, industrial, and 
domestic water supplies. Water near tin surface is generally 
fresh but may become more saline at depth, particularly near 
the gulf coast where pumping has caused areas of seawater intru
sion. Aquifers are usually confined, having piezometric surfaces 
sloping gently towards the gulf coast at several feet per mile 
or less. Pumping has caused localized reversals of the normally 
southward groundwater flow. Recharge to the various a.uifers 
normally occurs at outcrops of the aquifer formations which may 
be located over a hundred miles away from the salt domes. 

Porosity and permeability of iti-situ dome salt is thought 
to be extremely low. In-situ measurement of these parameters is 
difficult because accessing and testing salt through mines or 
boreholes will disturb the salt and may significantly alter the 
measured permeabilities. In-situ measurement of porosity is 
difficult in all rock types. Laboratory tests conducted with 
dome salt can also alter the original characteristics of the 
samples due to.stress relief upon removal from the natural 
environment, resulting in cracking. Attempts are normally made 
to minimize this effect by re-stressing the samples during 
testing. 
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Laboratory tests conducted by Gloyna and Reynolds (1961) 
using salt from the Grand Saline dome indicated some permeability 
through cracks and fissures but none through the crystals. 
Permeability varied with confining stress and with length of 
time over which the stress was applied. At the start of the 
tests intrinsic permeability ranged from 6 x 10 to 5 x 
10~ 1 3 cm 2. It decreased to from 3 x 1 0 " 1 1 to less than 1 0 " 1 5 

cm 2 after 3 to 36 days of stress application. This corresponds 
to a water permeability of about 6 x 10"^ cm/sec to 1 0 ~ 1 0 cm/sec. 
The average porosity of the samples was 1.7 percent. 

Although dome salt is usually considered relatively 
impermeable, it is very susceptib?J to dissolutioning by 
water. Salt domes are often isolated from aquifers by an 
outer clay sheath and by caprock. A sheath of clay and clay 
gouge can form around a dome during piercement and intrusion 
through sedimentary strata. Caprock is generally thought to 
be a residual accumulation of anhydrite, present as an 
original impurity in the salt, that was left behind as salt 
was dissolved and carried away by groundwater. 

The hydrologic stability of salt domes can be inferred 
from observation of the nearby ground surface and surrounding 
groundwater. The existence of salt springs or salt licks at 
the ground surface indicates possible dissolutioning of an 
underlying salt dome. Salt plumes in groundwater, particularly 
downgradient of a dome, are also indicative of possible 
dissolutioning. Caprock reflects dissolutioning in the 
past that may or may not still be occurring. Hydrologic 
stability of domes would be affected by tectonic movement 
such as continued intrusion of the salt body. 
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Several estimates of salt dome dissolution rates have been 
made. Netherland, Newell and Associates, Inc. (1976) estimated 
dissolution rates of five domes in the northeast Texas salt dome 
basin based upon caprock thickness. By assuming 1 to 2 percent 
insoluble anhydrite contained in tht salt and caprock formation 
over 50 million years (time since deposition of Wilcox sands 
which form the major groundwater aquifer), dissolution rates 
between 20 and 120 feet per 200,000 years were calculated. Smith 
(1976) estimated current dissolution rates of four domes in the 
same basin based upon salinities observed in salt water plumes in 
groundwater near the domes. Estimates ranged from 20 to 75 feet 
of dissolution per 250,000 years. He noted that increased 
salinity near salt domes may be the result of either actual salt 
dissolution or vertical upwelling of saline water around the 
domes from deeper saline aquifers. Emplacement of domes results 
in numerous faults along which such flow could occur. 

Several features observed in salt mines are hydrologically 
significant. Although most salt found in domes is better than 
97 percent pure, inclusions of impure salt usually in distinct 
zones and often including brine and/or hydrocarbons have been 
found. These inclusions are commonly associated with boundary 
shear zones, Kupfer (1974a, 1974b, 1974c) reports that shear 
zones may be the result of differential movement of separate 
spines within a single salt stock. Boundary shear zones, often 
containing entrapped sedimentary material, separate spines and 
can extend completely across a salt stock. 

Because of the high solubility of salt, significant water 
leaks can threaten the stability of a mine in salt. Three types 
of water leaks have been observed in mines in Louisiana salt 
domes (GAI, 1977d). They include: 1) short-duration drips of 
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limited volume, area and duration; 2) increasing volume leaks 
that increase rapidly in discharge; 3) sporadic but continuing 
leaks with intermediate discharge, 

1. Short-Duration Leaks: These leaks are relatively 
common in Louisiana mines. Typically, brine with some 
possible hydrocarbons begins di pping from the ceiling 
after new workings are opened. Volumes may be signifi
cant for several days to a month, after which flow 
diminishes and generally ceases within 6 months. The 
larger and more persistent drips are commonly near shear 
zones. Water was probably introduced into the salt 
during intrusion through overlying sedimentary layers 
and subsequently sealed by recrysta-lization. Fractur
ing caused by mining may have allowul connection of the 
previously isolated brine inclusions. 

2. Increasing Volume Leaks: These leaks tap water sources 
from outside the salt dome. Because there is a large 
source of fresh water in the surrounding sedimentary 
deposits, these leaks can rapidly increase in size and 
cause flooding of the mine. Miners cautiously seal 
shafts and avoid the outer regions of domes because of 
potential flooding hazards. 

3. Sporadic-Continuing Leaks: These leaks, found in only 
two Louisiana mines, occur near boundary shear zones. 
They begin slowly, gradually increasing in volume until 
stabilizing somewhat, after which they increase at a 
much slower rate. They are normally grouted at this 
point; however, new leaks develop within several months 
and the sequence is repeated. The leaks are thought to 
tap water from an external source which is conveyed 
slowly along the shear zone. 



Flows do not rapidly increase because the shear zone 
acts as a low permeability membrane. The flowing water 
will dissolve salt and create cavities which may event
ually collapse, breaking the membrane and causing 
flooding. This has not actually occurred to date. 

Belchic (1960) describes brine and gas flow from boreholes 
and newly-opened rooms. These fluids, sometimes under high pres
sures, originate from within the salt body rather than -from an 
external source. Belchic also describes leaks of the short-
duration and increasing-volume types. Slow brine drips from the 
ceiling often form salt stalagtites as the brine is evaporated 
upon entering the mine. Many of the slow drips are accompanied 
by small amounts of hydrocarbon fluids. 

The geohydrology of the Tatum Salt Dome in Mississippi is 
summarized in Appendix A. The area near the Tatum Dome was 
extensively studied and tested to investigate the pre-test and 
post-test hydrologic conditions with regards to a nuclear deto
nation. 

3.2.3 Technology 

3.2.3.1 TASC Geology-Hydrology Model 

The present TASC geology-hydrology model is described in 
detail in various TASC reports (TASC, 1977a). The flow and 
transport patterns of the waste is analoged in the model by a 
network of one-dimensional path segments or "pipes." For the 
initial two model cycles the "pipe" analogs required to simulate 
the actual anticipated groundwater movements were developed 

;. primarily from experience, available field iiformation, and 
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judgment rather than detailed theoretical analysis (see Appendix C). 
This approach was feasible due to the hydrologic simplicity of 
the initial models. Future more complex models involving multi-
aquifer systems may require numerical groundwater analysis in 
order to develop an appropriate "pipe" analog. 

Fundamentally, the TASC model is not a groundwater model and 
cannot solve groundwater flow problems, Rather it is a nuclide 
transport model which requires the general hydrology to be solved 
external to the model with the results analoged into the model in 
the form of an appropriate "pipe" network. Although each "pipe" 
segment is one-dimensional, the network itself can be made to 
simulate two- or three-dimensions. Thus, the model is not truly 
a one-dimensional model but rather a quasi two-or three-dimensional 
model. 

Theoretically, a suitable TASC model analogy can be developed 
to closely simulate virtually any specific geologic and hydrologic 
conditions. This would be accomplished by utilizing two- or 
three-dimensional transport codes to evaluate the nuclide concen
trations at critical points. A "pipe" network could then be devel
oped that would result in the desired results. The majority of 
the errors in the TASC model are relate! to the development of the 
"pipe" analog and the associated simplifications necessary to 
minimize the number and complexity of the network. These errors 
will be evaluated in the future by comparing several TASC model 
results with the corresponding results of two- or three-dimensional 
transport codes. 

At this time, it is difficult to rigorously assess the errors 
involved in using the TASC model. However, several comments can 
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be made that support the use of such a model for a generic site 
suitability study. These comments include: 

1. In a generic study, the uncertainties related to input 
parameters are inherently large. The range of many of 
these generic parameters (especially properties such as 
permeability and fracture porosity which exhibit 
enormous ranges) may exceed many orders of magnitude. 
This concept is discussed in more detail in Section 5.3.3. 

2. Due to the large range in radioactivity exhibited by 
the HLW as it decays (exceeds four orders of magnitude) 
and the large anticipated time required for the nuclides 
to reach the biosphere, the general computed radiologic 
effects will probably be assessed in terms of orders of 
magnitude. Subtle variations in computed concentrations 
or dose will probably be of little consequence. 

3. There are large uncertainties associated with many 
other phases of the site suitability program including 
waste dissolution behavior, nuclide absorption behavior, 
dispersion behavior, prediction of future geologic 
events, and the evaluation of the effects on man of a 
given radiation release. 

4. The advantages of complex two- or three-dimensional 
hydrology and nuclide transport codes (finite element 
and/or finite difference) may be limited in a repository 
site suitability evaluation. These methods inherently 
have difficulty modeling drastic variations in hydro-
logic properties such as repository backfill dissolution, 
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borehole seal failure, or faults. These small features 
may exhibit permeabilities several orders of magnitude 
greater than the adjacent rock formations. Unless 
properly incorporated into the model, these features 
may result in the numerical instabilities and erroneous 
results. In addition, as the models are refined to 
include numerous layers, complex geometry, complex grad
ients, and numerous anomalies (shafts, boreholes, mines 
reefs, faults, etc.), many simplify assumptions may be 
required in order to avoid the model from becoming too 
cumbersome to be useful. This would be particularly 
true of a three-dimensional code. On the other hand, 
the ability to handle complex situations with numerous 
anomalies is one of the strengths of the TASC model. 
This concept is further discussed below in Section 3,2.3.2. 

5. A very preliminary error analysis which considered all 
the uncertainties related to a generic model study 
(both input data and analyses) indicated that virtually 
no significant error would be introduced by using the 
TASC model instead of a true three-dimensional transport 
code. This is a logical conclusion due to the large 
uncertainties in the input data and errors related to 
many of the other required analyses. This analysis is 
presented in Appendix D. 

Probably the most serious problem associated with the TASC 
geology-hydrology model is the construction of a proper "pipe" 
network. Clearly a network that fails to incorporate a major flow 
path or significant hydrologic mechanism would produce erroneous 
results. Thus, adequate validation of the general TASC model 
network pipe analogies are essential to the site suitability pro
gram. The validation techniques are discussed below. 



3-69 

Suggested Groundwater Flow and Mass Transport Modeling 

General: This section presents our views on the ground
water flow and transport modeling effort required to 
support the TASC Site Suitability Modeling Program. 
There are four general purposes to the groundwater 
flow and transport modeling effort. These purposes 
are: 

a. Validation of the Cycle I and II TASC geologic-
hydrologic "pipe" analog models. 

b. Development and validation of future TASC model 
"pipe" analogs. 

c. Validation and assessment of limitations of the 
general TASC "pipe" analog model approach. 

d. Development of numerical tools to assess factors 
and conditions that cannot be appropriately eval
uated by the TASC "pipe" analog approach. 

The validation of the Cycle I and II models is essential 
to the credibility of the site suitability program and 
must be completed as soon as possible. This validation 
was discussed at both the LLL-NRC review meetings in 
March and August. Continued lack of this validation, 
in our opinion, may jeopardize the entier LLL-NRC effort. 

Once the initial two model cycles are validated, the 
groundwater and transport modeling will be essential in 
development of Cycle III "pipe" analog models. Although 
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it would be possible to continue to develop analogs 
based on simplistic flow path approximations and 
engineering judgment, in our opinion, it may prove to 
be inappropriate and inefficient for future model cycles. 
One of the primary purposes of subsequent TASC model 
cycles is to decrease the modeling uncertainties and 
incorporate additional radiation release pathways. To 
incorporate new pathways while not improving the analog 
development procedures (possibly one of the most signifi
cant sources of uncertainty) seems contrary to the intent 
of future model cycles. 

Although of lower immediate priority, items c and d 
above potentially are more significant than items a and 
b. It has been generally assumed that that the TASC 
"pipe" analog is appropriate over a wide range of 
conditions provided that the "pipe" analog is properly 
chosen. There may be certain conditions for which the 
"pipe" analog is inappropriate or introduces significant 
errors. It is reasonable to conceive of situations 
(possibly including lateral dispersion, multi-discharge 
points, and other complexities) for which sensitivity 
studies cannot be readily performed using the current 
TASC approach since varying parameters would require 
entirely new "pipe" analogs. These conditions may 
require a revised TASC model approach and/or the use of 
another model. The overall validation of the present 
TASC model approach, the evaluation of its limitations, 
and the development of other models should be part of the 
long-term site suitability program. 
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2) For simplicity it may be appropriate to 
consider only three layers: lower aquifer, 
repository layer (salt or shale), and upper 
aquifer. 

3) The pressure boundary conditions can be 
expressed as heads within the upper and lower 
aquifers. The head distribution and gradients 
within the repository layer would be an 
output from the numerical analysis. For 
major flaws such as faults and breccia pipes, 
it may be advantageous to also determine the 
pressure changes within the aquifers. This 
could be evaluated by assigning a constant 
pressure head within the aquifers at some 
large distance upgradient and downgradient of 
the repository. 

4) To incorporate the three-dimensional aspects 
of the problem on a rectangular grid, boreholes, 
shafts and tunnels can be simulated by slots 
whose width is normalized to reflect the 
actual.area of the feature and the width of 
the repository. Thus, a shaft of area A 
could be represented by a slot of width A/d 
where d is the width of the repository. 

5) Due to the relatively small size and high 
permeabilities of the flaws (boreholes, 
shafts, etc.), it may be advantageous to 
model these features by increasing their 
width while decreasing their permeabilities 
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such that the product of permeability times 
width remains constant. This would greatly 
simplify the spatial problem. Although this 
modification would probably not induce signifi
cant errors to the solution of flow lines and 
equipotential lines, the computed velocities 
would have to be readjusted to reflect the 
actual parameters. 

6) The hydrologic effects of flaws which extend 
completely through the repository layer 
(boreholes, faults) is strongly influenced by 
the overall permeability distributions along 
the flaw and the relative permeabilities of 
the repository backfill and/or fracture 
zones. This problem is illustrated in Figure C-7 
of Appendix C. Thus, to evaluate the effects 
of the flaws, several different permeabilities 
should be considered, including combinations 
of the following: 

a) Upper portion of borehole fails while 
lower portion intact; upper portion of 
fault permeable, lower impermeable. 

b) Lower portion of borehole fails while 
upper portion intact; lower portion of 
fault permeable, upper impermeable. 

c) Several ranges of repository backfill 
and fracture zone permeability values. 



3-73 

Mass Transport Validation: The validation of the 
transport model will be more difficult since 
numerical mass transport codes are more complex 
and not as well documented. Essentially, the 
results of the hydrologic modeling would provide 
the velocity field data required to solve the mass 
transport codes. The dissolution of the waste 
canisters could be modeled with a normalized 
constant unit source of waste introduced into the 
groundwater within the repository zone. The solution 
of the mass transport model would provide a complete 
time history of the concentration (and/or mass) of 
the waste at each element and at the discharge 
point. These results would then be multiplied by 
appropriate concentrations at the repository and 
time decays of the particular nuclides. Due to 
differences in retardation of individual nuclides, 
it may be necessary to complete several mass 
transport solutions to obtain the complete picture 
for a single set of model assumptions. 

The concentration-time histories of each nuclide 
obtained from the two dimensional model results 
would then be compared with the results from the 
TASC model at key points throughout the model. It 
is important to compare consistent models to 
obtain meaningful information. Since it is probably 
easier to adjust the TASC model than the two-
dimensional transport code, it may be advantageous 
to solve a few special TASC models constructed to 
exactly analog the two-dimensional model. 
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The transport validation will probably not be an 
easy task for several reasons. 

1) The state-of-the-art in mass transport 
models is such that probably only relatively 
simple models can be realistically evaluated. 

2) To solve the hydrology, numerous assumptions 
will be necessary to incorporate the three-
dimensional aspects of the model into two 
dimensions. The effect, due to dispersion, 
of these assumptions ou a mass transport 
model may be difficult to evaluate. 

3) Normally, the time interval chosen should be 
shorter than the transit time through any 
element in the mesh. However, to extend the 
solution out to the tens of thousands or 
million of year? required for this study 
would require either large time increments or 
an inordinate number of increments, The TASC 
model utilizes a time interval which in
creases expoentially. The use of a time 
varying interval which exceeds element transit 
times for most time periods may induce errors 
or inconsistencies in the model. 

4) Transport codes appear to have spatial problems 
associated with variations in permeabilities, 
such as those included in the Cycle I and II 
models. The codes appear to produce erratic 
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2. Validation of Cycle I and II Models: The validation 
of the Cycle I and II models can be divided into the 
hydrologic "pipe" analog validation and the mass trans
port validation. The general approach to both problems 
should consist of a comparison between the results 
obtained from two-dimensional numerical solutions and 
the equivalent TASC model solutions. 

a. Hydrology Validation: The validation of the 
hydrologic "pipe" analog should be relatively 
simple since it would consist of running conven
tional groundwater flow models that are numerous 
and well documented. The only problems will 
probably relate.to the extreme permeability differ
ences between the geologic formation and the flaws 
(which may cause numerical problems) and the three-
dimensional aspects of some of the models (such as 
circular boreholes and shafts, linear faults, 
rectangular repository geometry). Solutions of 
these models would consist of a flow net including 
flow velocities and directions, flow lines, and 
equipotential lines. Flow directions, gradients, 
velocities, areas and flow times could be evalu
ated from inspection of these flow nets. These 
results would then be compared with the results 
obtained from an equivalent TASC analog. 

Details of the appropriate models we suggest for 
the initial validation include: 

1) Four basic models will be required as shown in 
Figures C-5 through C-9 of Appendix C (this 
does not include a model with breccia pipes). 



3-76 

and inconsistent results near elements with 
different permeability. This may be caused 
by fundamental inconsistencies in the assump
tions used to couple the transport and hydros 
logic codes. The hydrologic codes generally 
solve for pressure gradient continuity and 
induce some velocity incompatibility at 
interelement boundaries. If this is not 
correct in the mass transport code, significant 
errors may result (Segol, et al, 1975). 

Due to these problems, it may be inappropriate to 
attempt to immediately validate all the Cycle I and 
Cycle II models. We recommend that single layer, 
isotropic models be initially examined consisting of a 
repository layer only and the aquifer layer only. These 
simple models can be validated with analytical solutions 
and compared with equivalent TASC model results. Based 
on the results of these models, a three layer model 
(lower aquifer, repository layer, upper aquifer) repre
senting the basic unflawed repository could be sensibly 
developed and meaningfully evaluated. To validate the 
flawed repository models, it may be necessary to consider 
each layer separately and combine the results. 

3. Development and Validation of Future Models: The 
analog for future models should be developed through 
inspection of the results of two-dimensional hydrologic 
and mass transport models. A suggested general proce
dure includes: 

a. Develop the hydrologic-geologic model and assign 
parameters. 
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For several sets of parameters, solve both the 
hydrology and mass transport of the model in two 
dimensions. 

Based on inspection of the results of the hydro-
logic model, develop the "pipe" analog for each 
model. It should be relatively easy to validate 
this model by comparing flow velocities, directions, 
and areas computed by each method. The hydrologic 
results from the TASC pipe analog can be obtained 
readily through hand calculations and/or simple 
computer solutions. Complete TASC computer runs 
would not be required. 

Once the pipe "analog" model has been optimized 
for compatibility with the two-dimensional hydrologic 
model, several complete TASC model runs should be 
performed and compared with the results from the 
two-dimensional mass transport model. Should 
comparison indicate significant discrepancies, the 
pipe "analog" may have to bo revised and re-run. 
This may become a difficult and time consuming 
iterative process since changes in the "pipe" 
analog will also affect the hydrologic compatibil
ity of the analog. In general, due to the complex
ities of the mass transport behavior and the 
errors and uncertainties in the current two-
dimensional mass transport models, it will probably 
be appropriate to accept some level of discrepancy 
between the TASC "analog" and the two-dimensional 
transport results. However, the TASC analog 
should be maintained relatively compatible with 
the two-dimensional hydrologic model. 



3-78 

Due to the external time constraints on the project and 
the progress of the development of the tea-dimensional 
transport code at LLL, it may not be feasible to follow 
the general format presented above for the Cycle III 
model analysis. However, in our opinion, it is essential 
that at least the two-dimensional hydrologic modeling 
is performed and incorporated into the TASC analog. 

The framework of future model cycles has not yet been 
formulated. GAI's general concepts for the Cycle III 
are presented in Section 8.0. The future models will 
probably incorporate at least the following: 

a. Effects of wells and mines, both above and at some 
distance away from the repository. 

b. Lateral pathways within the repository layer. 

c. Multi-aquifer models. 

d. Models with multi-discharge points to the biosphere. 

e. Revised fault evaluation including faults that act 
as aquitards, faults that can transmit water 
directly to the ground surface, and faults at some 
distance from the repository. 

f. Revised borehole evaluation including the inter
relationship between borehole effects and mine 
design (backfill integrity, pillar locations, 
etc.) and boreholes located at some distance from 
the repository. 
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g. Effects of lateral dispersion both within the 
repository layer and within overlying aquifers. 

h. Effects of transient groundwater conditions, such 
as the recharge period after repository abandonment. 

i. Revised fracture flow evaluation reflecting a more 
rational occurrence and distribution of natural 
fractures. 

j. Effects of climatic changes. 

k. Gas pathways (may be especially significant if 
the host rock can be proven to be "dry"). 

Due to the complexities of analyzing multi-layer 
systems with multi-pathways, it may be necessary (and 
in fact advantageous) to examine only limited pathways 
in each model. This would probably not only pertain to 
the two-dimensional hydrologic and transport models but 
also to the TASC model analog. Very complex TASC 
models may become difficult to solve and meaningfully 
evaluate. It may even prove to be most efficient to 
examine single pathways and/or barriers independently. 
With the knowledge obtained from these single and/or 
limited multi-pathway/barrier models, the properties of 
the complete complex models may be sensibly evaluated. 

Limitations of Current TASC Model Approach and Development 
of Alternate Models: As discussed previously, there may 
be certain conditions for which the current TASC geologic-
hydrologic model approach is inappropriate. An analytical 
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approach to evaluate the limitations of the TASC approach 
may be found. However, currently it appears that a 
clear delineation of its limitations will only come 
with experience in use and validation of the approach 
for various geologic and hydrologic conditions. This 
will necessitate a critical reexamination of the approach 
each time a new pathway or mechanism is incorporated 
into the model. 

Although the TASC geologic-hydrologic model presently 
constitutes the primary modeling tool, it is important 
to concurrently develop other modeling capabilities. 
This is necessary in order to both validate the TASC 
models and to have alternate modeling tools to evaluate 
conditions for which the TASC model is inappropriate. 
Presently the alternate modeling tools consists of two-
dimensional hydrologic and mass transport codes being 
developed by LLL. Future geologic-hydrologic modeling 
capabilities required may include: 

a. Three-dimensional hydrologic and mass transport 
codes (it is understood that the current codes 
being developed at LLL can analyze three-dimen
sional problems). 

b. Models which can analyze salinity and temperature 
variations. 

c. Models which can analyze gas flow and/or multi
phase fluid flow behavior after repository aban
donment and repositories which are effectively 
"dry" with the only significant transport mechan
isms being gas.1) 
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d. Models which consider a system dominated by 
diffusion (such as little or no circulation of 
groundwater). 

e. Models which consider non-darcy behavior such as 
fracture flow behavior. 

The use of these other models does i.ot negate the other 
portions of the overall TASC site suitability modeling. 
Rather, these models could be incorporated into the 
overall TASC modeling approach. 

The need for an use of models in addition to the TASC 
model is inherently related to the other uncertainties 
in the site suitability program. In a generic repository 
study the uncertainties related to input parameters are 
inherently large. The range of many of these generic 
parameters (especially properties such as permeability 
and fracture porosity) may exceed many orders of 
magnitude. In addition, there are large uncertainties 
associated with many other phases of the site suita
bility program including waste dissolution behavior, 
nuclide absorption behavior, dispersion behavior, 
prediction of future geologic events, and the evalua
tion of the effects on man of a given radiation release. 
Probably the most serious uncertainty in the generic 
geologic-hydrologic model would be the failure to 
consider a significant pathway or nuclide release 
mechanism. The precision of modeling the pathway 
and/or release mechanism may not be critical unless the 
modeling errors become very large. The application of 
the TASC model to a specific site would require much 
lower modeling errors and may require considerably more 
validation and modeling analysis. 
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4. General Numerical Modeling Limitations: The capabili
ties of any numerical tool and its validation is funda
mentally limited by the current state-of-the-art of the 
available technology. As discussed previously, the 
behavior and modeling of mass transport of nuclides is 
not well understood. In fact, it can probably be said 
that only very simple mass transport models can be 
currently rigorously validated. Even these may be 
questioned due to basic theoretical uncertainties and 
limited knowledge of dispersion parameters in rock 
masses. However, by carefully combining the results of 
simple mass transport models it may be possible to 
reasonably evaluate complex conditions. 

It is our opinion that a TASC-type "pipe" model may be 
the only realistic candidate for modeling complex 
situations with many strata, leaky boreholes, faults, 
etc. While finite element and finite difference codes 
are more accurate than "pipe" models they cannot cope 
with highly complex? geometries. While this situation 
will undoubtedly improve, it will be many years before 
the continium codes can handle realistic geometries of 
the complexities envisaged for this project. Until 
such time, users of continium codes will be forced into 
geometrical simplifications which will render their 
models almost as crude as "pipe" models. The codes, 
even when simplified, would still be much more difficult 
to set up and costly to run than the "pipe" codes, and 
would not be able to integrate the various probable 
futures handled by the TASC model. Because we anticipate 
these difficulties in using the finite element codes 
for highly complex situations, we feel that the way to 
validate the "pipe" model is by evaluating one component 
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of a system at a time; in other words, we would look at 
flow within the repository layer separately from flow 
in the overlying aquifer and separately from flow up a 
leaky borehole. If such component of a "pipe" model 
can be validated by using analytical and finite-element 
codes, the synthesis of "pipes" into complex models 
should be acceptable without requiring finite-element 
models of the full complex case. For an individual 
case these components could be connected in a crude way 
external to the transport program to provide an approxi
mate validation of the specific cases. A spinoff of 
validating each component separately will be a more 
complete understanding of each component. As an example, 
validating the repository-layer model should illuminate 
the open questions regarding horizontal flow and lateral 
dispersion and the possible significance of diffusion 
in low-gradient situations. 

Should the modeling and parametric uncertainties in the 
mass transport behavior prove to become a major problem 
in the design and public acceptance of the repository 
concept, field and laboratory modeling tests may become 
essential. It may be important for DOE (Department of 
Energy) to fund field or laboratory mass transport 
modeling. 
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3.3 GEOLOGY 

3.3.1 General 

Within the area of geology there are several parameters 
which, in their own right, influence the migration of fluids 
through the earth's crust. These include lithology, structure 
(faults and joints), and folding. For a project of this duration 
(10 years), geologic time becomes important and a projection 
must be attempted to anticipate probable changes in the repository 
environment during this time span. Accordingly, seismicity and 
tectonism, erosion and glaciation and other dynamic parameters 
must also be investigated. 

Every aspect of the earth is continually changing and re
adjusting. Those geologic factors that are susceptible to site 
investigation and current definition we recognize will undergo 
evolutionary changes during the million years the repository 
must remain effectively sealed. Episodic events we have termed 
"revolutionary." Marked changes can be wrought in the repository 
environment within a relatively short time by these factors. 

3.3.L Factors - Evolutionary 

3.3.2.1 Lithology 

The lithology, or rock type classification, considers the 
chemistry, mineralogy and genetic chemistry, mineralogy and 
genetic background of a particular rock. Therefore, lithology 
connotes rock properties such as solubility and ductility. It 
may also suggest reasonable ranges for density, porosity, rock 
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permeability and other characteristics pertinent to fluid 
migration. Thus we can generalize about salt, sbale, granite, 
basalt, etc., in a generic repository model which has been 
selected to assess various lithologic characteristics. 

However, within a specific site each lithologic type 
will have some characteristics which make it unique and 
different from the generic prototype. 

3.3.2.2 Structure (Faults and Joints) 

The stress field acting on any portion of the earth is 
almost continually re-adjusting, usually imperceptibly but 
sometimes not. Rock masses respond in a complex fashion to 
changes in their stress environment. If the change is slow 
enough, seemingly brittle rocks will warp and fold like 
thick molasses. More rapid changes often result in the 
formation of fractures. Fractures across which displacement 
occurs are termed "faults." If no discernable relative 
displacement occurs, we term the fractures "joints." 

1. Fault Characteristics 

a. Description; A fault represents the boundary 
between two bodies of rock that have moved 
with respect to one another. Faults can form 
under both tension and compression. They can 
slip up (reverse), down (normal), sideways 
(strike-slip), or a combination of these. 
Movement along faults can be in terms of 
millimeters or hundreds of kilometers. The 
measured trace length of faults varies from 
a few meters to a thousand kilometers or so. 
The majority of faults will have a thickness 
of a meter or less, down to a few millimeters, 
but some fault zones may have a width of 
hundreds of meters, These dimensions are 
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important because it is the nature of the 
material within a fault that determines 
whether it will be an aquifer or an aquiclude. 

The development of a fault, particularly in a 
tensile environment, will produce angular 
fragments of rock which loosely fill the void 
between the hangingwall and footwall blocks. 
These rock fragments constitute a breccia, 
which as a rock unit is usually extremely 
permeable. 

Faults formed in a congressional environment 
are characterized by intense grinding between 
the two blocks. This grinding action produces 
silt and clay-sized rock flour, or gouge. 
Gouge zones are often s.quieludes, or barriers 
to fluid migration. 

Aqui "er or aquiclude, & fault can force 
groundwater to the surl'ace under certain 
conditions such as at Whitewater Canyon and 
Seven Palms Valley in isouthern California. 

Movement History: k fault is a surface along 
which movement has occurred, and may now be 
occurring. As well, future changes in the 
stress field are likely to be reflected in 
movement along existing faults whereve 
possible, rather than in development of new 
faults. 

There are characteristics of the faulting 
process which need to be described. As the 
yield strength of a rock is approached, 
microfracturing begins to occur, causing 
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dilatancy and slight volumetric increase. 
Joints may form before and during faulting. 
Movement along faults is often episodic, or 
discontinuous with respect to time. Major 
displacements of hundreds or thousands of 
meters are presumed to occur over time periods 
of millions of years with any single episodic 
increment limited to tens of meters. Some 
faults exhibit creep behavior, a slow aseismic 
movement up to several centimeters per year. 
Thus, while earthquakes are generated by 
sudden fault displacement, fault movement can 
occur without release of noticeable seismic 
energy. Episodic aseismic creep slip has 
been documented on faults in California and 
correlated with experimental rock fracture 
studies (Byerlee, and Brace, 1968; and 
Tocher, 1960). 

Preliminary Conclusions: Faults in the 
vicinity of the repository site can be expec
ted to influence the groundwater regime 
although this influence will be exerted prior 
to development of the site and is not likely 
to be dramatically altered during the initial 
400-year period. Over the longer span important 
changes are possible. The reasoning behind 
this statement is as follows: an environment 
that has produced a gouge filled structure is 
likely to generate additional gouge with 
further displacement. Faults characterized 
by breccia zones can be expected to generate 
additional breccia. Within the longer period 
the stress field responsible for the faulting 
may chance sufficiently to alter the nature 
of movement along the structure. 
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A new fault through the repository site could 
have a profound influence on groundwater 
movement. Movement on existing faults should 
have a significantly more subtle effect. 

Observations have been made that new springs 
develop, others dry up, wells change the 
character of their productivity, and streams 
alter their course after an earthquake and 
surface faulting. These changes most likely 
reflect adjustments in the unconsolidated 
stirficial materials rather than changes in 
the rock-based groundwater regime. In some 
cases, however, the deeper water regime is 
influenced by movement on faults, at least 
for the short term. For example, movement 
along the White Wolf Fault in southern California 
caused the Kern County earthquake of 1952, 
during which "Groundwater was apparently 
forced out, because the small volcano-like 
mounds of fine sand normally associated with 
earthquake fountains were frequently observed. 
The earthquake had an interesting effect on 
groundwater. Wells shows a fluctuation in 
level, some having a net increase in water 
content, others a new decrease; this was 
apparently related to the compressibility and 
elasticity of the aquifer." (Hodgson, 1964). 
In addition to the effects of pumping and 
secondary surface disruption the Kern County 
earthquake is significant because "From the 
distribution of the aftershocks the investigators 
were able to conclude that the entire visible 
length of the fault, and a zone_some 20 miles on 
each of it. had been involved in the stress 
accumulation which led to the earthquake 
sequence." (Hodgson, 1964). If the stress 
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accumulation in the 20-mile zone on each side 
of the fault resulted in changes in permeability 
of rocks by stress-induced cracking, then the 
effects on groundwater encompass a very wide 
zone, 

2. Joint Characteristics 

a. Origin and Nature: Jointing is a feature 
common to virtually all rock exposures 
accessible to man. There are possibly some 
expections but these are indeed anomalies in 
the spectrum of experience. 

There are many explanations for the development 
of joints and many simple models explaining 
the orientation of joints which can be expected 
to result from a particular type of event, 
such as the formation of an anticlinal structure 
(Price, 1966). Thus, geologists have defined 
a variety of "types" of joints. These include 
tension .joints and shear joints. Tension 
joints form in a plane perpendicular to the 
axis of least principal stress (in a regime 
where compression is the positive direction). 
Shear joints form also in the plane containing 
the axis of the intermediate principal stress, 
but at an acute angle to the axis of greatest 
principal stress. Unloading or release of 
stress produces release joints. 

It can be said, however, that all joints 
reflect the response of a particular rock 

' mass to a particular event or event sequence. 
% The properties of the joints, such as spacing, 

persistence and opening, will reflect both 
, the mechanical properties of the host rock 

% & 
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and the nature of the causative event. The 
condition of joints at the present time will 
also reflect the changes in their environment 
between the time of their formation and the 
present. Thus, joints formed under tension 
and originally open may now be tight as a 
consequence of changes in their stress environment. 

Description: Jointing is a three-dimensional 
array of cracks of varying scale distributed 
throughout a solid, opaque medium. Thus, 
jointing is amenable to generalized descriptions, 
but rather difficult to discuss in specific 
terms. Most of the descriptors we use to 
describe joints have come from idealized 
models rather than from field situations. 
Spacing between planes is a good example. 
Infinitely persistent, parallel planes will 
have a clearly definable spacing. However, 
as the persistence dimension approaches 
equivalency with the spacing dimension, our 
definition of spacing becomes unworkable. 
Spacing, then is a concept rather than a 
fact. Persistence is also a concept in that 
while the idea is valuable, its very nature 
makes measurement impossible. We use an 
estimate of visible trace length as a measurable 
parameter assumed to relate closely to persistence. 
However, jointing extends into the non-
visible realm of microfractures and this is 
rarely considered in field investigations. 

Joint populations are generally described 
statistically with emphasis on significant 
groupings. These are then discussed in terms 
of their orientational relationships and 
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hypothesized origin. Notice is rarely taken 
of the myriad joints that fall outside the 
selected groupings. Most investigators of 
joints are looking for trends which they hope 
to rationalize. They are usually less interested 
with detailed description. 

Accordingly, published references on jointing 
should be carefully evaluated as much for 
what is not said as for what the author 
presents. 

c. Preliminary Conclusions: Jointing is a 
parameter of concern in the study of site 
suitability for HLW storage primarily because 
of the relationship between joints and permeability 
of the rock mass. Of secondary importance is 
the impact that joints may have on design and 
stabilization of underground openings. 

1) Permeability: A joint, by definition, 
is an opening in the host material. 
Unconnected to others, the .joint represents 
additional pore volume. However, unlike 
most pores, which are more or less equi-
dimensional, a joint plane effectively 
has only two dimensions. Increasing 
fluid pressure within the joint tends to 
propagate the crack relatively easily. 
In addition, since the joint is a 
weakness within the rock mass, the 
effects of a changing stress field are 
most likely to be noticed there. 

As joints become increasingly interconnected, 
fluids contained in the joints develop 
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the mobility that enables them to respond 
to pressure or temperature gradients. 

Interconnected joints are the principal 
source of permeability in most rock 
masses. Interconnecting of joints is 
increased by: 

increasing persistence 
increasing the number of 
joint sets 
reducing the spacing of joints 
within the sets 

An intensely-jointed rock mass is often 
mere permeable than similar rock with a 
lesser joint density. 

Other factors influence fracture permeability, 
however: 

Water often carries a significant 
mineral content which, as it precipitates 
out along the walls of the channel, 
tends to seal off the flow path. 
Clay-si2ed solids are often carried 
until they wedge into a crack. 
This process also ultimately reduces. 
the flow path. 
A change in the fluid pressure will 
open or close channelways as the 
system responds to the forces 
acting on it. 
A change in orientation and/or 
magnitude of the regional stress 
field will open some channels while 
closing others. This implies that 
even the anisotropy of fracture 
permeability can be expected to 
change with time. 



3-93 

Aqueous solutions migrating through 
various rock types (limestone, 
dolomite, salt) with significant 
solubility can open channels to 
cavernous dimensions. 

Thus, it is possible for intensely-
jointed rock masses to exhibit rather 
low permeability. Equally, sparsely-
jointed rocks may have a high fracture 
permeability if the joints are open, 
clean and well interconnected. 

It has been our experience that a fractured 
rock mass (a fractured rock mass being as a 
mass in which the fracture permeability is 
the prime contributor to the rock mass 
permeability) is not likely to demonstrate 

—6 2 a permeability lower than 10" cm/sec . If 
the repository requires a host of significantly 
lower permeability, an attempt should be 
made to locate the site in material having 
sufficient plasticity to resist the formation 
of joints and in a region of the earth's 
crust that is relatively inactive so that 
existing cracks are unlikely to enlarge and 
new fractures are unlikely to develop during: 

certainly the initial 400-year period. 
g 

significantly the following 10 years. 

Mine Stability: If the repository is sited 
in a medium containing well developed joints, 
the orientation, spacing and persistence of 
the joints should be considered in planning the 
mine layout and designing the openings. In any 
event, joint-related instability may result 
locally and require artificial support. 



3-94 

3.3.2.3 Folding 

Folds develop in bedded rock sequences that are subjected 
to a stress field with a high horizontal compression component. 
Folds may be gentle or severe but in all cases represent 
curvature induced in the plan>2 of the beds. Frequently, 
some faulting is associated with folds as the rocks respond 
in brittle fashion to volumetric changes that cannot be 
accommodated by ductile flow. Jointing is also developed 
locally in folded regions as the stress in the axial portion 
of a fold reflects the deformation. 

In addition to faulting and jointing, both of which 
have been discussed previously, folds influence fluid migration 
in another significant manner. Fluids may be trapped within 
permeable beds within a closed or faulted fold and thereby 
isolated from the prevailing groundwater regime. Many oil 
and gas reservoirs are formed in this fashion, prevented 
from upward migration by an overlying, ductile, low permeability 
shale bed. 

Density variations within the fluid regime result in 
the lighter fluids (oil and gas) being pushed upwards into 
the higher elevations within the permeable strata. Salinity 
is strongly reflected in the density of water so one might 
expect the groundwater trapped within these structural 
features to be less saline than the main body of water 
contained in the aquifer. 

Most of the world's petroleum and gas reserves are the 
direct result of concentration, by density, in fault and/or 
fold traps. The existence of these reservoirs speaks clearly 
for the functional impermeability of some deep faults and 
shale beds. 
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3.3.2.4 Investigative Techniques 

Since the geologic factors of lithology, structure (faults 
and joints) and folds must be defined in order to assess the 
suitability of any particular repository site, it is appropriate 
to introduce the technology of geologic investigation which 
will produce the desired definitions. 

Geological investigations are of two main types: those in 
which a surface or sample is available for direct inspection, and 
those in which characteristics are inferred from images. There 
are varying degrees of inference and a variety of imaging techniques. 

Of the geologic factors mentioned above, the definition of 
lithology and folding is rather straightforward. Conventional 
surface mapping programs and careful logging of borehole cores 
or chips will provide the requisite information. For these 
factors, the boreholes can be somewhat remote from the repository 
site as our ability to project rock types and broad folds is quite 
good. 

Fault and joint structures pose a different problem. As 
has been mentioned, joints, and to a lesser extent faults, occur 
in a tbfee-dimensional array, on ly the general characteristics 
of which are reliably projectable for distances in excess of a few 
tens of meters from the sample point. Thus, the more critical it 
becomes to define structure characteristics, the more dense must 
be the sample points. Even so, some important characteristics, 
such as joint inter-connection, cannot be measured and must only 
be crudely approximated. 
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A variety of geophysical probes can be used to augment the 
area investigated by an individual, or group of drill holes. 
These may include, but are not limited to: 1) resistivity, normal, 
micro and focussed; 2) induction; 3) spontaneous potential; 
4) seismic; 5) electromagnetic nuclear response; and 6) visual 
techniques. Surface trenches may also add to the three-dimen
sional knowledge of a repository site without breaching the con
finement zone. Ultimately the excavation of a test shaft with 
adits will provide site specific information on local conditions. 

The geometry of faults, joints and fracture systems can 
also be postulated from their surface traces recorded in a variety 
of imagery techniques. Photographs from a variety of altitudes 
such as conventional aircraft, U2, RB57, and spacecraft such as 
Space Lab, Appolo and Landsat can be used to trace linear features 
for great distances. In many cases these features are not recog
nizable on the ground. The scale of the space craft images 
enables an investigation to cover wide areas rapidly and in 
fairly good detail. Numerous other spectral sensors can be 
portrayed photographically. These systems range from shortwave 
infrared through the various visual colors to mierov&ve and radar 
sensors. These various systems, especially the longer wave length 
ones including side-looking radar, can be done at low altitude 
and under most weather conditions. This radar will penetrate 
brush, trees and shallow soil to portray bedrock patterns. Inter
pretations of various patterns can then aid in an overall assess
ment of a repository site. 
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3.3.3 Geology Factors - Revolutionary 

3.3.3.1 Seismicity and Tectonism 

Both of these terms refer to movements within the earth's 
crust. "Seismicity" we relate to earthquake activity which must 
be considered in the design of all surface facilities for the 
repository. Unless the earthquake is centered within the reposi
tory there is good evidence to believe that the effects under
ground would be minimal (Stevens, 1977); perhaps fall of loose 
rock from the back, or ceiling of the repository rooms. Shaft 
and borehole seals may be affected as well if the response of 
the sealant to seismic energy is markedly different than that 
of the rock. 

"Tectonism" includes all crustal movements resulting from 
earth forces and thus is the cause of seismicity. Tectonism could 
produce a new fault or change in an existing fault near or through 
the repository, resulting in a problematic earthquake. The geolo
gical sciences have divided the earth into zones of relative 
tectonic activity and it is a simple matter to select broad regions 
with a low probability of major tectonic changes in the next 
million years or so. Such site selection would therefore minimize 
the probability of major earthquakes occurring in the vicinity of 
the repository. 

Short-term earthquake prediction is an embryonic stage, 
although strides are being made. It has been stated (Cochran, 
1977) that currently the best method appears to involve careful 
observation of selected animals. Unusual behavior is taken as 
the precursor of a seismic happening. This method is not reliable 
although it is not known whether the problem lies with the animals 
or the "observer. Scientific measurements of strain both on the 
surface and at depth, coupled with dynamic stress-strain models, 
may also provide a better short-term prediction methodology. 
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3.3.3.2 Erosion and Glaciation 

The surface of the earth, or the interface between the 
geosphere and the biosphere, is a region of high activity in 
which rocks are affected by both physical and chemical processes. 
A rock may be resistant to one process but be highly susceptible 
to another. Limestone is a very durable rock in an arid envi
ronment but is rapidly eroded by water in a moister climate. 
Differences in rock composition and structure are therefore 
reflected in regional topography. The local intensity of par
ticular processes may change in response to differences in such 
factors as temperature, moisture, altitude, exposure, topographic 
configuration and in the amount and type of vegetal cover. 

Erosion is a comprehensive term applied to the various ways 
by which the mobile agencies obtain and remove rock debris. 
Erosion includes processes which both break down and build up 
the land surface. All erosional agents are driven by gravity. 
Each particle tends to fall, slide, or flow to low areas on the 
earth's surface. Mountains tend to be worn down and basins 
filled. 

The overall effect of erosion is to eventually reduce irreg
ular topography to a level plain. The approximate rate of erosion 
can be calculated by measuring the amount of material carried by 
rivers. These values are averages based on very large areas con
sisting of highly variable climate, geology and topography. 
According to E. B. Ekren et al. (1974), the average rate of erosion 
in the United States is 200 feet per million years. The lowest 
rate of erosion is 125 feet per million years in the basin of the 
Columbia River and the highest is 540 feet per million years in 
the basin of the Colorado River. The rates of erosion for a 

/ 
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specific area can vary widely from these averages due to rock 
type, gradient, availability of water and other factors. Very 
high rates can occur in an area of deep loose soil that washes 
away in the rain as some of the dust bowl type soils. Very slow 
rates can occur in an area of very little relief in igneous rocks. 
Each area must be specifically evaluated. 

Three of the most important erosional processes are running 
water, landslides and glaciers. Water is the major transport 
medium of the erosional process. The more soluble products of 
weathering go into solution and are carried away by groundwater 
or by surface runoff. Particles are transported by streams and 
rivers. Landslides bring particles downhill where they become 
available for water-borne transportation. 

Hoods can be a hazard to a repository in two ways. They 
can physically invade the site or they can cause a channel change 
and increased downcutting. Catastrophic flooding and rapid 
erosion may occur a few times each century. In the long term, 
climatic changes can cause flooding. Flooding may also be caused 
by the failure of man-made structures such as dams. These struc
tures commonly have a life of only a few hundred years until the 
structure deteriorates or the holding area is silted-up. 

Landslides can be a hazard in areas of moderate to rugged 
relief. They usually occur as slope failures that creep or slide. 
Landslides may also affect a repository by covering it or damming 
a river and creating a lake. The common causes of landslides are: 
(1) over-steepened slopes that cannot support their own weight; (2) 
undercutting of a slope; (3) vibrations from earthquakes; (4) addi
tional water reducing the effective stress on the failure surface. 

Glaciers are perhaps the most powerful agents of erosion per 
unit of area covered. As a glacier slowly creeps and slides down-
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hill it drags with it the material beneath. Ice freezes to rocks 
and exerts tremendous pulling forces as it creeps forward. Thus, 
glaciers transport immense quantities of coarse rock waste. These 
recks held in the ice act like a rasp on the underlying material. 
Potential sites affected by glaciation at the present time are 
limited to a few mountainous areas. The long time frame associ
ated with a repository, however, does allow for a return of major 
glaciation. There have been four periods of large-scale glaciation 
in the United States within about the last million years. The 
affected area included all mountain ranges and great continental 
glaciers which flowed through the central United States as far 
south as Kansas. The effects of these glaciations reached well 
beyond the perimeter of the ice. Weather patterns were affected. 
Major lakes were formed in otherwise arid areas. Lake Bonneville, 
of which the Great Salt Lake is a remnant, was one of those lakes. 
Some of the lakes drained out suddenly, creating catastrophic 
floods. One such flood was the Missoula Flood that sent as much 
as 50 cubic miles of water across tbe Columbia Plateau (McKee, 
1972). 

Ice sheet thicknesses in excess of 500 meters were involved 
in the continental glacier events. It is difficult to estimate 
the depth of scour by these continental glaciers. Tbe Finger 
Lakes of central New York were excavated to a depth of 150 m 
below the regional base of the glacier. In mountainous regions, 
glacier cut valleys in excess of 3 km are not uncommon. There is 
reason to believe that continental glaciers on relatively flat 
terrain do not excavate to depths generally in excess of tens of 
meters. Bate of advance is very sensitive to climate, but ice 
movements on the order of 120 m/year are recorded commonly today. 
A new continental glaciation advance would probably take several 
thousand years to occur. Accordingly, glaciation is a parameter 
that is less relevant to the critical 400-year period of the 
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repository than to the longer time span being considered. 
Assuming that the depth of scour did not intercept the hydrolo-
gical environment of the canisters, the principal disadvantage 
envisaged in an ice advance over the repository is the difficulty 
of maintaining surface and monitoring facilities. 

Effects and probabilities of large scale weather changes, 
especially with regard to glaciation, have been studied in detail 
by LLL and are thus not discussed in this report except in broad 
general terms. 

3.3.4 Available Information 

Subsequent to our June 1977 report, in which generic sites 
in thick shale sequences and bedded salt deposits were considered, 
we have reviewed metamorphic and intrusive igneous rocks, extru
sive igneous rocks, and salt domes with respect to their general 
suitability for HLW storage. The characteristics of geologic 
environments are discussed below. Appendices discuss specific 
regions of the U.S. characterized by these'rock types in greater 
detail. 

3.3.4.1 Metamorphic and Intrusive Igneous Rocks 

These two families of rocks are discussed together because 
they have many physical and chemical similarities, even though 
their origins are quite different. Mineralogically these rocks 
are composed almost entirely of quartz, feldspar and the common 
mafic minerals in varying percentages. Individual crystals are 
growth-interlocked and porosity is as low as can be found in 
nature. These are also among the strongest rocks mechanically, 
the most resistant to chemical attack, and therefore the most 
durable. 
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For repository considerations the outstanding difference 
between the two families is that the metamorphic rocks occur 
in a significantly more complex geologic environment, tend 
to be more highly fractured and faulted, and are therefore 
more permeable. They also are characterized by a foliation 
which often represents an anisotropic weakness. 

Figure 3-12 shows the distribution of principal areas 
of intrusive and metaroorphic rocks within the conterminous 
United States. 

1. Metamorphic Rocks 

Metamorphic rocks are formed by the transformation 
of igneous, sedimentary or other metamorphic rocks 
through the processes of heat, pressure and chemically 
active fluids which act on the rocks while they 
are still in the solid state, though subjected to 
deep burial. New minerals and textures are formed 
and remain stable. There are thus innumerable 
gradations between metamorphic rocks and the 
original rocks from which they were formed. 

Most metamorphic rocks show a thin layering called 
foliation which is due to the parallel orientation 
of the constituent minerals. The layers may be 
relatively coarse bands 1 mm or larger in size as 
in gneiss or thinner than a sheet of paper as in 
slate. The foliation appears to record slow pervasive 
movement within the rock mass. During this movement 
the original minerals were deformed and slowly 
recrystallized into new minerals. Thick meta
morphic rock sequences frequently contain thin 
sheared zones parallel or subparallel to the 
foliation. These zones can be pervious and potentially 
provide pathways for nuclide transport. They are 
discusssd in more detail in Appendix B.1.5. 
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All these rocks have greater strength and lower 
permeabilities than their sedimentary equivalents, 
but are usually weaker and have higher permeability 
than most intrusive igneous rocks (E. B. Ekren, et 
al,, 1974). 

In general, there are often no sharp boundaries 
between the various types of metamorphic rocks, 
thus, within a small area, several rock types may 
occur. Locating a particular metamorphic type at 
depth may require much more intensive surface and 
subsurface exploration than either sedimentary or 
Plutonic rocks. 

Structural complexity with folding and faulting 
characterize metamorphic rocks. They are found in 
orogenic belts in close association to plutonic 
igneous rocks. Foliated gneiss can grade laterally 
into massive granite with the same mineral content. 
Gneisses can be considered the same as granites, 
both physically and hydraulically. Other metamorphic 
rock types have been reviewed briefly but are not 
specifically covered in this report. 

Intrusive Igneous Rocks 

Igneous rocks are formed by solidification from a 
molten magma. They include intrusive rocks that 
solidified at various depths within the earth and 
extrusive rocks that erupted out onto the surface. 
The igneous rocks vary individually in hardness 
and strength, dependent upon crystal size, the 
mode of eruption and the presence or absence of 
voids. Intrusive rocks solidify beneath the earth's 
surface. The material over them acts as an 
insulating blanket, causing them to cool slowly. 

r> '" :;> 
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Crystal sizes range from a fraction of an inch to 
several feet. These rocks, which consist of 
granite, granodiorite, diorite, gabbro and other 
varieties, can generally be regarded as a single 
rock type from the standpoint of mechanical strength 
and overall suitability for waste disposal. The 
intergrowth of crystals gives high mechanical 
strength and reduces interstitial porosity and 
permeability. 

Individual igneous intrusions, or plutons, are 
categorized by their size and their relationship 
with the surrounding rocks. A pluton is concordant 
if it is emplaced parallel to existing bedding 
planes. It is discordant if it cuts across bedding. 

Most plutons are too small or discontinuous to be 
considered for a repository. Only large stocks 
and batholiths that have sufficient uniformity and 
areal extent are considered appropriate for a 
repository. 

Batholiths are the largest of the igneous plutons 
and are emplaced predominantly in mountain belts. 
They are chiefly granitic in composition without a 
visible or inferable floor of older rocks. Stocks 
are essentially small batholiths with less than 40 
square miles of outcrop area. Their origin and 
the time and mechanics of their emplacement have 
been widely discussed in geologic literature in 
order to explain widely different characteristics. 
These characteristics generally concern primary 
flow banding and the interaction with the enclosing 
rock. The wall rock is metamorphosed by the 
emplacement of a pluton. The thickness of this 
altered zone depends greatly on the temperature of 
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the pluton and the depth of emplacement. Plutons 
emplaced within four miles of the ground surface 
will be of lower temperature and generally will 
have a smaller alteration zone than those emplaced 
at greater depth. Several pluton types may, 
however, be found in a single orogenic belt. 

A batholith itself is not a single plutonic event. 
Numerous emplacements of magma may take place. 
Some of these events may be forceful, causing 
fracturing and faulting within the existing pluton. 
Host of these fissures are filled and sealed by 
the later fluids. Other emplacements are relatively 
quiet with magma just filling pre-existiag cracks 
and fissures. Some melting of existing rock may 
occur. Later uplift generally creates joints and 
and faults unrelated to the original emplacement. 
Although multiple intrusion creates bodies that 
differ in mineral content, batholiths may be 
considered relatively homogeneous mechanically. 

The edge of the batholith is not homogeneous. 
This altered area is baked, chemically altered and 
contains numerous faulted and fractured zones. 
The geology of these areas is very complex because 
forceful injection of the magma can push the 
country rock up and aside creating folds and 
joints. These features occur in both the country 
rock and the cooling surface of the pluton itself. 
Normally when the pluton is exposed, these zones 
are preserved only on the sides of the pluton or 
in roof pendants. Economic mineral deposits tend 
to be located in or near these altered zones. 

Because most large plutons are found in orogenic 
belts, they are usually topographic high areas. 
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Streams tend to have deep canyons with steep 
gradients in the durable rock. The area is 
subject to the various forces of active erosion 
while sedimentary basins collect the broken-down 
byproducts. 

3.3.4.2 Extrusive Igneous Rocks 

Magma that rises to the earth's surface and flows out 
is called lava. There are two chief modes of extrusion. 
One is a quiet mode in which fluid magma with a low dissolved 
gas content, flows in sheets from a central vent or fissure 
without major explosions. The other mode is where fluid 
magma is violently ejected into the air by the action of 
dissolved gasses to fall as innumerable fragments. 

Most lavas originate from volcanoes. These are made up 
of flows alternating with or succeeding explosive ejections 
of fragmental material. Flows are usually concentrated near 
the source vent helping to build up the mountain. Frequently 
satellite cones form on the mountain flanks or even at the 
base with the greater volume of lava coming from them. 
These flows generally travel only a few miles from their 
source. 

The fragmental ejecta has a much greater dispersion 
than the flows. Particles range in size from those weighing 
several hundred pounds to dust so fine that it floats for 
long periods in the air. They fall as splotches or solid 
fragments depending on the amount of cooling during flight. 
Owing to the expansion of gasses, chiefly steam, the ejected 
pieces are generally more or less vesicular. The coarser 
material falls around the vent and builds up a cone while 
the lighter ash and dust is carried away by air currents. 
Volcanic ash from the explosion of the volcano Krakatau 
traveled around the world and blocks up to 15 feet in 
diameter were thrown more than 10 miles from the crater. 
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Silica content as well as the amount of dissolved gas 
has an effect on the physical character of lava. Basaltic 
magmas with a low free silica content tend to be very fluid 
and form relatively thin sheets that travel great distances. 
Increasing silica content makes the lava more viscous creating 
thicker, less extensive flows. 

Jointing reflects the cooling history of a flow. It 
changes with distance from the vent, thickness of the flow 
and the nature of the surface covered. Jointing is also 
affected by whether the flow ponded quickly and solidified 
from a motionless fluid or whether it continued to creep 
forward throughout the period of crystallization. The top 
of a flow cools and solidifies first. Near the source this 
could be relatively smooth but with increasing distance the 
flow top becomes brecciated. Dissolved gasses also migrate 
to the top of the flow where they form a vesicular scoria 
zone. Originally these vesicles are not interconnected but 
brecciation from continued movement will create connected 
openings. These vesicular zones will be found on both the 
top and bottom of a flow with the top zone thicker. Columnar 
jointing proceeds from both the top and bottom of the flow. 
Thin flows may have interconnected joints from top to bottom. 
Very thick flows can appear as three separate flows. The 
top and bottom will be columnar jointed and the middle may 
be somewhat massive. The bottom of the flow is affected by 
the pre-existing surface materials. A pillow-palagonite 
complex is usually formed where the flow enters a body of 
water or a swamp. This is a series of rounded lumps of lava 
with glassy shells. A brick-like baked zone is created in 
most soils under a lava flow. Flows on top of pre-existing 
flows may just seal the flow top but often not completely. 
The typical cooling structures of a basalt flow are shown 
schematically In Figure 3-13. 
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Most lava flows originate from a volcanic vent with 
associated explosive ejection of fragmental material. In 
Hawaii the lava flows were relatively quiet outpourings of 
basalt with a low gas content. These flows have formed 
large low profile mountains from their central vents. In 
contrast, the Cascade Mountains of Oregon, Washington and 
Northern California are composed of lava flows with much 
fragmental material. 

Some lava flows were not extruded from single volcanic 
vent complexes but were poured out as quiet outwellings from 
numerous fissures. Each of these fissures may have been 
several miles long with multiple fissures erupting at once. 
These fissure flow deposits cover large areas with great 
thicknesses of superposed lava flows. The Columbia River 
plateau (Figure 4.1.4) is one of the largest accumulations 
of this continental basaltic rock in the world. It covers 
an area of approximately 200,000 square miles several thousand 
feet deep. 

The geology of the Columbia River plateau and two 
specific sites are described briefly in Appendix B. 

3.3.4.3 Salt Domes 

The basic geology of salt domes was discussed in our 
report (GAI, 1977a). Figure 3-15 shows the locations of 
known salt domes in the Gulf Coast Region. Appendix B 
presents some specific information on the anomalies that 
were observed in a salt dome in southern Louisiana and a 
discussion of the Tatum Salt Dome. 
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3 .4 GENERIC MODELS 

3.4.1 General 

Based on the information presented in Sections 3.2.3, 
3.2.4 and Appendices A and 6, generic models were developed. 
For the purposes of this report, the generic models include 
a bathblith model, shield-piedmont crystalline model, flood 
basalt model, and salt dome model. Our June report (GAI, 
1977a) presented shale and bedded salt models. The purpose 
of these models is to incorporate features commonly encountered 
in the particular geologic setting which might affect site 
suitability. The intent is to present models which are 
simple enough to be synthesized into the TASC model (or 
other generic nuclide transport model) while enabling realistic 
geologic and hydrologic conditions to be evaluated, 

3.4.2 Generic Batholith Model 

The general geology and hydrology of a batholithic 
model, as shown on Figure 3-16, is: 

1. Crystalline Batholith (Granite) 

The batholith is a large intrusive mass of crystalline 
rocks usually granitic. These plutons consist of 
a whole succession of intrusions of varying shapes 
and sizes. Each intrusion can be of a different 
texture and mineral composition, with the younger 
intrusions crosscutting the older. Intrusion-
caused fractures may be filled with younger rocks 
or left open. Joints and fracture zones exist due 
to uplift. 

Groundwater occurs in open fractures usually under 
water table conditions. Permeability is greatest 
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near the surface where weathering and fracturing 
are more prevalent. It generally decreases with 
depth until little or no water is yielded to wells 
below 200 - 400 feet except in highly fractured 
areas such as fault zones. Fractures can provide 
permeable pathways deep into the rock as evidenced 
by hot springs which are relatively common in some 
areas. Flow gradients are large because of high 
surface relief. 

2. Metamorphic Border 

The country rocks intruded by the granite will be 
deformed and metamorphised. They will consist 
largely of gneisses close to the granite grading 
to schists farther away. Some roof pendants of 
raetamorphic rock may be found within the granite. 
Fracture zones filled with quartz in these zones 
are frequently major ore zones. 

Groundwater characteristics are essentially the 
same as those on the granitic portions. 

3. Glacial And/Or Alluvial Sediments 

The valleys within the batholith would all contain 
erosional debris. (Erosion rate is high due to 
lack of soil cover with vegetation and rugged 
topography). This material is predominantly 
coarse and consists of sand, gravel, cobbles and 
boulders of the nearby granitic rock. The material 
would be deposited in talus, valley fill, terraces 
and various glacial melt-water structures. 

Surficial sediments contain groundwater under 
water table conditions. This water is in constant 
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circulation with meteoric water and with groundwater 
in underlying and surrounding granitic rock. 

Groundwater is not widely used within batholiths 
because of sparse population and abundant surface 
water resources. However, groundwater is in constant 
circulation with streams and rivers which flow 
from batholitic regions forming the source waters 
of many major river systems. 

3.4,3 Generic Shield-Piedmont Crystalline Model . 

The general geology and hydrology of a shield-piedmont 
model, shown on Figure 3-17, is: 

1. Crystalline Basement 

The crystalline basement is composed of a very 
complex group of metamorphic and intrusive igneous 
rocks, They have been folded, fractured and 
intruded several tim^s. Typical rock types would 
include granite, gneiss and schist. Fractures 
that occurred during folding and metamorphism have 
been sealed by later mineralizing fluids. Fractures 
caused by uplift exist and may be open. Major 
joints parallel structure and mineral lineation 
and some minor cross-jointing is present. 

Groundwater occurs in open fractures in crystalline 
rocks which may yield substantial quantities of 
water to wells penetrating the more highly fractured 
zones. Permeability is generally low except in 
highly fractured zones. Permeability decreases 
with depth as fractures become more widely spaced 
and less interconnected. Very little, if any, 
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flowing groundwater is found at depths more than 
3,000 feet into crystalline rock. Water quality 
may be low, particularly at depth, due to poor 
groundwater circulation. 

Saprolite (Clay) 

When the region was uplifted it formed mountains. 
Subsequent weathering and erosion reduced these 
mountains to a generally flat peneplain. Deep 
weathering then left a residual clay layer over 
most of the area. This clay called saprolite is 
relatively continuous but may be locally thick, 
thin or absent. 

The saprolite when present acts as a confining 
layer separating water in the underlying crystalline 
rock from that in overlying aquifers. Permeability 
is very low; however, the saprolite may allow some 
leakance from e crystalline rock to the overlying 
aquifers. 

Sandstone 

Renewed uplift or tilting of the region may cause 
increased erosion in the upland areas. The erosional 
debris, largely sand, may cover, without destroying, 
the residual clays in the topographically lower 
plains. 

The sandstor.e can contain a prolific confined 
aquifer. It will be in direct hydraulic connection 
with the underlying crystalline rock aquifer in 
areas where the saprolite layer is absent and may 
recharge water to the crystalline rock. Where the 
saprolite layer separates the two aquifers, the 
bead in the sandstone aquifer will generally be 
lower than that in the crystalline rock aquifer. 
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Siltstone - Shale 

As the uplifted areas are worn down, finer rnd 
finer materials are delivered to the lowlands. 
Sands will be succeeded by silt and clay. These 
deposits, due to their youth and depth of burial, 
will be relatively unconsolidated. 

The fine-grained sediments overlying the sandstone 
aquifer act as a confining layer with low permeability. 

Surface Sediments 

Surface sediments are generally unconsolidated and 
include alluvium and the weathered zone overlying 
bedrock. 

They will contain productive aquifers in the zones 
of coarser grained materials. Water table conditions 
will normally exist although various confined 
aquifers can also occur. 

Resource Use 

Mines may be located in mineralized zones in the 
crystalline rock and, less commonly, in the overlying 
sedimentary rock. Hydrocarbons may also occur 
within the sedimentary strata if conditions are 
favorable. 

The most extensive groundwater usage will be from 
the shallow aquifers in the surface sediments. 
Large-scale pumping for municipal and industrial 
water supplies may rely upon the deeper sandstone 
aquifer. Generally the buried crystalline rock is 
not important as a source of groundwater supplies. 
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3.4.4 Generic Flood Basalt Model 

The general geology and hydrology of a flood basalt 
model as shown on Figure 3-18 is: 

1. Crystalline Basement 

The crystalline basement is composed of a complex 
of metamorphic and granitic rocks. The topographic 
relief on this buried erosion surface may exceed 
2,000 feet. Sedimentary rocks may fill valleys 
underlying the oldest flows. 

The crystalline basement may contain some water in 
fractures but is not important as an aquifer. 

2. Basalt Flows 

The pre-existing topography is covered with a 
series of basalt flows. Individual flows range 
from a few feet to a few tens of feet with some 
flows exceeding 200 feet in thickness. Jointing is 
dominantly vertical within each flow, forming a 
six-sided column. The top of a flow usually has a 
thick frothy zone from the exsolution of gasses. 
These bubbles may not be interconnected except 
through fracturing. A thinner frothy zone is 
usually found at the base of the flow. Some flows 
cool rapidly and are a jumble of blocks. Lava 
tube caves are rare. 

Basalt flows vary widely in their water-bearing 
capacity. Permeability ranges from extremely low 
in the dense centers of some flows to extremely 
high in the vesicular and fractured tops and 
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bottoms of some flows. Low permeability zones can 
act as confining layers forming a vertical sequence 
of perched or semiperched aquifers. Regional 
water table conditions can exist below tbe perched 
aquifers in some areas and regional confined 
aquifers exist in others. 

Interflow Sediments 

As the flows spread over the region they dammed 
streams, creating local lakes and swamps. Sediments 
accumulated in these low places. Most of the 
sediments consist of granular basalt debris but 
many contain a significant amount of ash. Ash in 
thin layers may also coat very wide expanses of 
the flow themselves. The sedimentary layers are 
commonly thin but may be up to 200 feet in thickness. 

Coarse interflow sediments form permeable zones 
between basalt flows allowing lateral flow. Fine 
sediments often form confining layers between 
successive flows. Much of the water storage 
capacity in basalt aquifers is the result of pore 
space within the interflow zones with additional 
space provided by nearby vesicular and brecciated 
basalt. 

Glaciofluvial Sediments 

lieltwater from the glaciers deposited thick accumulations 
of granular debris. Most of tbe material consists 
of silts and sands, but coarser zones exist. 
These sediments also contain much ash. They range 
from a few feet to over 500 feet in thickness. 
Coarser materials are usually found at the base of 
the sequence or in terraces along valleys. 
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Water table aquifers occur in the surficial sediments. 
Groundwater is generally in close hydraulic connection 
with any nearby rivers or streams. In regions 
where basalt exhibits substantial vertical permeability, 
groundwater is generally lacking in the surficial 
sediments and a groundwater table exists at some 
depth in the basalt. 

5. Resource Use 

No important mineral deposits have been found in 
flood basalts, although quarries provide material 
for road materials and other purposes. 

Groundwater often constitutes an important resource 
and is pumped from great depths in the basalt 
where shallow aquifers are absent. 

3.4.5 Generic Salt Dome Model 

The general geology and hydrology of a salt dome model, 
as shown on Figure 3-19, is: 

1. The Salt Plug 

A more or less vertical column of massive salt, 3 
km in diameter and 6 km in height, containing 
isolated inhomogenieties consisting 
of potassic salt, sands and clay impurities and 
minor joint structures describes the plug. 

The massive, very pure salt within the plug is 
relatively impermeable, exhibiting no evidence of 
flowing water. Isolated inclusions of brine and 
hydrocarbons, commonly associated with impure 
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salt, can produce small flows which rapidly decrease 
in volume and usually stop completely within six 
months. 

Surrounding Structures 

Peripheral to the salt plug is an enclosing sheath 
of "sheared salt1' which grades away from the plug 
into "sheared shale." This sheath has been likened 
to fault gouge as it is generated by the abrasion 
of the upward moving salt against the adjacent 
shaley and sandy sediments. A subsequent salt 
spine, moving up adjacent to the parent plug, may 

; enclose portions of the sheath materials between 
the two salt bodies. The thickness of the sheared 
zone is uncertain, but variable. 

Sheared zones exhibit little or no flow due to the 
low permeability of the sheared material. A shale 
sheath, when present, often acts as a protective 
membrane enclosing the salt body and isolating it 
from surrounding aquifers. Shear zones separating 
, spines of movement within the salt body can produce 
small but relatively steady flows when encountered 
in mines. The probable source of this water is 
from outside the salt body. 

Caprock 

Overlying most, but not all, dome salts is a two-
phase layer of caprock. The upper phase is predominantly 
calcium carbonate (calcite) while the underlying 
layer is calcium sulfate (anhydrite) and sulfur. 

The upper calcite caprock is often fractured and 
water bearing. It can act as a permeable pathway 
allowing connection of lower aquifers, which are 
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interrupted by the salt plug, with upper aquifers. 
The anhydrite portion of the caprock is relatively 
impermeable and forms an effective seal over the 
salt plug when it occurs in sufficient thickness. 

4. Surrounding Sediments 

Most of the south-central U.S. salt domes have 
intruded an interlayered sandstone and siltstone 
sequence of considerable thickness. These beds 
are typically upwarped around and over the dome 
and are thinned as they stretch to accommodate the 
intrusion. Occasional limestone beds are also 
encountered in this sequence. 

Normal and reverse faults are encountered surrounding 
the dome having a general radial pattern, centered 
on the axis of the dome. 

The surrounding sedimentary strata contain numerous 
confined aquifer zones in sandstone and limestone 
layers. Piezometric heads generally increase with 
depth below ground surface with shallow aquifers 
tending to be fresh and deep aquifers containing 
saline water. Upwelling of deep waters can take 
place around the dome or along peripheral faults 
caused by intrusion of the salt body. Regionally, 
horizontal flow is toward the Gulf Coast at gradients 
of several feet per mile or less. 

5. Recent Sediments 

Overlying the deformed sedimentary sequence are 
unconsolidated sands, silts and gumbos of varying 
thickness. 
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Prolific water table aquifers occur in the recent 
sediments, Water from these aquifers is directly 
recharged by precipitation and is in constant 
circulation with numerous surface streams. 

6. Resource Potential 

Dome salt is mined for industrial and domestic 
use. The structures surrounding the dome form 
traps for petroleum and natural gas so that the 
dome frequently lies at the center of a zone of 
intense drilling activity. Water is also pumped 
from salt-penetrated aquifers. 

Fresh water aquifers are extensively used for 
domestic, agricultural and industrial water supply. 
Shallow aquifers are tapped most frequently with 
deeper freshwater aquifers tapped mainly near the 
larger metropolitan and industrial areas. Oil 
field brines are commonly reinjected into the 
deeper saline aquifers causing anomalously high 
pressures, 
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3.5 ROCK MECHANICS/MINING 
(Engineered Features) 

3.5.1 Borehole Sealing (Backfilling) 

3.5.1.1 General 

Boreholes within the vicinity of a proposed repository pose 
a threat to the integrity of that repository. The problem of 
effectively sealing these boreholes is no easy task and presents 
problems that are difficult to fully answer based on present 
known technology. The following discussion presents a brief 
review of the possible types of borehole seals, the applicability 
of sealing techniques to the repository and future work that is 
required. 

ERDA has funded several research projects on borehole sealing. 
The available published papers concerning these projects have been 
reviewed. The paper by Herndon and Smith of Halliburton Services 
entitled Plugging Wells for Abandonment: A State of the Art Study 
and Recommended Procedures was most useful and provides an outline 
for procedures in plugging wells in proposed radioactive waste 
repository areas. 

3.5.1.2 Review of Possible Seals 

The present knowledge concerning borehole sealing is limited. 
A search of the technical literature on borehole sealing indicates 
that very little is being done on increasing that knowledge or 
advancing the state of the art on the subject. This probably has 
resulted from the fact that the requirements for effective sealing 
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technology has not been important in the past. Only since about 
1930 has the necessity for effective seals become important. The 
oil and gas industry has led the way in developing borehole sealing 
techniques. They have basically used cement to solve their problem. 
Hence, our present knowledge on the durability of a sealing method 
is short-lived, 40 to 45 years, and is limited to basically one 
material type, cement. The following discussion describes a number 
of various kinds of borehole seals, how they might be placed, and 
estimates on their effectiveness and durability. 

1. Natural Seals 

Boreholes usually collapse at least partially with time. 
Thus, it is often impossible to replace a drill string in 
a borehole after a period of time and drilling fluids are 
often required to support boreholes during drilling. 
The mechanism of natural sealing varies with the 
type of material encountered. Processes which 
help cave boreholes include: weathering, foreign 
material transport, precipitation, expansion or 
squeezing of formation materials and stress 
relief failure. 

The obvious problem with this type of seal is the 
complete uncertainty as to how much of the hole 
has collapsed, the nature of the collapse and the 
resulting permeability of the seal. Boreholes 
sealed in this way would have a higher permeability 
than the natural rock. The exact order of magnitude 
of permeability will depend on the type and amount 
of closure. This difference in permeability can 
cause the borehole to become an erosion channel. 
For existing boreholes, the natural sealing mechanism 
is the only one in effect unless they were previously 
sealed. 
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An example of good and bad materials in which natural 
sealing can occur follows: 

Good Bad 
Salt (If it squeezes Salt (If it opens due 

closed) ', to solutioning) 
Expansive Shales Igneous rocks 

Overburden Limestone 

Only theoretical analysis can develop an idea of 
the extent of this type of seal. At present there 
is no known way of checking the effectiveness of a 
natural seal. 

In-situ Materials: Cuttings 

The excavated material (cuttings) that accumulate 
at the surface could be placed back in the hole 
upon its completion. The cuttings could be pumped 
back into the borehole and allowed to settle out 
of the drill fluid. The clear drill fluid would 
then be displaced and brought out of the borehole. 
Because of the method of placement (i.e. sedimentation) 
the material would be in a relatively loose state 
and will have a low modulus and relatively high 
permeability. The modulus and permeability will 
vary depending on the particle sizes that settle 
out in the specific zone of the borehole. 

At present there is no feasible method available 
to control the quality of a seal placed by this 
method. Degradation with time would be relatively 
low with this type of seal since the material is 
the same as or very similar to the surrounding rock; 
however, it is probable that the material .will 
not effectively fill the borehole and some large 
voids are likely. 
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Foreign Natural Earth Materials 

Materials other than that removed from the borehole, 
such as clay or shale, would be placed down the 
borehole in a systematic fashion and tamped in 
place to a high density (Martin and Olson, 1975). 

It is supposed that the backfill material would be 
dropped down the hole and then compacted. Experience 
has shown that material dropped down a borehole 
tends to hang up on the walls and "bridges" across 
the borehole, leaving a .oid below the bridge. If 
the material can be positively placed at the 
bottom of the hole, a technique must be developed 
to compact the placed material (a pneumatic down-
the-hole hammer, for example). Normally there is 
a drilling medium other than air in the borehole. 
This may cause the material to absorb moisture and 
be difficult to compact. 

Miniature nuclear density gauges have been suggested 
as a method of testing the density of this compacted 
material. However, this technology is not well 
developed. 

Degradation with time would be relatively low 
since the material is composed of relatively 
stable clay minerals. However, consolidation 
(expulsion of water due to pressure) is probable 
and could leave voids or cracks. Large voids are 
also probable in placement. 

Cement Grout 

The use of cement grouts in borehole backfilling 
is the most commonly used technique at present. 
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Cement was first used in boreholes at the turn of 
the century, but it has not been until recently 
that the technology of its placement and calculated 
durability/effectiveness has been of concern. 
Cement was first used by the Romans. Their pozzolanic 
cements, which are exposed to sea water, are in an 
excellent state of preservation today. This is a 
tribute to cement's durability (Herndon and Smith, 
1976). 

The oil and gas industry has led the way in developing 
the technology of cement grout seals in relatively 
large diameter boreholes. Although a great wealth 
of information is not available, the existing 
information indicates that cement grout seals can 
be effectively placed. The durability and longevity 
of such seals is the key question. As is often 
the case in advancing technology, the failures are 
better documented than the successes because they 
become the basis for refinement in techniques. 
What does become clear is the fact that the normal 
mining or civil engineering drilling being done 
today does not employ the techniques used by the 
oil and gas industry. 

The oil and gas industry has developed advanced 
cement grouting techniques that are not normally 
employed by the civil/ mining profession. These 
techniques include, but are not limited to, advances 
in drilling fluid technology, cement, and pump 
design; the use of drill rod centralizers and 
down-the-hole packers to isolate specific zones; 
and borehole wall cleaning techniques. These 
advances were required to seal boreholes that 
encountered high gas and fluid pressures at great 
depths. 
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Only recently have attempts been made to carefully 
seal.small diameter boreholes in the geotechnical 
field; This has become important in borehole 
instrumentation and inter-aquifer pollution. 
The present technology in the geotechnical 
field is 20 years behind the oil and gas industry. 
It is.our opinion that the above mentioned technology 
is available and can be applied to borehole backfilling 
with cement grout to improve on the success rate 
(seal placed as intended) in small diameter exploratory 
holes. The durability and longevity of these 
seals with time and under various temperatures is 
the subject for future work. 

A variety of additives are available that can be 
added to cement to provide various modifications 
to its properties, such as increasing the setting 
time, reduce shrinkage, lower the modulus, provide 
chemical resistance, etc. The amount and kinds of 
additives used will depend on the formation type 
penetrated and depth in which the seal will be 
placed. 

When the selected grout mixture is ready for 
placement, it is normally pumped into the bottom 
of the borehole through the drill rods. The major 
problem in placing a seal is preventing it from 
becoming contaminated. This happens when the 
drill fluid within the hole is not in a static 
condition and mixes with the grout reducing or 
eliminating the effectiveness of the seal. The use 
of centralizers on the drill rods to prevent or 
minimize channeling and the cleaning of filter 
cakes off the walls of the borehole to provide a 
better bonding surface for the cement are also 
basics that must be followed if an effective seal 
is to be placed. 
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When broken or fractured formations are encountered, 
cement grout can be forced into the questionable 
zones by using packers. The packers isolate the 
area and high pressure pumps force the grout into 
the fracture zone around the borehole. 

The quality of the in-situ seal could possibly be 
checked by using miniature geophysical exciters 
and receivers implanted in the grout. This method 
would work if the sonic velocities of the grout 
were higher than the rock. 

Normal uses of cement show evidence of often-rapid 
deterioration. The exposures are often under 
severe conditions of chemical, moisture and temperature 
changes. These severe and rapid changes are not 
expected in a borehole, an_d it is expected that 
the cement seal would have a reasonably long life 
because chemical equilibrium would be established 
relatively rapidly and would not be flushed clean 
and re-initiated. 

5. Chemical Grout 

The idea of injecting chemical grouts into a soil 
or rock mass was proposed as long ago as 1887 
(Bowen 1975). Its development has continued for 
over a half century. Since the early 1960's 
organic monomers, polyphenolic polymers of low 
molecular weight and resins have been introduced 
to the traditional silicate grouts developed up to 
that time. Today, several kinds of chemical 
grouts are available: the silicates lignochrome, 
vinyl polymer, polyphenolic polymer, methylor 
bridge polymer and oil-based unsaturated fatty acid 
polymers (Karol, 1974). 
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The basic advantage in using chemical grouts is 
that they can be used in situations where the 
traditional cement grouts will not penetrate and 
they may be more resistive to chemical deterior
ation than cement grouts. 

Chemical grouts are used almost exclusively in 
small diameter holes, usually to either stabilize 
cohesionless material or "shut off" the flow to 
groundwater. The grout mixture is pumped through 
the drill rods to the intended location. 

Generally their intended life is short-lived. 
Long-term durability is not well documented. 
Their physical properties of inertness, resistance 
to temperature changes, salinity and sulphate 
attack and minimal shrinkage, however, offer 
interesting possibilities for borehole sealing in 
a repository site in that a wide variety of chemicals 
can be used for various conditions. 

Hydrothermal Transport 

The placement of cement, quartz or calcite under 
high temperature and pressure has been suggested 
(Herndon and Smith, 1976). The problems of 
formation deformation due to the high temperature 
and pressure and the effectiveness of the resulting 
seal have not been documented. The concept of 
hydrothermal transport has merit, however, and 
research should be carried out to fully document 
the concept. It can be expected that once in 
place, the seal would be as good as the host 
formation,/ The practical problems of placement 
and determination of its effectiveness may ultimately 
prohibit its use. 
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7. Molten Salt 

As with hydrothermal transport discussed above, 
the concept of physically melting the material 
drilled to close the hole has been considered. 
In particular, if the repository drilling encounters 
salt it could be possible to melt the in-situ salt 
and collapse and close the hole. A limited amount 
of information is available on this concept, but 
as a minimum, expensive hardware working at high 
temperatures would be required and would need to 
be developed (Herndon and Smith, 1976). Further 
research is required. 

8. Combinations 

When considerations are given to the methods of 
borehole backfilling, it becomes apparent that 
each one has its own limitations. Consideration 
should be given, therefore, to the possibility of 
using a variety of different seals within the saae 
borehole with the idea of one seal cancelling the 
limitation of another. When the individual methods 
of sealing are fully understood, the combination 
approach can be reviewed and expanded if warranted. 

3.5.1.3 Applicability of Borehole Sealing to the Repository 

Under certain conditions the development and implementation 
of a proper borehole seal may be a significant requirement of 
an acceptable repository. The negative effects of the borings 
vs. the negative effects of undetected anomalies must be evaluated. 
The necessity of determining the geological environment in which 
the repository is sited would appear to be paramount. It would 
follow, then, that subsurface investigation is necessary and the 
borehole will become an important part of that investigation. 
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Further, it must be assumed that any site chosen will be affected 
by existing, unsealed borings. 

The requirements of the borehole seal in relation to the 
repository are: 

1. Alteration of the hydrological regime to 
be minimal. 

2. Prevent a faster pathway for the nuclides 
than the natural ground. 

3. Remain positively effective for a minimum 
of 400 years to a probable maximum of one 
million years. 

The borehole seal will be required in two borehole 
situations: existing boreholes and future boreholes. The following 
discussion expands on these two situations, with estimates on 
the expected permeabilities of selected sealing methods. 

1. Existing Boreholes 

Boreholes that have already been drilled within 
the vicinity of any proposed repository present a 
variety of problems. The location of the holes 
and the condition of the seal, if present, must be 
determined. 

Most of the existing holes can be found by: 

a. Searching of existing records. 
b. Air photo interpretation. 
c. Magnetic locater devices, 
d. Interviews of knowledgeable persons. 
e. On-site search and excavation. 
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When the holes have been located, the condition of 
the existing seal must be determined. It can be 
expected that at least part of the hole has collapsed 
and drilling "junk" such as stuck rods, discarded 
bits or even some cement grout will be encountered. 
The effects of these conditions on the require
ments of the borehole seal must be evaluated. It 
can be expected that too many unknowns will be 
encountered in existing boreholes and that all 
such holes will be cleaned out and resealed under 
a specified set of guidelines. 

2. New Borings 

The investigation of a repository in respect to 
the number, location and depth of borings can be 
divided into two categories. In one case the 
location of the borings are limited to the shaft 
locations only. In the other case, the location 
and subsequent number of borings are sited for 
optimization of geological interpretation. 

a. Shaft Location Only: The borehole would be 
drilled at the shaft location. This would 
eliminate the problem of borehole backfilling 
as the shaft would require sealing anyway and 
may be much easier to seal due to the relatively 
larger diameter of the shaft compared to that 
of a borehole. A borehole at a shaft location 
would provide some information in advance of 
the shaft sinking as opposed to purely conjectural 
material anticipation. If the repository is 
moved or abandoned after the borehole is 
drilled, it will be necessary to seal the 
borehole anyway. 
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Multiple Boreholes Requiring Sealing: In the 
case of multiple boreholes, the resulting 
number of required seals is purely a function 
of the number of holes drilled to investigate 
the site. 

The effectiveness of any borehole seal will 
be controlled in large part by the method 
used to drill the hole. If soft, fractured, 
easily-erodable formations are encountered, 
the resulting wall profile of the borehole 
will be much enlarged if the correct drilling 
technique is not used to penetrate the formation. 
This could cause unnecessary sealing problems. 
Possible drilling techniques range from 
diamond coring to reverse air circulation. 
The hole diameter, deviation constraints and 
established drilling methods can also determine 
the kind of seal that can be practically 
placed. For example, a 2,000 foot deep EX 
size (38-mm diameter) corehole that drifts 
some 30 degrees from vertical is much more 
difficult to seal with than a plum NX size 
(76-mm diameter) corehole of the same depth. 
Therefore, drilling technique and procedures 
must be established to fit the formation 
penetrated. 

After the boring is complete and the stratigraphy 
of the hole has been established, the geometry 
of the hole must be determined. This can be 
done with geophysical and/or borehole camera/ 
TV techniques. The geometry of the hole is 
required to help determine the method of 
sealing that should be used and in its volume 
calculation. 
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Current and Projected Performance of Seals: 
The review presented in section 3.4.1,2 
leaves little doubt that, based on present 
known technology, the cement grout seal is 
the best understood of all sealing methods. 
The permeability of cement grout seals can be 
expected to vary from 10 cm/sec for 

-3 impermeable sound cement to 10 cm/sec for 
fractured cement. Also, based on our present 
experience in small diameter (three inch to 
six inch) borehole sealing in mining and civil 
engineering practice, an immediate success rate 
(seal placed as intended) of 50 percent can be 
expected with cement grouts. 

The 50 percent success rate is substantiated 
by a brief review of experience within Golder 
Associates. A large project in tf$̂ 9li.ceance 
Creek Basin in Colorado is an example. 
Thirty holes were drilled to an average depth 
of 3,000 feet. Only half of the cement grout 
seals were successful. The remaining half of 
the seals failed and were not effective. 
Herndon and Smith (1976), also report on 
the effectiveness of sealed holes. They 
document a particular project in Michigan in 
which some 49 borehole seals, which were 
located in 20 old gas wells, were investigated 
as to effectiveness with the following results: 

1) 11 of the 49 seals (22 percent) were 
missing. 

2) 6 of the 49 seals (12 percent) were 
soft, also not effective. 
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A review of the technology presently in use 
in the oil and gas industry indicates the 50 percent 
success rate with cement grouts can be definitely 
increased, to perhaps 90 percent. A 70 percent 
success rate was achieved recently by Golder 
Associates using some modification of the 
standard cement grouting techniques. Sealed 
pneumatic piezometers were placed within 
seven inch diameter boreholes. A review of 
the data that has accumulated indicates only 
30 percent of the seals are not effective as 
indicated by communication between individually 
sealed piezometers within the same borehole. 

How long the cement grout seal lasts and/or 
its rate of deterioration with time is unknown. 
However, evidence exists that indicate if the 
proper cement grout mix is used for the for
mation being sealed, the probability of its 
rapid deterioration with time will decrease. 

The permeabilities of other mentioned backfilling 
methods is unknown at this time but can be 
expected to vary between 10" cm/sec for the 

-9 natural seal to 10 cm/sec for the hydrothermal 
transport and molten salt. Values of between 
-2 -4 10 to 10 cm/sec for the in-situ seal and 
3 -8 10 to 10 cm/sec for the foreign earth 

seal can also be expected. 

3.5.1.4 Future Work 

The above discussion points out the general and specific 
lack of knowledge concerning borehole backfilling. For 
example, what is the durability of a specific type of seal 
with time, temperature, pressure and chemical interaction? 
Specific permeability for different types of formational 
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seals is generally unknown. The method of placement and 
exactly how much seal per hole is not known. Are all holes 
to be totally sealed or are partial or zonal seals adequate? 

What has come to light is the fact that requirements for 
specific seals have generally been met in the oil and gas indus
try. Although their needs have been somewhat different than the 
needs of repository sealing, the technology has been developed to 
solve their problems. It is suggested that this same ingenuity 
and development can be applied to sealing boreholes that penetrate 
a prospective repository site. 

3.5.2 Thermal Expansions 

The heat generated by the HLW canisters will cause a thermal 
expansion of the repository backfill and bedrock around the 
repository. The relatively high thermal gradients in the imme
diate vicinity of the canisters may cause some local fracturing 
within the repository zone. A more significant thermal effect 
could be related to the overall thermal expansion above the 
repository zone which may lead to heave and cracking within the 
confining layers of the repository barrier. In order to assess 
the importance of this problem, a preliminary thermal expansion 
evaluation was performed. The evaluation was not intended to 
be a rigorous analysis but rather simply to identify whether a 
potential problem exists. 

Temperature contours in the rock overlying the repository 
zone are necessary to evaluate thermal expansion. Contours were 
calculated using the analytic solution for one-dimensional heat 
flow from a semi-infinite solid with zero initial temperature 
and the flux of heat supplied at x=0, a prescribed function of 
time. The solution for a constant flux (Carlslaw nad Jaeger, 
1959), is: 
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V - » K| J c - x 2 / 4 K t | e r f c 2 - ^ -

* 2 2 /"Kt where: 
V = temperature 
F * flux per unit time per unit area 
K • thermal conductivity 
K = thermal diffusivity 
X - distance from heat source 
t = time 

This equation can also be used with a flux that varies with 
time in a known manner by applying the principle of superposition 
in time. To do this, the thermal output of a repository at the 
time of abandonment as computed by Blomeke and Kee (1976) (in 
"Projections of Wastes to be Generated") was decreased with time 
according to the thermal power decay curve presented in "Thermal 
Analysis of the National Radioactive Waste Repository: Progress 
Through March 1972" by Cheverton and Turner (1972). One half of 
the heat flux calculated at each time step (distributed uniformly 
in the repository zone) was assumed to flow vertically upward 
from the repository (with the other half flowing downward). Using 
the above equation, superposition in time, and the flux rates for 
each time step, the temperature in the rock above the repository 
can be determined for any distance and time. 

Figures 3-20and 3-21show temperature variation with time in 
salt and shale at different distances from the repository. The 
thermal properties of salt and shale were taken from "Thermal 
Guidelines for a Repository in Bedrock" (Parsons, et al. 1976). 
Flux rate was calculated by dividing one half of the thermal out
put of the repository (at each time step) by the area of the 
repository. The flux rates and calculated temperature contours 
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are based upon canister spacings of 17 feet within HLW storage 
rooms and 78 feet between adjacent rooms. However, the temperatures 
for different spacing can be easily evaluated since temperature is 
a linear function of beat flux. The computed temperatures compare 
reasonably well with more rigorous analyses performed under various 
contracts to OWI. 

For the thermal expansion analysis the following conditions 
and assumptions were made: 

1. Temperature distributions in salt and shale are 
shown in Figures 3-20 and 3-21. 

2. The thermal expansion coefficients were obtained 
from "Thermal Guidelines for a Repository in 
Bedrock" by Parsons, Brinckerhoff, Quade and 
Douglas, dated September 1976. 

3. The rock is free to expand in the upward direction. 
4. The repository backfill is rigid. 
5. Repository at a depth of at least 1,000 feet. 

Based on the above assumptions, the computed heave (for the 
assumed canister spacing) at the ground surface varies from about 
3 cm to 20 cm depending on the rock types (greater deflection for 
rock salt due to higher thermal expansion and larger zone of 
thermal influence). For a closer canister spacing, the deflection 
would be greater. Thus, at half the spacing (four times the 
canister density), the heave would be about 12 cm to 80 cm. The 
actual heave would probably be less than indicated by this simple 
analysis due to the rigidity in the overlying rocks and compres
sion within the backfill. 
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Predicting the stresses produced by the thermally induced 
deflections is not a simple problem. The rigidity of the rock, 
the stress dependency of many rock properties, the effect of 
horizontal thermal expansion, the interaction between expansion 
and stresses, and other problems appear to make a very simplistic 
solution unfeasible. However, several general comments can be 
made. 

1. The computed heave over the large area of the 
repository results in very small deflections. 
Thus, a maximum 80 cm heave over a HLVf area 
of 5 x 10 M represents a surface angular 
deflection of only about 1/1,000 (0.1 percent). 
Thus, the actual strains within the rock would 
also be small and prbably well within acceptable 
limits. 

2. Due to the initial in-situ lateral stresses in 
the ground, it is very doubtful that the thermal 
deflections could result in any tensile forces 
within the rock except at relatively shallow 
depths. 

3. The thermal stresses would be a relatively short-
term effect and may be effectively dissipated 
before the repository becomes saturated. 

Thus, it appears that large scale thermal heave'above the 
repository may not be a major problem. Probably the most serious 
effect would be associated with formations which have fracture 
zones under low in-situ lateral pressures. These zones may be 
adversely impacted by thermal heave and should be investigated. 
Such areas might include zones of extension in areas of doming 
and/or folding where incipient jointing is present. 
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3.5.3 Effects of the Waste on the Repository Rock 

Although this problem will be considered in greater detail 
for design performance, a brief discussion of waste/rock effects 
is appropriate for a site suitability study. The waste may affect 
the properties of the repository rock in various ways related to 
the thermal and radioactive output of the waste. The effects 
can be grouped into two main categories - the macro changes in 
the mechanical behavior such as strength, fracture density, etc., 
and the micro changes in the chemistry of the host rock such as 
crystal form. These two groups are inter-related. Any change 
in the chemistry of a rock could affect the mechanical properties. 

Many changes in mechanical behavior of the host rock would 
be due to the change in temperature generated by the radioactive 
waste. Most studies have been ..one using salt because of its 
readily apparent change in behavior. Yield strength decreases 
and creep rate increases with increasing temperature of salt 
(Parsons, Brinkerhoff, Quade, and Douglas, Inc., 1976). Because 
of its deformability, salt fractures are rare—they tend to "heal" 
themselves (International Atomic Energy Agency, 1975). This prop
erty would likely increase with increasing temperature. 

The coefficient of thermal expansion of rocks increase 
non-linearly with increasing temperature. The coefficient of 

-5 o -1 salt is about 2.22 x 10 F while that of basalt is about 
-5 o -1 0.30 x 10 F (presumably at room temperature) (Ratigan, 

1976). The overall thermal expansion of a rock body can induce 
stress that would result in fracture. This is more likely for 
a basalt which is brittle than for salt. The effects of these 
fractures on permeability is unknown but, while the temperatures 
are high, the fracture might be squeezed tight by the expansion. 
Upon cooling, the rock would contract and the fracture might open 
up. If this scenario is correct, the increase in permeability 



3-139 

would be worrisome only after the rock starts cooling. At slow 
rates of heating, less than 2 C/second, volume changes are recover
able. At higher rates, permanent micro-fractures develop in the 
rock (Richter and Simmons, 1974). These could be due to aniso
tropic thermal expansion of crystals. As the rock cools it does not 
regain its original volume because of the presence of these micro
fractures. In Project Salt Vault only 12 percent of the original 
floor height was recovered upon cooling (Starfield and McClain, 
1973). The microfractures would probably lower the strength of 
the rock and correspondingly alter the stress state around the 
repository. The microfractures would also affect the porosity 
of the rock body. 

The chemistry of the host rock can be altered by thermal 
effects, high pressure, radiation, the influence of water, or 
any combination of these. Thermal effects include melting, 
alteration from one crystal state to another, increased solu
bility rates, and increased corrosion rate of the waste canisters. 
Currently it appears that melting and changes of crystal state 
for most minerals occur at temperatures above 400°. If these 
changes did occur the porosity and strength of the host rock 
would probably be affected. 

The effects of radiation on the host rock are dependent on 
the type of radiation particle, the temperature, the dose and the 
dose rate. Some pertinent effects are density changes, expansion, 
stored energy, mechanical property changes, and newly formed 
chemical products. 

1. The density of quartz increases with increasing 
radiation dose. It is not currently known what 
density changes occur in other minerals or the 
extent of the change (Kichin and Pease, 1955). 
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The effects of stored energy on salt due to radiation 
has been treated by Jenks and Bopp (1974). At higher temp
eratures annealing takes place which counteracts the 
effects of radiation. Thus, at higher temperatures 
less energy is stored in the crystal. Above 150°C 
energy storage is negligible. At 120-150°C, 18-20 
cal/g is the saturation stored energy. Below 120°C 
60 cal/g is the saturation stored energy. Stored 
energy can be released in the form of heat. The 
rapid expansion of the rock due to rapid release 
of stored energy would cause mechanical forces. 
Beating the substance rapidly is the only way to 
rapidly release the stored energy. This would require 
an independent heat source. If this should happen 
the energy release would be less than one pound of 
TNT, which is unlikely to compromise the repository 
(Jenks and Bopp, 1974). 
According to Kvapil (1959), changes in the mechanical 
property of rock will occur due to radiation. Kvapil 

8 2 irradiated limestone specimens with 7.6 x 10 Rad/cm . 
he found that the strength decreased and deformation 
increased in irradiated rocks. According to Primak (1960) 

18 vitreous silica irradiated to 7 x 10 (Rad), showed a 
1.4 percent increase in Young's modulus and a 3.8 percent 
cecrease in the rigidity modules. Future data is 
required in this area, both with other rock ty^es and 
with extent of damage and its effect on the structural 
integrity of the repository. 
Because the structure of the crystal is changed with 
irradiation, different products may be formed. As an 
example, in salt hydrogen is formed within one year 
of burial. 
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Other products that could be formed with salt are 
hydrogen chloride and chlorine. If water vapor is 
present the effect on the corrosion of the canister 
could be appreciable (as much as 50 rails/year). 
Assuming maximum rates and uniform corrosion, steel 
walls 1/4 in. thick containing 5 lew waste would 
completely oxidize within 15 years of burial (Jenks, 
1972). 
One effect of irradiation is the increased dissolution 
rate of salt in water. Since the main travel path 
or irradiated particles is groundwater, this effect 
needs to be investigated. It is expected that this 
effect would be negligible due to the localized effects 
of radiation. 

Another feature of waste/rock interaction is the possible 
effect due to the differing densities of the rock and the waste. 
It is known that salt responds to differences in density between 
itself and bedding planes above it. This property is witnessed 
by the upward movement of salt domes. Salt has a density of about 3 2.16 g/cnr (Parsons, Brinkerhoff, (Juade, and Douglas, Inc., 1976). 
The density of the waste canisters is a design factor but would 
probably be greater than salt. If so, it may be possible that 
the canister would slowly sink through the salt beds to any bedding 
or aquifer below. This would be aggravated by the high temperature 
which would increase the plasticity of the rock or even melt it 
directly around the canister. It is unknown if differing densities 
would have any effect in other rock types. Shale is a possibility 
due to its plasticity. This problem might be overcome by decreasing 
the density of the canister to that of the host rock. However, the 
density of the host rock is dependent on temperature. 
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3.5.4 Earthquake Effects 

The physical effect of earthquakes in underground workings 
has had very little systematic study. Most available information 
is personal communications rather than instrument readings. 
Many of these are newspaper accounts from miners long since dead. 
The exact mine conditions are unknown and thus the usability of 
much of the information is questionable. 

A review of available information on the effects of earth
quakes on underground mines by Peter R. Stevens (1977) has 
three major conclusions: 

1. Severe damage is inevitable when a mine or tunnel 
intersects a fault alon, which movement occurs 
during an earthquake. Possible damage includes 
offset of the workings on either side of the fault, 
destruction of timbering, collapse of roof and 
walls of workings, and flooding of the mine - all 
of which could have disastrous consequences in 
a mine. 

2. Mines in the epicntral region of strong earth
quakes, but not transected by fault movement, may 
suffer severe damage by shaking. Timbering may 
fail and collapse of roof or walls and mine shafts 
or their linings may occur. Flooding of mine 
workings by enlargement and interconnection of 
joints or old fractures is possible. 

3. Mines outside of the epicentral region are likely 
to suffer little or no damage from a strong earth
quake. Seme spalling of rock, falling of loose 
or weakened roof pendants, or some shaking are the 
only effects to be expected and in many cases the 
earthquake is not even noticed in mines so located 
(Steveus, 1977). 
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Effects of earthquake shaking on a mine in competent rein
forced rock would probably be minimal. The major zones of concern 
would therefore be where one rock type interfaces with another. 
If the seismic velocity is drastically different between the 
two rock types local induced stress concentrations may occur. 
This would be particularly likely in the shaft where it progresses 
from alluvium and weathered rock to competent reck. It might 
also occur horizontally between different rock types. 
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HEAD CHANGE AND FLOW CONDITIONS 

FOR A PUMPING TEST WITH NEARBY BOUNDARIES 
Figure 3 - 2 
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DRAWDOWN IN A PUMP TEST WITH NEARBY BOUNDARIES Figure 3 - 3 
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L06/L0G PLOT OF COMPARISON BETWEEN 
LEAKY AQUIFER RESULTS AND BOUNDARY RESULTS 

Figure 3 - 5 
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SCHEMATIC OF TYPICAL STANDPIPE PIEZOMETER Figure 3 - 6 
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TIME TO RE-ESTABLISH VERTICAL FLOW THROUGH 
THE REPOSITORY AFTER ABANDONMENT 

Figure 3 - 7 
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Figure 3 -6 a 

COMPARISON OF RECOVERY RATES FOR REPOSITORIES WIT-
AIR FREE TO ESCAPE ANO WITH TRAPPED AIR 
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Figure 3-8b 

COMPARISON OF PRESSURE EQUALIZATION R/ 
FOR REPOSITORIES WITH TRAPPED AIR 
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Fig. 3-9o PRESSURE RECOVERY CURVE FOR A 
TEST MINE, CENTRAL ARIZONA 
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|Fig.3-9b THEORETICAL PRESSURE EQUALIZATION 
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RELATION OF WELL YIELD TO WELL DEPTH IN 239 
CALIFORNIA WELLS IN CRYSTALLINE ROCK 

Figure 3*10 
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IDEALIZED MODEL OF FLOW PATTERNS IN 
METAMORPHIC AND IGNEOUS ROCKS Figure 3-11 

Lower Impermeable Boundary 

a) Cross section showing approximote configurotion of water table and 
right, left, and lower boundory of flow system along line A - B . 

Potential distribution on the surface 
of the theoretics! flow region 
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b) Theoretical flow patterns and boundaries between different flow systems, 
(Modified after To* , IS63) 
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PRINCIPAL AREAS OF INTRUSIVE AND METAMORPHIC 
ROCKS AND THICKNESS OF SEDIMENTARY ROCKS 
IN THE UNITED STATES 

Figure 3-12 
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SCHEMATIC SECTION THROUGH A BASALT FLOW 
SHOWING TYPICAL COALING STRUCTURES 

Figure 3-13 
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COLUMBIA RIVER PLATEAU Figure 3-i4 

1 K/« Nivodan basement; mttamorphic rocks lined,Plutonic rocks solid 

2 L^j Inferred margins of Nevadon otogenic belt 

3 h»y/^ Plateau basalts of Miocene and later age 
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SALT DOME BASINS AND DOMES IN THE 
GULF COAST REGION Figure 3-15 
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GENERIC CRYSTALLINE BATHOLITH MODEL Figure 3-16 
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GENERIC SHIELD-PIEDMONT CRYSTALLINE MODEL Figure 3-17 
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GENERIC FLOOD BASALT MODEL Figure 3-18 
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GENERIC SALT DOME MODEL Figure 3-19 
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SALT - COMPUTED TEMPERATURE CONTOURS Figure 3-20 
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SHALE- COMPUTED TEMPERATURE CONTOURS Figure 3-21 
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4.0 DESCRIPTORS AND COEFFICIENTS 

During the course of this study, a new cycle of the TASC 
model was not initiated. Thus, for this study GAI was not reques
ted to provide specific new descriptors or coefficients for the 
TASC model. However, parametric uncertainty estimates were devel
oped and are discussed in Section 5.2 of this report. In addition, 
we provided supplementary documentation information on the Cycle 
II model descriptors and coefficients. This information was pre
sented in a report to LLL dated September, 1977 (GAI, 1977e) and 
was needed for the Peer Group Review Report prepared by LLL (LLL, 
1977). This section of the report discusses the documentation 
information and, for completeness, presents the documentation 
data included in the September documentation report but not dis
cussed elsewhere in this report or in our June report (GAI, 1977a). 

The documentation information relates to the data presented 
in Section 3.3 of our June report. The data included descriptors 
and coefficients for the TASC model hydrologic analog; permeability 
and porosity values for the geologic formations (excepting salt); 
occurrence and properties of the borehole seals, backfill, and 
mine fracture zones; and properties of faults causing seismic 
events. All data was presented with a preferred value and maximum 
credible range. These values related to a generic repository in 
a sedimentary basin and not a specific site. Thus, the parameters 
are inherently estimates and should not be construed in any way to 
be actual computed or measured values. This is consistent with the 
overall generic site suitability model philosophy which was to 
evaluate relative importance of variables and not to determine 
absolute numerical values. The approach used in developing our 
input data reflected this approach and was primarily based on 
experinece, available field information and judgement rather than 
detailed theoretical analysis. 



4-2 

It is important to understand the precision of the informa
tion provided and the general operation of the site suitability 
study program. The purpose of our work was to provide the best 
available current information for use in the initial site suit
ability models. These models required definition of preferred 
values and probable ranges of all parameters relevant to the model. 
Where data was not available or poorly understood, we were re
quested to make our best engineering estimate. In general, the 
probable ranges of most parameters are reasonably well known. 
Where engineering estimates had to be made, they are noted. As 
the project develops factors identified as being significant will 
be refined as appropriate for subsequent models. In fact many 
of the inprt data to the Cycle II model are currently being re
evaluated and may be revised in subsequent cycles. 

The rationale for the descriptors and coefficients are pre
sented in Appendix C. Much of the data relates to topics which 
are not well understood and do not lend themselves to a rigorous 
evaluation for a generic site. Values of the permeability of 
faults, size and permeabilities of mine backfill, borehole seal 
permeabilities and longevity, and other data are so poorly under
stood at this time or so variable (depending on the details of a 
specific site or details of construction methods) that any attempt 
at a detailed evaluation is thought to be inappropriate and 
meaningless for a generic model. Thus, the primary rationale 
for much of the input data was simply engineering judgement in 
an attempt to provide values that reflect the real world and will 
result in meaningful model output data. The primary purpose of 
the discussions presented in Appendix C is to explain the rationale 
for the input data and why it is felt they represent a reasonable 
estimate of the repository properties and behavior. Wherever 
possible actual measured values and/or analysis are provided in 
support of the input data. 



5-1 

5.0 UNCERTAINTY CONSIDERATIONS 

5.1 GENERAL 

This section presents our analyses and comments on the uncer
tainties related to site suitability evaluations. For the purposes 
of this report, we have defined the following categories of 
uncertainty: 

.1. Parametric Uncertainties: These relate to the un
certainties in the data used to describe the geologic, 
hydrologic, and engineered features of the repository. 
This would include formational permeabilities, hydro-
logic gradients, occurrences of geologic anomalies, 
size and properties of shaft fracture zone, and others. 

2. Modeling Uncertainties: These relate to the uncer
tainties in analyzing the data and predicting the 
future behavior of the repository waste containment 
system. This would include basic theoretical uncertain
ties, analytical and numerical uncertainties, and 
model geometry and boundary condition uncertainties. 

3. Residual Uncertainties: These relate to the enormous 
range of "real world" conditions, processes, and possi
bilities (both identified and unforeseen) which are 
not incorporated into a site suitability evaluation. 
These might include geologic anomalies, improperly 
understood physical and chemical processes, unfore
seen future events, unforeseen or improperly under
stood behavior of engineered features, and others. 
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GAI provided parametric uncertainty values for the Cycle II 
TASC model. This information is being currently incorporated by 
TASC into a general uncertainty analysis in assessment of reposi
tory radiation risk (TASC, 1977c). The uncertainty data, a brief 
description of our uncertainty analysis, and our general comments 
on all three categories of uncertainty is discussed below. 

5.2 PARAMETRIC UNCERTAINTIES 

5.2.1 General 

GAI provided uncertainty data for the descriptors and coef
ficients provided for the Cycle II model analysis. These uncer
tainty values are based on experience and judgement and not 
rigorous evaluations or procedures. Depending on the results of 
the initial uncertainty analyses, some of the more sensitive 
uncertainties may be subjected to extensive evaluation and analysis 
in the future. Thus, the uncertainty data presented in this 
section are very preliminary and are only valid for initiating 
the development of the TASC uncertainty methodology. 

Given a specific site and assuming a certain level of explora
tion and instrumentation, there would be an uncertainty or confidence 
level associated with any parameter. This uncertainty arises 
from geologic variations, errors and limitations of testing tech
niques, and limitations in the evaluations of the tests or explora
tions. The general exploration levels considered appropriate are: 

1. Pre-construction Phase: 
- Minimal: No boreholes but research of available 

regional information and surface mapping. 
- Moderate: Approximately 40 shallow holes to level 

of repository and 10 deep holes through 
to underlying aquifers. 

- Maximum: Extensive explorations with hydrologic 
testing. 
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2. Post-construction Phase: 
- After shaft and main corridors; both with major 

instrumentation and testing and with only instru
mentation. 

- Just prior to backfilling; both with major in
strumentation and testing; and with only instru
mentation. 

For this initial analysis, the uncertainty values were 
expressed in terms of confidence limits on the mean value. For 
example, if the 90 percent confidence limits on a parameter are 
A and 8, it is meant that if the parameter was repeatedly sampled, 
90 percent of the time the value obtained would lie between A 
and B. The geotechnical parameters were assumed to fit a log-normal 
distribution, which is commonly used in geologic and hydrologic 
studies. The standard unit for defining the uncertainty, U, of 
a parameter would correspond to one standard deviation in the 
logarithm of the parameter. Thus, if the parameter's value is 
V, the definition of its uncertainty, U, is "two thirds (approxi-
mately) of the sample population of the parameter lies between = 
and VH," or alternatively, "95 percent of the sample population 

V 2 lies between jj2 and VU ." All our values are given in terms of 
the value U. Future uncertainty values may also include linear 
normal values. 

5.2.2 Porosity and Permeability 

The uncertainty attached to the parameters of permeability 
and porosity will be strongly dependent upon the degree of explora
tion. Maximum exploration will reduce uncertainties but may also 
create more pathways which, upon failure, may cause release of 
contaminants. In geceral, hydrologic testing can be conducted 

'/ 
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during the pre-mining phase, primarily through boreholes, and 
during the mining and waste emplacement phase by instrumentation 
within the mine. This problem was discussed in more detail in 
Section 3.2. 

The recommended values of U are as follows: 

a. Permeability 

Layer Minimal 
Pre-mine Phase 
Explorations 
Moderate Extensive 

Mine Phase 
Main After 

Shaft & Corridors 30 Years 
2 100 10 5 5 (4)* 5 (3) 
3 100 10 5 5 (4) 5 (3) 
4 100 10 5 5 (4) 4 (2) 
5 100 10 5 5 5 (3) 
6 100 10 5 5 5 (4) 

* Numbers in parenthesis represent uncertainties if extensive 
explorations are conducted in the mine. 

b. Interstitial Porosity 

Layer Minimal 
Pre-Mine 
Explorat 
Moderate 

Phase 
ions 
Extensive Shaft 

Mine Phase 
Main After 
& Corridors 30 Years 

2 3 2 1.5 1.5 1.5 
3 5 3 2 2 2 
4 5 3 2 2 2 
5 5 3 2 2 2 
6 3 2 1.5 1.5 1.5 

Fracture Porosity 

Minimal 
Pre-Mine Phase Mine Phase 

Layer Minimal 
Explorations 

Moderate Extensive 
Main After 

Shaft & Corridors 30 Years 
3 10 8 5 5 (4) 5 (4) 
4 10 8 5 4 4 
5 10 8 5 5 5 
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5.2.3 Head and Gradients 

The capability exists to measure heads and compute horizontal 
and vertical flow gradients with a high degree of accuracy. The 
effects of salinity complicate this measurement and thus introduce 
uncertainty. Additional gradients resulting from osmotic poten
tial, thermal potential, threshold phenomenon, etc, are not 
included in these uncertainties. The U values are: 

Pre-Mine Phase Bxplor. Mine Phase Explor. 
Layer Minimal Moderate Extensive Shaft & Cor. 30.Jr. 

Horizontal 2 5 1.3 1.2 1.2 1.2 
Gradients 6 10 1.3 1.2 1.2 1.2 
Vertical Head 
between 2, 6 5 1.3 1.2 1.2 1.2 

5.2.4 Other Parameters 

GAI provided data on fault sizes and properties, borehole 
seal dissolution and backfill dissolution, and size and properties 
of mine opening fracture zones. These are not measured values; 
rather they will be computed values based on the analyses of many 
measured parameters. To credibly evaluate the uncertainty rela
ted to these computed parameters would involve a parametric 
sensitivity analysis. In our opinion, this level of complexity 
is inappropriate at this time. Rather than provide any estimates 
of uncertainties, we recommend that the full range of values 
provided to date are assumed to be the uncertainty for the Cycle 
II model. As we learn more about the uncertainty analysis concept 
to be used by TASC, we would develop uncertainties for future models. 

5.2.5 Relationship Between Permeability and Porosity 

5.2.5.1 General 

In order to perform the TASC uncertainty analysis, it was 
necessary to know the functional relationship between permeability 
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and porosity. Otherwise the random generator could produce per
meabilities inconsistent with the porosities. This could be 
particularly significant for fracture flow since high permeabilities 
coupled with very low porosities would result in unrealistic water 
velocities. 

A rigorous relationship between permeability and porosity 
does not exist since these properties are not directly related to 
each other. However, in a particular formation and assuming only 
minor variations in other rock properties, it is feasible to con
struct a functional relationship between permeability and porosity. 
These relationships should only be used within a single model 
layer and should not be used to compare porosities between layers. 

5.2.5.2 Interstitial Flow 

Interstitial permeab'lity exhibits some dependence upon poro
sity. Although there are many media and fluid properties other 
than porosity which influence permeability, average trends of 
permeability-porosity values can often be found for different 
formations. Figure 5-1 is a plot of permeability and porosity 
measurements in two oil-bearing sandstone formations (Archie, 
1950). Hote that permeability can range over several orders of 
magnitude for a given porosity but that a general trend is indica
ted. Figure 5-1 also shows average trends in the permeability-
porosity relationship for a number of oil-bearing formations. In 
general, the trend lines are straight and somewhat parallel. An 
equation can be written for the average trend lines in the form: 

K = A (10) B n 

where K is permeability, n is porosity (effective) and A and 
B are coefficients. The coefficients A and B can be found 
by determining the slope (B) and intercept with the permeability 
axis (A) for each trend line in Figure 5-1. 
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By pairing together the preferred values and ranges of inter
stitial permeability and porosity provided for Cycle II, and 
assuming the paired values fall on a trend line similar to those 
in Figure 5-1, a functional relationship can be synthesized. To 
do this, the paired permeability-porosity values were plotted as 
shown in Figure 5-2. The general equation for the trend line is: 

n = C log (K/A) 
which is the previous equation solved for porosity rather than 
permeability. Values for the coefficients C and A are found from 
these trend lines. The coefficient A was held constant for each 
layer and the coefficient C varied to give a range of porosities 
for a given permeability. The values of C recommended are shown 
on Figure 5-2. 

These permeability-porosity relationships are useful for 
computational purposes within the Cycle II model uncertainty 
analysis but are not meant to reproduce actual permeability-porosity 
measurements. Actual permeability-porosity data can be expected 
to vary widely from the trend line and ranges given by the above 
relationships. 

5.2.5.3 Permeability-Porosity Relationship - Fracture Flow 

The permeability-porosity relationship for fracture flow is 
presented in Appendix C. This relationship in terms of meters 
and cm/sec. is: 

n * 5.49xl0" 3(K/S 2) l y' 3 

where n = porosity 
K = permeability, cm/sec. 
S = fracture spacing, meters 

For the purposes of the uncertainty analysis, a fracture spacing 
of one meter with a range of 0.1 to 10 meters is recommended. 
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5.2.6 Relationship Between Vertical Gradient and Formational 
Hydrologic Properties 

Due to the method used to generate a range of parametric 
values for the uncertainty analysis, it is possible to produce 
permeabilities for the repository layer (shale, salt) which appear 
inconsistent with the properties of the aquifer layers and with 
the vertical gradient. Ignoring possible leakage into the lower 
aquifer from below, there is a relationship between the properties 
of the aquifers and repository layer and the magnitude of excess 
hydraulic head which can be maintained across the repository 
layer. A large head difference coupled with a relatively high 
repository layer permeability and a relatively low aquifer per
meability would result in an apparent erroneous model which leaked 
more water through the repository layer than carried by the aqui
fer. In nature, such a situation can (and does) exist in aquifers 
which receive large volumes of leakage from below and then lose 
the water through leakage above. However, for the purposes of 
the current model analysis, some parametric limits should be used 
to eliminate these apparent inconsistencies. 

Assuming no leakage into the lower aquifer from below, a 
gross relationship can be developed as follows: 

AH < ̂ A . ̂ A h. . i 
~h L H 

Maximum viable excess hydraulic head in 
lower aquifer 
Horizontal permeability of aquifer (upper 
and lower aquifer assumed equal) 
Vertical permeability of repository 
layer (salt, shale) 
Thicknesses of aquifer and repository 
layer 

Where: AH: 

V 
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L: Length of upper aquifer, from repository 
to discharge 

i„:. • Horizontal gradient in upper aquifer 

This relationship ignores the effects of layers L-3 and L-5 
since it was assumed these layers were at least 10 times more 
permeable. It should be noted that the above relationship is not 
a rigorous equation but only a rough guideline of what is sensible 
assuming no leakage from below. A rigorous solution is not feas
ible since there are too many unknowns. In general, using preferred 
Cycle II values for t A, t„, L, and ifl the above relationship 
implies the following reasonable limits on AH: 

vv AH Maximum 
2 Less than 10 only a few feet 3 10 about 50 feet 

10 about 500 feet 4 greater than 10 no practical limit 

. The above discussion only applies to the specific Cycle II 
model and should only be used to aid in the initial development 
of the TASC uncertainty methodology. More rigorous relationships 
will have to be developed in the future which more adequately 
express the vertical gradient dependency on formational character
istics including the effects of geologic flaws (both existing and 
future) and man-made flaws (boreholes, repository, etc.). 

"5,3f MODELING UNCERTAINTIES 

5.3.1 General 

A substantial amount of uncertainty will be inherent in any 
prediction;of theprocess whereby radioactive nuclides would be 
^transported by groundwater from a repository to the biosphere. 
The uncertainty will arise from three main areas: 
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1. The theory employed, which is only an approxima
tion to the real situation. 

2. The hydrologeological model, which is only an 
approximation to the real situation. 

3. The analysis method used, which is usually only 
an approximation to the theoretical model. 

There is an additional major source of uncertainty which is not 
treated herein: the uncertainty concerning the nuclide source 
mechanism (that is, the mechanism by which the nuclides are dis
solved by the groundwater). 

It is clearly inappropriate to spend major efforts refining 
a model in one of the three areas if the major component of the 
overall uncertainty arises in a different area. One of the pur
poses of this section is to assess the contribution to the overall 
uncertainty from each of the three main areas and make some general 
comments regarding the levels of theoretical and analytical 
sophistication appropriate for a generic site suitability study. 

5.3.2 Theoretical Uncertainties 

The general theoretical uncertainties related to nuclide 
transport include the following: 

1. Darcy's Law: This law is accurate for laminar 
granular porous media. Its validity for flow in 
sparsely-jointed rock and/or very low or very high 
permeability rock is not well established. 

2. Thermal Effect: Geothermal and repository-induced 
heat will affect flow by changing the water density; 
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changing the water viscosity; and coupling (by coupling 
we mean the phenomena whereby a gradient in pressure, 
temperature, ionic concentration, or electric poten
tial will iuduce gradients in the other parameters). 
The theory for the effect on flow of changes in water 
density and viscosity is adequate, but little is known 
of coupling effects. 

Salinity; Salinity effects are similar to thermal 
effects in their behavior. Density and viscosity 
effects are well understood for simple geometric 
flow regimes but poorly understood in complex flow 
regimes (Bond, 1973). 

Gas: Gas bubbles, their growth and decay, and their 
effect on flow are poorly understood. 

Ionic Potential: Ionic concentration gradients can 
create high coupled potential gradients. This effect 
is not incorporated in present theories, and is not 
well understood. 

Dispersion: Bear's hypothesis and the assumed linear 
dispersivity-velocity relation are not well established. 
This may be particularly significant for fracture fluid 
flow and/or complex geologic conditions. 

Sorption Kinetics: A well-established general theory 
does not appear to be available. Theories for coupling 
effects such as multiple ion species, temperature 
and pressure are rudimentary. This problem is being 
considered in detail by LLL. 
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5,3.3 Hydrogeologic Model Uncertainties 

These uncertainties relate to the geometric and parametric 
development of a model and relate closely to the parametric uncer
tainties discussed above in Section 5.2. Due to the practical 
constraints on what can be numerically or analytically modeled and 
effectively evaluated, gross simplifications are necessary in order 
to reduce "real world" complexities to a usable model. These 
uncertainties include: 

1. Gross Geology: This involves defining geological 
formations and, within them, regions in which the 
hydraulic parameters are uniform. Persumably any 
repository would be located in a stratigraphically 
simple region, but the hydrogeology of the entire 
groundwater basin has to be established, and substan
tial regions of uniform hydraulic parameters are unusual. 

2. Anomalies: These include all hydrologically significant 
faults, "master" joints, old/recent boreholes, breccia-
pipes and local geological anomalies. Many of these 
anomalies may be missed or mis-represented. 

3. Boundary Conditions: Groundwater basin limits, infil
tration and evapotranspiration rates, rivers and river-
groundwater interaction effects need to be modeled. 

4. Geometry: The model can be a one-dimensional model, 
a two-dimensional model, or a uhree-dimensional model. 
In addition, the model can represent the entire ground
water basin (regional model) or simply the vicinity of 
the repository (local model). In general, the more 
complete the model (i.e., three-dimensional and regional 
model), the less geometric uncertainties. However, the 
more complex the model geometry, the more simplifications 
are normally required to make model evaluations feasible. 
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5.3.4 Model Analysis Uncertainties 

Numerous methods are available to evaluate a nuclide transport 
model including both analytical (closed form) and numerical. These 
methods and comments on their uncertainties include: 

1. Analytical (closed form): By definition a closed form 
analytical solution has no analysis uncertainties. 
However such solutions are only feasible for a very 
few idealized conditions and are not practical for 
any "real world" conditions. 

2. Finite Element: The finite element method will con
verge to the exact analytical solution if enough 
elements are used. In practice, however, it can be 
impossible to provide enough computer power for 
precise solutions of complicated problems. In par
ticular, problems which are inherently three-
dimensional in nature are usually soluble only with 
a quite coarse element mesh. Thus, because of the 
diminishing returns and rapidly rising costs for 
more refined meshes, finite element results accurate 
to about + 5 percent are generally considered 
adequate for engineering projects, 

3. Finite Difference: The finite difference method 
is quite similar in accuracy and cost to the finite 
element method and the above comments apply equally 
to it. It is less capable than the finite element 
method at modeling interfaces between different 
materials, and accordingly will often produce slightly 
less accurate results when modeling real systems. 
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4. Method of Characteristics: The method of character
istics is a hybrid finite-difference scheme which 
is not susceptible to "numerical diffusion," Its 
treatment of dispersion, however, is fairly crude. 
Accuracy better than + 10 percent is unlikely in 
our opinion. 

5. TASCModel Analysis: These uncertainties were dis
cussed in Section 3.2.4.1. 

6. Analytical Estimates (so-called "back of the envelope"): 
The use of hand calculations using simple analytic 
solutions for transport through each layer with manual 
adjustments for such things as lateral dispersion can 
be quite adequate for the preliminary assessment of 
many factors, 

In our opinion, the modeling analysis uncertainties 
are relatively insignificant compared to the overall 
uncertainties of a generic site suitability evalua
tion. This was previously discussed in section 3.2,4.1. 
In order to examine this concept, a crude approximate 
overall modeling uncertainty analysis was performed 
and is presented in Appendix D. The general results 
appear to support the concept of using simplified 
analysis procedures for generic model studies. 

5.4 RESIDUAL UNCERTAINTIES 

In our opinion, residual uncertainties represent the most 
significant problem in any site suitability evaluation. As dis
cussed previously in Section 2.3, should something seriously go 
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wrong with the repository after decommissioning, it will probably 
be caused by a significant man-induced or natural process that 
was unforeseen, improperly evaluated, 01 known but not incorpora
ted into the model evaluations. For this reason, the most serious 
problem associated with the TASC geology-hydrology "pipe" model 
would be the failure to incorporate a major flow path or signifi
cant waste transport mechanism. Thus, as stated in Section 2.5, 
we feel it is essential to begin to use the current site suitability 
methodology to consider all the viable "real world" conditions 
and processes to minimize the residual uncertainties. For the 
purposes of this section, residual uncertainties are categorized 
as follows: factors known but not incorporated into the current 
TASC Cycle II model, factors which may be improperly evaluated, 
and unforeseen factors. 

Known geotechnical and mining factors which should be consi
dered in future model cycles are discussed in Section 2,4. All 
these factors need not be incorporated into a site suitability 
model but their importance must be at least conceptually evaluated. 
Those factors which appear important would then be further evalu
ated and/or incorporated into the site suitability model. & 
suggested strategy for evaluating these factors is presented in 
Section 8.0. 

Factors which are known but may be improperly evaluated due 
to current state-of-the-art knowledge were discussed briefly in 
Section 2.5. Since many of the concerns of a repository site 
selection study are unique, adequate technology to evaluate some 
factors may be lacking. However, many of these problems will be 
solved either through current ERDA funded technological advances 
or by proper field monitoring of pilot repositories. The potential 
impact of factors which remain poorly defined (such as: dispersion 
in slightly jointed, low permeable rock, backfill behavior, etc., 
can be minimized through judicious site selection and site design. 
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By definition, unforeseen factors cannot be evaluated. One 
of the strongest arguments against the safety of a nucleir waste 
repository relates to the unforeseen residual uncertainties. 
Repository adversaries are always quick to point out the unforeseen 
accidents or processes which made a mockery out of certain fault-
tree analysis (Kamins, 1075) predictions. In our opinion, this 
is not necessarily a fallacious argument and warrants serious con
sideration. Thus, it is important to consider all the conceivable 
factors, processes, and scenarios in order to minimize the unfore
seen uncertainties. The concept of multi-barriers, as developed 
by NRG, and discussed in Section 2.0 of this report, will minimize 
the potential hazards of these uncertainties. Thus, an unforeseen 
factor or process may adversely impact one barrier without com
promising another barrier. 
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6.0 NATURAL RESOURCES/LOSS OF 
ADMINISTRATIVE CONTROL 

6.1 GENERAL 

• The selection of any nuclear repository site will necessarily 
impinge certain restraints upon the development of mineral resources 
which may occur at or near the repository. There are two potential 
problems with regard to the relationship of mineral resources to a 
nuclear repository. Both result' from the fact that society will 
require increasing amounts of a wide variety of mineral resources. 
The possible removal of such resources from potential development 
for several hundreds or thousands of years by the presence of a 
repository in their immediate vicinity should be avoided wherever 
possible. This "frozen asset" aspect is the first part of the 
problem. The second part deals with the scenario of loss of 
administrative control where knowledge of the location of a reposi
tory may be lost. There is less likelihood of accidental loss of 
integrity of the repository as a result of prospecting activities 
or mining operations if the site is situated where there is little 
or no potential for the occurrence of mineral reserves. It would 
be extremely difficult to find a location within the continental 
U.S. where there is absolutely no potential for some mineral com
modity which would overlay, be contemporaneous with, or underlie 
the repository site. However, that risk potential can be reduced 
by avoiding those areas where the mineral potential is highest. 
In addition, those areas with potential for mineral fuels and 
precious metals should be avoided as they are sought by both 
industrialized and less developed societies. 
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It should be remembered that current mining technologies will 
certainly undergo modification permitting the mining of much 
deeper ore bodies as surface and near-surface reserves are deple
ted. Advancement in the field of extractive metallurgical technology 
will permit the beneficiation of increasingly lower-grade deposits 
and of mineral associations not presently exploitable. Loss of 
present foreign sources of supply could necessitate the develop
ment of presently uneconomic deposits within this country or new 
types of domestic sources for that commodity. This is particu
larly true for commodities such as chromium, nickel, cobalt, man
ganese and aluminum. In the case of aluminum, we are heavily 
dependent upon foreign sources of bauxite. If these sources were 
to become unavoidable, we would need to develop an alternative 
source material, such as high alumina clay or alumite since the 
U.S. is, and would remain, deficient in exploitable bauxite reserves. 

The recognition and development of new sources of minerals 
and new uses of commodities must also be anticipated. For example, 
within the last hundred years new uses of molybdenum, uranium 
and aluminum have completely changed the market demands for these 
commodities. Recognition of new types of exploitable mineral 
deposits should also be anticipated. Examples within the last 
25 years include recognition of the existence of certain types 
of large low-grade stockwork silver deposits, Carlin-type gold 
deposits, large polymetallic deposits exploitable by open pit 
mining methods such as the Anvil property, etc. 

It is inevitable that the search for mineral commodities will 
take place to greater and greater depths. This has already become 
an established trend. For example, exploration drilling for por-
phry copper deposits in 1959 seldom exceeded 500 feet, while in 1976 
a number of companies were drilling to depths of up to 5,000 feet. 
This will force changes in mining methods. Undoubtedly a consider
able amount of research will take place into in-situ extraction 
techniques. 
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The present (and future) mineral resource potential of areas 
under consideration as repositories must receive critical exami
nation. The recognition of the association of specific commodities 
with certain geologic environments should be applied to the 
process of site selection to reduce the likelihood of "freezing" 
any exploitable mineral reserves. A thorough examination of the 
mineral associations with specific, definitive geologic environ
ments is not within the scope and time frame of this preliminary 
examination. However, it is hoped that the necessity of an in-
depth study of those associations is demonstrated. 

The present study represents only a rapid review of the 
problem of mutual interactive impact between society's need for 
mineral resources and a repository site. Two divergent scenarios 
were used to evaluate a short list of the commodities that should 
be included in this first pass report. These scenarios were: 
1) no loss of administrative control and continuation of a highly 
industrialized society, and 2) loss of administrative control 
and a society redeveloping from some catastrophic event. Certain 
commodities presented in this preliminary report are common to 
both scenarios. These are fossil fuels, gold and silver, and 
the base metals (copper, lead, and zinc), iron, and certain non-
metallics; specifically, limestone, clay and salt. 

A general review of the types of favorable geologic environ
ments for occurrence of these commodities is presented. Comment 
on the mineral commodities are presented in Appendix E within their 
recognized groupings; i.e., mineral fuels (including the fossil 
fuels), precious metals, etc. 

6.2 GEOLOGIC ENVIRONMENTS FAVORABLE FOR DISCOVERY AND EXPLOITATION 
OF MINERAL RESOURCES 

This section deals in gross generalities regarding the various 
geologic environments and their potential as sources of mineral 
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Specific mineral commodities occur in particular geologic 
environments. Many commodities occur in several different types 
of mineral deposits in a wide range of geologic environments. 
Modern day mineral exploration is based upon the recognition of 
potentially favorable goologie environments of ore occurrence. 

There are a number of different methods of classifying min
eral deposits. For this report a very simple separation into syn
genetic and epigenetic types is appropriate. Syngenetic deposits 
are formed at the same time as the rocks that encompass them and 
as a result of the same type of geologic processes. Epigenetic 
deposits are formed within the encompassing rock mass at a time 
subsequent to the formation of the host rocks by processes which 
may differ from the rock forming processes. Many commodities 
occur in both epigenetic and syngenetic deposits. The main reason 
for inserting this classification here is to point out that 
certain commodities form at the time the host rocks are formed 
and other ores are introduced at a later time. As a generalization, 
the potential mineral commodities for a syngenetic environment 
are frequently easier to identify than is the case with epigenetic 
environments. For instance, deposits (syngenetic) in sedimentary 
basins are logically the saline minerals, commodities that occur 
in brines and coal. An epigenetic deposit introduced into sedi
mentary basin could be almost any metallic mineral commodity. 

We have selected a few types of geologic environments to 
present here in essentially outline form. The type, features, 
and potential commodities associated with the different environ
ments is shown. 

1. Sedimentary Basins: Sedimentary basins are favorable 
geologic environments for syngenetic deposits of 
coal, salt, potash, phosphatic sediments, oil shale, 
gypsum, and anhydrite. In addition, these basins and 
associated folded sediments are sites for accumulation 
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of oil, natural gas, helium and tar sands. Epigenetic 
deposits introduced into the sedimentary basin environ
ment include uranium which has been mobilized and 
migrated in solution to favorable sites of deposition 
and a variety of ore minerals introduced by mineral 
bearing solutions. 

Serpentine Belts and Ultramafic Intrusives: Within 
the ultramafic igneous rocks and serpentines derived 
from these occur deposits of chrome, platinum, and 
asbestos. Platinum occurs in placer deposits derived 
from the erosion of these host rocks. Nickel-bearing 
residual lateritic material may develop from chemical 
leaching during weathering of these ultra-basic rocks. 
A pair of serpentine belts separated by approximately 
60 miles occurs along the Pacific margin of the United 
States. This paried belt of ultrabasic rocks, primarily 
converted to serpentines, is obscured in part in Oregon 
and Washington by volcanic cover. 

Volcanic (acia type) Environments: Late tertiary to 
recent volcanism of the more quartz rich, or acid type, 
is a geologic environment favorable for the develop
ment of gold and silver deposits. In addition, acid 
volcanic extrusive rocks are also not uncommonly asso
ciated with areas that contain porphyry copper deposits. 
Many other commodities are associated with this type of 
environment including base metal deposits, antimony, 
mercury, vein uranium deposits, fluorspar, alunite, etc. 

Igneous Intrusives (granites, etc.): Granitic intrusives 
are associated with a wide variety of mineral commodi
ties. Granitic intrusives and the contact areas around 
these intrusives will always be of Interest to explora-

r, 'b 
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tionists. The types of deposits possible include veins, 
replacements, stockworks, disseminations, etc. Commodities 
range from molybdenum or copper porphyries to precious 
metal (gold and silver) vein deposits. In the western 
U.S. intrusives are associated with porphyr> copper 
deposits and this may also be the case with some of 
the older granitic intrusives in the eastern U.S. 
Although there are no prtjently producing tin deposits 
in the U.S., there are a number of tin bearing areas 
associated with granitic intrusives. 

Contact Metamorphic Environment: The contact zone 
between intrusives and surrounding rocks is a favor
able environment for replacement and contact metamorphic 
deposits, particularly if the intrusive has intruded 
an impure limey sediment and there has been abundant 
transport of mineralizing solutions. Deposits of 
magnetite, tactites bearing copper, molybdenum, and 
tungsten form, as do base met?! replacement deposits 
in adjacent sediments. 

Nongranitic Precambrian and Metamorphic Fold Belts: 
These two environments are favorable for discovery of 
massive sulfide deposits of the base metals and for 
nickel sulfide and uranium deposits. Such areas also 
are environments where certain types of iron ores occur. 

Teletherroal Environment: Telethermal deposits are 
formed by low temperature solutions that have migrated 
a considerable distance to sites favorable for deposi
tion. These are found associated with carbonate host 
rocks frequently where these have a source of sulfur 
available for precipitation of the metals. The recog
nition of as yet undiscovered (unexposed) areas with 
potential for this type of deposit is difficult. The 
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known major telethermal districts are in the mid-con
tinent region within dolomites and limestones. 

8. General Statement: There are many more favorable 
geologic environments. In general, the mountainous 
regions of both the western and eastern U.S. have 
mineral potential. Comments regarding specific 
regions and areas are included in the discussion of 
the individual commodities. 

6.3 RESOURCE SURVEY 

A brief review of current natural resources is present in 
Appendix E. Each commodity is discussed as to its mode of occur
rence, principal location of deposits within the U.S., mining 
methods used to extract these reserves, uses, and U.S. reserves 
and recognized demand. Maps of the princial locations are included. 
The general format includes: fossil fuels, and uranium, precious 
metals, base metals, ferrous metals, other metals, non-metallics 
and chemical non-metallics. Groundwater, certainly one of the 
most important resources, is not presented in this section as it 
is covered in detail in section 3.2, 

It is believed that all of the commodities presented in 
Appendix E could adversely affect the integrity of a repository. 
The impact could be due to the actual mining, actual well pumping, 
and/or associated exploration procedures. These potential effects 
were discussed in section 3.2,1,3. 

6.4 PRELIMINARY CONCLUSIONS 

In our opinion, the potential constraints on natural resource 
exploitation due to construction of a nuclear repository and the 
potential dangers due to a loss of administrative control are 
important considerations in a site suitability evaluation. This 
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problem has received little serious consideration in the past, 
partially because they are both somewhat ill-defined and because 
the connotations are definitely political in nature. It is clear, 
however, that it may be unfeasible to locate a repository in an 
area that does not have some natural resource value, either cur
rently or future. Thus, it may only be possible to minimize the 
resource impact of the repository and minimize the potential hazards 
from a loss of administrative control. 

A great deal of additional work is needed to better define 
the problem and to develop a methodology for incorporating the 
variables into a site suitability study. A suggested approach 
might include; 

1. Complete evaluation of current known resource reserves 
and values and projected future values and uses (such 
as initiated by new resource recovery technology, new 
resource use technology, and varying market price). 

2. Construction of an event tree with probabilities 
to different loss of administrative control scenarios. 

3. Evaluation of the effects of resource recovery on 
the radiological release from the repository (variable 
with time and recovery method). 

The information presented in Appendix D is a preliminary 
discussion of the required work outlined in item 1 above. 
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7.0 DESIGN SITE SUITABILITY CONSIDERATIONS 

7,1 GENERAL 

NRC has divided the general nuclear repository evaluations 
into three main areas: site suitability criteria, performance 
criteria, and licensing considerations. Due to the complexity 
of the problem, a rigid definition and separation of responsibili
ties of each study area is not practical. This results in consi
derable overlap between the three areas and necessitates some 
consideration of the project inter-relationships. Thus, in order 
to adequately evaluate site suitability, some discussion of per
formance criteria and licensing is warranted. 

In this section of the report, we discuss those areas of 
design performance and licensing which have an impact on a site 
suitability evaluation. In general, these areas include the fol
lowing major topics: 

1. Engineered Features: The characteristics of the 
repository including geometric layout, construction 
methods and operational procedures and waste form 
characteristics which must be incorporated into a 
site suitability evaluation in order to properly 
assess the impact of the repository. The properties 
of the backfill and methods of emplacement are also 
important. 

2. Impact of the Repository on Natural Features: The 
repository represents a major anomaly in the host 
rock and may alter the waste containment character
istics of the host rock. 

3. Licensing Requirements: Licensing requirements, which 
include the requirements for site investigation and 
repository field monitoring procedures, is a major 
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factor in evaluation of parametric uncertainties. 
These requirements will also provide information on 
the number and nature of potential contamination 
pathways created by boreholes, test wells, instru
mentation holes, etc. 

The current design assumptions incorporated into the Cycle 
II TASC model evaluations were presented in our June report 
(GAI, 1977a) and are documented in Appendix C of this report. 
The significant assumptions include the geometry and depth of 
the repository, the hydrologic integrity of the borehole seals 
and repository backfill material, and the hydrologic effect of 
fracture zones around the repository openings. These assumptions 
have significant impacts of the computed waste containment of the 
various flawed repositories analyzed by the TASC model. 

7.2 ENGINEERED FEATURES 

In addition to the obvious need to know repository design 
parameters for the site suitability model analysis, it is also 
appropriate to evaluate the inter-relationship between natural 
site characteristics and design characteristics. Ideally, given 
a site with natural characteristics suitable for waste contain
ment, a repository can be properly designed and constructed. 
However, in reality there are numerous practical problems asso
ciated with the design and adequate construction of the repository. 
Certain aspects such as the long-term hydrologic characteristics 
of backfill, the long-term effects of heat generated by the 
waste, and the long-term integrity of the waste canister are 
difficult problems to evaluate. Regardless of what studies are 
conducted or what design and construction techniques are implemen
ted, some of the engineered features will add to the overall rishs 
of waste contamination. A knowledge of these design constraints 
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should be incorporated into the site suitability study. Through 
proper selection of site suitability criteria, the potential 
adverse impacts of design problems can be minimized or even 
eliminated. 

The engineered features of the repository which impact site 
suitability include: 

1. Waste Form (both packaging of waste, form of waste, 
and composition of waste) 

2. Repository Geometry and Depth 
3. Repository Excavation Methods 
4. Repository Structure Features (as related to the 

long-term stability and deformation of the openings 
and overlying strata) 

5. Shaft and Borehole Sealing Methods 
6. Waste/Rock Interactions (thermal, chemical, and radio

logic effects of waste on repository host rock) 
7. Repository Decommissioning Procedures (primarily 

the nature and performance of repository backfill) 

Many of these topics were discussed in our June report 
(GAI, 1977a) and in Section 3.5 of this report. 

7.3 IMPACT OF THE REPOSITORY ON NATURAL FEATURES 

The construction, operation and abandonment can have ad
verse effects on the natural barriers present at the repository 
site. In general, these adverse effects include construction 
effects, large-scale stress and deformation effects, and waste/ 
rock interaction effects. These might include: 

1'. Construction Effects: The construction and operation 
of the repository can have several adverse effects on 
the natural barriers. In general, these effects will 
only be temporary during the life of the active repository 

i 
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but could, under certain conditions, have long-term 
impacts. These might include regional hydrologic 
and stress effects of mine dewatering which could 
lead to permanent changes in the groundwater regime 
and/or permanent changes in the character of joint
ing in the host rock. Other potential effects could 
be removal and/or alteration of certain strata due 
to poor construction procedures. This might include 
solution erosion of soluble formation beds adjacent 
to the repository due to poor control of leakage from 
overlying aquifers. 

2. Large-Scale Stress and Deformation Effects: These 
effects relate to the large-scale stress and deforma
tion in the host rock layers overlying the repository 
due to the excavation of the repository opening. The 
majority of these effects will probably occur prior 
to backfilling but could contain indefinitely. This 
would depend on the spacing of the openings, mechanical 
properties of rock strength properties, and backfill 
strength and deformation characteristics. Under 
certain conditions, minor deformations could migrate 
a considerable distance above the repository and/or 
have stress concentration effects at certain rock layer 
boundaries. These effects could conceivably adversely 
alter the hydrologic character of the host rock. 

3. Waste/Rock Interaction: These include thermal, 
chemical, and radiologic effects. The most signifi
cant waste/rock interaction effect on the natural 
host rock would be thermal. This effect could lead 
to thermal stresses and heave of overlying deposits. 
The heat could also induce a change in the natural 
groundwater flow, effect gas inclusions, and in the 
case of salt, cause brine pockets to migrate toward 
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the repository. The problem of density in the 
balance between the container and surrounding rocks 
may produce undesirable effects such as sinking of 
the canister due to viscous flow of salt. 

7.4 LICENSING REQUIREMENTS 

In order to evaluate the potential contamination pathways 
created by subsurface investigation and repository monitoring 
procedures, it is necessary to estimate the probable nature of 
the licensing requirements. Knowledge of these requirements are 
also needed to properly estimate parametric uncertainties. The 
repository will probably be licensed in stages reflecting various 
levels in the development of the repository. These stages might 
include site selection (site investigation, site evaluation and 
design evaluation), construction and operational monitoring, and 
decommissioning and abandonment monitoring. There would be major 
reductions in parametric and evaluation uncertainties with each 
new level in the repository development. On the other hand, each 
successive level would involve an increased commitment and risk. 
General comments relating to the types of investigation and moni
toring anticipated is presented below. 

1. Site Selection: Surface geologic mapping, core hole 
drilling (vertical and inclined) surface and borehole 
geophysical methods, borehole permeability testing, 
full-scale pumping tests, drillholes for installa
tion of piezometers and/or observation wells, hydro-
fracturing and/or overcoring in drill holes to evaluate 
in-situ stress regime, borehole rock modulus testing 
such as Goodman Jack or pressuremeter tests, tracer 
tests between drill holes, possibly a small diameter 
test shaft and adit, and others. 



7-6 

2, Construction and Operational Monitoring: Continuation 
of many of the methods used during site selection to 
expand knowledge of the site and investigate local 
conditions encountered during construction; numerous 
exploration acd monitoring techniques taken from 
within the repository shaft and adits including core 
holes (at various inclinations), temperature moni
toring, geophysical methods, borehole permeability 
tests (gas or water), strength and deformation testing 
such as large plate jacking tests, stress and deforma
tion measurements, and others. 

3. Decommissioning and Abandonment Monitoring: Numerous 
instruments to monitor grand fluid pressure (both water 
and gas) including those installed from the surface 
(in drill holes) and installed within the repository 
(but monitored from the surface), instruments to moni
tor changes in water chemistry and radiation, instru
ments to monitor temperature, instruments to monitor 
deformation (both surface and underground), and others. 
An obvious problem will relate to minimizing the 
potential adverse effects on waste containment on 
monitoring underground instruments from the surface, 

7.5 PRELIMINARY CONCLUSIONS 

The comments included in this section are preliminary, and 
clearly the major problem besetting future work will be the sub
stantial range of possible scenarios, even for a site specific 
location, of engineered features of a repository. The analysis 
required to define the range of possibilities and subsequently 
the conversion into hydraulic transport descriptions is a formid
able task. The solution lies, we believe, in a step-wise refine
ment of the data base. 
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8.0 FPTURB SITE SUITABILITY CONSIDERATIONS 

This section presents our concepts and opinions for future 
site suitability work. Since we are generally involved only with 
geotechnical considerations, we have a limited view of the overall 
project and may not fully appreciate other aspects of the problems. 
Thus some of our comments may be inappropriate or appear presumptuous. 

The future model cycle approach that we suggest includes: 

1. Development of a Framework of Technical Site Suitability 
Criteria ,(SSC): This involves formulating and continually 
updating a detailed list of potential technical SSC. 
These SSC would not be written in legal regulatory 
language and would not be intended for publication. 
Rather, the criteria would provide a technical basis 
for NRC to prepare the actual standards, regulatory 
guides, branch technical position, regulations and 
licensing procedures. These technical SSC would be 
developed by the LLL project team with input from NRC. 
In essence, these criteria form the nucleus of the SSC 
program with the remaining tasks used to validate, 
revise, define and identify the SSC. 

2. Development of a Framework of Scenarios and Situations 
to Consider: A framework for evaluating and describing 
the total site suitability "surface" is needed in order 
to properly structure the study and give it direction. 
This task is closely associated with Item 1 above. 

3. Development of Conceptual Site Evaluation Procedures: 
The purpose of this could be to develop the conceptual 
site evaluation procedures relating to the parameters 
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necessary to describe the scenarios and situations 
developed in Item 2. In order for the SSC to be mean
ingful, they must specify site conditions which can 
be evaluated either by present methods or by procedures 
which can be developed in the near future. Criteria 
which specify site conditions which cannot be reliably 
evaluated may be inappropriate and lead to unnecessary 
delays and adverse public reaction. On the other hand, 
should certain significant criteria be impossible to 
measure and/or evaluate, it may be necessary to make 
other criteria more restrictive to compensate for the 
lack of confidence in the particular criteria. 

In general, the site evaluation procedures required 
to satisfy each SSC would be conceptually discussed. 
These might include subsurface exploration methods, 
surface exploration methods, test shafts and tunnels, 
monitoring methods, data analysis techniques, and 
other appropriate topics. This work would also form 
the basis for the data required for uncertainty 
analyses. As appropriate, the potential adverse 
effects of a particular exploration tool (such as 
boreholes) would be considered. 

Modeling Evaluations: Study of both simple single 
barrier models and complex multi-barrier models 
should be considered. The modeling would have two 
purposes: to be used as a tool to describe the 
site suitability "surface," and to be developed 
into a licensing tool. The results of the model 
analysis used to describe the "surface" could be 
presented as families of curves showing consequence 
(in terms of doses and/or concentrations) as a func
tion of particular repository characteristics (lumped 
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parameters could be used). Superimposed on these 
plots could be the preferred parametric values, a 
viable range in parametric values, values of reason
ably achievable parameters, and anticipated ranges 
of acceptable risk criteria. Data presented and 
summarized on these types of curves would, in our 
opinion, be invaluable in understanding the overall 
site suitability "surface." 

The general format of these future model cycles would be 
developed in sequence from Task 1 through Task 4. 

In addition to those tasks, a data base would be concurrently 
developed to provide a definition and evaluation of geotechnical 
factors and technology needed to assess site suitability charact
eristics, to effort would also be required as appropriate to 
validate the models. The intent of the data base would would not 
be to complete an exhaustive state-of-the-art study. The enormous 
amount of information available in these areas combined with the 
intensive research and development work presently being funded 
by tiie Department of Energy clearly makes such a comprehensive 
study beyond the scope of our contract. Rather, the intent would 
be more realistically to provide a conceptual review of basic geo-
tecbaical factors with appropriate preliminary comments. The task 
would also provide basic background information on existing 
geologic and hydrologic conditions and current resource recovery 
methods (such as location and operation of existing mines, oil 
wells, water wells, etc.). This type of data is required in 
order to develop a credible model which reflects real conditions. 
Development of models which are not founded on known conditions 
may nave little meaning and be an obvious weakness in the study. 
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The models analyzed would be vastly expanded to include many 
of the "real world" conditions and variables in order to better 
describe the overall site suitability "surface." These conditions 
and variables were discussed in Section 2.4 of this report. The 
intent would be to consider all of these situations at least super
ficially as quickly as possible in order to be useful to NEC. 

In an effort to clarify the program concept discussed above, 
the following list of scenarios and situations which might be 
evaluated for a repository in a layered sedimentary sequence is 
presented below. We have guessed the nature of some of the 
results in order to provide some preliminary insight into the 
modeling approach. The list is as follows: 

1. Evaluation of the relationship between hydrologic 
conditions and consequence for the repository layer 
with an upward gradient. The results would be a 
curve relating a function of lump parameters (prob
ably including permeability, layer thickness, vertical 
gradient, and porosity) to consequence (dose and/or 
concentrations). To account for other variables such 
as retardation, waste dissolution rates, recharge 
time, etc., a family of curves could be shown. 

2. Evaluation of the relationship between hydrologic 
conditions and consequence for the aquifer barrier. 
Similar to Item 1 above, the solution would be a 
curve relating a function of lump parameters (prob
ably including permeability, aquifer thickness, 
horizontal gradient, distance to discharge area, and 
porosity) to consequence. To account for other 
variables such as retardation, waste dissolution 
rates, effects of wells, nature of surface waters 
along discharge area, etc., a family of curves could 
be shown. 
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3, Evaluation of the effects of a geologic anomaly. 
It may be reasonable to describe the hydrologic 
properties of an anomaly by a limited number of 
parameters such as size, permeability, porosity, 
probability of occurrence, etc. The impact of such 
an anomaly could be imposed on various repository 
models in order to gain insight into the potential 
effects of anomalies. 

4, Evaluation of the effects of faults, both those 
acting as pervious zones and impervious zones. The 
properties of the fault could be lumped into a para
meter including its size, permeability, porosity, and 
distance from repository. 

5. Evaluation of the effects of backfill deterioration 
shown as a curve of lump parameters (size, perme
ability, and porosity) versus consequence. The 
effects of various time rates of deterioration 
and/or probabilities could be indicated with a 
family of curves. 

6. Evaluation of the effects of lateral pathways and 
lateral dispersion. In this case the lump parameters 
might include the ratio of vertical to horizontal 
permeabilities, the ratio of vertical to horizontal 
gradients, and geometry factors. 

The following is a preliminary format for the third-cycle 
TASC geologic-hydrologic analog: 
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A. Single-Barrier Models 
1. Repository Layer Bnrrior Only 

u, Hiisii' IMp" Kf'lworls 
l'iij h 

1-2-3 
• 2-5-6-7 

4-2-9 

Repository S3 1 

!)<::«• rip I ion 
Through Rock 
Through Tunnels & Shafts 
Flaws Through Entire 
Repository Layer; Faults; 
Deep Borings 

2-8 Flaws from repository to 
overlying aquifer; shallow 
boring. 

2-10-11 Lateral flow within 
repository layer to verti
cal pathway (fault, bore
hole, mine, etc.). 

b. Modeling - Compute concentrations and dose to an 
individual; assume points 7,8,3,0 enter biosphere at same location 
while point 11 enters some distance away. 

Using some range of acceptable criteria (concen
tration and dose), determine allowable limits of gradients, 
geometry, boreholes, distance to old boreholes and/or mines, etc. 
Initially only one or two flaws evaluated for each run. 

2. Aquifer Barrier Only 
a. Evaluate as if tho repository layer has failed; 

i.e., repository placed in base of aquifer. 
b. Basic Pipe Network 

. • • • > 

itony S I 
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Pit LI) IK-M'ripthm 
1-6 Lateral flow to main discbarge area. 
2-3 Flaw to biosphere such as well, borehole, mines, 

faults, etc. 
4-5 Local surface waters such as small stream, ponds, etc. 

c. Modeling: Same concepts as discussed above for 
aquifer barrier only. Consideration would include lateral disper
sion, wells with water treatment (saline aquifer), etc. 

B. Multi-Barrier Models 
1, Basic Section (from surface) 
Layer Type Thickness - meters 
A-1 Aquifer 50 
A-2 Aquitard 100 
B-1 Confined Aquifer 100 
B-2a Aquitard 200 
B-2b Repository Layer 200 
B-2c Aquitard 200 
Br3 Confined Aquifer 100 

Basic Pipe Network 

E e p o & i t o r y 3b % 
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Path Description 
1-2-3-4-5 Through Rock from B-3 up to B-1 
5-15 Through confined aquifer B-1 to regional 

discharge area 
3-5 Flaw connecting repository to B-1 
3-7-8 Flaw connecting repository to A-l and 

surface waters 
3-6 Flaw connecting repository to surface 
9-10 Flow between confined aquifer B-1 and surface 

(faults, wells, etc.) 
9-11-12 Flow between B-1 and A-l to surface waters 

(faults, reefs, leakance, etc.) 
3-13-14 Lateral flow in repository layer; to B-1 

3. Modeling 
Initially would limit the number of pathways evaluated 

for each run. Possible evaluate population dose only. 

Respectfully submitted, 
GOLDER ASSOCIATES, INC. 

D. Pentz 

R. Plum 
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APPENDIX A - HYDROLOGY OF SELECTED AREAS 

A.l METAMORPHIC AND INTRUSIVE IGNEOUS ROCKS 

A.1.1 Precambrian Shield Rocks 

The Canadian Shield extends into Minnesota, Wisconsin 
and upper Michigan and also lies buried under younger sedimentary 
strata in eastern North Dakota and northeastern South Dakota. 
Appendix B.l.l gives a detailed summary of the geology of 
the shield area. 

1. Surface Water: Three principal surface drainages 
are present on the shield area. Michigan, northern 
Wisconsin and northeastern Minnesota drain to the 
Great Lakes. The remainder of northern Minnesota 
and eastern North Dakota drain to Hudson Bay with 
the rest of the shield area draining to the Mississippi 
River. Precipitation ranges from over 30 inches 
annually in Michigan and Wisconsin to about 20 
inches in eastern North Dakota. Surface runoff 
decreases from over 15 inches in northern Michigan 
to about one inch in eastern North Dakota. 

The surface drainage characteristics have been 
greatly modified by continental glaciation. 
Numerous lakes and wetland areas are found throughout 
the shield area where deposits of glacial debris 
have altered or destroyed preexisting drainage 
channels. Most meteoric water circulates within 
the relatively thin layer of glacial deposits. 
Rivers, streams and lakes are constantly fed by 
groundwater from these surficial deposits. 

^ 2. Groundwater: Groundwater is found in glacial 
debris over most of the shield area. Glacial 
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aquifers are generally thickest in stream valleys 
and may be locally confined by interbedded fine 
sediments. Parts of the shield region which are 
overlain by consolidated pre-glacial sedimentary 
deposits often have extensive groundwater aquifers 
contained within these deposits. 

The Precambrian crystalline rocks generally contain 
groundwater only in fractures with amounts depending 
upon the number, size and permeability of such 
fractures. These rocks are not usually penetrated 
by wells since they contain no oil and very little 
extractable water. Thus, hydrologic data are 
sparse and characteristics must be inferred from 
observations in boreholes or, more commonly, 
mines. 

Two recent reports include observations made of 
water inflow into deep mines in the precambrian 
Shield rocks in the U.S. and Canada (Martinez, 
1975, Yardley, 1975). The findings are summarized 
by Yardley and Goldich (1975). They found that at 
depths exceeding 3,000 feet no water was observed 
and none was reported by mine workers. One mine 
at Elliott Lake, Ontario, was reported to have 
water at that depth in a thrust fault zone, but an 
adjoining mine with workings about a thousand feet 
below the thrust fault had no water. The deepest 
mine visited, the Creighton Mine near Sudbury, 
Ontario, was dry from the maximum depth of 7,000 
feet up to 3,000 feet below the surface. They 
note that active mining areas contain numerous 
fractures such as shear zones, faults, and joints 
but that these are dry in deep mines despite the 
fact that extensive mining has created secondary 
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fracturing and permeability in the wall rocks. 
This implies that areas with less disturbance of 
the rock should be effectively impermeable. The 
conclusions of Yardley and Goldich are summarized 
by these comments: 

"At depths between 2000 and 3000 feet, some water occurs in some mines; at depths less than 2000 feet water commonly occurs in fractures and should be expected. 
"It seems clear that at depths exceeding 3000 feet there is very little i/robability of encountering water-bearing fractures. At depths beyond 5,000 or 6,000 feet the rock pressures are such that the probability of water entering an underground opening through the rock is exceedingly small. At such depths the particular rock type probably will have little bearing on permeability. Experience in deep mines confirms this general statement." 

V 3 . Water Movement: Little information is available 
relating to water movement in Precbrian Shield 

yj rocks. Yardley and Goldich (1975) report that 
groundwater flow systems may be comparatively 
short and shallow as inferred from groundwater 

fty chemistry data. A relatively shallow groundwater 
flow system is supported by the lack of inflow 
into deep mines, even where fractures exist. 
Computer models may serve as useful tools in 
further evaluating regional groundwater flow 
(Freeze and Witherspoon, 1966, 1967). 

A.1.2 Appalachian Region - Savannah River Plant Site 

'•The eastern metaaorphic belt extending from Alabama to 
Maine is comprised of folded metamorphic and intrusive 
igneous rocks. This belt of crystalline rock covers a large 
area which will differ substantially from location to location 
in its specific hydrology. Thus, the description given 
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below of the Savannah River Plant Site near Aiken, South 
Carolina is not generally applicable to other regions within 
the eastern metamorphic belt. The Savannah River site has, 
however, been extensively investigated with regards to nuclear 
waste disposal and detailed hydrologic data are available. 
Appendix section B.1.3 discusses the geology of the site. 

1. Surface Water: The major surface drainage at the 
Savannah River Plant is the Savannah River which 
forms the western boundary of the site. It flows 
directly into the Atlantic Ocean. Precipitation 
averages slightly over 45 inches annually with 
approximately 12 inches per year of surface runoff 
occurring. 

2. Groundwater: The geohydrology of the Savannah 
River Plant Site has been extensively investigated 
(Siple, 1964, 1967, Marine, 1967a, 1967b, Webster, 
Proctor and Marine, 1970, National Academy of 
Sciences, 1972). Approximately 930 feet of uncon
solidated to semiconsolidated sediments, predominantly 
sand and clay, form an aquifer overlying the 
crystalline rock. At the top of the crystalline 
rock a layer of saprolite, averaging 50 feet in 
thickness, effectively separates water in the 
fractured crystalline rock from that in the overlying 
aquifer. The crystalline rock is a confined 
aquifer with a head less than 100 feet below land 
surface and 20 feet higher than that in the overlying 
aquifer (Siple, 1964). The water is generally 
fresh (35-80 ppm) in the sediments overlying the 
crystalline rock and saline (6,000-7,000 ppm) within 
the crystalline rock (National Academy of Sciences, 
1972). 
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Two types of fractures were indicated by borehole 
packer tests (Marine, 1967a). Small fractures 
pervade the entire rock mass but yield very little 
water. Larger fractures found within specific 
zones yielded substantially larger quantities of 
water. The deepest boreholes penetrated to about 
1,900 feet below the surface with about 1,000 feet 
of this length in crystalline rock. Some fractures 
were healed by quartz, calcite, chlorite and 
zeolite, but open fractures transmitting water 
were found even at the maximum depth penetrated. 

Laboratory permeabilities of the crystalline rock 
-7 ranged from 10 cm/sec maximum down to less than 

4xl0~ cm/sec which was the lower limit measurable. 
Two-thirds of the permeabilities were less than 
the measurable limit. Of the remaining one-third 

-8 the average value was approximately 3x10 cm/sec. 
Field permeabilities from packer tests ranged from 

-7 -10 
10 cm/sec to 10 cm/sec in the poorly fractured 

• • — 8 

zones with an average of 10 cm/sec. Permeabilities 
in the more highly fractured zones averaged about 
5xl0" 5 cm/sec (Marine, 1967b). 
Porosities, as estimated from tracer tests in 
wells, are about 0.08 percent in the more high.lv 
fractured zones and 0.004 percent in the poorly 
fractured zones (Webster, Proctor and Marine, 
1970). 

Water Movement: Vertical flow upward from top of 
the crystalline rock through the clay (saprolite) 
layer and to the overlying aquifer is thought to 
be very slow, estimated at 0.3 feet per year, 
which is approximately 100 times slower than water 

http://high.lv
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velocities within the crystalline rock (National 
Academy of Sciences, 1972) due to the high porosity 
of the clay. 

The horizontal gradient in the crystalline rock is 
about 3.6 feet per mile, with water flowing 
westward. Horizontal flow in the overlying aquifer 
is westward to southwestward at a gradient of 
about 4 feet per mile. 

Recharge to the crystalline rock probably occurs 
at higher elevations to the northwest of the site. 
Water can enter at outcrops of crystalline rock or 
from the overlying aquifer in areas where the 
confining saprolite layer is discontinuous or 
absent. 

A.1.3 Batholiths - Western United States 

Several granitic batholiths are found in the western 
United States. They include the Sierra Nevada batholith in 
California, the Idaho batholith in central Idaho, the Boulder 
batholith in southwestern Montana, and the Pikes Peak batholith 
in central Colorado among others. Because the geologic and 
hydrologic characteristics of most batholiths are similar, 
they are discussed in general rather than individually. Geology 
of these areas is discussed in Appendix section B.1.4. 

1. Surface Water: Batholiths in the western United 
States generally form rugged mountainous regions 
receiving abundar.c precipitation, a large proportion 
of which occurs as snow. Mean annual precipitation 
on the batholiths mentioned above ranges from 
about 15 inches on portions of the Boulder batholith 
to over 70 inches on portions of the Sierra Nevada 
batholith. Runoff ranges from 10 inches to 40 
inches, respectively. 
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Granitic batholiths are often dissected by deep 
valleys formed by glacial and fluvial erosive 
processes. Rivers and streams are numerous owing 
to abundant precipitation and relatively shallow 
depths to bedrock. Mountainous batholiths are 
commonly important source areas for major rivers 
in the western United States. 

Groundwater: Very little information is available 
relating to the occurrence of groundwater in 
granitic batholiths. The geohydrology of such 
areas is relatively unstudied because there is 
little demand for groundwater in mountainous areas 
with sparse population and abundant high quality 
surface water resources. 

Groundwater occurrence in batholitic rocks is 
controlled by porosity, permeability, structure, 
topography, and recharge. Groundwater is most 
abundant relatively near surface where porosity 
and permeability are enhanced by fracturing and 
weathering. Turk (1962) after examining 239 well 
records from the Sierra Nevada batholith concluded 
that 200-300 feet is the practical limit for 
water-producing wells within the granitic rock. 
The median yield for all wells was 7.5 gpm and 
the mean yield was 20.3 gpm. The median depth to 
water was 40 feet. The most productive zones were 
within the top 100 feet of rock. Water yield 
varied with location as well as depth. Of 239 
wells, 16.3 percent produced 1 gpm or less. At 
some localities a layer of decomposed rock up to 
70 feet thick provided enhanced porosity and 
permeability resulting in greater water production. 
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3. Water Movement: Evidence from a limited number of 
wells in granitic batholiths indicates poor water 
circulation at depths greater than 200 to 300 
feet. However, the widespread occurrence of 
thermal springs in batholiths (Waring, 1965) 
indicates water circulation at moderate or great 
depths at some localities. Such circulation may 
occur along deep seated joints or other fractures 
which provide access to underlying hot rocks. 

Assuming there is some continuity and uniformity 
to fractures occurring in granitic batholiths, it 
is possible to develop flow systems with topography 
determining the direction of flow. Flow systems 
in homogeneous (and some nonhomogeneous, due to 
layering), isotropic aquifers have been described 
by Toth (1963) as local, intermediate, and regional 
in scale and are illustrated in Figure 3-11. Similar 
flow systems modified by fracture patterns may 
exist within batholiths although documentation of 
such systems is not currently available. Theoretical 
models developed by Toth (1963) and Freeze and 
Witherspoon (1966, 1967) are of possible use in 
analyzing these various flow systems. 
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A.2 EXTRUSIVE IGNEOUS ROCKS 

A.2.1 Basalt - Idaho National Engineering Laboratory Site 

The Idaho National Engineering Laboratory is located on 
the flood basalts of the Snake River Plain in southern 
Idaho. Burial of radioactive waste began in 1952 at a 
burial ground located on the Idaho National Engineering 
Laboratory site. Geology of this area is presented in appendix 
section B.2.1. 

1. Surface Water: Surface drainage is to the Snake 
River which eventually joins the Columbia River 
and flows to the Pacific Ocean. The Big Lost 
River, which flows within two miles of the burial 
ground, loses its entire flow by vertical percola
tion into the basalt. Several other rivers flowing 
from the mountains in the north also lose their 
water as they reach the edge of the Snake River 
plain. Geologic evidence suggests that the Big 
Lost River has flooded the burial ground site in 
the recent geologic past. Barraclough, Robertson, 
and Janzer (1976) report that flooding at the Idaho 
National Engineering Laboratory (INEL) burial 
ground in 1962 and 1969 caused by rapid snowmelt, 
combined with rain, is estimated to have provided 
50 acre-feet of water which infiltrated into the 
burial ground. Another 100 acre-feet of per
colation derived from heavy rains and snowmelts is 
estimated from 1952 to 1970. Dikes have been 
constructed to help alleviate this problem. 

Precipitation on the INEL site, and on much of the 
Snake River plain, averages about 8 inches annually. 
Surface runoff is less than one inch and probably 
approaches zero due to vertical percolation into 
the basalt. 
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2. Groundwater: The water table of the Snake River 
plain aquifer lies approximately 500 to 600 feet 
beneath the surface at the INEL site. The regional 
aquifer is a major source of groundwater in southern 
Idaho and is one of the most productive aquifers 
of its kind known. It behaves as a water table 
aquifer when observed by pumping tests (Walton and 
Stewart, 1961). Permeabilities measured within 

-2 the aquifer range from 4 x 10 to 4 cm/sec in the 
horizontal direction (Barraclough, Robertson, 
and Janzer, 1976). Vertical permeability is 
generally lower than horizontal due to layers of 
massive basalt and fine-grained sedimentary interbeds. 
However, significant vertical permeability does 
exist primarily through vertical fractures. On 
the INEL site permeability measured within a 100-
foot thick basalt zone averaged about 0.2 cm/sec. 
in the horizontal direction and about 0.06 cm/sec 
in the vertical direction. This indicates a 
horizontal to vertical ratio of 3.3 to 1 at this 
particular site. 

Sedimentary interbeds containing fine-grained 
material are generally more limiting to vertical 
water movement than is basalt. Such interbeds 
commonly form perched water tables in the basalt 
above them. Vertical permeabilities measured in 
cores of sedimentary interbeds near the burial 

- 1 0 -•? ground ranged from 1.8 x 10 to 3.5 x 10 
cm/sec which are substantially lower than those 
measured in basalt. 

3. Water Movement: Precipitation and surface runoff 
generally infiltrates and percolates downward in 
the partially saturated zone eventually reaching 
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the regional water table within the Snake River 
plain basalts. Percolating water can encounter 
dense basalt zones or fine-grained interbeds which 
retard vertical movement forming perched water 
tables above the 500 to 600-foot deep regional 
water table. 

Regional groundwater flow within the Snake River 
plain aquifer is generally southwesterly at a 
gradient of approximately 5 feet per mile (Morris 
et al., 1964). Beneath the burial ground this 
regional gradient has been reversed due to recharge 
from the Big Lost River to the west. Except for 
this local area of northeasterly flow, groundwater 
generally flows southwesterly under the remainder 
of the INEL site. 

Discharge from portions of the Snake River Plain 
aquifer occurs along the Snake River canyon to the 

, southwest where water flows from voids between 
basalt flows. 

A.2.2 Basalt-Hanford Reservation 

The Hahford Reservation, located in south-central Wash
ington, is underlain by a thick sequence of Columbia River 
basalts within the Pasco Basin. The geology and hydrology 
of the area have been described by several investigators in
cluding Walters and Gralier (1960), Newcomb (1959), Newcomb, 
Strand and Frank (1972), and Atlantic Richfield Hanford 
Company (1976). The geology is discussed in appendix section 
B.2.1. 
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1. Surface Water: The Columbia River which flows 
through the northern portion of the Hanford Reservation 
is the major surface drainage. The Yakima River 
forms the southern boundary of the area. Other 
surface water includes two ephemeral streams and 
various ditches and ponds, most associated with 
Hanford Reservation activities. 

Precipitation at the site averages approximately 6 
inches annually. Less than 1 inch of surface 
runoff occurs. Precipitation less than 10 inches 
is common in central Washington due to the rain 
shadow caused by the Cascade mountains to the 
west. 

2. Groundwater; Groundwater is found on the Hanford 
Reservation in a series of confined aquifers 
(primarily interbed layers in basalt) overlain by 
an unconfined aquifer in the sands and gravels of 
the Ringold Formation (fine sands, silts, and 
clays with some coarse sand and gravel) and more 
recent glacio-fluvial deposits. The unconfined 
aquifer extends down to the top of the basalt in 
some areas and to silt or clay zones within the 
Ringold in others. Permeability measured from 
pumping tests in the unconfined aquifer ranges 
from 1.8 x 10" to 7.1 cm/sec. in the glacio-

-2 -1 
fluvial sediments, from 3.5 x 10 to 3.5 x 10 
cm/sec. in combined glacio-fluvial and Ringold 

-4 -2 
sediments, and from 3.5 x 10 to 7.1 x 10 
cm/sec. in the Ringold (Atlantic Richfield Company, 
1976). 
The uppermost confined aquifers occur in the lower 
Ringold Formation and sedimentary interbeds of the 
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upper and middle Yakima basalts. They appear to 
be interconnected to some degree with the overlying 
uhconfined aquifer. The permeability of several 
of these interbeds has been measured by packer 
tests. The Rattlesnake Ridge interbed, a tuffaceous 
sandstone, had a permeability ranging from 8.8 x 
10 to 1.1 x 10 cm/sec. The Mabton interbed, a 

-3 
sandstone with some gravel, ranged from 7.1 x 10 -2 to 2.1 x 10 cm/sec. The permeability of interbed 
layers is enhanced by the rubbley tops and bottoms 
of the basalt flows. The more massive and less 
permeable centers of the basalts act as confining 
layers (Newcomb, Strand, and Frank, 1972). 

The lower Yakima Basalts, occurring at depths of 
about 1,900 feet or more below the surface, have 
been tested in one well down to depths of about 
4,300 feet (Atlantic Richfield Hanford Company, 
1976). Piezometric heads in the lower basalts are 
reported to be the same or slightly lower than 
those observed in the overlying middle and upper 
basalts. Piezometers within the lower basalts 
indicate that basalt and interbed aquifers are 
potentially interconnected within two zones which 
behave as two separate flow regimes. One flow 
regime extends upward from about 2,900 feet and 
the other extends downward from about 3,200 feet 
to 4,850 feet. There is approximately 7 feet of 
head difference between these two regimes with the 
excess head occurring in the lower. 

Permeability within the lower Yakima Basalt has 
been tested both in the laboratory and the field 
(Atlantic Richfield Hanford Company, 1976). Laboratory 
tests on five basalt cor*3 samples yielded permeabilities 
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ranging from 6.7 x 10~M to 2.1 x 10 cm/sec. 
Field t e s t s yielded the hydrologic properties 
shown below. 

Rock Permeability - cm/sec. Effective Porosity 
Dense Basalt 4 x 10 to 1 x 10 .001 to .01 

—1 -6 

Vesicular basalt 4 x 10 to 4 x 10 .05 
Fractured, weathered or 
brecciated basalt 1 x 10~ 6 to 2 x lo" .10 

Interbed 1 x 10~ 6 to 4 x 1 0 - 3 .20 

Water Movement: Potential vertical water movement 
on the Hanford Reservation tends to be upward to 
the unconfined aquifer from the confined aquifers 
in the lower Ringold and upper and middle Yakima 
basalt formations. Evidence from a single well 
also indicates potential flow from the uppermost 
confined aquifers downward to the confined aquifers 
in the lower basalts. The head differential 
between the uppermost confined and overlying 
unconfined aquifers is small (usually less than 30 
feet) as is the head differential between the 
uppermost confined and lower confined basalt 
aquifers (approximately 7 feet). 

Vertical water movement at the Hanford Reservation 
is influenced by the structure of the Pasco Basin. 
Water tends to recharge the confined basalt aquifers 
near the fringes of the basin. Tilting of the 
basalt at the surface is advantageous to groundwater 
recharge because it places permeable interflow 
zones in a position to accept water. Water movement 
is down-dip toward the center of the basin where 
confining pressure results in a natural upward 
flow gradient. 
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The water table in the unconfined aquifer on the 
Hanford Reservation generally slopes towards the 
Columbia and Yakima Rivers. The water table 
responds to river stages within a two-mile belt on 
either side of the Columbia River indicating a 
large degree of hydraulic connection between the 
aquifer and the river (Newcomb, Strand, and Frank, 
1972). 

Regional flow systems within the lower Yakima 
Basalts are not known due to the scarcity of 
available deep hydrologic information. Several 
studies indicate the possibility that on a regional 
scale the Columbia River Basalts behave as an un
confined aquifer with localized areas on zones of 
perched, semi-perched, or confined water (Walters 
and Gralier, 1960, Newcomb, 1959). 

A.2.3 Nevada Test Site 

The Nevada Test Site, located in south-central Nevada, 
is geologically described in appendix Section B.2.2. It has 
served as a site for underground nuclear detonations since 
1957 and its geohydrology has been extensively studied and 
tested (Blankennagel and Weir, 1973, Winograd and Thordarson, 
1975). 

1. Surface Water: The Nevada Test Site lies within 
the Great Basin drainage basin. Precipitation 
ranges from less than 5 inches annually in low-
lying areas to over 10 inches in the higher mountains. 
Surface runoff is less than 1 inch except in the 
higher mountains where it slightly exceeds 1 inch. 
No perennial streams flow from the site but several 
springs do occur. Surface drainage is generally 
confined to playas. 
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Groundwater: Groundwater aquifers are found in 
Precambrian and Paleozoic marine sedimentary rocks 
and in the overlying Tertiary extrusive volcanics. 
These strata have been divided into 10 hydrogeologic 
units (Winograd and Thordarson, 1975). In order 
of decreasing age they are: 1) lower clastic 
aquitard; 2) lower carbonate aquifer; 3) upper 
clastic aquitard; 4) upper carbonate aquifer; 5) 
tuff aquitard; 6) lava flow aquitard; 7) bedded 
tuff aquifer; 8) welded tuff aquifer; 9) lava flow 
aquifer; 10) valley fill aquifer. The lower 
carbonate and valley fill aquifers are the principal 
aquifers in this region of Nevada with the other 
four aquifers more limited in areal extent. Water 
is stored and transmitted primarily through fractures 
in the carbonate and welded tuff aquifers. Porosity 
and permeability is are mainly interstitial in the 
bedded tuff and valley fill aquifers. The groundwater 
appears to be fresh (200-600 mg/1). 

The hydrogeologic unit of principal interest with 
respect to a repository is the tuff aquitard. It 
consists primarily of non-welded ashflow tuff, ash 
fall (or bedded) tuff, tuff breccia, tuffaceous 
sandstone and siltstone, claystone, and freshwater 
limestone. All of these various rock types have a 
matrix consisting of zeolite or clay minerals. 
This accounts for the aquitard's low permeability 
which is largely interstitial rather than fracture. 

Laboratory tests (Winograd and Thordarson, 1975) 
yielded porosities ranging from 19.8 to 48.3 percent 
in zeolitized tuff with a median value of 38.8 percent. 
Permeabilities ranged from 2.4 x 10~ 9 to 2.8 x 10" 5 

cm/sec. in the same material with a median of 2.8 
x 10 cm/sec. In clayey tuff and clayey sediments 
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porosities ranged from 1.8 to 21.6 percent with a 
median of 10.4 percent and permeabilities from 9.4 

-11 -5 
x 10 to 1.9 x 10 cm/sec. with a median of 2.8 -9 x 10 cm/sec. Transmissivities inferred from 
packer tests within the tuff aquitard ranged from 
13 to 27 square feet per day (equivalent to about 
10 to 10 cm/sec). 

Water Movement: The depth to water varies considerably 
over the site, ranging from 1,950 feet in the 
western area to 2,350 feet in the eastern area, 
within the limits of the Silent Canyon caldera. 
In the northwest corner of the site, outside of 
the caldera, the depth to water is about 850 feet 
(Blankennagel and Weir, 1973). 

The hydraulic head generally decreases or remains 
stable with depth in the eastern part of the site 
and increases or remains stable with depth in the 
western part of the site. 

On a regional scale lateral flow of groundwater is 
towards the south or southwest within the lower 
carbonate aquifer. Horizontal gradients range from 
6 to 0.3 feet per mile. 
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A.3 SALT DOMES - TATUM SALT DOME 

The Tatum Salt Dome and surrounding area is in Lamar and 
Marion Counties, Mississippi. Geologic and hydrologic studies in 
the area were made in regards to nuclear detonations known as the 
Salmon and Sterling Events. The following information comes 
primarily from a report by Taylor (1971), 

1) Surface Water: Mean annual precipitation in the area 
is about 60 inches with 20 inches of surface runoff occurring. 

Surface water eventually drains to the Gulf of Mexico 
with Lower Little Creek and its tributaries the major streams 
in the immediate area. The high base flow of streams is sus
tained by springs and seeps from underlying Miocene and recent 
sedimentary deposits. 

2) Groundwater: Aquifers containing fresh water extend 
from near surface to about 1400 feet below sea level in the 
general area of the Tatum Dome and to about 700 feet below sea 
level over the dome itself (land surface elevation over the dome 
is about 300 feet above sea level). Some aquifers containing 
fresh water elsewhere contain saline water near the vicinity 
of the dome. Figure B-10 is a cross-section through the Tatum 
Dome showing the designation and approximate position of the 
various aquifers. These aquifers may be offset or interrupted 
by faults near the dome, but most of them (except local and sur-
ficial) are areally extensive. 
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The Cook Mountain limestone (aquifer 5 on Figure B-10) con
tains saline water (approximately 18,800 mg/1 total dissolved 
solids) and is not used as a source of water near the Dome. Oil 
field brine has been injected into the Cook Mountain six miles 
to the southwest, which has resulted in increased heads, the 
highest of any in the vicinity. The limestone of the Vicksburg 
Group (aquifer 4) forms a brackish (approximately 1300 mg/1) 
artesian aquifer. Piezometric heads are lower than those in 
the Cook Mountain but higher than those in overlying aquifers. 
It is probably hydraulically connected with the calcite caprock 
on the Dome. Miocene sediments form several artesian aquifers 
(aquifers 3, 2, 1 locally) containing fresh water (less than 200 
mg/1), except directly over the dome where aquifer 3a contains 
some saline water. Regionally these aquifers are lenticular 
beds that are not easily delineated over a large area. Surficial 
water table aquifers exist in recent terrace and alluvial deposits. 
Fresh water from the surficial aquifers contributes to the high 
base flows of the local streams. Ground water also occurs in 
the calcite part of the caprock. This water is under an artesian 
pressure lower than that in aquifer 4 but higher than aquifer 3. 
Some hydraulic connection with aquifers 3 and 4 is indicated in 
the caprock aquifer. 

In the area of the Tatum Dome most domestic and stock wells 
are located in the surficial aquifers, although a few penetrate 
to the shallow Miocene aquifer. Outside of the area large 
withdrawals are made from the Miocene aquifers. 
.} 

3) Water Movement: Recharge to the various confined 
aquifers takes place at outcrops to the northeast at distances 
varying from 75 miles in aquifer 5, and 55 miles in aquifer 4, 
to only a few miles in the shallower Miocene aquifers. Ground 
water in the surficial aquifers is recharged primarily from local 
precipitation. 
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The regional, groundwater flow is downdip or to the south
west. Local withdrawals have modified this regional flow within 
several aquifers. The following table summarizes the important 
hydrologic parameters measured in the area of the Tatum Dome, 
including horizontal gradients and flow directions. 

Hydrologic Parameters in Vicinity of Tatum Salt Dome 
Rate of Direction of 

Aquifer Permeability 
(cm/sec) 

Porosity Gradient Movement 
(m/yr) 

Movement 

1 2,6 x 10~ 3 .30 .0004 1.2 southwest 
2a 4.4 x 10" 2 .30 .0001 4.6 northeast 
3a 3.3 x 10" 3 .30 .00002 ,02 northeast 
4 1.6 x 10" 3 .25 .00002 .03 southwest 
5 4.7 x 10" 4 .25 .00005 .03 southwest 

(Ref: Taylor, 1971) 
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APPENDIX B - GEOLOGY OF SELECTED AREAS 

B.l METAMORPHIC AND INTRUSIVE IGNEOUS ROCKS 

B.l.l Precambrian Shield Rocks 

As shown on Figure 3-12, the Precambrian Shield extends from 
central Canada into Minnesota, Michigan, and Wisconsin and is a 
broad area of gentle terrain mantled with glacial drift and 
underlain by Precambrian igneous and metamorphic rocks. The 
region has some of the oldest rocks on the continent and though 
tectonically active at one time is now considered stable. The 
rocks consist of an old series of highly contorted and metamor
phosed clastic sediments and volcanics. The igneous rocks are 
largely of basaltic composition and the entire sequence has been 
intruded by a series of gneissic granite plutons. 

The series is overlain by a younger series of metamorphic 
rocks consisting of quartzites, dolomites, slates, and clastic 
rocks interbedded with lava. These younger rocks include the 
iron formations of the Lake Superior region and occupy a rela
tively small part of the total shield area. A thick sequence of 
basaltic lava flows and sandstones is superposed on the older 
metamorphics. This sequence, largely located in the Keweenaw 
Peninsula of Michigan, is locally copper bearing. The lava 
sequence is tilted 30 to 45 degrees toward the west. Figure B-IA 
shows a cross section through the Lake Superior shield area. 

A body of gabbro about 140 miles long and up to 50,000 feet 
thick is located along the southwestern shore of Lake Superior. 
The roots of this pluton probably extend to great depth. Recently 
this area has been a target for nickel exploration. Parts of it 
are in parks and wilderness areas. 
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Western Minnesota has several granitic plutons. Some are 
exposed but most are buried under glacial debris or Pierre Shale. 
Several quarries near Big Stone, South Dakota, mine the granite 
for monument stone. Joints must be relatively widely spaced to 
extract large blocks for monuments. 

A belt of quartzite exists in southeastern South Dakota, 
Southern Minnesota, and Southern Wisconsin. It is divided into 
two main formation, the Sioux Quartzite and the iaraboo Quart
zite. Wells drilled into the Sioux Quartzite in South Dakota 
produce almost all their water from the glacial till - quartzite 
interface. Some water comes from fractures anci weathered zones 
in the top 20 feet of the quartzite. 

The shield area, while made up of a heterogenous group of 
rocks, can probably be considered as a more or less homogeneous 
body for a repository. The rocks are meta orphosed and stabilized. 
Tectonically the region is considered one of the most stable in 
the nation though there are earthquakes iecorded periodically. 
One earthquake trend is along the Keweenaw Peninsula and the 
other is along the St. Lawrence River. The area is also under
going uplift from glacial rebound. This is a regional feature 
and does not seem to affect specific rreas individually. The 
rate is approximately several milliliters per year. 

B.1.2 Appalachian Region 

*• General: The Appalachian Mountains contain a crystal
line complex similar to the Precambrian Shield. The 
crystalline Appalachians are composed of metamorphic 
schists and gneisses and of various plutonic rocks. 
The plutonic rocks are mainly granitic but some are 
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basic or even ultrabasic. Within this crystalline 
complex are a series of downfaulted troughs filled with 
sedimeats. 

Paleozoic and Pre-Paleozoic: These metamorphic and 
Plutonic rocks are structurally very complex. Their 
pattern on a geologic map is one of swirls and knots as 
shown on Figure B-2. Filiation usually dips at high 
angles but in places it rolls over the crests of domes 
or arches or dips at low angles over wide areas. The 
structure involves much flowage of the rocks and thick
ening and thinning of the units with little breaking or 
faulting. Nearly all the faults of the crystalline 
area formed after the rocks had been deformed and 
solidified. 

Triassic: During Triassic time the Appalachian chain 
was subjected to a series of great normal faults that 
produced a narrow chain of fault block mountains 
bordered by downfaulted troughs. These structural 
troughs within the crystalline complex stretch from 
Nova Scotia to North Carolina. Subsurface evidence has 
traced similar formations into Florida. 

One trough near Newark, New Jersey, has a thickness of 
sediments probably exceeding 20,000 feet. This trough 
is about 100 miles long and up to 25 miles wide. The 
beds dip eastward 15 to 30 degrees against a great fault 
that bounds the basin on the east. This fault probably 
had a vertical throw of nearly 3 miles. 
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The Triassic rocks of the basin are conglomerates, 
sandstones, siltstones, and shales, with interbedded 
flows of basaltic lava. The sediments are poorly 
sorted and irregularly bedded. Sandstones grade later
ally into siltstones or conglomerates. The coarsest 
material is found in the east side of the trough. 
Thick surface lava flows are found near the middle of 
the section. Each flow is usually separated by a few 
hundred feet of sediments. The geology of the other 
Triassic fault troughs is in general the same, but the 
total thickness diminishes to 1,000 to 3,000 feet in 
the southern basins. 

B.1.3 Savannah River Plant Site (Appalachian Region) 

At the Savannah River plant site, the major rock units are 
metamorphic rocks of Pre-Mesozoic age, sedimentary rocks of 
Triassic age, and the Tuscaloosa Formation of Cretaceous age. 
Figure B-3 shows a cross section of the site. 

1. Crystalline Stratigraphy and Structure: The metamorphic 
basement complex consists of a steeply dipping sequence 
of schist, gneiss, and metaquartzite. These have been 
altered by igneous intrusion and are partially magnitized. 
Pegmatite veins occur frequently. The rocks have been 
sheared, infolded and recrystallized. The introduction 
of quartz and feldspar has resulted in a granitoid 
texture (B.M. Bowen, et al., 1959). 
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Numerous planar features occur including relict bedding, 
foliation, cleavage, joints, and faults. Graded bedding 
has been identified. Foliation, flow cleavage and 
shear cleavage generally follow the bedding but the 
directions can differ locally. Some foliation always 
follows lithologic changes in the metasediments and 
concordant contacts of the meta-igneous rocks. Shear 
cleavage is present where differential movement occurred 
along preexisting planar features such as bedding. 
There appear to be three sets of joints. They are 
parallel, oblique and at right angles to the structural 
trend. The perpendicular set is the most prominent and 
prevalent. It strikes N54 degrees W and dips steeply to 
the northeast (B. M. Bowen et al., 1959). 

Triassic Trough Sediments: The sedimentary rocks of 
the Triassic occur across the center of the site. They 
are in fault contact with the metamorphic complex on 
their southeast side. These rocks are mudstones, 
feldspathic sandstones, and conglomerates. The sedi
ments are poorly sorted and have a clay matrix. 

Erosion Surface Paleosoil: A clay layer immediately 
overlies the metamorphic and triassic rocks but its 
nature, origin, extent and continuity are not known. 
(National Academy of Science, 1972). Exploration has 
shown that the erosion surface on the triassic and 
metamorphic rocks has about 150 feet of relief. 

Cretaceous Eocks: Overlying the clay is the Cretaceous 
age Tuscaloosa formation. This formation is a sandstone 
and is a major freshwater aquifer. Above the Tuscaloosa 
sandstone are a variety of relatively unconsolidated 
sands, silts, and clays of Cretaceous age. 
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B.1.4 Batholiths - Western United States 

Several large granitic plutons exist in the western United 
States. They include the Sierra Nevada Batholith in California, 
the Idaho Batholith in Idaho, and the Pikes Peak Batholith in 
Colorado. Many other plutons of large size also exist. Because 
the geology jf most of these plutons is similar, only the three 
named batholiths will be summarized. Figure 3-12 shows the batho
lith areas in the U.S. 

1. Sierra Nevada Batholith: The mountains of the Sierra 
Nevada are about 400 miles long by 30 to 60 miles wide, 
as shown in Figure B-4. They are contiguous with, but 
geologically different than, the volcanic Cascade 
Mountains to the north. They are bounded on the east 
by the fault block Basin and Range Province and on the 
west by California's great central valley. The Sierra 
Nevada Mountains are a huge block of resistant rocks 
uplifted by faulting and tilted toward the west. This 
block is dissected by deep valleys and the higher parts 
are strongly glaciated. Figure B-1B shows a general 
cross section through the Sierra Nevada area. 

a. Stratigraphy and Structure: The structure is 
locally complex as numerous granitic plutons were 
embedded in the earlier rocks in small to large 
masses. These plutons consist of a whole succession 
of intrusions of varying shapes and sizes. Each 
intrusion can be of a different texture and mineral 
composition, with the younger cross-cutting the 
older. Nearly all the plutons are cross-cutting 
and discordant rather than foliated and concordant. 
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They rose as true magmas from the depths to their 
present levels in the crust, breaking through the 
strata or forcing them aside (Hamilton and Myers, 
1967). Seismic evidence indicates a finite depth 
of the granites of 20,000 to 30,000 feet. Beneath 
the granites are metamorphic rocks, probably 
gneisses, that formed as the wall rocks flowed 
down and beneath the rising plutons. (Figure B-IB). 

Fractures: The major recently active faults are 
along the north, south and eastern borders. 
Several faults of an earlier tectonic period are 
located in the northwest part of the mountains. 
These faults were mineralized and form the Mother 
Lode Gold Belt. Jointing occurs in at least one 
area on 50-foot centers for the master joints. 
Minor joints may be much more variable. 

Hazards: The Sierra Nevada Mountains are the 
ultimate recharge area for both the Central Valley 
and the Owens Valley of California. Several large 
rivers head in these mountains with steep gradients 
for both the rivers and their associated sub-
drainage. Valleys in general are deep with steep 
sides. 

The entire mountain range is in a high seismic 
risk zone. Numerous small earthquakes epicenter 
there. The faults along the eastern front are 
active as some scarps truncate recent alluvial 
fans. The White Wolf Fault which is part of the 
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Garlock Fault system had active movement in 1952. 
This fault would be along the southwestern boundry 
of the Sierra Nevada Mountains. 

Renewed glaciation would affect parts of the 
mountains. It would increase the valley erosion as 
they filled with glaciers. Headward movement of 
the glaciers would also tend to break down the 
higher parts of the mountains. Glacier melt water 
would increase the flow oS all streams and rivers. 

2, Idaho Batholith: The Idaho Batholith is located in the 
northern Rocky Mountains, mainly in central and northern 
Idaho, but extending into western Montana (Figure 3-14). 
The terrain is characterized by deeply dissected mountain 
uplands and intermountain basins. Crest levels of the 
central mountains vary from 7,000 to 12,000 feet. 
Valleys are mostly narrow and generally are at elevations 
of 3,000 to 5,000 feet. 

a. Stratigraphy: The batholith consists of virtually 
structureless granodiorite and quartz monzonite. 
These rocks underlie two main regions, one in the 
southwestern part of the area and the other in the 
northeastern. The rest of the complex consists of 
schist and gneiss associated with the intrusive 
rock. 

The instrusive rocks vary much the same as the 
rocks in the Sierra Nevada Batholith. There are 
multiple plutonic intrusions from Cretaceous time 
to extrusive lava flows in the Eolocene. 
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b. Hazards: The mountains of the Idaho Batholith 
have many of the same hazards associated with them 
as the Sierra Nevada Mountains. Both are major 
recharge areas with numerous streams and rivers in 
steep narrow canyons. Both would have accelerated 
erosion caused by glaciation. The Idaho Batholith 
is, however, not a major seismic area. Thermal 
springs exist within the batholith indicating a 
geothermal source of heat or very deep movement of 
groundwater. Recent volcanism has occurred on its 
southern border indicating possible future lava 
flows or renewed intrusive activity. 

Pikes Peak Batholith: The Pikes Peak Batholith is 
located in the southern Rocky Mountains in central 
Colorado as shown on Figure B-5. As in other bath-
oliths, it is a complex of multiple intrusions and 
folded and faulted metamorphic rocks. Elevations range 
from 5,000 to 14,000 feet with the higher peaks exten
sively glaciated. Valleys are narrow and steep sided. 

a. Stratigraphy: The rocks consist mainly of a grey-
pink, medium to coarse-grained granite. The 
granite contains occasional dikes and irregular 
bodies of pegmatite. Large bodies of sugary 
textured aplite locally cut the granite. Much of 
the granite shows a crude foliation due to a 
planar alignment of the mica plates and feldspar 
laths. 

Associated with the granite is a great complex of 
metamorphic rocks consisting of biotite gneiss, 
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schist and migmatite. Both metaraorphic rocks and 
the granite show effects of hydrothermal alteration 
adjacent to faults and veins. In places zones of 
intense alteration reach widths of 100 feet or 
more (Warner and Hornback, 1971). Alteration is 
particularly intense along fault zones and adjacent 
to contacts with granite. 

Structure: Specific structural information was 
derived from the Vasquez tunnel excavation. 
Numerous f.. Its were encountered in the tunnel, 
especially in its southern part. They were defined 
as major faults :f the width of sheared rock was 
more than 1 foot an3 minor faults if the shearing 
was less than 1 foot. The major faults had 
cataclastic zones up to 100 feet wide containing 
gouge and crushed rock with numerous slip surfaces. 
Many of the minor faults consisted of a single 
slip surface. Major shear zones as well as a 
geologic section of the Vasquez tunnel are shown 
in Figure JB-6. A comparison of rock type with minor 
faults and!joints is also shown on this figure. 

Principal fault movement was along planes of 
foliation with the movement either upward or 
downward along those planes (Warner and Hornback, 
1971). Joints also appeared to be parallel or 
normal to foilation and were related in orientation 
to the minor faults (Warner and Hornback, 1971). 
Joints became irregular in complexly folded meta-
morphic rocks. 
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c. Hazards: The area is mountainous and rugged 
causing the same problems as in other western 
United States plutons. The geology is locally 
very complex. Faults and fractures are numerous. 
Vigorous erosion can be expected with renewed 
glaciation. The mountains contain the headwaters 
of several major rivers and are the groundwater 
recharge area for much of the central United 
States. Tertiary intrusive activity has cut 
through the batholith in numerous places with 
valuable mineralizing solutions, creating veins, 
stocks, and other economic deposits. It is an 
area of moderate seismic activity. Deep borehole 
disposal near Denver reactivated some faults on 
the front range, indicating possible future upward 
movements. The Rocky Mountains in this area have 
had at least two major uplifts in the past. 

B.1.5 Shear Zones in Metamorphic Rocks 

Thick metamorphic rock sequences frequently contain thin 
sheared zones parallel or subparallel to the foliation. This 
shearing normally is located in the weakest layer of the meta
morphic rock, often in a schist zone with a high mica content. 
Such mica-rich zones occur within thick schist sequences and also 
in the massive metamorphic gneisses and quartzites as thin interbeds. 

1. Origin: The probable origin of these foliation shears 
is adjacent layers sliding differentially during folding. 
The differential movement would tend to concentrate in 
the weaker layers which would be mica schist, chlorite 
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schist, talcose or graphitic schist, slates or argillites. 
The massive, thickly-bedded or foliated rocks such as 
gneisses, quartzites and marbles, tend to fracture upon 
folding with the shearing being concentrated along one 
or more of the weak schistose interbeds. 

2- Extent: The extent of the shear is dependent on the 
scale of the fold involved. For foliation shears to 
extend from hundreds to a few thousands of feet the 
extent of the fold limb must be of equal or greater 
dimensions. Shears associated with small drag folds of 
a few feet in amplitude would be correspondingly small 
and local in extent. 

Other minor causes of shearing are thrust faulting and 
mass rock stress relief. Major thrust faults in metamorphic 
terrains may end in a splay of horsetail shears that 
would resemble foliation shears. Stress relief due to 
unloading from erosion may also produce minor shearing. 
Thus results from movement caused by differences in 
shear strength and elastic modulus between adjacent 
beds. 

3. Thickness: According to Deere (1973) the typical 
thickness of the foliation shear is in the range of 
1 to 4 inches. Thicker and thinner zones occur but are 
more rarely encountered. Typically the zone will 
thicken and thin somewhat throughout its length. One 
such seam of contorted, sheared and pulverized biotite 
schist was found in Rhodesia during the construction of 



B-13 

Kariba Dam. The seam occurred in the middle of a 
100-foot-thick quartzite sequence. On the flank of a 
fold the sheared mica schist was about 5 feet thick but 
where encountered near the trough of the syncline it 
was 30 feet thick (Deere, 1973). 

4. Spacing: The spacing of foliation is extremely variable, 
because of the great variety of metasedimentary rock 
types and the diverse stress conditions both regionally 
and locally to which they are subjected. On one project, 
the Churchill Falls Hydroelectric Project, Labrador, 
five foliation shear zones were found in about 6,000 feet 
of underground workings, giving a true spacing of from 
500 to 1,500 feet. 

In the Washington, D.C., Metro, currently under construc
tion along Connecticut Avenue at the DuPont Circle 
Station, the average spacing is about 25 feet. In some 
of the New York City tunnels the true spacing (calculated 
normal to the strike and dip) was found to be in the 
general range of 100 to 1,000 feet (Deere, 1973). 

5. Shear Zone Materials: The weakest material in the 
shear zone is typically a crushed mica schist gouge. 
Grain-size analyses of several samples of gouge from 
the New York City water tunnel No. 3 indicate a 
moist, plastic, well-graded mixture of clayey, silty 
sand (Deere 1973). Other studies on fault and shear 
gouge (Howard, et al., 1975) indicate that the material 
commonly contains 5 to 30 percent clay with a widely-
variable amount of silt, sand and rock fragments. In 
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the New York Tunnel the most plastic gouge contained 
montmorillonite or inter-layered montmorillonite-chlorite 
in the clay size fraction. Less plastic gouges were 
composed of predominantly vermiculite or inter-layered 
vermiculite-montmorillonite (Deere, 1973). These clay 
minerals were most probably formed by the alteration of 
the primary micas and feldspars in the original rock by 
heat, pressure and fluid migration at the time of 
shearing. The clay content may also be increased by 
near-surface weathering. 

In addition to the plastic gouge zone, which may be a 
fraction of an inch to several inches wide, the remainder 
of the shear zone consists of partially crushed, sheared 
and slicken-sided rock. The gouge layer is usually 
present on one or sometimes both sides of the shear 
zone where it is plastered up against the adjacent hard 
rock. Occasionally the gouge layer or branches of it 
will occur within the shear zone. Joints in the bard 
rock adjacent to the shear zone also may be coated with 
clay. 

Permeability; The foliation shears, because of the 
clayey gouge material, generally are not permeable in 
the direction crossing them. The sandy interior of the 
shear zone as well as the jointed rock 2one adjacent to 
the shear tend to be permeable. Thus, the gouge acts 
as a dam but the disturbed zone and the interior crushed 
zone act as drains parallel to the shear. This perme
ability could be expected to be in the range of 1 0 - 3 

to 10" 5 cm/sec (Deere, 1973). 
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EXTRUSIVE IGNEOUS ROCKS 

Basalt - Columbia River Plateau 

1. General: The Columbia Plateau is a vast upland built 
of miocene-reeent basalt flows. It covers an area of 
over 200,000 square miles between the northern Rockies 
and the Cascade Range, north of the Nevada-Utah-California 
Basin and Range Province. The average thickness is 
about 3,000 feet with a maximum thickness in the Pasco 
Basin of over 9,000 feet. The general area is shown on 
Figure 3-14, 

Individual flows generally range from a few feet to a 
few tens of feet thick with some flows exceeding 200 feet 
in thickness, The source of the basalt was not from a 
single central vent or series of vents but from a 
series of fissures each of which was several miles 
long. An individual flow was probably fed by several 
fissures erupting simultaneously. The flows spread 
almost like water for great distances. According to 
Bates McKee (1972), recent theoretical calculations 
suggest that the average spreading velocity of a Columbia 
River basalt flow may have been 25 to 30 miles per 
hour. One unit, the F.oza Basalt member, has been 
traced from Grand Coulee area east to Spokane, south to 
Pendleton, Oregon and southwest into the Columbia River 
Gorge. This is over an area of approximately 20,000 
square miles. 

These flows sought the lowest places, filling the old 
valleys and encroaching on the flanks of hills and 
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mountains. In time, the prebasalt topography was 
buried, and a relatively flat basalt plain was construc
ted. The Snake and Spokane Rivers have cut through the 
basalt sequence along the eastern margin revealing at 
least 2,500 feet of prebasalt topography formed in 
schists, granites and other pre-cenozoic rocks. 

As the flows spread over this region, they interrupted 
the drainage, damming streams and giving rise to local 
lakes and swamps in which sediments accumulated. 
Because the Miocene climate was considerably more moist 
than at present, the processes of weathering, erosion 
and deposition could rapidly transform the initially 
barren flow top into one of rich soil and abundant 
vegetation. The landscape that was developed on the 
top of one lava flow was buried beneath the next flow, 
creating interlayers of various thickness between 
basalt flows. When successive eruptions were close in 
time, the buried surface was relatively smooth and 
barren consisting only of the slightly weathered treeless 
surface of the preceeding flow. 

Pasco Basin (Hanford Reservation): Within the Columbia 
River Plateau, the Pasco Basin represents the thickest 
accumulation of basalt where it exceeds 9,000 feet in 
thickness. A cross section of the Pasco Basin is shown 
in Figure B-7. 

Overlying the Columbia River Basalt are the lacustrine 
and fluvial silts with minor sands and gravels of the 
Ringold formation which is a blend of both sediments 
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and volcanic ash. These materials came from three 
sources: the Cascades, the Okanogan Highlands, and the 
northern Rocky Mountains. An Eolian deposit of fine 
sand and silt generally overlies part of the eroded 
surface of the Ringold formation. This deposit is 
considered to be the equivalent of the eastern Washington, 
western Idaho Palouse soils. The Eolian soils, Ringold 
formation and locally even the basalts were eroded L; 
sequence of glacial floods. These floods redeposited 
sand, gravel, and silt and also ice rafted in large 
erratic rocks and boulders. The deposits are in flood 
channels, terraces and hillside veneers. 

The most prominent landforms in the region surrounding 
the Pasco Basin are the anticlinal ridges that began 
rising about 10 million years ago. The Saddle Mountains 
trend east-west and border the Basin to the north. 
They are an asymmetric anticline with a steep northern 
slope and a gentle southerly slope. Two basalt ridges 
occur along the western border. They are the Umtanum 
Bidge and the Yakima Ridge. Both have more steeply 
dipping aorthern limbs with part of Umtanum actually 
being overturned back to the south. Below and en 
echelon to the east of these ridges are the Rattlesnake 
Hills and the Horse Heaven Hills. Numerous local 
faults are associated with these structures. 

There is little evidence for faults or folds having 
active movement within the last 10,000 years, but older 
sediments are truncated and displaced by previous 
movements. Micro-earthquakes are numerous and relatively 
continuous, indicating tectonic deformation occurring 
without present surface disturbance. 
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3. Snake River Plain (Idaho National Engineering 
Laboratory Site): Another basalt sequence within the 
Columbia River plateau is the Snake River basalt group. 
It is located in southern Idaho along the Snake River. 
This plain is formed of basalt and rhyolite lavas with 
numerous interbeds of tuff and sandstone as shown in 
Figure B-3. The variety of rocks is in marked contrast 
to the Columbia River Plateau proper, where basalt is 
almost the sole rock type. 

The structure of the plain is poorly known but the 
abrupt termination of northwest trending structures by 
the northeast trending plain suggests a downfaulted 
graben. The area is complexly faulted with normal 
faults. These faults have provided pathways for the 
upwelling of basalt. These basalt flows in turn obscure 
the pre-existing structures by filling in the low areas 
and creating a uniform flat surface. These eruptions 
have continued into very recent times. Some of the 
latest may have occurred within the last few hundred 
years. Their combined thickness in some areas exceeds 
3,000 feet. 

Because of the difference in silica content between 
basalt and rhyolite, there are great differences in the 
flows. Some of the more fluid lava flows solidified 
with a smooth or evenly wrinkled surface. Others were 
little more than a moving rubble pile which retained a 
rough, jagged surface. There are many lava tube caves 
within the Snake River group not generally found in the 
Columbia River Basalt. 
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Nevada Test Site (Tuff) 

General: The Nevada Test Site region is geologically 
complex. The Paleozoic rocks contain 37,000 feet of 
marine sediments. These sediments were deposited in 
four major episodes with alternating clastic and carbonate 
lithologies. Mesozoic rocks are represented in the 
area only by a few small intrusive masses, though 
several thousand feet of Triassic and Juarssic sediments 
outcrop to the south and southeast. The region is also 
within a Tertiary volcanic province in which extrusive 
rocks, locally more than 13,000 feet thick were erupted 
generally from caldera centers. Quaternary detrital 
sequences, largely alluvium with minor basalt flows, 
fill most of the low lying areas to a depth of about 
2,000 feet. 

Structure: The Precambrian and Paleozoic rocks were 
first significantly deformed during late Mesozcic or 
early Tertiary time. The deformation was marked by 
uplift and erosion and subsequent folding, thrusting, 
and strike-slip faulting that made the region moun
tainous. Widespread erosion then reduced this topography 
to a maximum relief of about 2,000 feet (Winograd and 
Thordarson 1975). Early Tertiary rocks filled in the 
low areas creating a relatively flat plain. 

Renewed faulting began with Miocene vulcanism. Large-
scale normal block faulting has disrupted the Tertiary 
volcanic and sedimentary strata as well as the previously 
deformed Precambrian and Paleozoic rocks. Currently 
active normal faulting is indicated by fault scarps 
cutting alluvial fans. 
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Normal faults are numerous and are the most common 
tectonic features of this region. Generally the 
displacement along these faults is less than 500 feet 
but some are up to thousands of feet. Some of the 
oldest rocks have had 15,000 to 27,000 feet of over
lying material removed from them by a combination of 
faulting and erosion (Winograd and Thordarson 1975). 
Thrust faulting displaced the pre-Tertia -y rocks later
ally a few thousand feet to several miles.. These 
faults commonly have dips of 35 to 50 degrees. Strike-
slip faults and shear zones cut and offset the thrust 
faults in several places within the region. Displacements 
along major strike-slip faults, measured in miles, 
occurred during both periods of deformation. The Las Vegas 
shear zone extends about 55 miles from Las V-gas to 
Mercury. Structural and stratigraphic evidene indicate 
horizontal offset on this fault zone to be in the range 
of 15 to 40 miles (Winograd and Thordarson 1975). 

3, Stratigraphy: The Tertiary volcanic rocks are the 
principal units considered for a repository. These 
rocks are of both pyroclastic and lava-flow origin and 
include several rock types. The most common rock types 
are ash-flow tuff and ash-fall tuff with subordinate 
amounts of rhyolite lavas and minor basalt. Some of 
the tuffs are heat welded while others are altered to 
zeolite. Fractures within the zeolitized tuff are 
generally resealed. 

Individual units vary widely in areal extent. Ash-fall 
tuffs are greatly affected by wind direction and velocity 
during the time of their extrusion. The flows tend to 



B-21 

concentrate in low places, filling valleys and being 
diverted by high areas. Accordingly, the descriptions 
of lithology and thickness of units can only be very 
generalized. 

Within the Nevada Test Site these Tertiary volcanic and 
associated sedimentary rocks aggregate as much as 
6,000 feet in thickness in Yucca Flat, 8,500 feet in 
western Frenchman Flat and eastern Jackass Flats, more 
than 5,000 feet in western Jackass Flats and more than 
13,500 feet beneath Pahute Uesa (Winograd and Thordarson 
1975). 

The thickest section of volcanic rocks is found in a 
deep structural depression underlying the eastern part 
of Pahute Mesa. This structure is a caldera or large-
scale volcanic vent. It is elliptical in plan and 
measures about 11 by 14 miles (Blankennagel and Weir, 
1973). The volcanic materials are rhyolitic ash-flow 
and ash-fall tuffs and rhyolite flows. The section was 
drilled to 13,686 feet without penetrating other rock 
types or any pre-Tertiary rocks. A cross section of 
Pahute Mesa is shown in Figure B-9. 
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B.3 SALT DOMES 

B.3.1 Tatum Salt Dome 

The Tatum Salt Dome is located in Lamar and Marion Counties, 
Mississippi, It is a salt stock overlain by a caprock. The 
source of the salt is believed to be the Louann Salt Bed of 
Jurassic age. At this location, that bed is about 20,000 feet 
deep. A section through the salt dome is shown on Figure B-10. 

The stock has pierced a section of clays, sands, and sandy 
limestones from Jurassic to Oligocene in age. Bocks of late 
Oligocene age are deformed upward but are not pierced. Miocene 
to recent rocks over the dome are relatively undisturbed, indi
cating that there may not have been any movement of the dome since 
the Miocene. 

The salt stock itself is composed primarily of halite. It 
attains a maximum diameter near the top of about 4,500 feet and 
may extend to a depth of 20,000 feet. To date, no drill holes 
have penetrated the full depth of the salt. 

The caprock consists, in ascending order, of nearly 500 feet 
of dense gray anhydrite, 15 feet of white gypsum, and nearly 
150 feet of gray calcite. The top of the caprock is about 800 feet 
deep where it exists as a relatively flat plateau with only 20 feet 
of relief. 

Regionally, the sedimentary rocks dip to the southwest at a 
rate of 30 to 40 feet per mile. The rate of dip increases with 
depth. The salt stock locally modifies the regional structure 
by warping the sediments upward. 
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Salt Dome Anomolies 

Introduction: The following is a discussion oi some of 
the specific features we have observed in salt mines. 
The mines were in salt domes and were generally located 
approximately 1,000 to 1,500 feet below ground surface. 
The mining was done by a room and pillar operation (GAI, 
1977d). 

Inclusions in the Salt: Two distinct types of inclusions 
have been noted. The first of these was generally a 
pink to red color when first mined but gradually 
changed to dark orange through to yellow with time. In 
some cases the inclusion was i;\ a distinct vertical or 
sub-vertical bed of approximately 6 inches to 18 inches 
thickness and parallel to the general layering direction. 
These beds often extended from the floor to the roof of 
the mine although they were observed in one wall and 
not in that directly opposite. They were then found in 
the next adjacent workings. In other cases the only 
evidence was a general yellow or orange staining in the 
salt. Petrographic and spectrographic analyses indicated 
that the inclusions contained sylvite and fine sand 
grains. 

The second type of inclusion was much darker and tended 
to be reddish-brown to dark brown. It generally occurred 
in thin bands 3 to 4 inches wide and followed the layer
ing exactly. There was a general band of dark coloration 
which ih many cases was tightly folded, and within 
this band were darker round inclusions of fine grained 
sediments. Sylvite was again identified in the samples 
that were analyzed. 
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The origin of the inclusions is not known although it 
is generally felt that they were present at the time 
the salt was initially deposited. 

Pressure Pockets: Pressure pockets are large openings 
which develop in the roof and walls of salt dome mines 
at the time of blasting. These openings are much 
larger than can be attributed to the blast itself and 
are also referred to as blowouts and gas bursts. The 
origin of these pressure pockets is not known although 
they are invariably associated with gas inclusions in 
the salt. It has also been postulated that they are at 
least partly due to high, localized stress concentra
tions although this has not been verified. They are 
now observed as large and relatively stable openings 
generally circular shaped at the mouth and narrowing 
toward the top. In a number of cases the edge of the 
pressure pocket is associated with very closely spaced 
exfoliation type jointing. 

A pressure pocket in the roof of one mine was approxi
mately 10 feet diameter at the outer edge and cork
screws into the roof for a distance of 60 feet or more. 
It did not exhibit the closely spaced jointing typical 
of some of the other pressure pockets. There is some 
evidence to suggest that pressure pockets were associ
ated with much more porous salt although this has not 
been confirmed. It is not possible at this stage to 
predict exactly when and where pressure pockets will 
develop in the mine. Pressure pockets have only been 
observed in the roof and never in the floor of any of 
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the salt dome mines although there is no apparent 
reason for this. 

Jointed Salt: An area of jointed salt extending over 
approximately five headings was observed in one mine. 
These features appear to be quite unusual and are not 
well understood. This salt was hard and relatively 
fine grained and had a distinct yellow color when 
illuminated with miners' lamps. It exhibited a distinct 
audible "ring" when two pieces struck each other and 
laboratory strength tests indicated that it was up to 
75 percent stronger than the other salt in the mine. 

The joints were generally flat dipping (typically 10 to 
20 degrees dip) and spaced approximately 6 inches to 
1 foot apart. They were typically traced over an 
interval of 10 to 15 feet. The salt also showed exten
sive cross-jointing producing blocks typically 1 foot 
wide and 6 inches high. Photograph 1 on Figure B-11A 
shows the general nature of the jointing. Some of the 
jointing may be related to blasting although it is felt 
that the flat dipping features are almost certainly 
unrelated to mining activities. The origin of this 
jointing and the open joint discussed below is unknown. 

In one of the headings within the yellow salt zone 
there was a flat dipping open joint. At the face, the 
joint had a maxitaum aperture of 18 inches to 2 feet and 
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was open over an interval of 4 to 6 feet. This joint was 
much more extensive back in from the face. It was open 
for a least 20 feet normal co the face (i.e. west 
direction) and more than 40 feet in a northwest direction. 
The bottom of the joint dipped at approximately 20 degrees 
to the south and is relatively smooth. The joint opened 
slightly away from the face and then gradually closed 
although its full extent and whether it completely 
closed was not determined. It resembled an open 
bedding feature in a sedimentary deposit although the 
true bedding is vertical and the joint was shallow 
dipping. Photograph 2 on Figure B-11B shows the "mouth" 
of the joint from a distance and photographs 3 and 4 
on Figure B-12 show some of the details. It is felt 
that the "yellow" salt zone is a relatively narrow 
steeply dipping band 30 to 40 feet thick but this has 
not been confirmed at this stage. Petrographic and 
spectrographic analyses indicated that this salt con
tained sylvite (KC1) and kieserite (Mg(S04) • H2O) 
while chemical tests showed that the salt contained 
over 99 percent halite although had a much higher 
magnesium content than salt in other parts of the mine. 

5. Pillar Slabbing: Most of the pillars in some of the 
mines had undergone a certain amount of pillar spalling 
and slabbing around the edges. The slabs were most 
prominent near the mid-height of the pillars and less 
pronounced toward the top and bottom. Vertical cracks 
between 3 and 6 inches wide were quite common. Slabbing 
generally extended between 2 and 5 feet in from the 
edge of the pillar and except at the corners the slabs 
form parallel to the pillar face. 
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CRYSTALLINE APPALACHIANS Figure B-3 

GENERALIZED CROSS SECTION OF THE SAVANNAH RIVER PLANT SITE 
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STRUCTURES OBSERVED IN-SITU IN DOME SALT figure *-

I. Naturally Occurring Joints 

2. Naturally Occurring Cavity in Joint Salt 
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DETAILS OF CAVITY IN JOINTED SALT l i t j i i ic B-12 

3, View of Lower Surface of Cavity 

4. View of Upper Surface of Cavity 
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APPENDIX C - DOCUMENTATION INFORMATION 

C.l Rationale for Hydrologic Parameters 

C.l.l General 
The flow of liquids through rock with very low 

permeabilities is poorly understood. In general theories, practices 
and field measurements in groundwater hydrology have been developed 
for materials of sufficient permeability to provide adequate water 
to either be a usable resource or to present a dewatering problem. 
Fluid movement through low permeability rocks can be composed of 
flow around, individual grain (interstitial) and/or through 
fractures or other flaws in the rock (fracture flow). Practical 
theories used in flow analyses usually relate to homogenous, 
isotropic porous media. Thus the hydrology of formations with 
very low permeabilities and fracture porosity has not been well 
documented. 

It is not appropriate to generalize for the 
generic model study whether groundwater flow will be through 
fractures, interstitial pore space or both. Thus, two sets of 
permeabilities and porosities were developed. 

It should be noted that in no ease was the per
meability dropped to zero. In some formations under some conditions 
the permeability may be hypothesized to be essentially zero. 
This condition might in fact exist within some ideal deep salt 
deposit. However, it may be impossible to prove such a lower 

—8 
bound permeability as there may be a lower limit (such as 10 , 
-9 10 cm/sec.) to the permeability that can be measured. Thus, it 

was believed to be more appropriate at this time to assume a 
finite yalue for permeability. This conservative assumption 
avoids the potential pitfall of developing a model which is depen
dent on conditions which might be impossible to adequately prove. 
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C.1.2 Interstitial Permeability and Porosity 
These values were developed to reflect the 

ranges in reasonable values to be expected in nature. Layers 
2 and 6 were assumed to be a sandstone; layers 3 and 5 were 
assumed to be a sandstone, siltstone, shale sequence; and layer 
4 was assumed to be shale (or salt). Extremes in values above 
or below the ranges provided can be found but would be atypical 
of the types of rock presumed to exist at the generic site. 

Values for horizontal permeability are based 
upon experience and a wide variety of representative measurements 
of various rock types. Tables C-l and C-2 list horizontal per
meabilities for sandstone, siltstone, and shale as determined 
by various field and laboratory tests. These data are by no means 
exhaustive but are thought to be representative of the appropriate 
rock types. 

Permeability in horizontal and vertical directions 
can vary significantly, particularly in stratified sedimentary 
rock. Relatively few field tests of entire rock masses (as 
opposed to laboratory tests) have been conducted for the purpose 
of evaluating vertical permeability. A short list of horizontal 
and vertical permeabilities calculated from pumping tests is 
given below as an example of the variability possible. All tests 
were run on rocks of the Unita and Green River Formations in 
the Piceance Basin, Colorado. 

Rock Types K„ (cm/sec.) Kv(cm/sec.) V KH 
shale 2xl0" 6 lxlO"6 .5 
siltstone-shale 1.5xl0~4 3xl0" 6 .020 
shale 1.2xl0"5 lxlO"7 .008 
siltstone-shale 2.1xl0 - 4 2.1xl0"5 .1 
siltstone-shale 2.8xl0"5 3.0xl0"6 .107 
sandstone 3.4xl0"5 3.4X10"5 1.0 
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TABLE C-l 
RANGE AND AVERAGE PERMEABILITY OF FRACTURED ROCK IN THE UNITED STATES 

(DERIVED FROM PRODUCING WELLS) 

Rock 
Producing 
Tfiickness 

Ft. Min. 

Apparent Coef f i c ien t 
o f Permeabil i ty cm/sec 

Average Max. 
No. o f 
Wells 

Gneiss 122 4.7x10" 8 

Arkosic sandstone, s i l t s t o n e , and 
shale 306 4.7x10~ 8 

Undi f ferent ia ted igneous and 
metamorphic rocks 220 9 . 4 x l 0 " 8 

Shale no 2.4X10" 6 

Quartzi te 138 1.9xl0~ 7 

Coarsegrained igneous rocks 
(g ran i te , d i o r i t e , gabbro) 171 4.7x l0~ 7 

Sandstone 134 3.3X10" 7 

Greenstone 101 5.7X10" 6 

Tight f inegrained igneous rocks 
( r h y o l i t e , t rachy te , basal t ) 96 6.1x l0~ 5 

Schist 117 4 .7x l0~ 7 

6.6x10" 

7.1x10 -5 

8.5x10 

3.5x10" 

3.7x10" 

4.2x10" 

5.1x10" 

7.0x10 

-5 

-4 

9.6x10 

1.2x10" 

2.6x10" 

7.1x10* 

1.9x10 

5.7x10 

2.6x10 

-4 

-3 

.2x10" 4 

5 

1.0x10 

.4x10 -3 

1.3x10" 

1.2x10" 

131 

326 

556 

93 

135 

106 

182 

134 

37 

481 

From: Rasmussen (1963) 
o 
t 



TABLE C-2 

SANDSTONE, CONGLOMERATE 

Sheet 1 of 3 

Description 
Permeabi1i ty, 

cm/sec Poros ity Type of Test Reference 

1. Triassic Basin 
sandstone, mudstone, congl. 

2. Sandstone, Spraberry oil 
field, W. Texas 

3. Sandstone, sandy shales 
East Carpathians 
Primary 
Secondary 

4. Sandstone, Shebelinsky gas 
field - Secondary 

5. N.E. British Columbia 
sandstones, shales 

6. N.W. Alberta 
Sandstone, silty sandstone 

Ef fecti ve 
7. Uinta Sandstone 

8 . Sandstone, N.W. Colorado 

9 . Lazer t Fm, S.W. Wyoming 
Sandstone 

Average 

10 . Lazer t Fm, S.W. Wyoming 
sandstone/si 1tstone 

1 0 " 1 1 to 1 0 " 9 

9 . 7 x 1 0 " ! ° t o 
9 . 7 x 1 0 " ' 

<10 
10 - 4 

10 "*• to 10" 

1 0 " 8 

5x l0" f to 
2x1o:^ 
3x10 q 

3 . 4 x l 0 " 5 

2 .8x l0"c to 
4 . 8 x 7 0 " b 

6.7xl0" 6 . to 
1.65x101* 
5.4xI0" 5 

1x10" 

< .13 

. 0 8 - . 1 0 

. 0 5 - . 2 7 

.10 

Lab 

F i e l d 

F i e l d 

F i e l d 

F i e l d 

F i e l d 

Field 

Marine, I.W., 1973 

Streltsova, T.D., 1976 

Streltsova, T.O., 1976 

Streltsova, T.D., 1976 

Golder, Brawner & 
Assoc., Ltd., 1976 
Golder, Brawner & Assoc. 
Ltd., 1976 

Golder Assoc, Inc., 
1977 

F i e l d Golder A s s o c , I n c . 
1976 

F i e l d Golder A s s o c , I n c . , 
1976 

F i e l d Golder Assoc. , I n c . , 
1976 



TABLE C-2 Sheet 2o f 3 

Description 
Permeability, 

cm/sec Porosity Type of Test Reference 
11. Elk River Sandstone 

12> Bradford Sandstone 
(Devonian) 

13. Berea Sandstone 
(Mlsslsslppian) 

14. Oil Creek Sandstone 
(Ordovician} 

15. Woodbine Sandstone 
(Cretaceous) 

16. Repetto Sandstone 
(PHocens) 

17. Wilcox Sandstone 
(Eocene) 

18. Cambrian - Ordovician 
19. Catahoula Sandstone 

20. Sandstone Cretaceous 

21. Sandstone Cromwell 
ZZ. Sandstone G11crest 
23. Prue Sandstone 

1x10" 

3.3x10" 
1.5x10' 
4.8x10 
4.1x10" 

-2 

8x10' 1 
3.4x10 -3 

.166 

.274 

.114 

Field 

2.7x10"° .148 

3 . 8 3 x l 0 ' 4 .19 

4x10" 6 .067 

4 . 4 x l 0 " 3 .256 

3.6x10" 5 .191 

3x10" 7 .153 

1 .3x l0 " 3 F ie ld 

4.4x10"? F ie ld 

Golder BraWner & Assoc., 
Ltd. 

Wyllle & Spangler, 1352 

Wyllle S Spangler, 1952 

Wlnsauer, et al., 1952 

Wlnsauer, et al., 1952 

Wlnsauer, et al., 1952 

Archie, G.E., 1950 

Maxey, 1964a 
Lang, O.K., 1972 

Young, et al., 1964 in 
Davis, S.N., 1969 
Muskat, M., 1937 
Huskat, M., 1937 
Muskat, M., 1937 

n i 
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TABLE C-2 Sheet 3 of 3 

Description 
Permeability, 

cm/sec Porosity Type of Test Reference 
24. Wilcox Sandstone 

25. Converse Sand 

26. Hartsville Formation 

27. Sandstone Ft. Union 

7.6x10"' 
8.8x10"^ 

4.1x10"? 
1.2x1Q"J 

I x l O - 3 

3.3xl0~ 5 

3.7x10"* 
1.2xl0" 4 

Field 

Field 

Muskat, M-, 1937 

Welder & Weeks, 1965 

Welder & Weeks, 1965 

Lowry, M.E., 1966 

o i 



TABLE C-3 

SHALE, CLAYSTONE, SILTSTONE 

Sheet 1 of 2 

Description 
Permeability, 

cm/sec Porosity Type of Test Reference 
1 . Triassic Basin, claystone 

Silts tone 
Mudstone 

Deepwells penetrating 
sandstone, mudstone, 
conglomerate 

2. Coldwater Fm, British Columbia 
Claystone 
Siltstone/Sandstone/Congl. 

3. N.W. Alberta 
Very s i l t y sandstone 

4. Piceance Basin, Colordao 
Oil Shale - Pentz Zone 
Upper Parachute Creek 
Mahogany 
Lower Parachute Creek 
Leached Zone 
Garden Gulch 

5. N.W. Colorado, S i l ty 
Carbonaceous Shale 

6. Lazert Fm, S.W. Wyoming 
Si Itstone 

7. Lazert Fm, S.W. Wyoming 
Mudstone 

8. Shale, Pennsylvania, 
Depth 468 f t . 

I D " ' 2 to I D ' 1 0 

10 ?_tn 10-8 
10-11 to lO-JO 

1 0 " 1 2 to l O " 1 0 

3.2x10 " 
7.7x10-9 

4x10 -5 

2xlO" 6 _. 
1.5x10 c 
1.2x10"°, 
2.14xI0~ q 

2.8x10"° 
2.3x10"° 

1.2x10 ' 

9.6x10~ 6

c to 
6.83x10"° 

1x10 

9x10 

-8 

.08 

.08 

.01 

.08 

.06 

Lab 

•11 

Field 

Field 

Field 
Field 
Field 
Field 
Field 
Field 

Field 

Field 

Field 

Lab 

Marine, I.W., 1974 

Colder, Brawner & Assoc, 
Ltd., 1976 
Golder, Brawner & Assoc, 
Ltd., 1976 

Golder Assoc, Inc., 

Golder Assoc, Inc., 1976 

Golder Assoc, Inc., 1976 

Golder Assoc, Inc., 1976 

Gondouin & Seala, 1958 



TABLE C-3 She^t 2 of 2 

Description 
Permeabil i ty, 

cm/sec Porosity Type of Test Reference 

9 . Shale, Cretaceous 

10. Shale, Gros Ventre 
Formation (Cambrian) 

1 1 . Graneros Shale 

12. Chanute Shale 

13. Nonesuch Shale 

4x10" Lab 

.111 

.249 

.15 

.016 

Gondouin & Seala, 1958 
Hanger, G.E., 1963 

Manger, G.E., 1963 
Hanger, G.E., 1963 

o 
i oo 
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The K /K„ ratio in the Cycle II model ranges from 1.0 to 0.01 v u 
with a preferred value of 0.1, approximately the same values 
as observed in actual test results. Under some conditions the 
effective horizontal permeability may equal or exceed 1,000 
times the vertical permeability. This might be the case in 
a bedded salt which contains continuous horizontal beds of 
fractured shales or siltstones. 

Measured values of interstitial porosity 
are included with the permeabilities listed in Tables C-l and 
C-2. The porosity values provided are more accurately 
defined as effective porosity (rather than total porosity). 
Effective porosity is a better measure of the void space which 
actively contributes to flow through a porous media. In 
particular, fine-grained rocks such as siltstones and shales 
can have total porosities of 30-50% with only a very small 
fraction of the void space contributing to flow. Preferred 
values and ranges of interstitial porosity are again engineering 
estimates based upon experience and the limited field measure
ments found in the literature. 

C.1.3 Fracture Permeability and Porosity 
Laboratory permeability tests generally re

flect the interstitial permeability of the core sample tested. 
Field tests, especially full-scale pumping tests, reflect the 
combined effect of interstitial and fracture flow. Specific 
data relating the interstitial flow to fracture flow is 
generally lacking. By comparing laboratory permeabilities 
with field permeabilities, a general relation between frac
ture and interstitial flow can be developed. However, even 
this is questionable due to the difficulty in sampling enough 
of the rock to obtain a meaningful interstitial permeability 
average. Thus it is generally not feasible to assess whether 
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the permeabilities determined from field tests as reported 
in the literature are predominately fracture or interstitial. 
Therefore the fracture permeability values provided were 
based on the same data and rationale as the interstitial 
permeabilities. For consistency, the fracture permeabilities 
given were somewhat higher than the associated interstitial 
permeabilities for layers 3, 4 and 5. Layers 2 and 6 were 
assumed to be interstitial flow in all cases. 

The fracture porosity is a difficult para
meter to measure. A method for estimating fracture porosity 
from measured values of permeability and fracture spacing 
developed by Snow (1967) was used to estimate values. Among 
the basic assumptions made by the method are: 

1. Isotropic fracture permeability. 
2. Three mutually orthoganal and similar 

sets of fractures (cubic fracturing). 
3. Numbers of open fractures intersected by 

equal lengths of random drill holes obey a 
Poisson distribution. 

The fracture porosity is given by: 

n = 3(3k/2) 1 / 3(2/S) 2 / 3 

= 5.45 ( k / S 2 ) 1 / 3 

2 where k is the intrinsic permeability (in units of L ), S is 
the fracture spacing (which is 1.25 times the observed spacing 
due to an adjustment factor), and n is the porosity. The 
representative aperature width, 2b, is given by: 

2b * nS/3 
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Computer study by Snow indicated that for a 
rock of given permeability, the fracture porosity is most 
dependent upon the fracture spacing and average aperture 
width, and is less dependent upon variations in the aperture 
widths and fracture orientations. The computer model indicated 
errors of less than 20% in computing average porosity from 
a series of permeability measurements, regardless of the aper
ture distribution. Snow's study incorporated data from 5,532 
bore hole pressure tests on 35 dam sites. Granite, gneiss, 
and metavolcanics were well represented with slate, phyllite, 
schist, cemented sandstone, and shale having fair representa
tion, He concluded that neither aperture width nor fracture 
spacing are notably different from one rock type to another, 
nor are the porosities and permeabilities which depend upon 
the former parameters. 

Snow found that fracture porosity decreases 
approximately logarithmically with depth. The upper porosity 
limit is .05% near the surface, decreasing to .0005% at 400 ft. 
In only a few cases did fracture porosity decrease less rapidly 
than an order of magnitude per 200 ft. The minimum spacing 
of open fractures increased from 4 ft. to 14 ft. in this interval. 
Only fractures in competent rock were considered, thus ex
cluding weathered zones, fault breccia, overburden, etc. 
Fracture openings range from 400 to 75 microns in the upper 
30 feet, but decrease to froai 150 to 50 microns at depths of 
50 to 200 feet. 

Only a few additional references on fracture 
porosity have been found to date. One study by Webster, et al., 
(1970) found two types of fractures common in crystalline 
rock (predominantly chlorite-hornblende schist and gneiss) 
at the Savannah River plant near Aiken, South Carolina. 
The first type pervades the entire rock mass but transmits very 
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little water. The second type is restricted to definite zones 
and transmits substantial quantities of water. Permeability 
of the entire rock mass (including both types of fractures) 
was 5 x 10 m/sec. as determined from a two-well tracer test. 
Fracture porosity was calculated to be .08%. The fracture 
porosity of the rock containing only the first type of frac
tures was thought to be .01% or less. 

Several calculations of fracture porosity and 
fracture width are given in Table 0 4 using Snow's analysis. 
Permeabilities in the range given for layers 3, 4 and 5 are 
assumed in conjunction with a wide range of probable fracture 
spacings. Figure C-l graphically illustrates the calculated 
relationship between permeability and porosity in fractured 
media with various fracture spacings. 

A significant assumption in this analysis is 
the fracture spacing. The preferred values reflect fracture 
spacing of about 100 to 200 cm, which is thought to be reason
able, A study conducted by Ward (1968) of joint patterns is 
gently dipping sedimentary rocks in south central Kansas agrees 
with these assumptions. The formations studied were composed 
primarily of limestone, cherty limestone, and shale beds. The 
length of the joints varied from a few feet to 100 feet or more 
with a spacing of one to as much as 25 feet apart. A common 
distance was 5 to 10 feet (150cm to 300cm). The majority of 
joint surfaces had dips greater than 85°. Dips as small as 
46 were observed but were not common. Two prominent joint 
sets (75% of all joints) were present, one striking northeast 
and one striking northwest. Various minor joint sets (25%) of 
all joints were found clustered around the major sets. Ward 
interpreted the two major joint sets as resulting from shear, 
whereas the minor joints are believed to be caused by tension. 
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TABLE C-4 
COMPUTED VALUES OF POROSITY AND 

FRACTURE WIDTH FOR GIVEN 
PERMEABILITIES AND FRACTURE SPACINGS 

Intrinsic Fracture Fracture Aperture 
Permeability Permeability Spacing Porosity Width 

(cm ) (cm/sec) (cm) (cm) 

ID" 1 4 10- 9 10 2.5 x 10" 5 8.4 x 10" 5 

io- 1 4 10- 9 50 8.7 x 10" 6 1.4 x 1 0 - 4 

io- 1 4 ID" 9 100 5.4 x 10" 6 1.8 x 10" 4 

ID" 1 4 ID"9 500 1.9 x 10" 6 3.1 x 10" 4 

ID" 1 2 ID"7 10 1.2 x 10 - 4 3.9 x 10" 4 

ID" 1 2 10~ 7 50 4.0 x 1 0 - 5 6.7 x 10" 4 

io- 1 2 ID"7 100 2.5 x 10" 5 8.4 x 10" 4 

I O - 1 2 lO" 7 500 8.7 x 10" 6 1.4 x 10' 3 

I O - 1 0 IO- 5 10 5.5 x 10" 4 1.8 x 10" 3 

10-1° io- 5 ; 50 1.9 x 10" 4 3.1 x 10" 3 

io- 1 0 ID"5 100 1.2 x 10" 4 3.9 x 10" 3 

ID" 1 0 lO"5 500 4.0 x 10" 5 6.7 x 10" 3 

IO- 8 10- 3 10 2.5 x 10" 3 8.4 x 1 0 - 3 

ID"8 ID"3 50 8.7 x 10 - 4 1.4 x 10" 2 

10" 8 lO" 3 100 5.5 x 10" 4 1.8 x 10" 2 

io- 8 ID"3 500 1.9 x 10~ 4 3.1 x 10" 2 
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C.1.4 Gradients 
The vertical head differences between layers 2 

and 6 (excess in layer 6) range from 10 to 500 feet with a pre
ferred value of 200 feet. This range of head differences was 
derived from observed heads reported for deep aquifers in sedi
mentary basins. The preferred value was rather arbitrarily set 
to reflect a substantial upward driving gradient. A very small 
upward gradient for the Cycle II model would have tended to mask 
other affects and limit the usefulness of the sensitivity analyses. 
All of this upward gradient was assumed to be available to cause 
flow. The affects of salinity variations and osmotic potentials 
were not considered. 

Vertical head gradients between aquifers in the 
Williston basin vary significantly, depending upon location and 
depths. Reported bead differentials include 100 to 400 feet 
between the Fox Hill and Dakota aquifer (Crosby, Armstrong & 
Paulson, 1973); and 300 to 350 feet between the Dakota and Madison 
aquifers (Swenson, 1968). In these aquifers, the lower aquifer 
was under the greater pressure. Reportedly (Clairborne & Gera, 
1974) a downward gradient exists in the vicinity of the WIPP 
site. An equivalent fresh water head differential of 148 feet 
was measured between formations above the Salado and the under
lying Delaware aquifer. However, due to significant variation 
in salinity throughout the formation it is difficult to determine 
in which direction the actual flow would occur. 

The expected ranges of horizontal gradients 
are also derived from the sedimentary basins study. For instance, 
Crosby, Armstrong, and Paulson (1973) report horizontal gradients 
in the Williston Basin ranging from .0006 to .008 with an average 
of .002. Much larger gradients (.02 or more) have been observed 
in the Delaware Basin (McNeal, 1965). The preferred value of 
horizontal gradient constitutes a horizontal head drop of about 
25 ft/mi, which is fairly representative of sedimentary basins. 
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For simplicity, no horizontal gradient was 
assumed for layers 3, 4 and 5. Although this is not consistent 
with the horizontal gradients in the aquifer, the assumption has 
little effect on the hydrology for the Cycle II model as it would 
simply add a short distance to the vertical flow path. 

C.2 Rationale for Man-Made Behavior 

C.2.1 Site of Fracture Zone 
Introduction 
The construction of an underground repository will inevitably 

result in a degree of disturbance to the rock mass, and this will 
influence the inherent ability of the repository to prevent the 
escape of radionuclides to the environment via the groundwater 
system. The nature and extent of rock mass disturbance will be 
a function of:"'' 

(i) damage inflicted as a result of the excavation process 
(ii) magnitude of the in-situ stress field 
(iii) strength and deformabilit> characteristics of the rock 
(iv) geometrical layout of the repository 
(v) damage due to thermally induced loadings 
(vi) earthquake induced disturbance 
(vii) performance of operational and long-term support 

or reinforcement (backfill) 
The results have been presented as a preferred value and a range 
of values, since the results are applied in a general sense. 
There are many circumstances in which rock mechanic considerations 
would prevent the development of a suitable repository, but these 
design criteria have not been indicated here. The correct inter
pretation to place on the data provided, therefore, is that the 
specified range of zones of disturbance will encompass all possible 
results, given that the repository can be satisfactorily constructed. 
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Two basic rock formation types have been considered: shale 
and bedded rock salt. 

Technology 
Simple hand calculation technology based on elasticity theory 

and general rock mechanics experience has been employed. The 
applicability of the elastic assumption in the range past failure 
has been allowed for by taking a strength/stress ratio of 3 as 
indicating the extent of the zone of disturbance. This allows 
for stress re-distribution processes which will occur when local 
failure develops. 

The incorporation of the effects of time-dependent deformation 
(particularly for rock salt at higher temperatures) has been 
handled in an entirely empirical manner for the purpose of this 
study. Of concern in relation to the nature of the disturbance 
zone is the type of failure which develops - brittle fracture with 
crack formation or ductile flow which maintains the integrity of 
the material. 

Geometric Layout 
The geometric layout considered consists of a vertical shaft 

and horizontal tunnels, located some 500 meters below ground level 
(see Fig. C-2) (Parsons,et al.,1976). For analysis purposes, the 
opening has been taken to be circular in shape, and it has also been 
implicitly assumed that the horizontal repository chambers are 
sufficiently separated that the stress concentration fields do not 
interact to any significant extent. 

Excavation Disturbance 
The depth of excavation disturbance has been taken to range 

up to a depth of 1 meter. This covers a range of excavation 
methods from tunnel boring machines to drill and blast methods. 
Thus, the effective radius of the excavation that must be consi
dered for assessing the depth of disturbance resulting from high 
stress levels ranges from 4 to (4 + 1) meters, where r is the 
actual excavated radius. 
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In Situ Stress Field 
From a study of available in-situ virgin stress data obtained 

from technically quiet and topographically simple locations, 
the following range of stress values was taken as appropriate 
to the particular depth of repository considered. 

A. Repository Tunnels: 
Vertical Stress 

(psi) 
Horizontal Stress 

(psi) 
Lower 1300 1300 
Preferred 2180 3260 
Upper 2190 6380 

Shaft in Vicinity of Repository: 
Horizontal Stress 

(PSi) 
Horizontal Stress 

(psi) 
Lower 1300 1300 
Preferred 2180 3260 
Upper 2190 6380 

C, Upper Shaft at Approximate Depth 100m: 
Horizontal Stress Horizontal Stress 

(Psi) (Psi) 
Lower 174 522 
Preferred 435 1305 
Upper 1595 4780 

In addition, for prediction of failure zones, two cases of pore 
water pressure were considered: dry (operational phase) and pressure 
equal to overburden head (abandonment phase). 

Rock Mass Strength 
Shale: 
The generic shale model was considered to be essentially an intact 

horizontally bedded formation, demonstrating pronounced strength 
anisotropics. The strength for failure by shearing across the 
bedding was taken as: 
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'Df-'c< 1 +S'>' 
where: 

a _ f = maximum principal stress difference of failure 
o = unconfined compressure strength c 
o „, = effective minor principal stress 

The shear strength for failure along the bedding was 
described by: 

o, = 0. 1 a + a , tan p (0 = 25°) i e n 
where: 

a f = shear stress or failure 
o . = effective normal stress or failure n 

These strength parameters indicated that the minimum uncon
fined compressive strength for critical orientation of the bedding 
plane of weakness would be approximately one-third of a (the 
unconfined compressive strength for loading normal to the bedding). 
The strength values were thus characterized by: 

Unconfined Compressive Strength f'c (psi) 
Lower 3,625 
Preferred 7,250 
Upper 10,875 

Bedded Salt: 
During the initial construction phase, the bedded salt has 

been assumed to fail in a brittle manner and the strength charac
teristics have been taken as homogeneous and essentially non-
irictional: 

aDf " ° c 

The strength values were taken as: 
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Deviator Strength opf (psi) 
Lower 2900 
Preferred 4350 
Upper 5800 

Depth of Disturbance Due to High In-Situ Stress 
The depth of disturbance due to high in-situ stress was 

determined by comparing the stress concentration fields (equiva
lent to the specific in-situ stress fields) with the given 
strength data, in the manner previously described. The zone 
of rock lying within the strength/stress ratio of 3 was considered 
to characterize the region of disturbed material, and this area 
was indicated by an equivalent radius of disturbance. 

The lower limit of disturbance was determined by examining 
the influence of the lower in-situ stress field upon the upper 
strength value, and the upper limit of disturbance was similarly 
calculated by combining the upper in-situ stress field with the 
lower strength level. 

Influence of Temperature Induced Stresses 
The influence of thermally induced stresses around the shale 

repository was examined by assuming the long-term temperature 
distribution of 190aC at the repository, decreasing exponentially 
to 60°C at 240m from the repository. The assumption is grossly 
simplified, and it is emphasized that consideration of the 
Influence of thermal stresses is very tentative at this stage. 

The thermal stress distribution was added to the stress 
field resulting from in-situ loading, and the extent to over-
stress again examined. This indicated that the influence of the 
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thermal loadings is to increase the effective radius of distur
bance by approximately 15 percent. Thus, this factor has been 
applied to the radius of the disturbance zones calculated for 
shale. 

At the temperatures in question, while thermal loadings 
will tend to develop within salt, the physical properties of 
the salt will alter so significantly that additional disturbance 
will not occur. In fact, the development of high temperatures 
will result in partial healing of the disturbance zone enacted 
during the excavation and operational phases, when temperatures 
in the vicinity of the repository were comparatively low. 

Earthquake Loading 
Additional disturbance as a result of earthquake loading has 

not been included. It was assumed for this model that the effects 
would be relatively localized and minor after backfilling. 

Operational Support 
The calculation of the levels of disturbance surrounding 

an underground repository have been undertaken on the implied 
assumption that operational support will be adequate to prevent 
progressive deterioration of the roof and upper sidewalls of the 
repository. This is a design problem. 

Disturbance Zones Prior to Backfilling 
The above procedure has allowed the determination of a range 

of zones of disturbance for the salt and shale repositories and 
associated shafts. The nature of the disturbance within these 
zones is considered to be characterized by the given permeability 
and porosity values ranging from maximum disturbances in the 
vicinity of the excavation to original undisturbed in^situ con
ditions at the extremity of the specified zone. 
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Disturbance Following Backfilling 
Shale: Following backfilling, the operational support will 

in all probability eventually partially or fully structurally 
deteriorate and the backfill must be capable of providing the 
required support. The optimum backfill would be of stiff 
material which has been placed perhaps under pressure, such as 
post-placement high pressure grout which would provide support 
with a minimum of further disturbance to the rock. 

Alternatively, the placement of a relatively soft, probably 
unpressurized backfill in the repository tunnels will require 
movement of the surrounding rock to develop support pressure. 
The process will consist of local roof collapse and bulking of 
the failed material until sufficient backfill support has been 
mobilized to stabilize the rock mass around the 
volume of the moderately disturbed and bulked material (typically 
10 percent porosity) has been determined and expressed as an 
equivalent radius of intensely fractured zone. 

No intensely fractured zones are considered to develop 
within the vertical shaft. 

Salt: During the post-backfill phase of the bedded salt 
repository, the high temperatures developed may permit additional 
closure without fracturing and may essentially result in the 
healing of fractures indicated in the vicinity of the repository, 
prior to j.-ckfilling. This process assumes the homogenity of 
the salt formation. 

C.2.2 Permeability Induced Around Tunnels and Shafts 
Very little data exists upon which to base per

meability evaluations of rock which has been fractured due to 
stress relief, or in which stress relief has occurred. Some 
experimental work has been performed (Huit, 1956; Snow, 1968; 
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Louis, 1969; Sharp, 1970; Maini, 1971) and it is clear that 
stress, fracture intensity, fracture width and permeability 
are all related. The details of this relationship are, however, 
still poorly understood. 

The theoretical relation between crack 
spacing, crack width and permeability is given below for a 
parallel plate model: * 

k = 9e 3 

12v.b 
where k = permeability coefficient 

2 9 = gravitational acceleration (981 cm/sec. ) 
e = opening of cracks or fissures 
b = spacing between cracks and 
v is the coefficient of kinematic viscosity 

(0.0101 cm /sec. for pure water at 20°C) 

It can be seen from this relation that the permeability varies 
linearly with joint intensity, and as the cube of joint opening 
or width. Thus as stress is relieved near a shaft or tunnel, 
the joint opening will certainly increase, and new jointing 
will probably occur. The effects of this on permeability can 
be dramatic. 

Reports of field evaluation of permeability 
changes near tunnels and shafts due to stress relief are lacking, 
due in general to a lack of interest in these parameters for 
normal engineering use. One of the few studies of permeability 
measurement after a stress change was undertaken by Boardman 
and Skrov (1966) in connection with permeabilities around 
nuclear test shots due to fracturing induced by the shot. Results 
from these tests showed permeabilities increased in a granitic 

-5 -4 
mass from 2 x 10 cm/sec. to as high as 7 x 10 cm/sec, 
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an increase in permeability of a factor of 35. These tests 
were conducted at substantial depths, under high degree of 
confinement and in-situ stress. 

The conditions around a tunnel are of stress 
relief ir the floor and ribs and of either complete de-stressing 
or arching in the roof. Permeability changes in the roof may 
be an order of magnitude higher than in the floor and ribs. 
In the shale case, near the tunnel face, a narrow but intensely 
fracture 1 zone may exist with an estimated permeability of 10" 
cm/sec, approximately that of gravel. Outward from the face the 
permeability will be in line with the theoretical and test results 
presente'. above. The preferred permeability of this general 

-4 fracture zone is estimated to be 10 cm/sec. with a range of 
10" to 10 cm/sec. The conditions around a shaft are somewhat 
better, rs gravitational failure is not a significant problem. 
Thus, the intensely fractured zone would probably not occur. 

C.2.3 Mine Backfill Behavior 
The selection of a suitable fill will depend 

upon its satisfactory performance against the following criteria: 
(a) The fill should preferably have a design life 

equal to that of the repository. The minimum 
design life would be about 500 years, which appears 
to be the most critical containment period. 

(b) The fill should have sufficient strength to 
prevent closure of the openings. The ideal 
situation of the fill preventing all closure 
is only possible if it has the same modulus 
as the rock. Thus, some closure will probably 
occur as the fill consolidates. 

(c) The fill should have a low permeability to 
prevent circulation of groundwater. 
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Initial permeability and deterioration of the 
backfill will be a function of host rock type, groundwater flow, 
backfill type, placement methods and time. It is clearly impos
sible to accurately project such an occurrence without some 
knowledge of backfill type and placement method. Thus, the 
parameters and transition rates presented are only educated 
guesses. Preliminary backfill concept (OWI) for the salt reposi
tory is to use salt. Suitable backfill material for shale has 
not been evaluated at this time. Due to mechanical creep combined 
with precipitation and recrystallization, a properly placed salt 
backfill may result in a very low risk of deterioration. For 
this cycle we recommend that two basic cases be examined. Case 
1 assumes that a backfill technique is developed which produces 
an effectively impervious backfill with some time-related deteri
oration uncertainty. Case 2 assumes that the backfill is relatively 
pervious initially and remains so. 

In subsequent cycles the backfill behavior 
parameters will be more specific as data is generated from the 
design performance work and/or further data is made available 
for review from OWI or ERDA. 

C.2.4 Bore Hole Seal Failure 
As with the backfill dissolution, it is clearly 

impossible to project the bore hole seal dissolution character
istics without some knowledge of sealing method. Although OWI 
has funded several research contracts to develop sealing pro
cedures, no one method has been chosen. Thus, the parameters 
and probabilities presented are only educated guesses. There is 
a certain probability that any boring seal will be improperly 
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installed and effectively fail immediately. There is also a 
probable transition time in which the bore hole seals will 
deteriorate. Obviously, this depends on sealing procedure and 
quality of work. 

Experience gained on many projects has indicated 
a relatively poor record of borehole seal performance. In addi
tion, it may be very difficult to demonstrate through analysis 
or monitoring the long-term effectiveness of the seal. The 
problem may be further complicated by a fracture zone potentially 
developing arouai the borehole and/or instrumentation installed 
in some of the boreholes. 

In subsequent cycles the bore hole seal behavior 
parameters will be more specific as data is generated from the 
design performance work and/or data is made available for review 
from OWI or ERDA. 

C.3 Fault Zone Data Rationale 

C.3.1 General 
In the Cycle II model, the seismic event of 

intensity VIII was assumed to be caused by movement along a 
new or reoccurring vertical fault. The fault zone is assumed to 
cut through all the layers of the repository. For the Cycle II 
evaluation, the fault was treated as creating a zone of increased 
vertical permeability due to fracturing the rock adjacent to the 
actual fault zone. Many other scenarios could also have been 
considered. However, for simplicity, only this very specific 
'cave was analyzed.' Currently, no reliable data pertaining to the 
tiw dependent changes in the vertical hydrologic properties 
along a fault zone due to a single large event appears to exist. 
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Some very limited data does exist relating short-term hydrologic 
affects to seismic events (Walker, 1966) and the vertical hydrolo
gic effects of existing fault zones. Thus, the data generated for 
the Cycle II seismic event was essentially a "guess" based on 
limited data which generally did not strictly apply to the 
situation considered for Cycle II. 

Faults are fractures in the crust along which 
there has been displacement parallel to the fracture plane. In 
contrast, joints are fractures along which there has been no 
apparent displacement parallel to the rupture surface. Faults 
can vary in length from a few inches to hundreds of miles and 
corresponding minor to major displacements. The magnitude and 
direction of the movement and size of the fault zone depend on 
the size and orientation of the stress field and the mechanical 
properties of the rocks involved. Few faults have been fully 
mapped in three dimensions. 

The fault zone itself is variable in width 
and may range from a single knife edge crack to a zone of 
associated faults up to a mile wide. Within this zone the 
fault may be cemented with calcite or quartz or may contain 
gouge, consisting of clay, sand, or breccia. In the case of 
multiple associated faults, it may consist of several zones 
of gouge separated by relatively large competent blocks. 

C.3.2 Fault Formation 
Forming a new fault totally unrelated to pre

existing features, would require a stress field to build up to 
a magnitude great enough to fail the rock mass rather than just 
overcome frictional resistance on pre-existing fracture planes. 
Thus, fa dts once formed tend to be reactivated even under a 
different set of stress conditions than those that formed the 
original rupture. 
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This recurrent movement is well documented. 
The fault on the west flank of the Cedar Creek Anticline in 
the Williston Basin in North Dakota has had repeated movement 
since Precambrian Time. In this case, both normal and high-
angle reverse faulting have occurred. During the Precambrian 
the west side was down-thrown. Later in the Devonian-
Mi ssissippiEtn, the east side was lifted up and over part of 
the west block. In post-Permian time, high angle reverse 
faulting moved the west block higher than the east block. This 
movement was reversed by down-faulting of the west block 
associated with the Cretaceous Laramide Orogeny. The San 
Andreas Fault also shows repeated movement. Its movement, 
although mostly horizontal strike-slip, sometimes exhibits 
minor vertical movement. The period of major movements is 
about 50 to 100 years. Minor movement and adjustments occur 
almost constantly with very small seismic magnitudes. As
sociated faults tangential to the San Andreas also show 
repeated movement as in the Haward Fault zone. There has been 
168 mm of horizontal movement in the lining of the Claremont 
Water Tunnel near Berkley, California. This offset occurs 
where the tunnel crosses the Haward Fault and has happened 
between 1929 and 1966. The movement has not been associated 
with any seismic event but is attributed to gradual creep 
(Stevens, 1977). 

For this evaluation data was generated for 
both an entirely new fault and a recurrent faulting along 
existing fault planes. 

C.3.3 Size of Affected Zone 
It is assumed that any exploration for a 

waste repository will find and avoid major fault zones such 
as the half-mile wide Brockton-Froid Fault zone through the 
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Pierre shales in North Dakota. The width of the hydraulically 
affected zone therefore represents a reasonable estimate of 
a small to medium fault in plastic to semi-plastic rocks, i.e. 
one with limited extent and little or no surface expression. 

Information on faulting and fault cataclastic 
zones at depth in great thicknesses of shale are very scarse in 
the literature primarily due to lack of economic incentive. Oil, 
gas, and salt are produced from formations beneath the shale 
section. Water and structural borings are interested only in 
the surficial part of the section. Drill explorations for the 
Oahe and Fort Randall Dams in South Dakota penetrated the Pierre 
shale and Niobrara Formation to 350 feet in depth. These founda
tion studies found numerous small faults (Underwood, 1972) with 
associated shear zones ranging from 0.1 ft. to 3 feet in width. 
These faults can be traced only for short distances laterally. 

C.3.4 Permeability 
Initial permeability is a function of fault 

type and its history. After formation, the fault zone may retain 
some fracture permeability above that of the parent rock. Recur
rent fault zones start out with some fracture permeability and 
with each additional movement will increase the size of the 
cataclastic zone and also increase the size and length of any 
ancillary fractures. 

Fault type also has an impact on fracture per
meability. A tensional stress field will produce normal faults 
of the Horst and Graben type. According to Price (1966) this 
type of stress field can be created by a monoclinal flexure or 
vertical fault movement in the basement rocks. These faults tend 
to have thin cataclastic zones and be rather tight as the fallen 
block tends to act as a cork being shoved into a bottle. 
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Congressional stress fields nay produce the 
same Horst and Graben faults but the cataclastic zone may be 
wider and will increase under repeated movement. The com-
pressional forces push the fault faces together creating 
tremendous grinding action. 

For the purpose of this model only a worst type 
case was considered. Therefore, a compressional type of fault 
is utilized and the permeability should increase fractionally 
with each additional movement. The range of values given includes 
the possibility for the fault to remain fully permeable as a 
worst case. Salt is treated as a new fault unrelated to any 
previous fault movement. The permeability initially is that of 
the parent rock. Fracture permeability occurs immediately after 
the faulting event and is decreased by salt flowage and recrystal-
lization until the affected zone is sealed. Provision for the 
probability and associated characteristics of new breccia pipe 
formation and other solution induced phenomena should be incor
porated into the fault model. This would constitute a worst case 
in which the feature remains fully permeable and actually increases 
in size. The parameters for these features are provided by GEI. 

For the Cycle II model, only faults in shales 
were evaluated. In the case evaluated, it was assumed that the 
permeability did not decrease with time after the fault movement 
(residual permeability of 100%). 

C.3.5 Transition Time 
Transition times represent the duration in which 

the stress build-up and release affects the permeability within 
the zone influenced by the fault. Thus, there are possibly three 
periods of concern: initial condition during which the stresses 
are increasing but not yet induced fracturing or increased 
permeability; interim period during which stresses open fractures 
and feather joints and increase permeability; and final period 
reflecting the long-term permanent change in the permeability. 
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Leading to the movement along a fault is the 
buildup of the associated stress field. This increase in stress 
builds up strain in opposite directions on opposing sides of 
the fault. Microfractures and feather joints along the margins 
of the fault dilate with the increasing strain. The rate of 
dilation is probably slow at first then increases rapidly just 
before movement. Fault movement partially releases the state 
of stress and the dilated fractures tend to partially close. 
Some cracking remains open and accounts for the permanent increase 
in permeability. 

Since no applicable data on transition times 
for mid-continent sedimentary basins appear to be available, 
the transition times used reflect the periodicity of major move
ment along the San Andreas Fault zone. This fault has had 
numerous earthquakes along its length. Earthquakes and associated 
movement have also taken place on associated fault zones notably 
the 1952 Kern County and 1972 San Fernando earthquakes. Major 
movement in the San Andreas zone took place in 1838, 1857 and 
1906. These movements indicate a periodicity of nearly 50 years. 
Minor movements occur almost constantly as reported earlier. 
Though this fault 2one represents a special case, it is the 
best real data available. 

The numbers used for shal'1 and siltstone in 
this model represent a fault with recurrent movement in stages 
about 10 times longer than the San Andreas, This is because the 
locations considered are in much less technically active regions. 
Faults once generated seem, however, to show a periodic behavior 
throughout their history. 

Salt is represented by a fracture filled with 
broken material thai becomes slightly more permeable through 
sheared crystals before an event. For this model, it was assumed 
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that these flaws quickly flow plastically to close the opening 
and recrystallization seals the entire feature. Some of these 
sealed fractures/! are found in the Potash Mines of New Mexico. 
Shear zones that are sealed are also found in salt domes. 

' . - ' • - . ' ' • " ' • . . , - . • / ' ' 
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C.4 Rationale for Flow Path Analogs 

C.4.1 General 
The present IASC geology-hydrology model is 

described in detail by others. The flow and transport patterns 
of the waste is analoged in the model by a network of one-dimen
sional path segments or "pipes". For the initial two model cycles 
the "pipe" analogs required to simulate the actual anticipated 
groundwater movements were developed primarily from experience, 
available field information, and judgement rather than detailed 
theoretical analysis. This approach was feasible due to the hydro-
logic simplicity of the initial models. Future more complex models 
involving multi-aquifer systems may require numerical groundwater 
analysis in order to develop an appropriate "pipe" analog. 

Fundamentally, the TASC model is not a ground
water model and cannot solve groundwater flow problems. Rather 
it is a nuclide transport model which requires the general 
'hydrology to be solved external to the model with the results 
analoged into the model in the form of an appropriate "pipe" 
network. Although each "pipe" segment is one-dimensional, 
the network itself can be made to simulate two- or three-
dimensions. Thus the model is not truly a one-dimensional 
model but rather a quasi two- or three-dimensional model. 

Probably the most serious problem associated 
with the TASC geology-hydrology model as used for a generic 
study is the construction of a proper "pipe" network. Clearly 
a network which fails to incorporate a major flow path or sig-



II 
II 
0 
0 
a 
a 
o 

y 

u 
0 
0 
0 

1 

C-32 

nificant hydrologic mechanism would produce erroneous results. 
Thus, adequate validation of the general TASC model n twork pipe 
analogies are essential to the site suitability program. The 
validation techniques could include numerical solution (finite 
element and/or finite difference hydrologic and transport codes), 
analytical solutions, and/or actual field data. 

Golder Associates provided the geometry of the 
flow path network within layers 3, 4 and 5, the boundary pressure 
head conditions, the area and length of the paths, the permeability 
and porosity of the paths, and any constraints on the flow 
behavior within the network (such as complete mixing or partial 
mixing at a particular model point). TASC solved for the gradients 
and heads along the pipe network. Tha subsequent information was 
then input into the TASC model program, which computed gradients, 
heads at each nodal point, and flow velocities. 

The following sections discuss the rationale 
for the information provided and includes supporting analysis 
where appropriate. Figure C-3 shows the flow path networks deve
loped. The general procedure followed included: 

(a) Develop a schematic of the flow, identify the 
potential flow paths and directions anticipated. 

(b) Evaluate any constraints on the flow via any 
pathways such as limitations on mixing of flow 
along different flow paths. 

(c) Develop a "pipe" network which best depicts the 
anticipated flow paths. 

(d) Develop hydrologic parameters to describe the 
different "pipes". 

C.4.2 Flow through the Formations 
The head difference between aquifer layers 2 and 

6 (excess in layer 6) causes vertical upward flow through layers 
3, 4 and 5. No lateral flow paths in layers 3, 4 and 5 are con
sidered in Cycle II. The lengths of the various flow paths through 
the rock layers (paths a-b, b-c, c-d, d-e) are equal to the thick
nesses of the rock layers used in the Cycle II model. 
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The area of each pipe is assumed to be 
5x10 m which is approximately the horizontal area of the 
HLW section of the repository as presented in the preliminary 
mine design by Parsons, et al. (1976). 

C.4.3 Flow through Fracture Zones Around Tunnels 
and Shafts 

C.4.3.1 Areas 
The estimated ranges in radius of 

anticipated intense and general fracture zones around the 
repository openings are given in Section 2.4.1. Preferred 
values and ranges of peak permeability near the face of the 
opening are also given. Permeability of the general fracture 
zone is expected to decrease expoentially outward from the face. 
To realistically model flow within the general fracture zone, 
an effective flow area (or alternatively permeability) must 
be determined. An intense fracture zone, which can occur in 
addition to the general fracture zone, is assumed to have the 
peak face permeability throughout. The general fracture zone 
is ignored if an intensely fractured zone exists because of 
its negligible contribution to flow. 

The areas of each intense fracture 
zone around each tunnel (shale only) was computed by determin
ing the area between a square of width equal to the actual 
opening and a square of width equal to the actual opening 
plus the highly fractured zone. The areas of the general 
fracture zone around shafts and tunnels was computed in a 
similar manner but using an effective width (or radius) of 
only 20% of the difference between the actual opening and 
the size of the general fracture zone. This procedure is 
shown on Figure C-4 and accounts for the decrease in perme
ability away from the face. 
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The total area of the fracture 
zones around tunnels and shafts correspond roughly to a 
repository similar to the preliminary HLW design by Parsons, 
et al. (1976) as shown on Figure C-2. For simplicity, the 
flow was assumed to occur uniformly across the entire cross-
section of the HLW section and then concentrate into the 
three main corridors. This assumes that water can flow 
between the ends of the fracture zones between adjacent 
rooms. This assumption may have to be revised as more 
specific design information is made available. 

C.4.3.2 Flow Path Geometry 
Figure C-6 illustrates a very simplified 

flow pattern for a repository with fracture zones around the 
tunnels and shafts along with the TASC model analog. Most 
flow occurs vertically in the formation layers and shafts or 
horizontally in the tunnels. Some convergence of flow to
wards the repository and shaft is expected due to their 
higher permeabilities. For this preliminary flow model, it 
was assumed that the area of converging flow did not extend 
very far out from the repository and shaft. 

The range in lengths of path f-g allow 
analysis on the effects of varying the connecting tunnel lengths 
(main corridors). The fracture zones around the shafts are 
represented by paths g-h and h-i. The length of path e-f is 
one-half the total length of the HLW section which represents 
the average distance nuclides must travel to exit the HLW area. 
This simplifying assumption may have to be revised in future 
cycles, since it may result in an incorrect concentration in 
the aquifer for certain short-lived nuclides. Future models 
may include a functional relationship to properly account for 
the incremental areas and flow distances to the main corridors. 
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C.4.4 Flow in Deteriorated Mine Backfill 

C.4.4.1 Areas 
The area of the deteriorated back

fill for each tunnel and shaft was assumed to be equal to the 
entire original opening. The total areas were computed based 
on the same assumptions as used for the fracture zone areas. 
This is a very conservative assumption and would probably be 
revised in future models as more specific design information 
is made available. 

C.4.4.2 Flow Path Geometry 
The general flow pattern caused by 

deteriorated mine backfill will be essentially the same as 
that for fracture zones around the tunnels and shafts. Thus 
the flow pattern and TASC model analog in Figure C-6 still 
pertains. All pipe lengths will remain the same. 

C.4.5 Flow in Boreholes with Seal Failures 

C.4.5.1 Areas 
The number of bore holes drilled 

for investigative purposes will largely depend upon the level 
of site exploration desired. Extensive exploration (by borings) 
will better define the important geologic and hydrologic para
meters but can also create the greatest number of potential 
release pathways. Minimum exploration will create the least 
number of potential flows but will result in higher uncer
tainties in the geologic and hydrologic parameters. The level 
of site exploration has not yet been determined. It was 
assumed in Cycle II that the number of borings ranges from 5 
(minimum exploration) to 100 (extensive exploration) with a 
preferred number of 50 (moderate exploration). 
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The repository layer (layer 4) will 
require the most extensive exploration in any boring program. 
Thus, most borings will probably extend to that depth. A few 
borings would probably extend below the repository layer to 
the underlying aquifer (layer 6). It is assumed in Cycle II 
that 80% of the borings extend to the .vepository depth and 
20% extend to the underlying aquifer. Each bore hole is 2 assumed to be 6 inches in diameter yielding an area of 0.02 m . 

C.4.5.2 Flow Path Geometry 
The hydrologic effect of the bore 

holes cannot be generalized since it is a function of the 
vertical variations in permeability within layers 3, 4 and 5 
and within the bore hole itself (and thus the vertical gradient 
distribution). For bore holes which extend through to layer 6, 
water may flow from the repository into the bore hole, from 
the bore hole into the repository, or there may be no flow at 
all between the boring and the repository. These three cases 
are illustrated schematically in Figure C-7. The flow analogs 
are grossly simplified and intended to approximate upper and 
lower bounds rather than represent the actual flow regime. 
Bore holes which extend only to the repository zone would 
probably have an effect similar to Case 1 shown on Figure C-6. 
The zone of influence of the bore hole seal failure is also 
very important in evaluating its effect. The zone of influence 
would be related to the overall gradient distributions and 
the relative permeabilities between the bore hole and the 
adjacent repository areas. The permeability of the backfill 
and fracture zones would be very important in determining 
this zone of influence. Thus, a repository in which both 
the fracture zones and mine backfill are essentially impervious 
may not be significantly impacted by bore hole seal failures. 



u 
0 
0 
0 
0 
D 
D 
B 
1 

C-37 

For simplicity in Cycle II, three 
general cases were considered depending upon how much mixing 
occurred between tlw contaminated repository waters and the 
flow within the bore hole. In essence, all three cases assumed 
that water would flow from the repository toward the bore hole 
(Case 1 above). The three cases considered weie; 

Worst Case 
The entire repository area is affected by failure 

of bore hole seals. This extreme case might apply 
should the backfill have a high permeability. Water 
flowing up a bore hole from layer 6 (path j-c) is 
completely mixed with repository water. Deep and shallow 
borings from the repository to the surface paths c-k, 
c-1) also carry water completely mixed with repository 
water. 

The general flow pattern and TASC model analog for 
this case are illustrated in Figure C-8. Water is 
shown flowing up deep bore holes to the repository, 
completely mixing in the repository, and re-entering 
bore holes.and flowing to the overlying aquifer. Any 
flow in the bore holes entering from or exiting to the 
formation has been neglected in this very simplistic 
model. 

Best Case and Preferred 
For the best case and preferred case only a small 

percentage of the repository area is affected by a 
bore hole. The affected area is analogous to the radius 
of influence resulting from a pumping well. Any nuclides 
outside the affected area will not enter the bore hole 
but those within the affected area will mix completely 
with water flowing up the bore hole. 
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A rough estimate of the area of the repository 
affected by a bore hole was made by computing the maximum 
flow up a bore hole from the repository (bore hole 
failure from repository to layer 2) and finding the 
horizontal repository area necessary to produce this 
flow (by vertical flow from layer 6 to the repository). 
A radius of influence of the bore hole was then calcu
lated based upon this area. A lower permeability in 
the formation underlying the repository will result in 
a larger affected radius because more area is needed to 
produce a given quantity of flow up the bore hole. The 
preferred area affected by a bore hole (see page 12) is 

-9 
based upon a vertical permeability of 10 cm/sec. in the 
formation below the repository. The minimum area affected 

—8 by the bore hole is based on K = 10 cm/sec. 

Although this is a gross simplification of the 
problem, it is believed to be a reasonable approximation 
for the Cycle II analysis. Future models will probably 
incorporate the results of two-dimensional numerical 
analysis. 

The lengths of the flow paths are 
equal to the thicknesses of the various layers. The total 
area of the pipes representing bore coles is the area of an 2 individual bore hole (0.02 m ) times the number of failed 
bore holes. 

C.4-6 Flow in Faults Zones 

C.4.6.1 Areas 
The area of flow was given as 2,500 m 

times the width of the affected zone. This assumes that the 
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fault zone cuts directly through the long axis of the HLW waste 
area. The length of the HLW area corresponds to that proposed 
in the Parsons, et al. (1976) report. 

For a given seismic event, we estimate 
a 90% probability that it was caused by movement along a pre
existing fault zone and only a 10% probability it was caused 
by an entirely new fault unrelated to any previous faulting. 
Thus, it was recommended, for simplicity, that only the pre
existing fault parameters be used in Cycle II. 

C.4.6.2 Flow Path Geometry 
The basic assumption is that the 

fault will result in an associated zone of high vertical 
.permeability which would transmit water to the upper aquifer. 
The hydrologic effect of this has many of the same uncer
tainties as the effect of bore hole seal deterioration. In 
fact, a very large permeable fault zone could depressurize 
the lower aquifer and effectively stop upward flow of the 
waste. The models presented are gross simplified solutions 
intended to represent upper and lower bound approximations only. 

The basic pipe analog is shown on 
Fig. C-9 and is very similar to the Best and Preferred Cases 
for bore holes. 

C.5 Re-saturation Time 

The time necessary to re-saturate the repository 
with groundwater depends upon the nature of the original 
groundwater regime, the effectiveness of the shaft seal, and 
the porosity of the tunnel backfill and fracture zones. 
Assuming the shaft seal remains competent (shaft permeability 
remains equal to or less than that in the surrounding formation) 
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the re-saturation time by groundwater flow from the formation 
above and below the mine can be roughly estimated. The total 
volume of water necessary to re-saturate the repository will 
be the mined volume of the repository (HLW area x 24% extraction 
ratio x height) times the porosity of the backfill (assumed to 
be 10%). Flow rates into the repository from the top and bottom 
are computed using Darcy's equation: 

Q = KIA 
where Q is the inflow rate, K is the vertical permeability of 
the formation, I is the vertical gradient after abandonment and 
prior to saturation, and A is the total area of the HLW repository. 
Since the gradient and flow areas were assumed to be constant in 
this simple analysis, the flow rate and, thus, the time to re-
saturate will vary directly with the formation permeability. A 

-9 permeability of 10 cm/sec. yields about 100 years re-saturation 
time which is used as the preferred value. A permeability of 
10 cm/sec. yields about 20 years and 10" cm/sec. about 1,000 
years which is the range considered. 

The parameters used in the re-saturation calculations 
are rough estimates. Actual values are either very site specific 
(vertical gradients) or not presently known (backfill porosity, 
repository area). 



. 7 7 ^ 5 

~-3. 

IO-c 
IO-9 io~ a I O - 7 I O - 6 

Permeabil ity — cm / s e c . 
I O ~ 5 io-« 



w 
I 

o 

3 
0> 

' Soldtr Aitoclatw 



MODELS Figure C - 3 

Figure A • i >e 

nh. i d 

a f 

i 

b 

a 

Worst Case 

Figure B < > I k 
• • • 

* » H 
• • 

Best ond Preferred 

© © 

• • 1 » 

I e k 
l I f 

( id 

nb 

+ l a 
J 

Figure C t 0 , 

* •-

© e i 
t • 

di , 7 
g( i>b 

f l l a 

• / / 

•OoW»rAnoel»t«i-



SCHEMATIC OF GENERAL AND EFFECTIVE FRACTURE 
ZONE AROUND TUNNEL (SHAFTS ) . m " U " 

Outer Limit of General Frocture Zone 

R F = Radius of general frocture zone. 

RT=Rodius of tunnel (or shaft). 
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GENERAL FLOW PATTERN 
FOR UNFLAWEO REPOSITORY 

Figure C-5 
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GENERAL FLOW PATTERN FOR FRACTURE ZONE AROUND TUNNELS AND SHAFTS-DETERIORATED MINE BACKFILL 
Figure C-6 
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SOME OF THE POSSIBLE FLOW SITUATIONS BETWEEN 
FORMATION AND BOREHOLES (OR FAULTS) Figure C-7 
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GENERAL FLOW PATTERN 
FOR BOREHOLE SEAL DISSOLUTION 

Figure C-8 
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GENERAL FLOW PATTERN 
FOR FAULT 

Figure C-9 
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APPENDIX D - APPROXIMATE MODELING UNCERTAINTY ANALYSIS 

D.l GENERAL 

The purpose of this approximate model uncertainty analysis 
is to gain some insight into the relative contributions of the 
modeling uncertainties to the overall generic site suitability 
uncertainties. In addition, although very crude, the analysis 
does present a suggested framework for future general model uncer
tainty evaluations. Since the uncertainty values present only 
little more than engineering guesses, the actual nurarical values 
computed should in no way be interpreted as rigorous, validated 
results. However, in our opinion, some important general conclu
sions can be iiade from an appropriate interpretation of the results. 

D.2 ANALYSIS 

In order to assess the overall uncertainty of a prediction 
for each of the three main areas (theory, hydrogeological model, 
analysis), a set of contributing factors was .dentified. The 
factors were chosen so that their effects on a prediction are more 
or less independent. This is not always the case and represents 

a major simplifying assumptions in this crude analysis. The nature of 
the uncertainty due to each factor was assumed to fit a log-normal 
probability distribution such as that used to define the uncertainty 
in input to the TASC model. 

For each factor we have estimated the effect of the factor's 
uncertainty on the predicted nuclide arrival time and the predicted 
peak concentration. The range of variability was chosen to be 
the 2/3 confidence limit; that is, it is estimated there is a 2/3 
probability that the errors in the predicted time and the peak 
concentration caused by the factor in question lie within the 
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specified bounds. Assuming a log-normal distribution of the 
error, the limit approximately corresponds to one standard 
deviation of the error in the prediction caused by the un
certainty in the factor. 

Table D-l shows the uncertainty factors 
estimated for the analysis. As discussed in Section 5.2, the 
parametric factors are presented in terms of different levels of 
explorations. These parametric uncertainties were formulated 
specifically for this generalized uncertainty analysis and do not 
necessarily correlate with the move specific data presented in 
Section 5.2. 

The basic analytic approach was to assume that the result 
(peak concentration or arrival time) is proportional to some power 
of each of the input parameters. Thus, for instance, the arrival 
time is inversely proportional to the permeability and directly 
proportional to the porosity. Schematically we write: 

E - C P 1
e l P 2

e 2 P 3
e 3 P 4

e 4 ... (1) 
where R is the result 

C is a constant 
P. is the ith parameter, and e, is its exponent 

Taking logs of both sides: 
log H • log C + e^ log Pj + e 2

2 log Pg + ... (2) 
If log Pj, then P 2 etc. are normally distributed and indepen
dent (i.e. the parameters have log-normal distributions), 
then the variance in log R is the sum of the variances of the 
terms on the right-hand side: 

"log E-^l Aog PI + 4 ° 2 log P2 + ••• ( 3 ) 
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TABLE D-l 

ESTIMATED 
UNCKKTA1NTY WV. TO KAHI FACTOR 

U * uncertainty factor for nrriv.il time 

U = uncertainly factor for peak concentration 

Factor 

' Darcy's Law 
Thermal effects-theory 

1.10 
1.05 

1.10 
1.05 

£ Salinity effects-theory 1.05 1.05 
P-1 Gas effects-theory 1.10 1.10 
g Ionic flow potential 2.00 2.00 g Dispersion theory 1.50 1.50 

Sorption theory 1.50 2.00 
Limited Surface Parametric 

Best Possible Data Drilling Only Study 
Uc Wt U c U t 

/Gross geology 1.50 1.50 230 230 5.00 57u"0 
Anomalies 1.50 1.50 2.50 2.50 5.00 5.00 
Boundaries 1.50 1.50 2.00 2.00 2.50 o 2 ^ | 
Density 1.01 1.01 1.25 1.25 

2.50 o 2 ^ | 

>• Permeability 1.15 1.30 1.50 2.00 5.00 10.00 
C5 Porosity 1.05 1.10 1.50 2.00 5.00 10.00 
; Dispersivity 1.60 1.40 4.00 3.00 8.00 6.00 
6 'i Distribution Coeff. 1.20 2.50 1.50 5.00 3.00 10.00 
§ Diffusion Coeff. 1.10 1.10 1.20 1.20 1.30 1.30 

Storage Coeff. 1.05 1.05 1.10 1.10 1.15 1.15 
Temperature parameters 1.50 1.50 1.75 1.75 2.00 2,00 
Salinity parameters 1.25 1.25 1.50 1.50 1.75 1.75 
Osmotic parameters 

, Fluid parameters 
1.20 1.20 2.00 2.00 5.00 5.00 Osmotic parameters 

, Fluid parameters 1.20 1.20 1.30 1.30 1.40 1.40 
* ' 3-d intensions 1.00 1.00 

E ! 2-d Intensions 2.00 2.00 
1-d Intension 4.00 4.00 

#t« 

s 
Entire basin 1.00 1.00 

(U 4 

o 1 i. Local only 
" Analytical 

1.50 

1.00 

1.50 

1.00 
w Finite Element (FBI) 1.05 1.05 
CO 

s 1 Finite Difference (FDM) 1.10 1.10 CO 

s 1 Method of Characteristics 1.10 1.10 
§ Hand Calculation 5.00 5.00 § . TASC 4.00 4.00 

http://nrriv.il
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(4) 
o r "log B * A 2 °2log PI + 4 Aog P2 ~ 
where (T. „ refers to the variance of the logarithm of R, log K 

and a. R is the standard deviation. Equation (4) was 
used to generate the results contained in Table D-2. 

The uncertainty parameters U and U T presented in Table D-l 
represent e± o l o g p i 

The e. are derived from our knowledge of how the parameters 
appear in the governing diffusion-dispersion-convection 
equation, while the o, p. are based on estimates of the 
accuracy to which a data-collection program could define 
the effective value of the parameter. 

The uncertainty induced by limitations in available theories 
or by approximate analytical methods is not amenable to analysis 
by the method outlined above. For these cases we directly gues-
timated uncertainty parameters U and IL based on how the nuclide 
concentrations and velocities would be affected. 

D.3 RESULTS 

Table D-2 shows the overall uncertainty of a prediction as a 
function of the type of analysis performed and the quality of the 
input data. Results are shown for 65 percent, 95 percent and 99.7 
percent confidence limits (corresponding to one, two and three 
standard deviations, respectively). As an example, the 95 per
cent confidence limit in a predicted peak concentration using an 
exact 3-D analysis of an entire drainage basin, with data based 
on a limited surface and drilling program, is x/fl70. In other 
words, there Is a 95 percent probability that the actual peak con
centration would lie within x/*170 of the computed value. 
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TABLE D-2 

ESTIMATED OVERALL UNCERTAINTY IN PKI-DICTJONS 

V • uncertainty factor (x/; 

U * uncertainty factor (x/* 

) for peak concentration 

) for time 

Solution 
Geometry 

Analys is LEVEL OF DATA t Solution 
Geometry Best Possible Limited Surface 

BrillinR Only 
Parametric 
Study 

3-d 
Entire basin 

Exact U 
< 

65% 

4 
5.6 

95% 

15 
31 

99.7% 652 

13 
21 

95% 

170 
430 

99.7% 

2100 
8900 

652 

100 
240 

952 

10000 
58000 

99. V, 

3-d 
Entire basin 

Exact U 
< 

65% 

4 
5.6 

95% 

15 
31 

62 
180 

652 

13 
21 

95% 

170 
430 

99.7% 

2100 
8900 

652 

100 
240 

952 

10000 
58000 

100000? 
14000000 

i 

2-d 
Entire lasin 

Exact D 4.7 
6.4 

22 
41 

100 
260 

14 
22 

200 
500 

2800 
11000 

110 
250 

11000 
63000 

1 
1200000 
16000000 , 

i 

1-d 
Entire basin 

Exact U 7 
9.1 

50 
S3 

350 
760 

18 
28 

340 
790 

6100 
22000 

120 
290 

15000 
81000 

190000-3 
230000:0 

3-d 
Entire basin 

TASC 
1 

7 
9.1 

50 
83 

350 
760 

18 
28 

340 
790 

6100 
22000 

120 
290 

15000 
81000 

1900000 ; 
23000000 . 

3-d 
Local 

Exact u 4.2 
5.9 

18 
34 

74 
200 

13 
21 

180 
450 

2400 
9600 

100 
240 

11000 
59000 

110000C 
14000000 

3-d 
Local 

TASC V 7.3 
9 

54 
81 

390 
720 

19 
29 

360 
820 

6700 
24000 

130 
290 

16000 
84000 

20000CO 
24000000 

NOTES: - "Exact" analysis means closed-form solution of the equations. However, 
result! using finite element, x'inite difference or method of characteris
tics are not significantly worse. 

- 65Z column heading refers to 65% confidence limits (one standard devia:i: 
952 column beading refers to 95Z confidence limits (two standard devia:'-: 
99.IX colunn beading refers to 99.72 confidence limits (three standard 

deviations) 

u 
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Examination of the results presented in Table D-2 leads to the 
following preliminary conclusions: 

1. Using the best possible data and analysis, the 95 
percent confidence limit for predictions is about 
one and a half orders of magnitude. 

2. Simplified analysis such as the TASC model analysis 
does not add an overwhelming uncertainty. The effect 
of a simplified analysis is least for poor quality 
data and low (65 percent) confidence limits. 

3. Modeling of the entire drainage basis may not be re
quired; the dominating uncertainties appear to in
volve behavior close to the repository. 

I! 4. At the 05 percent confidence level, the uncertainty 
1 in a prediction based on data from a limited surface 

I drilling program is an order of magnitude greater 

than for a prediction based on the best possible data. 
For a parametric study, the uncertainty is three orders 

I of magnitude greater. 
Clearly, these conclusions must be considered as tentative 

due to the simplistic analysis used. Howevei^the general results 
appear to support the concept of using simplified analysis pro
cedures for generic model studies. 

It is also possible to use the type of uncertainty analysis 
to investigate the effects of alternate exploration or analytical 
programs. For instance, if a choice had to be made between a 2-D 
finite element model which ignored salinity effects and a 1-D 
•odel which included them, this type of uncertainty analysis could 
be utad to see which model would be most useful. 
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APPENDIX E - NATURAL RESOURCE SURVEY 

E.l FOSSIL FUELS AND URANIUM 

The fossil fuels are petroleum, natural gas and coal, These 
are used as energy sources as is uranium. The fossil fuels are 
also used to produce a wide variety of chemical products required 
by modern society. These products include plastics, synthetic 
fabrics, synthetic rubber, fertilizers and insecticides, to men
tion only a few. A shift in emphasis from petroleum to coal and 
uranium for power generation appears inevitable. With respect to 
fuel for non-electrified transport, such as jet aircraft, petrol
eum products will remain in demand as they will for lubrication 
and certain chemical and manufacturing processes. With the 
exception of coal and possibly uranium, the United States is defi
cient in the energy minerals. That is, known produceable reserves 
are insufficient to meet present needs. 

£.1.1 Petroleum, Tar Sands and Oil Shale 

Petroleum deposits including oil and asphalt are found pri
marily in sedimentary units. However, petroleum has been found 
in almost all conceivable type of rocks. Presently known oil 
fields of the U.S. are shown in Figure E-1. Although major present 
production comes from Louisiana, Texas, Oklahoma and California, 
almost every state has some potential for petroleum discovery and 
production. As petroleum becomes increasingly short in supply, 
more and more wildcat exploration boles will be drilled. Most 
present-day wildcat holes are drilled in and around major sedi
mentary basins. In the future this pattern may change. 

Petroleum is presently recovered by drilling wells into oil 
bearing zones. Modern production methods include the maintenance 
of the fluid pressure within the reservoir by re-injection of 
water and/or gas. Iu some cases formations with low permeability 
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are artificially fractured. In-situ combustion and steam injec
tion methods are used in some fields to improve recovery of oil. 
During production of oil, a certain amount of water is commonly 
produced. Some of these brines are re-injected into the under
ground formations while others are allowed to evaporate in surface 
ponds. Oil shale requires mining and thermal retorting to remove 
the kerogen. Oil shale mining will have a significant impact on 
the local groundwater conditions. Oil fields which are currently 
economically marginal will undoubtedly be put into production in 
the future as the price of oil increases. Depleted oil fields 
commonly still contain as much as 50% of the original oil which 
cannot be removed by conventional oil production technology. Thus, 
new technology, possibly including mining, will undoubtedly be 
introduced in the future. 

Domestic oil and tar sand deposits will be exploited by mining 
or in-situ thermal techniques as a source of petroleum products. 
Several oil companies are already studying the potential for 
mining tar sands or oil impregnated rocks in the United States. 

Oil shale is a potential source of petroleum. Large oil 
shale reserves are found in Utah, Colorado and Wyoming. Oil shale 
deposits will undoubtedly need to be developed to meet future needs. 

»;» E.1.2 Natural Gas 

Natural gas accumulations are found in sedimentary basins 
and are frequently associated with petroleum deposits. The distri
bution of known natural gas producing regions is shown in Figure 
B-l. 

Natural gas is recovered from wells. Potential future methods 
for natural gas recovery and production include the fracturing of 
low permeability gas sands through the use of nuclear energy or 
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liquid chemical explosives (USBM, 1970), or the in-situ gassifi-
cation of petroleum, oil shale and coal or lignite deposits. 

Uses of natural gas include energy production, the production 
of ethane, sulfur, helium, carbin dioxide, fertilizer and other 
chemicals. The U.S. has inadequate known reserves of natural gas 
to meet future needs. 

£.1.3 Coal 

Coal deposits, including lignites, represent carbonized fos-
sile plant accumulations in sediments. There are three distinct 
types of coal with considerable variation within each type. 
These are anthracite and bituminous coal and lignite. Anthracite 
coal is found in folded geologic sedimentary environments and is 
the result from metamorphism of softer forms of coal. In form, 
these deposits are frequently steeply dipping and are mined by 
surface and underground methods. Bituminous coal and lignite 
deposits occur primarily in flat to gently dipping sediments and 
are mined by open pit methods. 

Coal beds range in thickness from a thin film to several tens 
of feet. Minimally, about 28 inches of high quality coal is con
sidered of economic interest (Given 1973). Thinner seams may 
eventually be exploited using new mining methods or in-situ gassi-
flcation techniques. Distribution of known coal deposits in the 
United States is shown in Figure E-2. 

Coa? is used in steel production, for generation 
of electricity, for heat production and in the plastics industry. 
There is also potential for the production of synthetic gas from 
coal. Reserves of coal in the U.S. are adequate for the useable 
future needs. 

< 
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£.1.4 Uranium 

The most common commercial uranium ore mineral is uraninite; 
of secondary importance is carnotite, followed by other less 
abundant uranium minerals. 

Uranium occurrences are widely distributed throughout the 
United States. Uranium mineralization is found in a wide variety 
of geologic environments (Figure E-2). The major U.S. production 
is from deposits associated with sedimentary basins. Uranium is 
also found associated with phosphate deposits, petroleum, asphalt 
and lignites. Potential for future uranium exploitation from black 
shales is also being considered. 

Uranium deposits are found associated in igneous environments. 
Small deposits are associated with volcanic and granitic rocks as 
impregnations or replacement bodies in adjacent sediments. 
Deposits are found in pegmatites and primary vein deposits. There 
is as yet an undefined potential for discovery of uranium deposits 
in Precambrian rocks within the United States. The largest and 
most numerous deposits are found in sediments of the Colorado 
Plateau and in the basins of Wyoming. 

Mining of uranium is both by open pit and underground methods. 
Uses of uranium are for energy production and for military products. 
The anticipated near-term shortage of uranium required to meet the 
needs of nuclear power reactors has stimulated increased uranium 
exploration activity. Exploration is taking place at progressively 
greater depths. However, current projections indicate a shortage 
of uranium for nuclear fuel requirement beginning in about 1985 
and extending until the development of commercial breeder reactors. 
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L.2 PRECIOUS METALS 

L.2.1 Gold 

Gold may occur as a native metal, in a free state, normally 
combined with silver as electrum, or may be associated with other 
mineral deposits, e.g., copper porphyries. In its free state 
it may occur in quartz veins, placer deposits, in volcanic rocks 
or in the oxidized portions of sulfide bodies. Gold is also 
found as tellurides and is commonly found as a by-product in a 
large number of sulfides. Recent discoveries of "Disseminated 
Deposits" are the results of the oxidization of hydrothermally-
formed, auriferous pyrite deposits. General deposit types include 
magmatic, contact metamorphic, replacement (lodd, massive and 
disseminated), and cavity filling (fissures, stockworks, and 
breccias). The largest l.S. gold production is as a by-product 
of copper porphyry deposits. 

Replacement vfc .n type deposits are found in the Mother Lode 
which extends almost the entire length of the western flank of 
the Sierra Nevada Mountains. Similar deposits are also found 
scattered throughout Oregon and Washington, in the Black Hills 
of South Dakota and in the southeastern states. Several of the 
disseminated type deposits have been found in Nevada. Major gold 
deposits in the United States are shown in Figure L-3. 

Mining of gold is done by open pit, underground, and placer 
methods. Gold is used in electronics, jewelry and art. It has 
long served the unique function of being the common denominator of 
world currencies. Reserves and demand of gold are listed below 
(USBM, 1970). 

Reserves - U.S. (apparent, 1970) 244 million ounces 
Demand - U.S. 1968 6.6 million ounces/year 

2000 24.5 million ounces/year 
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£.2.2 Silver 

Silver occurs associated with tbe ores of many other metals 
such as gold, copper, lead and zinc. The primary silver minerals 
are native silver, argentite, cerargyrite, polybasite, proustite, 
pyrargyrite, and stephanite. Silver also occurs in crystal lattice 
substitution or solid solution in argentiferous tetrahedrite and 
galena. Silver is commonly associated with gold deposits in the 
western U.S. It is associated with copper in the Keweenaw Pen-
ninsula of Michigan. It frequently occurs as a by-product in base 
metal production. Silver occurs as a major economic commodity 
in veins associated with volcanics in the western U.S. Large, 
disseminated, low-grade silver deposits have recently been found 
in the Basin and Range Province in portions of California, Nevada, 
Arizona and Utah. Other major producing areas, both past and 
present, include the Coeur d* Alene District of Idaho, portions 
of eastern Washington, and the Rocky Mountains. 

Mining of silver is by open pit and underground methods. 
Silver is used in photography, electronics, art, jewelry, and 
metal alloys. The demand for and uses of silver may change 
drastically when non-silver halide photographic materials are 
introduced. 

Tbe reserves and demand of silver are listed below (USBM, 
1970). 

Reserves - U.S. (1968) 1,320 million ounces 
Total World 5,500 million ounces 

Demand - U.S. 1968 90 million ounces 
2000 210 million ounces 



E-7 

E.2.3 Platinum 

Platinum deposits primarily occur in ultrabasic igneous 
intrusive rocks or as placer accumulations derived from such 
rocks. Platinum has also been reported as occurring in non-
ultramafic related lode deposits in Nevada and Colorado. 

Platinum as the native element is the most common mineral-
ogical mode of occurrence. Platinum arsenide or sulfide minerals 
are also found in the magmatic segregation deposits of ultramafic 
origin. In southern Colorado, platinum has been reported from 
copper veins peripheral to a small porphyry copper deposit. 

Platinum is found in placer deposits in California, Oregon, 
Washington, and Montana. Small potential reserves occur in lode 
deposits in southern Nevada and Colorado. The Stillwater complex 
of Montana is reported to contain significant reserves of platinum. 

Platinum is mined by underground and placer mining methods. 
Platinum is used as a catalytic agent in a number of industrial 
chemical processes including the production of various acids and 
petroleum products. It is also used in the manufacture of 
pharmaceuticals, electrical components and jewelry items. 

Reserves and demand for platinum are listed below (USBM, 
1970). 

Reserves - U.S. (apparent, 1970) 3 million troy ounces 
Demand - U.S. 1968 .58 million troy ounces 

2000 1.7 million troy ounces 

E.3 BASE METALS 

The base metals are copper, lead and zinc. All three commo
dities in this group are required In any industrialized society. 
Deposits of the base metals in the United States are shown in 
Figure E-4. 
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E.3.1 Copper 

There are many copper minerals but only a few chalcopyrite, 
native copper, bornite, chalcocite, chrysacolla, malachite, and azurite 
have commercial Importance. The mineral suites constituting copper 
ore bodies are variable and copper deposits are formed in a wide 
variety of geological environments and host rocks. 

The present major U.S. production of copper is derived from 
porphyry copper deposits. However, production of copper also 
comes from other types of deposits including replacement bodies, 
vein, massive sulfide. 

Porphyry copper deposits are found in and adjacent to igneous 
intrusives. These intrusives and the surrounding rocks were altered 
and mineralized by hydrothermal fluids. Primary copper minerals 
(chalcopyrite and bornite), associated with molybdenite and pyrite, 
were deposited as small discontinuous veinlets and as disseminated 
grains within the host rocks. Oxidation and leaching of the 
primary copper sulfides frequently developed a zone of secondary 
enrichment where the main copper ore mineral is chalcocite. A 
significant number of porphyry copper systems, that do not have 
sufficient secondary enrichment to be economically viable, also 
exist. New mining or in situ extractive techniques could change 
the economics of these lower grade porphyry reserves. 

Porphyry copper deposits account for approximately 90% of 
U.S. production (USBM, 1970). Porphyry copper deposits are found 
throughout the western U.S., particularly within the Basin and 
B&nge Province, Mew Mexico, Arizona, southern California, Nevada 
and Utah. Porphyry copper deposits are also known to occur in 
Idaho, Montana, Colorado and Maine. Favorable areas for discovery 
of porphyry copper deposits exist in other parts of the U.S. For 
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example, a coastal zone approximately 250 miles wide along the 
Pacific margin of the U.S. has potential for discovery of porphyry 
copper deposits. 

Although mining methods presently used for porphyry copper 
deposits are primarily open pit, some porphyry copper deposits 
are presently developed by underground mass mining techniques. 
Porphyry copper exploration targets being explored have increased 
in depth below the surface during the past 20 years. This will 
mean that a significant number of future porphyry copper deposits 
will be mined by deep open pits reaching to depths in excess of 
2,000 feet below the surface, by large-scale underground mining 
methods and by in-situ leaching methods. A considerable increase 
in interest in in-situ mining methods has been shown by the U.S. 
mining industry. 

Copper deposits are found as massive sulfide bodies within 
intensely folded Precambrian to Mesozoic rocks, particularly those 
that represent former marine basins associated with both basic 
and acid submarine volcanics. Examples occur in the Foot Hill 
copper belt found along the western side of the Sierra. Nevada 
Mountains and extending north under the volcanic cover in Oregon 
and Washington. Precambrian massive sulfides containing copper 
are found in northern Arizona, portions of Nevada and Montana, the 
central portion of the Black hills of South Dakota, Wisconsin, 
along che Appalachian Mountains, in the northeastern states, and 
in an area near Ducktown, Tennessee. Other areas containing 
massive sulfide deposits should be expected to occur in similar 
geologic environments within the U.S. 

Massive sulfide deposits are mined by both open pit and under
ground mining methods. Most massive sulfide deposits require 
underground mining. Deposits may have vertical dimensions of 
several thousand feet. Exploration for massive sulfides presently 
extends from the surface to several thousand feet of depth. 
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Copper associated with volcanic flows and conglomerates 
occurs in the Lake Superior copper district and the Keweenaw 
Penninsula of Michigan in an area having a strike length in 
excess of 200 miles. Copper occurs as cavity fillings and vein-
lets ?.n the lava flows. Copper associated with volcanic flows 
and volcanic dikes exist in parts of Pennsylvania and may exist 
in other similar geologic environments elsewhere in the U.S. 

Bedded deposits containing copper are found in Mesozoic 
rocks of the southwestern U.S. and of the Colorado Plateau, . 
the Nonsuch Shale deposits of the Great Lakes Region, in the 
Red Sandstone Region of eastern U.S., in portions of Texas, and 
in the Precambrian Belt series of the northwestern U.S. 

Copper_a,lso occurs in vein and replacement type deposits 
which are found throughout western U.S., southeastern U.S., and 
the Appalachian Mountains. It also occurs in recent sedimentary 
deposits as cements in sandstones and conglomerates. These so-
called exotic copper deposits are formed where copper-bearing 
groundwaters have cemented recent alluvial materials. 

Open pit methods are used for 80% of the copper mined in 
the U.S. Copper is used for electrical energy transmission, 
alloys, and electronics. Resources and demand for copper are 
listed below (USBM, 1970). 

Reserves - U.S. (1968) 85.5 million short tons 
Demand - U.S. 1968 1.54 mill:an short tons 

2000 C.38 million short tons 

£.3.2 Lead 

The common commercial lead minerals are galena, cerussite 
and anglesite. Galena is the most abundant ore mineral and is 
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often associated with zinc, silver, copper and gold mineralization. 
A few mining districts, such as in southeastern Missouri, are 
characterized by simple lead mineralization to the virtual ex
clusion of other elements mentioned. The more important U.S. 
economic deposits occur as cavity fillings or replacement bodies. 
However, vein deposits and some massive sulfide bodies contribute 
to domestic lead production. Recognition of the potential for low 
grade polymetal deposits such as the anvil deposit in Canada may 
result in similar deposits being found in the U.S. The most im
portant U.S. deposits are the low temperature hydrothermal replace
ment bodies known as the Mississippi Valley type. These deposits 
consist chiefly of galena with associated zinc mineralization 
and some copper. 

Cavity-filling deposits are typified by those found in San 
Juan (Colorado) and upper Mississippi Valley mining districts. 
Replacement type deposits are subclassified as either massive, 
lode, disseminated, and metasomatic. 

A majority of lead deposits currently in production occur 
in limestones of the Mississippi Valley Region and the Appalachian 
District (Given, 1973). Lead deposits are found in most of the 
western states and also occurs in many eastern states. Lead 
is mined primarily hy underground methods. Lead is used in 
construction, as a gasoline additive, and in storage batteries. 
The reserves and demand of lead are listed below (USBM, 1970). 

Reserves - U.S. (1964) 31 million short tons 
Demand - U.S. 1968 1.45 million short tons 

2000 3.33 million short tons 

E.3.3 Zinc 

The principle ore mineral of zinc is the sulfide, sphalerite. 
Sphalerite is commonly associated with lead and iron sulfides, 
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and to a lesser extent copper sulfides and gold and silver min
erals. Most economic deposits of zinc are cavity fillings and 
replacement deposits as well as massive sulfide deposits. 

Massive sulfide deposits of the type containing zinc have 
already been discussed in the section on copper deposits. In 
general, zinc deposits occur in association with copper and lead 
deposits of the replacement and vein type. Potential for zinc 
mineralization is wide spread in the western U.S. In addition, 
zinc mineralization is associated with some sedimentary rocks. 
Examples include a significant area containing zinc mineralization 
within limestones in Pennsylvania. 

Zinc is predominantly mined by underground methods. It is 
used as the main ingredient in brass, as a protective coating 
on steel, and in chemical compounds for rubber and paints. The 
reserves and demand of zinc are listed below (USBM, 1970). 

Reserves - U.S. (apparent, 1970) 33.7 million short tons 
Total World 123.7 million short tons 

Demand - U.S. 1968 1.76 million short tons 
2000 3.58 million short tons 

E.4 FERROUS METALS 

The ferrous metals include iron and the metallic elements 
used with i^on for the preparation of iron and steel products. 

E.4.1 Iron 

Iron, the foundation of the steel industry, is the most 
important metal in modern economic development. The major commer
cial deposits are of sedimentary origin formed not only as residual 
accumulations, but also as chemically deposited sedimentary beds, 



E-13 

which in part were later modified by weathering and the circula
tion of groundwater. Other sources of iron ore have magmatic and 
contact-metasomatic origins. Deposits of iron in the United 
States are shown in Figure E-5. 

The primary ore minerals of iron are hematite, limonite, 
siderite, chamosite, magnitite, and various iron-bearing silicates. 
Iron ore occurring as oolitic hematite, of edimentary origin, is 
generally thin-bedded but often extends over large areas. An 
example of this type of deposit is the Clinton Formation of the 
Appalachian Mountains. 

Iron ore occurs as metamorphosed sedimentary ore which is in 
banded quartz-hematite deposits known as taconi;e. Examples 
include the taconite in the Precambrian rocks o: the Lake Superior 
region and smaller taconite deposits found in Warning, Arizona, 
and the Black Hills of South Dakota. Iron ore occurrences also 
result from residual accumulation of iron ore minerals during 
weathering. Examples of such deposits include bog iron deposits 
and magnetite-ilmenite bearing black sand deposits. 

Bog iron deposits occur where iron is precipitated as the 
oxide iron minerals hematite and goethite. Bog iron deposits are 
generally small and near surface in nature. Examples of bog iron 
deposits are found in the New Lngland states. 

Syngenitic iron ores, formed as a primary part of a crystal
lizing rock mass, are found in ultrabasic intrusives, particularly 
in gabbro and anorthosite. In these deposits the primary iron 
ore mineral is the iron-titanium oxide ilmenite. Examples of such 
deposits are found in the Adirondack Mountains of New York and in 
Minnesota and Wyoming. Similar syngenitic deposits may be expec
ted to exist in the Stillwater complex of Montana. 
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Iron carbonate (siderite) ores occur within certain lime
stone and other carbonate-bearing sedimentary rocks. Although 
such deposits are not presently important as sources of iron, this 
could change as other reserves become depleted. 

Iron deposits of contact metamorphic origin occur where 
igneous intrusive rocks are in contact with limestones and other 
calcareous rocks. The ore minerals are usually magnetite and/or 
specular hematite but other iron ore minerals are also formed and 
exploited. Examples of such deposits are found in many of the 
western states, for example, California, Arizona, Utah, and New 
Mexico. Deposits of this type are mined by both open pit and 
underground mining methods. 

Iron is also produced as a by-product of mining of massive 
sulfide orebodies. The ore minerals in these cases are the sul
fide minerals pyrite and pyrrhotite. Examples of areas contain
ing massive sulfide deposits include the Sierra Nevada foothills 
of California, portions of northern Arizona, Tennessee, and the 
eastern and southeastern states. 

Mining of iron is done principally by open pit methods; less 
than• iOS of the crude ore in the U.S. is presently produced by 
underground mining. Iron is used for iron and steel products. 
Iron is a primary commodity necessary for the assurance of a 
growing, viable economy and society. The resources and demand 
for iron are listed.below (USBM, 1970). 

Reserves - U.S. (1969) 2,000 million short tons 
Demand - U.S. 1968 84 million short tons 

2000 152 million short tons 
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E.4.2 Nickel 

Nickel characteristically occurs associated with ultrabasic 
igneous rocks, which are composed almost entirely of ferromagnesium 
silicates, but may also be associated with several different rock 
types. Nickel deposits may be divided into two classes of ore, 
sulfide and oxide. 

Sulfide nickel ores are believed to have been segregated with
in the rock masses during crystallization of the magma as dissemi
nated to massive mineralization zones. In certain cases, the nickel 
mineralization has migrated and concentrated into veins, stringers 
and fissure fillings. Pentlandite (FeNi)S is the primary ore 
mineral. Nickel is also an important constituent in some Precam-
brian massive sulfide deposits. Oxide ores are lateritic deposits 
formed by weathering of ultrabasic igenous rock such as peridotites. 
Leaching of silica, iron and magnesium results in an enrichment of 
nickel as oxide minerals in the residual lateritic material. 

At the present time there is one producing nickel mine in the 
U.S. It is of the lateritic type and is located in southwestern 
Oregon. Additional potential for discovery of nickel deposits 
exists in the serpentinized ultramafic belt along the coast of 
California extending to the north beneath the recent volcanics in 
Oregon and Washington. Potential for nickel deposits exists 
in Precambrian rocks at reasonably shallow depth in the mid-western 
U.S. and in other areas of basic and ultrabasic rocks including 
small deposits in Pennsylvania. Substantial copper-nickel deposits 
have been located. 

Nickel sulphide bodies usually must be mined by underground 
methods, whereas nickel laterites are mined by open pit methods. 
Lateritic deposits seldom exceed 40 feet in depth. 
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Nickel is predominantly used as a metal alloy. Reserves 
and demand for nickel are listed below (USBM 1970). The U.S. is, 
has been, and will undoubtedly continued to be, a net importer 
of nickel, even if the Alaskan deposits are allowed to be placed 
into production. 

Reserves - U.S. (apparent, 1970) 400 million pounds 
Demand - U.S. 1968 370 million pounds 

2000 1,095 million pounds 

E.4.3 Chromium 

Chromium occurs in a large number of minerals; however, the 
only one of commercial interest is chromite. Chromite deposits 
in the United States are shown in Figure E-6. Deposits of econo
mic importance are the result of mineral segregation within an 
ultra-basic magma during its cooling and crystallization process. 
Chromite deposits are associated with the ultrabasic rocks peri-
dotites and dunites, and with serpentines developed by alteration 
of these ultrabasic intrusive rocks. Chromite deposits occur as 
tabular masses, lenses or as disseminated ore within the host 
rocks. Small residual placer deposits occur where chromite has 
been concentrated by weathering of chromite bearing rocks. 

Chromite deposits are found in two belts of serpentinized 
ultramafic rocks that are found along the Pacific coast from 
Mexico into Oregon and Washington, where they are overlain by 
volcanics and in the Stillwater complex of Montana. Chromite is 
often found in similar environments to certain other minerals such 
as platinum gold, nickel, titaniferous magnetite, vanadium and 
talc (USBM, 1970). 

Most mining of chromite is by underground method. Chromite 
is used in the production of stainless steel and other steel alloys 
and chrome plating. The period until 2000 is expected to be one 
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of continued high growth rates for the use of chromium. At the 
present time, and for the foreseeable future, the U.S. is heavily 
dependent upon foreign sources of chrome ore comprised of only 
four major potential suppliers, Rhodesia, the Republic of South 
Africa, Turkey and the U.S.S.R. The reserves and demand of 
chromite are listed below (USBM, 1970). 

Reserves - U.S. (apperent 1970) 1.8 million short tons 
Demand - 1968 .45 million short tons 

2000 1.0 million short tons 

E.4.4 Manganese 

Manganese is found in combination with many other elements as 
oxides, carbonates and silicates. Its primary economic forms are 
as pyrolusite, manganite, cryptomelane, psilomelane and wad, a 
mixture of earthy oxides. Manganese deposits can be classified 
into four geologic types: hydrothermal, sedimentary, residual and 
metamorphic. 

The largest known deposits of manganese in the United States 
are in the Chamberlain District of South Dakota, the Cuyuna Range 
of Minnesota, and in portions of Arizona and Maine (USBM, 1970). 
Manganese deposits are also found along the Appalachian Mountains, 
in portions of Arkansas and Missouri, in California, and in scat
tered occurrences along the Rocky Mountains. 

Mining of manganese is predominantly by open pit methods, 
Mining of sea floor manganese nodule deposits could eventually 
replace other traditional sources of manganese. Manganese is an 
essential material for the production of iron and steel. It is 
also used in the production of chemicals and glass. The reserves 
and demand of manganese are listed below (USBM, 1970). 

U 
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Reserves - U.S. (apparent, 1970) 68 million short tons 
Total World 700 million short tons 

Demand - U.S. 1968 1.2 million short tons 
2000 2.05 million short tons 

E.4.5 Molybdenum 

The majority of U.S. molybdenum production comes from copper 
and molybdenum porphyries in the western U.S. Molybdenum is also 
found associated with copper and tungsten mineralization where im
pure limestone and otfer calcareous rocks are in contact with granite 
intrusives. The primary molybdenum ore mineral is molybdenite. 

Molybdenum reserves occur in the same geological environments 
as porphyry copper and tungsten bearing tactite deposits. The main 
producing areas of the U.S. include Colorado, New Mexico, Arizona, 
Nevada, Montana, Utah and California. All of the western states 
have some potential for discovery and development of additional 
reserves. There is also potential for molybdenum reserves in a 
discontinuous belt extending from Maine into the southeastern 
United States. Molybdenum deposits in the United States are shown 
in Figure E-5. 

Molybdenum mineralization in the form of the soluable mineral 
illsmanite and molybdenite is found associated with certain uranium 
deposits. Such molybdenum associated with low grade uranium depo-
sites might eventually be recoverable as a by-product of in-situ 
leaching. It is also possible that certain low grade molybdenum-
bearing porphyry type deposits »ay eventually be exploited by in-
situ leaching. 

Molybdenum is mined by both open pit and underground methods 
and in the future nay be exploited by in-situ leaching techniques. 
It is used principally as an alloying element but is also used 
as a lubricant and in the preparation of special lubricants. 
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Reserves and demand of molybdenum are listed below (USBM, 
1970). 

Reserves - U.S. (apparent, 1970) 6.3 billion"pounds 
Demand - U.S. 196S 5.5 billion pounds 

2000 177 billion pounds 

E.4.6 Tungsten 

The principal tungsten minerals are Wolframite and Scheelite. 
Wolframite generally occurs in quartz veins associated with sili
ceous granitic rocks. Scheelite occurs w^th wolframite, but its 
major occurrence is in contact metamorphie (tactite) deposits. 
Scheelite is also found associated with gold-bearing quartz vein-
lets and stockworks. 

The most important tungsten orebodies in the United States 
today are found in tactite contact metamorphic rocks (see copper 
and molybdenum). Of secondary importance are the vein and stock-
work deposits associated with siliceous granitic intrusives. In 
addition, tungsten minerals in residual deposits and associated 
with stockworks of gold-bearing quartz veins near granitic intru
sives may eventually become important sources of U.S. tungsten 
production. Tungsten minerals are also associated with certain 
pegmatite deposits but such deposits will probably only continue 
to produce minor amounts of tungsten as a by-product. Deposits 
of tungsten in the United States are shown in Figure L-5. 

Scheelite-bearing tactites are found along the Sierra Nevada 
Mountains of California, in southern California, in many parts 
of Nevada, Arizona and other western states. Wolframite deposits 
are found in the same geographical region but in a different geo
logic environment, and also occur in the Carolinas and other 
eastern and southeastern states. 
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Mining of tungsten is by open pit or underground methods. 
Tungsten is used in the production of hardened products for the 
cutting and shaping of other metals, in alloys, and for electric 
lamp filaments. The reserves and demand of tungsten are listed 
below (USBM, 1970). 

Reserves - U.S. (apparent, 1970) 175 million lbs. 
Total World 2,808 million lbs. 

Demand - U.S. 1968 16.2 million lbs 
2000 7.6 million lbs 

Total World 1968 71.2 million lbs 
2000 201 million lbs 

E.5 OTHER METALS 

E.5.1 Aluminum 

Bauxite, alunite and aluminum bearing clays form the presently 
commercial and near-commercial deposits for extraction of aluminum. 
High aluminum shales have also been considered a possible future 
source for aluminum. 

Bauxite develops as a residual accumulation remaining after 
the weathering of rocks containing aluminum-bearing minerals 
such as feldspars. The bauxite deposits in Arkansas, for example, 
were formed by the weathering of nepheline syenite intrusives. 

A belt 60 miles long containing bauxite occurrences extends 
from Jacksonville, Alabama to Cartersville, Georgia. The U.S. is 
presently heavily dependent upon foreign supplies of bauxite for 
domestic aluminum production. 

Alunite occurs in altered volcanic and granitic rocks. 
Deposits of alunite in southern Utah and Nevada may eventually 
be exploited as a domestic source of aluminum. 
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Open pit mining comprises 90% of the U.S. alumina production. 
The reserves and demand of alumina are listed below (USBM, 1970). 

Reserves - U.S. (1965) 9 million long tons 
Total World 9.6 billion long tons 

Demand - U.S. 1968 4,4 million short tons 
2000 33.4 million short tons 

E.5.2 Mercury 

Historically the most important ore mineral for mercury has 
been the mercury sulfide cinnabar. All other mercury minerals 
including native mercury (quicksilver) have been of much lesser 
importance. This will probably remain the case on a world-wide 
basis but one fairly recent major mine developed in Nevada has 
changed this at least temporarily in the U.S. with major amounts 
of mercury being produced from ore minerals that were considered 
to be rare mineralogical curiosities. Mercury deposits fall into 
two main broad categories: disseminated and fissure filling. 
Mercury deposits in the United States are shown in Figure E-3. 

Mercury occurs in a string of deposits in the coastal serpen
tine belt of California. Although most of the mines in this belt 
are small, several of these mines have had a long history of sus
tained production of mercury. Two of the mines, the New Idria 
and New Almaden mines, are among the largest known mercury mines 
in the world on the basis of production and reserves. These mines 
have been primarily underground mines. 

The sulfate form of mercury, amenable to recovery by the 
cyanidization process, occurs associated with the micron-sized 
gold deposits of the C'arlin type in Nevada. A major deposit occurs 
near McDermott, Nevada, where mercury minerals have impregnated 
and replaced soft sediments. The main ore minerals in this 
deposit are not cinnabar. This deposit has major reserves and 
is producing as an open pit mine. Mercury is associated with 
precious metal (gold and silver) deposits southwest of Salt Lake 
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City, Utah. In the past appreciable amounts of mercury have come 
from the Terlingua District of Texas. 

Potential for discovery of additional reserves exist 
in most areas where there has been later Tertiary to recent acid 
volcanism, in areas with potential for Carlin type gold deposits 
and in serpentine belts. Mercury's greatest growth potential is 
in its use in electronics. Mining of mercury is by open pit and 
underground methods. 

The reserves and demand of mercury are listed below (USBM, 
1970). 

Reserves - U.S. (1961) 1,346 flasks (1 flask=76 lbs.) 
Total World 3.2 million flasks 

Demand - U.S. 1968 75,000 flasks 
2000 150,000 flasks 

Total World 1968 271,000 flasks 
2000 607,000 flasks 

£.5.3 Antimony 

The principal ore mineral of antimony is stibnite. Stibnite 
is normally associated with low temperature hydrothermal environ
ments associated with recent volcanic activity, Stibnite occurs 
in veins and as a constituent of other metalliferous ores such 
as quartz-gold veins. Antimony occurs as a minor constituent in 
a number of copper and silver minerals, and is recovered as a by
product from the smelting of these ores. 

Antimony is found in stibnite bearing quartz veins existing 
in regions where igneous rocks are abundant (Wright, 1957). It 
is frequently associated with gold, silver and lead mineralization 
(USBM, 1970). Replacement deposits of antimony are common in shale 
and limestone (Wright, 1957). Antimony is found in portions of 
Nevada where it is associated with quartz and carbonite-bearing 
veins of low temperature origin in or near volcanic rocks. As 



E-23 

shovu in Figure L-3, antimony is predominantly found in the 
western U.S. along the Rocky Mountains and in California. 

Mining of antimony is by both open pit and underground meth )ds 
Antimony is used in alloys, in storage batteries, and as fire 
retardants in plastics and textiles. The reserves and demand of 
an'timony are listed below (USBM, 1970). 

Reserves - U.S. (1960) 

Demand 
Total World 

- U.S. 1968 
2000 

Total World 1968 
2000 

110,000 short tons 
4,000,000 short tons 
44.8 thousand short tons 
89 thousand short fons 

92.8 thousand short tons 
83.5 thousand short tons 

E.5.4 Lithium 

There are only a few lithium ore minerals. With minor excep
tions, these ore minerals are restricted in occurrence to pegma
tites. Three lithium ore minerals have been of importance in the 
U.S. These are spodumene, which is the most important source, and 
lepidolite and amblygonite, which have provided minor sources of 
lithium. Lithium is also recovered from brine solutions pumped 
f*-om inter-mountain basins in the western United States. Brine 
mining has become the primary source of lithium. Lithium is 
recovered in the form of dilithium sodium phosphate which contains 
about 21 percent lithium. 

Lithium, the lightest metal, is used in multi-purpose greases, 
air conditioning, ceramics, metallurgy, welding, and aerospace 
industry and a host of minor uses. It is recovered by underground, 
open pit and solution (brine) mining techniques. The reserves 
and demand of antimony are listed below (USBM, 1970). 

Reserves - (apparent, 1970) 5,254,000 short tons 
Demand - 1968 2,640 short tons 

2000 10,900 short tons 
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I ! E.6 NQK-METALLICS 

V E.6.1 Industrial Non-metallics 
• . • * ' 

A The industrial non-metallics are used predominantly in the 
™ J construction industry. The non-metallics discussed are limestone 
m and dolomite, talc and soapstone, fluorine, clay, asbestos, gypsum 
#•.,.• and anhydrite. Most economic industrial non-metallic deposits 
' are exploited from deposits at shallow depth that are located near 
• cities. This is because the transportation costs of these minerals 

is usually a large portion of the total cost. The demand fo„-
•..':•• these minerals is expanding to meet the growth of industry and 

cities. Some of the mineral commodities listed in this section 
fl could also be considered under the heading of chemical non-metallics. 

.# ... E.6.2 Limestone and Dolomite 

_,•',. Limestones are sedimentary rocks composed primarily of calcite 
J| (CaCO„) and dolomites are sedimentary rocks composed mostly of 
':, dolomite (CaCOg.MgCOg). These sedimentary rocks are formed in 
I shallow marine environments. Deposits are scattered throughout 
. the U:S. (Figure E-6). Because transportation is a major cost 
• itemj most deposits that are in production are located near the 
™ ultimate user. Mining is predominantly by open pit or quarry. 
m j However, in 1971, 87 underground limestone mines were in operation. 
• ;. Few mines are more than 1,000 feet deep, and most are presently 
— only a few hundred feet deep. Since deposits of chemically pure 
g limestone and dolomite exploitable by open pit methods are becom-

ming scarce, future underground mining of such deposits is probable. 
• Limestone and dolomite are used in the construction industry as 

t building stone. Limestone is used for the production of cement 
*... 
f £ and lime. Limestone and dolomite are also used in various chemical 

•s 
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industries, in agricultural products and in refinement of sugar, 
steel production, etc. In 1969 the demand for limestone and 
dolomite in the U.S. was 628 million tons (Brobst, 1973). 

E.6.3 Talc and Soapstone 

Talc is a hydrated magnesium silicate normally derived from 
the alteration of other magnesium silicates such as serpentine, 
pyroxene or siliceous dolomite. Deposits form by alteration of 
non-aluminous magnesium silicates or by addition of silica to pure 
dolomites. Talc occurs in areas where there has been moderate meta-
roorphism. Talc and soapstone deposits occur along the Appalachian 
Mountains particularly in New York, New Hampshire, Massachusetts 
and Pennsylvania. In the western U.S. deposits are found in Mon
tana, Texas and scattered areas west of the Rocky Mountains (Figure 
E-6). About 50/S of the talc and soapstone is mined by open pit 
methods. The other 50* is by underground methods (USBM, 1970). 

Talc and soapstone is used for ceramics, insecticide carriers, 
asphalt fillers, cements and insulation. In the U.S. reserves 
are estimated at 56 million short tons (inferred 1970) (USBM, 1970). 
The demand in the U.S. and the world is listed below (USBM, 1970). 

Demand - U.S. 1968 886 thousand short tons 
2000 3,320 thousand short tons 

Total World 1968 4,686 thousand short tons 
2000 21,420 thousand short tons 

E.6.4 Fluorspar 

Fluorspar is the commercial name for fluorite, CaF 2, the 
principal commercial source of fluorine. Theoretically, pure 
fluorite contains 51.1% calcium and 48.9% fluorine. Substitution 
of small percentages of other elements has been noted. Fluorite 
occurs in a wide range of geological environments, representing 
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deposition under a wide range of physical and chemical conditions. 
The most important economic modes of occurrence are: fissure veins, 
stratiform replacements, replacement in carbonate rocks along 
contacts with igneous rocks, stockworks and fillings in fractured 
zones, deposits in the marginal portions of carbonate rock com
plexes, residual concentrations from weathering of primary deposits, 
and as a recoverable gangue mineral associated with other minerals. 
Fluorite is also less commonly found as an open space filling, 
in pegmatites and in lake sediments. 

Fluorite is commonly associated with lead, zinc and tin 
mineralization. It is found in many parts of the United States, 
in particular Illinois, Colorado, New Mexico, western Kentucky, 
Missouri, along the Appalachian Mountains, and west of the Rocky 
Mountains (Figure E-5). Mining of fluorite is usually by under
ground methods (USBM, 1970). The mineral has a rather wide dis
tribution and as of 1970 has been found in commercial quantities 
in 13 of the 48 contiguous states. 

Fluorite is used in steel and aluminum production, ceramics 
and chemical products. The reserves and demand of fluorite are 
listed below (USBM, 1970). 

Reserves - U.S. (1968) 5,4 million short tons 
Demand - U.S. 1968 646 thousand short tons 

2000 2,400 thousand short tons 

E.6.5 Clay 

Clay is an earthy, fine-grained material composed largely of 
a group of silicate minerals known as the clay minerals. The clay 
minerals are hydrous silicates composed mainly of silica, alumina 
and water. Common clays are bentonite, montmorillonite and kaolin. 
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The term clay also includes fine-grained argillaceous materials. 
Clays rank among the leading industrial minerals in bcth tonnages 
produced and value. Clay is used in steel foundries, drilling 
muds, refining, filtering, clarifying, iron-ore pelletizing, in 
cosmetics, animal feed, pharmaceuticals, fire-retarding materials 
and a host of other products. Clays are deposited in sedimentary 
basins. They form as the result of hydrothermal or supergene 
alteration of feldspars and develop as residual deposits during 
normal weathering processes. 

Clay is predominantly mined by open pit methods. Since 
transportation is a major part of the cost of clay, most clay 
mines are located near cities. Certain types of clays may be 
a potential future source of aluminum. Deposits of the various 
forms of clay: kaolin, ball clay, fire clay, bentonite and fullers 
earth are scattered over most of the United States. The reserves 
in the U.S. (apparent 1970) are 10,720 million short tons. The 
demand is listed below (USBM, 1970). 

Demand - U.S. 1968 55.8 million short tons 
2000 176 million short tons 

E.6.6 Asbestos 

Asbestos is the generic name given to a group of fibrous sili
cates which are incumbustible. The mineral chrysotile constitutes 
approximately 95% of the current U.S. production of asbestos. The 
majority of occurrences are associated with altered (serpentinized) 
ultrabasic host rocks. Other sources are associated with serpen
tinized dolomitic limestones, metamorphosed sedimentary units, 
and highly metamorphosed ultrabasic rocks. A primary source of 
asbestos in the U.S. is the coastal serpentinized belt of Califor
nia, extending under the volcanic cover of Oregon and Washington. 
Asbestos has also been mined in Vermont and Arizona (Figure £-6). 



E-28 

Asbestos is mined by both open pit and underground methods. It 
is used for construction materials and has an expanding use in 
cement production. Resources in the U.S. have been estimated 
to be adequate through 2000 (USBM, 1970). 

E.6..7 Gypsum and Anhydrite 

Gypsum is the hydrated form of calcium sulfate. It is often 
found in close association with anhydrite, the anhydrous form of 
calcium sulfate. The most important deposits of gypsum and anhy
drite were formed as chemical precipitates in marine waters of 
high salinity. Gypsum deposits are relatively shallow and grade 
into anhydrite v ;Hh depth. In the U.S. the formation thicknes., 
of gypsum rarely exceeds 40 feet (USBM, 1970). There is a poten
tial for gypsum in most of the sedimentary basins of the U.S. 

About 75% of gypsum is produced by open pit methods. Gypsum 
is used in building materials, agriculture and cement production. 
Resources in the U.S. (apparent, 1970) are 20 billion short tons. 
Demand for gypsum is listed below (USBM, 1970). 

Demand - U.S. 1968 15.6 million short tons 
2000 40 million short tons 

E.7 CHEMICAL NON-METALLICS 

Chemical non-metallics consist of those minerals used for 
the production of chemical products such as drugs, food additives, 
fertilizers and other agricultural chemicals and additives. They 
are also used in the processing of metals. The chemical non-
netallics include phospherous, strontium, sulfur, potash and salt. 
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E.7.1 Phosphate 

Phosphate-bearing minerals occur in nearly all rock types. 
However, economic deposits of phosphate deposits are generally 
limited to environments where phosphate-bearing minerals have been 
concentrated by natural chemical or mechanical processes. Only 
a limited source of production is from the benefication of phos
phate minerals contained within igneous deposits. 

The primary ore minerals are fluorapatite and francolite, 
both of which belong to the apatite group of minerals. Primary 
production in the U.S. is from miiiing of nodular phosphate produced 
by natural chemical concentration of lower grade phosphatic rocks. 
Primary sources in the U.S. are deposits in Florida, North Cavolina, 
Alabama, Tennessee, Idaho, Utah, Montana and Wyoming. Mining of 
phosphate ores is predominantly by open pit methods. Phosphates 
are used for production of fertilizer, as an animal feed supplement, 
and in detergent products. The reserves and demand of phosphates 
are listed below (USBM 1970). 

Reserves - U.S. (apparent 1970) 6,800 million short tons 
Demand - U.S. 1968 3.5 million short tons/year 

2000 15.8 million short tons/year 

E.7.2 Strontium 

Celestite and strontianite are the ore minerals of strontium. 
They are found in sedimentary basins and in association with base 
metal vein deposits. Celestine occurs in beds of gypsum and rock 
salt in sedimentary basins. It is associated with sulfur deposits 
in volcanic regions and with borate deposits in brines. Strontium 
minerals in minor amounts are frequently associated with lead and 

r-j zinc mineralization. Celestite (SrSO^) is the only significant 
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commercial source of strontium. Because of small market demand, 
the mining of strontium is done on a small scale usually by open 
pit or by limited underground workings. All of the known strontium 
deposits in the U.S., as of 1975, were uneconomic at current 
prices (Fulton, 1975). Strontium is used in pyrotechnics, tracer 
ammunitions, paints, ceramic glazes, soap greases, and zinc 
refining. The resources and demand of strontium is listed below 
(USBM, 1970). 

Reserves - U.S. (1969) 1,130,000 short tons 
Demand - U.S. 1968 6,500 short tons 

2000 17,100 short tons 

E.7.3 Sulfur 

Sulfur is found in its elemental form in deposits associated 
with gypsum and anhydrite in salt domes, in sedimentary formations 
associated with evaporite basins, and associated with recent 
volcanics. Production traditionally has been from these deposits 
of native sulfur, and as a by-product from sulfides and oil and 
gas production and processing. 

Sulfur is associated with bedded anhydrite deposits and with 
the anhydrite caps overlying salt domes (USBM, 1970). The most 
productive deposits of the latter type are found in Louisiana and 
Texas. Low-grade deposits of sulfur are associated with areas of 
former fumarolic activity in volcanic terrains. An example of 
this type of sulfur deposit occurs in Alpine County, California, 
where a large mass of volcanic rock has been replaced and impreg
nated with native sulfur. 

Sulfur mining is done by open pit methods, steam injection 
processes and the Frasch process which consists of a hot water 
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injection to melt the sulfur, which is then pumped to the surface. 
Sulfur is used in fertilizer, pulp and paper processing, production 
of sulfuric acid, explosives manufacturing, and iron and steel 
pickling. The reserves and demand of sulfur are listed below 
(USBM, 1970). 

Reserves - U.S. (apparent, 1970) 305 million long tons 
Demand - U.S. 1968 9.1 million long tons 

2000 30.0 million long tons 

E.7.4 Potash 

Potash consists of a variety of potassium-bearing minerals. 
It is derived from accumulations of evaporites within sedimentary 
basins. It is found associated with salt deposits primarily as 
the mineral sylvite and in saline brines. 

Potash deposits are found in New Mexico, Utah, southern 
Colorado, Michigan, California, North Dakota, and other states 
containing salt deposits (Figure E-7). Potash is produced from 
wells tapping brines, underground mines, and solution mining. 
Potash is used in fertilizers, manufacturing of drugs and chem
ical reagents. 

E.7.5 Salt (Halite) 

Bedded rock salt deposits are found in sedimentary basins. 
It is also found in salt domes primarily in Texas and Louisiana. 
Rock salt is found in the Williston Basin of Montana, the Michi
gan Basin, the Paradox Basin of Colorado, the Delaware Basin of 
Texas, the Permian Basin of Kansas, and scattered basins in 
Arizona. Deposits in the United States are shown in Figure E-7. 
Rock salt is obtained through solution mining, underground mining 
and evaporation of natural brines and seawater. It is used in 
the production and preservation of food, in animal feed, for 
snow and ice removal, for water softening, and as a source of 
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soda ash, hydrochloric acid, and caustic soda. Domestic and 
world resources are virtually unlimited (Brobst, 1973). However, 
historically salt has been in local under-supply and this con
dition could arise again in the advent of the disruption of a 
rapid and efficient transportation network. 
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