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ABSTRACT.

Mines, particularly room-and-pillar operations in tabular 
sedimentary deposits, are viable alternatives to shallow land burial 
for the disposal of low-level nuclear wastes* Currently, operating 
salt mines with extensive excavated areas provide the best options. 
Careful planning for waste disposal before or during initial mine 
development would limit redesign and reduce costs considerably.

Spaces generated by other mining methods in most other 
deposits are inaccessible, unstable and generally unsuitable for 
low-level waste disposal. Other feasible disposal options include: 
the use of excavated rooms in abandoned open pit mines, and the 
development of mines in either salt or limestone deposits, primarily 
for waste disposal.

Non-1echnical considerations could severely limit the 
potential use of mined spaces for low-level waste disposal. These 
include competitive use of mined space; and the concerns of the public 
and the mining industry. There however, are not insurmountable.

x



CHAPTER 1

INTRODUCTION

This thesis concerns a preliminary investigation into the use 
of mines as an alternative to shallow land burial of low-level nuclear 
wastes.

Low-level wastes represent the major portion of nuclear wastes
& 3generated; one estimate predicts an accumulation of 28 x 10 m by the 

year 2000 (United States Department of Energy [DOE], 1978). While 
these wastes do not present major health hazards compared with high- 
level nuclear wastes? the present method of disposal is at best, 
adequateo Many alternatives have been suggested for the disposal 
of low-level waste (LLW), however few,have been tried» Shallow land 
burial (SIB) has been herefore the most dominant method used in 
the United States for disposal of LLW» The National Research Council 
(1976) reviewed SLB disposal practices and concluded that while there 
has been no health hazard, the discovery of leakage from some SLB sites 
suggest a need for alternative methods of disposal.

The consideration of mines as an alternative method was based 
in part on the successful storage and disposal of nuclear wastes in 
the Asse Salt Mine in Germany (Albrecht and Perzl, 1978) and the 
current practice of storage in mined spaces (Stauffer, 1978). Other 
suggested alternatives for disposal of LLW are discussed in 
Section 2.4.

1



The primary objective of this Study is to evaluate the 
feasibility of storing low-level wastes in mines and to detail 
associated problems.

The most feasible approach to an investigation of this type is 
to evaluate mining spaces according to (1) the mining method used,
(2) accessibility and availability of spaces produced, and (3) related 
geologic hazards. In addition, there are non-technical considerations 
that are inherently important in this evaluation including: attitudes
of the mining industry, public acceptance and disposal costs.

The basic method of approach is outlined in Fig. 1.1. This 
schematic outlines the major sections of the study and the sequence of 
investigations. Quarries, caves and excavations other than mines are 
listed but are not parts of this study. However, they are logical 
sequences to the study and may be viable alternatives for low-level 
waste disposal.

1.1 Mines
There are many stages of development in the life of a mine. 

During these various stages, access possibilities, support for 
services, volumes and number of openings, and a myriad Of associated 
hazards change considerably. Therefore, a classification of mines 
based on stages of development will provide considerable insight in 
their potential as LLW repositories.
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The principal stages of the cycle discussed in this study

include:
1. Development stage
2. Operating stage (with depleted zones)
3. End of life .
4. Abandoned

1.1.1 Development Stage
Any mine must be developed before full production can start. 

During this stage, access roads and shafts are under construction. 
Extensive practical knowledge about the response of the wall rock 
to stress and fracturing is gained, and preconstruction mine plans for 
the projected full production operations can be adjusted accordingly.

At this stage it is relatively easy to plan mining schedules, 
shift haulage routes, modify transportation systems, and move plant 
facilities to produce adequate spaces for nuclear waste disposal.
Some mining officials have noted that this would be the ideal time 
to start planning a repository and making changes in the mine layout.

1.1.2 Operating Stage (With Depleted Zones)
During this phase, ore is being mined at full production. All 

access facilities as well as roads, tunnels, etc., are in place and 
continuously maintained. Space becomes available (or is filled or . 
abandoned) as removal of the ore proceeds.

Mining methods, production schedules and transportation 
systems play an important role in deciding whether a particular mine 
should be used as a repository. If mining and waste disposal are to
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occur simultaneously, the dual functions of mining and storage must 
be kept separate.

In many situations the mining method creates usable space, but 
the transportation or ore haulage systems is inadequate for routine 
disposal. The Homes take Mine at Lead, South Dakota, and the Mid- 
Continent Coal Company Dutch Creek No. 2 Mine at Carbondale, Colorado, 
exemplify the problem (see Appendix A). At the Homestake Mine, two 
shafts Serve as entrances. Men and materials use one shaft while ore 
is raised through the other. Unless the entrances are redesigned, 
transportation of waste into the available spaces would be very dis
ruptive. At the Dutch Creek Mine an inclined shaft is the main access 
into the room-and-pillar operation, and is used for transportation of 
both men and materials. The haulage of LLW in such a situation would 
probably require construction of a second shaft.

1.1.3 End of Life
When the ore body nears depletion, or when changed economic 

conditions suggest abandonment of the property, all emphasis will be 
placed on the maximum profitable recovery of the remaining ore. Main
tenance of facilities is minimized:and, depending on particular mine 
conditions, deterioration begins.

End of life mines have two advantages. First, the mine systems 
and facilities are still operational. Second, planning for waste dis
posal can proceed while ore is still being mined. This situation is 
better than that in a totally abandoned mine because part of the 
operation is still active and mine deterioration is minimal. However,
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this stage is not as advantageous as the developmental stage because 
mine design for waste accomodation is more difficult from an engi
neering and economic standpoint. In most cases extensive redesign 
would be necessary for waste storage. In other cases redesign would 
be impractical.

1.1.4 Abandoned
An abandoned mine is one where mining operations have been 

completed or indefinitely terminated. Immediately after abandonment 
routine maintenance Such as pumping is continued until definite plans 
are developed (see Grace Mine in Appendix A). At large operations, 
access is prevented by extensive protective structures. Smaller 
properties may be abandoned in a more literal sense, i.e., with the 
operator leaving the mine as is.

One advantage in using abandoned mines is that synchronization 
of waste disposal and mining operations is unnecessary because mining 
has ended. However, without proper planning prior to closing, there 
may be numerous other problems. In operating mines, continous main
tenance reduces the risks of flooding, rock failure, and the accumu
lation of poisonous or explosive gasses. With abandonment of mines, 
maintenance is terminated and these hazards increase. The Rico 
Argentine Mine, which was closed in 1975, illustrates some of these 
problems (Fig. 1.2). At the present time (1979), the water in the main 
adit is four feet high and flows at approximately 500 gpm. In only 
three years the rock and walls have been undermined and extensive 
collapse has occurred, blocking many drifts and haulage ways.
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Fig. 1.2 Abandoned Mine Facilities at Rico Argentine Mine, Rico, 
Colorado



Some "abandoned" mines are not available for waste disposal 
because they are being used for other purposes. A good example is the 
Phelps Dodge copper operations at Bisbee, Arizona. The abandoned 
Queen Tunnel, an underground copper mine, is being used as a tourist 
attraction, and acid leach copper is being recovered from the abandoned 
benches of the Lavender Pit.

The advantage of the absence of active mining operations must 
be weighed against the following disadvantages:

1. The size of the spaces generated and their distribution 
may not be suitable for disposal

2. Geologic hazards, flooding, slope failure, and roof collapse 
could make spaces unsafe for disposal and redesign uneconomical

3. Mines may not be available because of speculation or alterna
tive use of spaces by mining companies, including future 
mining operations if conditions change

Most of these mentioned problems could be reduced by planning and 
developing the repository prior to abandonment.

1.1.5. Mine Selection
Ideally for an accurate investigation of useful mining spaces, 

there should be visits to a cross section of representative mining 
operations and deposits. The above was impossible, for two main 
reasons; first, every mining operation is unique, even those with 
similar mining methods in the same type of deposit. Also, definitions 
of representative mines would be based on broad generalizations.
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Secondly, such a survey would be somewhat impractical for the time 
available.

Difficulty in scheduling of mine visits severely limited the 
extent of the investigation. Visits to operations could be very dis
ruptive, and many operators simply were not interested.

The Selection of a mine for possible visits was based on: the
state of the mine (i.e., active, abandoned, etc.), its location, the 
mining method, the type of mine development, the type of deposit, and 
any related hazards. Apart from the geological and mining consider
ations, mines selected were from diverse geological and climatic 
regions. Actual visits were used (1) to help define the problems 
inherent in the use of mining spaces for storage, (2) to detail the 
associated hazards in various environments, and (3) to suggest possible 
redesign.

1.1.6 Engineering Criteria for Mine Disposal
To be considered a viable alternative to shallow land burial, 

mines must provide more effective isolation of low-level wastes. 
Engineering criteria governing the design and functioning of a mine 
disposal facility depend primarily on (1) the characteristics, form 
and packaging of wastes, (2) the required period of isolation,
(3) access and retrieval requirements, and (4) the material and 
shielding properties of the rockmass.

Waste Characteristics. For the purposes of this study the 
following low-level waste characterists are assumed:
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1. Solid wastes, having less than 10 hCi (nancuries) of 

transuranic materials per gram (see Chapter 2)
2. No appreciable heat is generated by the wastes
3. Minimum containment and packaging is provided by 55 

gallon drums
4. The maximum radioactivity in any container is less than 

10,000 Ci (Curies)
5. Wastes must be isolated for 300 years - This is approximately

equal to 10 times the average half-life of the radioisotopes
in low-level wastes

Isolation Requirements. Since the levels of radioactivity and 
heat generated are low, the containers and mine cavity is expected to 
provide mainly bulk isolation of the waste.

Water and air are the potential agents for transporting radio
nuclides beyond the facility. Therefore, the facility must be designed 
and located at sites that would prevent water intrusions and accumu
lations. A closed ventilation system will be needed to effectively 
remove airborne contaminants from the mine and provide clean air for 
disposal personnel.

Mine spaces should be readily compartmentalized to allow
efficient isolation of stored wastes. This problem could be very
crucial in active mines; the disposal facility should be designed 
to completely isolate storage operations from mining activities.

Mine Stability. Mine cavities should be designed or selected 
to allow relatively safe, stable containment for the entire period of
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isolation. Also sites should be located in areas with minimum 
seismic and flooding potential.

Access. Access facilities must be functional and stable 
throughout the isolation period. In active mines separate shafts and 
access ways would be required for the disposal facility. Also, the 
internal and external access ways must be secure from public intrusion.

1.2 Cost Evaluation
The cost for any storage option will depend on the state of 

the mine as defined previously, and the amount of wastes to be stored 
annually. Common to all options are cost for acquiring the property 
or storage space, maintenance and security facilities. Other costs 
are. related to necessary ventilation^ availability and accessibility 
of spaces,

In abandoned mines primary costs stem from acquiring, repairing 
and reopening facilities depending on the length of the abandonment. 
Shafts may have to be rebuilt and internal transportation systems may 
have to be redeveloped. In many instances the transportation system 
for mining operations may not suffice for storage opeartions. Cost 
for excavations for actual storage spaces will be added as expenses in 
some options, (Chapter 4).

There are additional considerations for storage of wastes in 
operating mines. These are necessary to separate the functions of 
mining and storage. These include costs for:

1. Separate ventilation systems
2. Buffer zones
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3. Compensation for disruption of mining activities 

, 4, Additional access
5. Leasing of necessary spaces

The storage of nuclear wastes presents unusual problems, there 
is no precedent in the United States. Most data available do not 
account for the uncertainty expressed by mining officials and the 
public. Leasing and other storage costs will undoubtedly be higher 
because the wastes are radioactive. If it is assumed that an isola
tion period of 300 years is necessary, how does this affect leasing 
rates? Most mining operations do not last for 200 years. Company, 
policy will dictate final cost and design. Therefore, some input from 
the mining industry is necessary.

An alternate option in operating mines is to buy the mining 
property, then lease parts of the property for mining. Attitudes of 
mining officials in southern Louisiana to the Strategic Petroleum 
Reserve Program suggest that this option will not be popular.



CHAPTER 2

LOW-LEVEL WASTES: CHARACTERIZATION AND DISPOSAL

Efficient disposal of radioactive wastes is of major importance 
to present and future generations. While there has been no major • 
health hazards, it must be acknowledged that permanent solutions have 
not been found.

'Low-level waste accounts for the largest fraction of all solid 
radioactive wastes. Unlike the smaller volume of very highly radio
active waste, the low-level waste is often only suspected of being 
radioactive because of origin. Thus, effective handling and disposal 
of radioactive wastes would depend on reliably defining:

1. Characterization of wastes
2. Sources of wastes
3. Volumes of wastes generated

2.1 Characterization of Wastes 
Generally there are three types of radioactive wastes: high

level, transuranics, and low level. These divisions, though useful, 
do not completely define the various wastes, and there is some over
lapping of terms.

2.1.1 High-Level Wastes -
Fission product waste resulting from reprocessing spent fuel

to separate uranium and plutonium from other fission products.

'



2.1.2 Transuranic Wastes
Transuranic elements have atomic numbers higher than that of

3uranium and have characteristically long half-lives, >10 years. 
Transuranic wastes contain these elements, and are defined as having 
TRU concentrations >10 nCi/gram. These must be stored for future 
disposal as final disposition has not yet been decided by the 
regulatory agency.

2.1.3 Low-level Wastes
Low-level wastes can be handled without supplementary 

shielding. These wastes may have been contaminated through use or 
origin, and in many cases are Only suspected of being radioactive. 
Examples of this type of waste are paper trash, protective clothing, 
gloves, plastics, sweepings, mops, ceramics, broken glassware, equip
ment and hardware for which decontamination was uneconomical, and 
carcasses of experimental animals. With the decommissioning of nuclear 
power plants, structural components will account for larger portions of 
radioactive wastes.

2.2 Sources of Wastes 
The nuclear fuel cycle. National Defense Program, hospitals, 

industry and research laboratories are the major sources of radioactive 
waste.

2.2.1 The Nuclear Fuel Cycle -
Major components of a nuclear fuel cycle and the wastes 

generated are shown in Fig. 2.1. Wastes from the mining,, milling and
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refining phase consist of effluents and finely divided solids. The 
mill tailings and refinery effluents consist of residual radium, 
uranium and decay daughter products of U-238. Radon gas generation is
a major hazard. Total volume of mill tailings are estimated at

7 3 8 31.4 x 10 m (5.0 x 10 ft ) (DOE, 1978). In some instances, these
tailings are reprocessed to recover additional uranium. These wastes 
are not classified as low-level wastes.

Fuel Fabrication. In this process, uranium is clad with 
materials highly resistant to corrosion. Wastes are either solid or 
liquid; liquid wastes are generated from cleaning of metals; the solid 
wastes consist of sheaths used in hot-metal working operations, asbes
tos gloves, refractory crucibles, etc. (Bruce, 1957). These are mainly 
low-level and transuranics.

• Nuclear Reactor Operations. Wastes from this phase of the fuel 
cycle are mainly fission products, including spent rods, along with 
slurries, sludges and filters. The actual products depend on the 
reactor type. Fission products and their daughter products are radio-

9active with half-lives ranging from one second to 10 years. Large 
amounts of heat are generated during decay. Other wastes generated 
are coolants with neutron-activated impurities contaminated by fission 
products along with the ion-exchange resins used to clean up coolant 
wastes'. Corrosion and scale, also neutron-activated, are additional 
wastes from reactor operations.

Reprocessing of Spent Fuel. Reprocessing and recycling of 
spent fuels produces gaseous, liquid, and some solid wastes. Some TRU 
wastes include Americium, Plutonium—238, 239 and 240 and Curium-242.



Reprocessing consists of an initial storage period to permit decay of 
short-lived fission products, then decladding of fuel assemblies and 
dissolution of the fuel. The gaseous wastes consist of gaseous fission 
products krypton, xenon, also, iodine from dissolution, sparging of 
vessels, distillation, evaporation and ventilation (Bruce, 1957). The 
products include high, TRU, and low-level wastes; usually, the loW- 
level wastes represent the major volume.

2.2.2 National Defense Program
Wastes generated by the National Defense Program account for 

sizable amounts of various types of radioactive Wastes. This program 
accounts for most of the TRU waste produced. Further information on 
the nature of the other waste is not readily available. These wastes 
are generally disposed of at DOE sites.

2.2.3 Hospitals, Industry and Research Laboratories
Universities, hospitals, and research laboratories, and 

industry produce large volumes of radioactive wastes. The types of 
wastes vary with the activity of the institutions. Radioisotope pro
duction for industrial and research.use produces two kinds of wastes, 
spent radioisotope sources as well as solutions and other materials 
used in radioisotope production. Wastes from these institutions 
reflect the entire spectrum of radioactive wastes, with low-level 
wastes the major portion.
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2.2.4 Other Sources

Associated with all the previous sources of radioactive wastes 
is "suspected wastes." These are basically •materials suspected of 
being radioactive because of their origin. The United States National 
Research Council’s Panel on land burial noted that considerable 
reduction could be had if there was effective monitoring and sorting 
of material at the generating site (National Research Council» 1976).

As the nuclear industry gets older, many facilities, including 
nuclear power plants, reprocessing plants and other such excess facil
ities may be decommissioned. It is estimated that the ensuing low-

4 3 6level wastes could be as much as 2.8 x 10 m (1 x 10 cubic feet) by
year 2000.

Decommissioning of facilities at DOE defense sites could yield 
as much as 4.5 x 10^ m^ (16.0 x 10^ cubic feet) of low-level waste, and 
2.68 x 106 m^ (95.0 x 10^ cubic feet) of transurahics, by year 2000 
(DOE, 1978).

2.3 Volumes of Wastes Generated 
There have been various estimates or projections of waste (LEW) 

to be generated by year 2000. The apparent difference can be attri
buted partly to different projections in:

1. Nuclear power activity and development
2. Waste reduction practices
3. Rate of nuclear power plant decommissioning and dispositions. 

Some researchers feel that with better reactor design and more 
efficient and economical volume reduction methods, there will be
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significant decreases in the amount of LLW per generating unit 
(National Research Council, 1976). In its review of the Nuclear Waste 
Management, the DOE Task Force noted that, in respect to reactor fuel 
cycle generated LLW; "The packaging step increases the volume (of 
wastes by a factor of 2. Present operating practices result in 
volumes which are 3 times what Was anticipated in design and about 7 
times more if advanced, though not economical, volume reduction 
techniques were instituted" (DOE, 1978). A partial list of some esti
mates for LLW generation through the year 2000 is given in Table 2.1, 
With the exception of the United States Environmental Protection 
Agency's (EPA) 1974 estimate of 28 million cubic meters, most values 
are within the same range. There are slight variations in the pro
jected annual and average annual accumulations of wastes. Various 
criteria for estimations-are detailed in Table 2,2 through Table 2.6.

The DOE Task Force for review of nuclear waste management 
estimated that additional burial sites would be necessary as early 
as 1990. This projection is based in case 2 estimates (Table 2.3B 
and Table 2.4B). However, the NRG staff estimated that adequate 
burial capacity may exist until 1994 (United States Nuclear Regulatory 
Commission, 1977). This particular estimate was based on normalized 
1975 projections (Fig. 2.2 and Fig. 2.3) using EPA 1976 projections.
It appears, then, that capacities should be adequate until 1989 or 
even 1993 depending on whether or not all existing sites are used.



Table 2*1. Estimations of LEW Through Year 2000

Name
Volume Accumulated 

By 2000, 106m3 Remarks
Blomeke & Kee 
1976

3.098
(1977-2000)

Fuel Cycle Only
Average Annual 1981-1990 = 0.07 x 10^m3 
Volume 1991-2000 = 0.20 x 106m3

DOE Task Force 
1978

3.38-12.69
(1977-2000)

Higher values reflect in part, low 
volume reduction & dismantling of 
5 reactors.

EPA 1974 28.0 For Fuel Cycle & Non-Fuel Cycle
Annual Average 1981-1990 = 0.41 x 10^m3
Volume 1991-2000 = 2.20 x 106m3

ERDA 1976 5.4 Fuel Cycle Only 
ERDA-76-43

GESMO 4.2—4.3 Fuel Cycle Only 
NUREG-0002, Vol. 3 
NUREG-0217, & NUREG-0002

NRC 1976 4.10-4.11 For Fuel and Non-Fuel Cycle 
Higher Values For No Uranium 
Recycle (NOREG-0116)

NRG 1976 0.30-0.31 For Non-Fuel Cycle Only. Higher 
Values for No Uranium Recycle 
(NUREG-0116)



Table 2.2. Projected Annual Accumulation of Nontransuranic Waste.3

Annual addlllon Aceufnulation through end of year

Year
Volume 

(10 ' in ')

1971
1972
1973 
1971 
1973
1976
1977 
1976
1979
1980
1981
1982
1983
1984 

, 1983
1986
1987
1988
1989
1990
1991
1992
1993
1994 
1993

0.003
0.004
0.006

0.013
0.016
0.019
0.022
0.023
0.027
0.031
0.039
0.049
0.059
0.064
0.073
0.083
0.095
0.105
0.117
0.128
0.141
0.156
0.170
0.183

Itftdlo*
activity

(MCI)

Thermal
power
(kW)

Number
of

ihlpmenlo

0.00
0.01
0.01
0.01
0.02
0.02
0.03
0.03
0.03
0.04
0.04
0.05
0.06
0.07
0.08
0.19
0.22
0.25
0.28
0.31
0.51
0.56
0.62
0.68
0.74

0.01 
0.02 
0.02 
0.03 
0.05 
0.07 
0.08 
0.09 
0.10 
0 .11 
0.12 
0.15 
0.18 
0.21 
0.24 
0.56 
0.65 
0.73 
0.83 
0.91 
1.50 
1.66 
1.82 
1.99 
2.16

186 
297 
433 
581 
979 

1.175 
1,408 
1,629 
1.839 
1,991 
2,285 
2,932 
3,665 
4,412 
4,737 
5,463 
6,294 
7,062 
7,842 
8,703 
9,549 

10,498 
11,392 
12,631 
13,725

Volume 
(10'm')

Radio*
ocllvtiy

(MCI)

0.003 
0,006 
0.012 
0.020 
0.033 
0.049 
0.068 
0.090 
0.115 
0.141 
0,172 
0.212 
0.261 
0.320 
0,304 
0.457 
0.542 
0.637 
0.743 
0.860 
0.988 
1.129 
1.285 
1.455 
1.640

0.00 
0.01 
0.01 
0.02 
0.04 
0.05 
0.07 
0.08 
0.10 
0,11 
0.13 
0.15 
0.18 
0,21 
0,25 
0.39 
0.52 
0,66 
0.79 
0.93 
1.23 
1,53 
1.81 
2.09 
2.37

Thermal 
power 
(It W)

0.0
0.0
0.0
0.1
0.1
0,1
0.2
0.2
0.3
0.3
0,4
0.4
0.5
0.6
0.7
1.1
1.5
1.9
2.3 
2.7
3.6
4.4 
5.3 
6,1
6.9

Volume needed 
for d llu llontym ')

Air Woier

2.5 X 10" 
5.9 X 10'9
1.0 X 10'9
1.6 X 10'9
2.5 X 10"
3.6 X 10'9
4.7 X 10"
5.8 X 10"
7.0 X 10"
8.1 X 10'1
9.4 X 10"
1.1 X 10"
1.3 X 10"
1.5 X 10"
1.8 X 10"
2.8 X 10"
3.8 X 10"
4.7 X 10"
5.7 X 10"
6.7 X 10"
8.9 X 10"
1.1 X 1 0 ' 1
1.3 X 10"
1.5 X 10"
1.7 X 10"

3.2 X I O'
7.6 X I O'
1.3 X 10'
2.1 X 10°
3.3 X 10°
4.7 X 10'
6.2 X 10'
7.7 X 10'
9.4 X 10'
1.1 X 10'
1.3 X 10'
1.5 X 10° 
1.9 X 10’
2.2 X I O'
2.7 X 10' 
4.0 X I O'
5.4 X 109
6.8 X lO9
8.2 X 10'
9.8 X 1 0 '
1.3 X 10'0
1.6 X 1 O''
1.9 X 10 "  
2.2 X 10'0
2.5 X 10"
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T a b le  2 .2 ,  C o n tin u ed . P ro je c te d  Annual A ccu m u latio n  o f  N o n tra n s u ra n lc  W astes.

Yeai
. Volume 

(10° mV)

Annuo! otldlllon

IVodlo* Thermai 
activity power . 
(MO) (kW)

Number 
' of 

olilpmoiilo
Volume 

(10‘ m1)

Accumulation through end of year 

(MCI) (kW) Air Water

1996 0.201 0.80 2.35 14,914 1,840 2.65 7.7 1.9 X 10" 2.8 X 10'0
1997 0.217 0.86 2,53 16,108 2.057 2.94 8.5 2.1 X 10" 3.1 X 10"
1998 0.233 0.93 2.72 17,325 2.290 3.23 9.4 2.3 X 10" 3.5 X 10'0
1999 0.25! 0.99 2.91 18,626 2.541 3.52 . 10.2 2 .6X 10" 3.8 X 10'0
1000 0.270 1.06 3.10 20,043 2.810 3,82 11.1 2.8 X 10'6 4.2 X 10'0
2001 0.288 1.12 3.30 21,423 3.098 4.12 11.9 3 .0 X 10'1 4,5 X 10"

Yeolo ofler olvutdown , -

100 3.098 0.13, 0.0 6.5 X 10" 4.4 X 10"
300 3.098 0.03 0.0 1.4 X 10" 9.2 X 10°

1,000 3.098 0.00 0.0 1.9 X 10" 1.4 X I O’
. 3,000 3.098 0,00 0.0 1,2X10" 8.9 X 10°

. 10,000 3.098 0.00 0.0 1.1 X 10" 8.4 X 10'
30.000 3.098 0.00 0.0 9.7 X 10" 7.1 X 10'

100,000 3.098 0.00 0.0 6.4 X 10" 3.9 X 10'
300,000 3.098 0.00 0.0 3.0 X 10'0 8.5 X 10'

1,000,000 3.098 0.00 0.0 1.6X 10" 1.3X10*

aBloineke and Kee, 1976 , p . I l l ,  112

^Volume o f a i r  o r w a te r  needed to  d i l u t  a l l  r a d io a c t iv e  c o n s t itu e n ts  to  th e  c o n c e n tra t io n  s p e c if ie d  
in  ERDA's R a d ia t io n  C o n c e n tra tio n  Guides as b e in g  th e  maximum a c c e p ta b le  fo r  u n r e s t r ic te d  u se .

wto
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Table 2.3, Total Commercial LLW Generated, Case l.a —  millions

of cubic feet

Year
Reactors and 
Fuel Cycle*3..

Non-Fuel 
.Cycle. D&DC

Total 
Ann. Cum.

Burial Ground 
Acres ^ 

Required
77 2.25 1.0 0 3.25 3.25 11.82
78 2.45 ) . 3.45 6.70 24.36
79 2.69 3.69 10.39 37.78
80 2,87 • 3.87 14.26 51.85
81 1.21 1.5 2.71 16.97 61.71
82 1.40 2.90 19.87 72.25
83 1.59 3.09 22.96 83.49
84 1.86 3.36 26.32 95.71
-85 2.15 3.65 29.97 108.98
86 0.98 2.0 2.98
87 1.01 3.01
88 1.02 3.02
89 1.02 3.02
90 1.03 3.03 45.03 163.75
91 2.5 3.53
92
93
94
95
96 3.0 4.03
97
98
99 -
2000 -0.01 4.04 82.84 301.24

3[DOE Task Force (1978)]
^Reflects present experience (77-80), design basis (81-5), and 
advanced volume reduction (86-2000) for reactor wastes.
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Table 2.3, Continued. Total Commercial LLW Generated, Case 1.

cMothball 5 reactors, each yielding 2000 ft^. D&D: Decommissioning 
and Disposition. •
^At 275,000 ft^/acre.
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afable 2.4. Total Commercial LLW Generated, Case 2. —  millions

of cubic feet

Year
Reactors and 
Fuel Cycle*3

Non-Fuel
Cycle D&DC

Total 
Ann. Cum.

Burial Ground 
Acres , 

Required
77 2.25 1.0 . 0 3,25 3.25 11,82
78 2.45 3.45 6.70 24.36
79 2.69 3.69 10.39 37.78
80 2.87 3.87 14.26 51.85
81 3.34 1.5 4.84 19,10 69.45
82 3.78 5.28 24,38 88.65
83 4.40 5.90 30.28 110,11
84 5.14 6.64 36.92 134.25
85 5.98 7.48 44.40 161.45
86 6.62 2.0 8.62
87 7.21 9,21
88 7.80 9.80
89 8.43 10.43
90 9.14 11.14 93.60 340.36
91 9.88 2.5 0.10 12.48
92 10.67 13.27
93 11.46 14.06
94 12.35 14.95
95 13.28 15.88 164.24 597.24
96 14.21 3.0 17.31
97 15.14 18.24
98 16.07 19.17
99 17,00 20.10
2000 17.84 20.94 260.00 945.45

a[DOE Task Force (1978)]
^Based on c u r re n t  e x p e r ie n c e , no volum e re d u c t io n .
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Table 2.4, Continued. Total Commercial LLW Generated, Case 2".

^Dismantle 5 reactors; D&D: Decommissioning and Disposition.
d 3At 275,000 ft /acre.
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Table 2.5. Total DOE LLW Generated„ Case I.3 —  millions of cubic feet

Tear Base D&D^ Other
Total 

Ann. .... Cum.
Burial Ground 

Acres 
. Required0

77 1.25 0 0 1.25 1.25 4.55
78 1.25 2.50 9.09
79 ' 1.25 3.75 13.64
80 2.03d 3.28 7.03 25.56
81 0.5 3.78 10.81 39.31
82 14.59 53.05
83 18.37 66.80
84 22.15 80.55
85 0.16 1.91 24.06 87.49
86 0.25 0.91
87
88
89
90 28.61 104.04
91 -
92
93
94
95 33.16 120.58
96
97
98
99
2000 37.71 137.13 -

a[D0E Task Force (1978)]
IdD&Dt Decommissioning and Decontamination.

3cA,t 275,000 ft /acre. Actual experience has' been roughly half this
value in the past.
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Table 2.5, Continued. Total DOE LLW Generated, Case 1.

dDecontaminated salt fro SR & EL HLW processing. Backlog is assumed 
to be worked off by beginning of 1985, though this may not be the 
actual practice.
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Table 2.6. Total DOE LLW Generated, Case 2.3 —- millions of cubic feet

Year Base . D&Db . Other
Total 

Ann. Cum. x
Burial Ground 

Acres 
Required0

77 1.25 0 0 1.25 1.25 4.55
78 2.50 9.09
79 3.75 . 13.64
80 5.00 18.18
81 8.0 9.25 14.25 51.82
82 23.50 85.45
83 32.75 119.09
84 42.00 152.73
85 51.25 186.36
86
87
88
89
90 97.50 354.55
91
92
93
94
95 • 143.75 522.73
96
97
98
99
2000 190.00 690.91

alD0E Task Force (1978)1
bD&D; Decommissioning and Decontamination.
C  3  - ' .At 275,000 ft /acre. Actual experience has been roughly half 
this value in the past.
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WASTE V O LU M E  GENERATION  
PROJECTIONS FOR NON-TRU W A S TE S

(FUEL CYCLE ONLY)

C -  STAFF NON FUEL CYCLE ESTIMATES

200019951985 199019801975

Fig. 2.2 Waste Volume Generation Projections for Non-Transuranic 
Wastes. —  (From NUREG-0217).
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2.4 Review of Shallow Land Burial and Associated Hazards 
While there have been some releases of radionuclides from 

some burial sites, there has been no health problem to the public 
(Duguid, 1977 and National Research Councul, 1976). There is room for 
improvements, (e.g., monitoring and record keeping), but in general 
the shallow land burial of LLW appears to be safe and orderly.
Presently there are 20 sites for disposal and storage for LLW. Six 
of these sites are commercially owned, the others are controlled by 
DOE (see Fig. 2.4). The DOE sites are located in federally controlled 
reservations. Waste buried or stored at these sites was generated by 
the National Defense Program and National Research Laboratories. 
Commercial sites receive wastes generated by nuclear power plants and 
other private facilities. There have been instances when commercially 
generated wastes were stored at government facilities.

2.4.1 Site Characterization
Initially most sites were developed near the source of waste 

generation. This was partly due to the pressures of war conditions 
and the need to reduce transportation distances. Not enough thought 
or study have been given to site selection (National Research Council, 
1976). No detailed geological or hydrological investigations were 
conducted. Citing laboratory sorption experiments, experts expected 
zero radionuclide migration from some sites, most notable burial ground 
number 4 at Oak Ridge National Laboratory, Oak Ridge, Tennessee (Meyer, 
1976 and Webster, 1976).
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Packaging in low-level waste disposal is minimal, its primary 

purpose is to facilitate transportation and it is not expected to pro
vide containment after disposal. Packaging consists of plastic bags, 
cardboard boxes, metal cans and the like.

In shallow land burial of LLW, the wastes are placed in 
trenches. These trenches vary in size according to facilities at the 
site; widths vary from 5 to 45 m depths from 2 to 11 m, and lengths 
from 6 to 300 m. Figure 2.5 shows a trench at the Barnwell, South
Carolina Site. Dimensions are 6.7 m deep, 30-50 m wide, and 305 m long.

Associated Hazards and Control. Because of the minimal packag
ing, the geologic environment is expected to contain the wastes. This 
is acheived by sorption of the radionuclides thereby reducing the con
centrations in the ground water (Duguid, 1977). Soil-water leaching 
and the ensuing ground water distribution of radionuclides in the pri
mary means of releasing radionuclides to the environment. Therefore 
water infiltration of the burial trenches is viewed very critically.

Sites in arid regions are less susceptible to radionuclide 
migration in water, but the detrimental impact of a contaminated 
water table is much greater because of the limited water resources.

Factors controlling the susceptibility of burial sites to 
water infiltration and leaching nuclides are:

1. Precipitation
2. Permeability and chemistry of formation
3. Distance between waste and ground water, depth of burial
4. Water and soil chemistry
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F ig . 2.5 S h a llo w  Land B u r ia l  T ren ch , B a rn w e ll, South C a ro lin a
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Other factors that could affect the integrity of burial sites 

are (1) water and wind erosion, (2) burrowing of animals, and (3) mi
gration through plant root uptake. Zero migration of radionuclides is 
no longer expected, and there are various measures that prevent exces
sive migration and dispersion. Some of the measures are; (1) sur
face maintenance, (2) flood and drainage control, (3) ground water and 
air monitoring, and (4) redesign and reorientation of trenches,

2.5 Suggested Alternatives 
Various alternatives to shallow land burial have been suggested 

for disposal of nuclear wastes. Most of these are theoretically 
feasible, but often impractical because of the cost and great diversity 
in the physical properties of the wastes. Ford, Bacon and Davis Utah 
Inc. have studied the alternatives for disposal of low-level nuclear 
waste, under contract to the NRG (Ford, Bacon and Davis, 1978). Most 
of the alternatives mentioned here were named in the Ford, Bacon and 
Davis study. The suggested alternative methods shown in Fig. 2.6 for 
low-level wastes are;

1. Extraterrestrial disposal
2. Atmospheric disposal
3. Disposal to surface waters
4. Crustal disposal
5. Structural disposal concepts
6. Disposal by conversion
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Almost all crustal disposal, options could be used to 

adequately dispose of low-level waste in some form. But, in each 
case, the individual technologies, hydrofracturing, deep hole drilling 
and underground excavations, must be improved to meet strict disposal 
criteria.



CHAPTER 3

NON-TECHNICAL CONSIDERATIONS IN THE 
DISPOSAL OF RADIOACTIVE WASTES IN MINES

Important considerations other than technical ones greatly 
influence the feasibility of radioactive waste disposal in mines. If 
these non—technical considerations are not accounted for, it is quite 
likely that mine disposal will not be an acceptable alternative to 
shallow land burial. The main non-technical considerations are:

1. Attitudes and concerns of the mining industry
2. Competitive uses of mine spaces
3. Concerns of the public

3.1 Attitudes of the Mining Industry
Mining is an economic venture in which the primary concern is 

the efficient, safe and profitable extraction of ore. This concern 
dictates extensive planning and results in very functional operations; 
some mines take as much as 15 years from exploration to production. 
Active mines are usually planned 3 to 5 years ahead of daily operations. 
In most instances the total extent of a mineral deposit is not known 
until the deposit completely mines out. Therefore, exploration usually 
continues during the life of the mine.

The above description of a mining operation suggests that any 
secondary or simultaneous use of mine spaces could be very disruptive. 
This disruption would affect every stage of the mine life. In an

39
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attempt to identify and reduce potential problems, mine disposal was 
discussed with senior mining personnel (see Appendix B). Host officials 
felt that the project could be feasible if there were adequate compen
sation and extensive planning (particularly in active mines). The 
topics discussed at visits with senior officials can be divided into:

1. Economic compensation and ownership
2. Logistics of dual functions

3.1.1 Economic Considerations and Ownership
Some officials are concerned with the pricing scheme for 

disposal spaces. Will the mines be bought outright, or will the spaces 
be leased? Some officials expressed dissatisfaction with the way some 
gulf coast mines were acquired for the Strategic Petroleum Reserve 
Program. In the instance of disruption of mining or change in mining 
sequences due to storage, how will adequate compensation be determined?

Attitudes toward the use of abandoned mines vary. Mines 
abandoned because deposits are played out, could be available. On the 
other hand, mines that are abandoned because of changes in selling 
price and projected costs would probably not be made available. This 
aspect was exemplified clearly in the recent closing and reopening of 
copper mines in Arizona; mines were closed and reopened based on the 
market price of copper.

Deep concern was expressed over the possible pricing scheme for 
purchase of abandoned spaces (see Chapter 5.8). Apart from the proven 
resources and capital investment there is the question of unproven and 
possibly valuable secondary mineralization not currently considered
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ore. For example, this concern was expressed over the value of 
beryllium known to exist in the waste dumps at the Rico Argentine 
Mine at Rico, Colorado„

Copper mining operators expressed concern regarding the impact 
of disposal on future mining in districts where there may be possible 
ore deposits and potential for secondary in situ recovery, Many new 
deposits are found in old mining districts.

3,1,2 Logistics of Dual Functions
General concern was expressed for the safety of the miners and 

the effects of "irritants" in the mining environment. These irritants 
include radioactive gasses and particles, and other disposal related 
hazards. Often mine operators asked about methods of separating 
mining from disposal.

There is uncertainty about the logistics during dual function
ing of mines. There is serious concern that disposal operations could 
disrupt other mine systems as well as the mining methods. Vertical 
shafts are used for material and personnel transportation, ventilation 
and ore haulage. As a mine progresses, the distance from shafts to 
active working areas increases. The net result is that extensive 
passage ways must be reserved and maintained for ore haulage, regular 
and emergency exits, and ventilation. Since these services are crucial 
to a mining operation extensive planning would be necessary to prevent 
their disruption or contamination by waste disposal activity.

Because mining is such an expensive operation, the spaces 
generated are minimal and functional and often temporary. These
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spaces may not be useful for any other purpose. With this in mind, 
some officials suggest that planning for use of mining spaces for low- 
level waste disposal should begin at the development stages of the 
mines. At those stages, spaces generated, entrances, and mining sched
ules could be altered for use in low-level waste disposal activities. 
This preplanning could produce a significant reduction in redesign work 
and overall costs.

In end of life mines, particularly those in which additional ex
cavations are necessary, operators suggest that the soon-to-be laid-off 
miners could be employed at least initially, in the disposal operations.

3.2 Competitive Use of Mined Spaces 
The proposed use of mined spaces depends largely on the avail

ability and suitability of the spaces. However> the probability of 
both factors being met in the same mine appear small. A mine may be 
suitable but not available or available but not suitable.

The availability of a mine would depend on the attitude of the 
mining company and other possible use of the space. Over the past 
decade tremendous interest has been shown in the secondary use of mined 
spaces (Stauffer and Vineyard, 1975 and Stauffer, 1978). Non
radioactive (disposal) use of mined spaces may be more competitive in 
terms of public acceptance, and perceived potential hazards. So far, 
storage and industrial facilities have been the major users of these 
spaces. Fig. 3.1 shows suggested possible uses for salt domes.
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3.2.1 Storage 44
The major utilization of mined spaces has been for storage.

The comfortable and constant environmental conditions of most under
ground mined spaces make them ideal for storage of perishable materials. 
For example, meats, fruit, and other foods are stored in a gypsum 
storage facility in Michigan; grain is stored in some limestone storage 
facilities in Missouri. More than 30 states have liquified natural gas 
underground. These include solution mined caverns and room-and-pillar 
mines'. These operations have been used for storage of important docu
ments and seasonal machinery. The.department of energy has stored 
petroleum in some gulf coast domes as part of its Strategic Petroleum 
Reserve Program.

3.2.2 Industrial Use
Relatively small energy, construction and maintenance costs 

have made underground mined spaces very attractive for industrial 
development. Warehousing and office space have been in the forefront 
of this development (Fig. 3.2 and Fig.. 3.3). There have been proposals 
for locating entire industries in mined spaces. The establishment of 
a Foreign Trade Zone underground in Kansas City, Missouri (Burke,
1975), underlines the importance of Subsurface space utilization.

The mining industry has also utilized these spaces. Coal
/ . . • ,

refuse has been stored in inactive coal mines, and it is proposed to 
store uranium tailings in abandoned uranium mines. The cut-and-fill 
mining method uses mill tailings as part of the "fill," Many deep
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Fig. 3.2 Warehouse and Offices Developed in Limestone Mines



Fig. 3.3 Limestone Pillars in Storage Facility.
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mines have been used for on going scientific experiments; for example 
the Homestake Gold Mine in Lead, South Dakota.

3.2.3 Competitive Uses
Of all the uses mentioned above, storage of radioactive 

materials is potentially the most hazardous. This potential depends 
on the nature of the wastes,. Stone et al., (1975) and the EPA (1975) 
have published studies on "The Emplacement of Hazardous Wastes in 
Mined Openings." Some of these wastes are very toxic and explosive, 
and are generally more hazardous than low-level radioactive wastes.

In most cases, the engineering criteria required for safe 
disposal of low-level wastes are quite similar to those for other 
materials. Also apart from solution-mined cavities, most underground 
facilities use room-and-pillar mined spaces. The competition for these 
spaces is obvious. Presently, most storage facilities are developed in 
limestone mines. But, out of necessity, most limestone mines are 
developed close to urban centers. Also the salt domes along the gulf 
coast are the only formations available for subsurface development. 
Surely, in competition for these mined spaces, radioactive waste dis
posal is the least acceptable in the opinion of the public. One 
alternative is to develop mines specifically for radioactive and 
hazardous Wastes disposal.

3.3 Public Acceptance 
Public acceptance is necessary for any waste disposal concept.

In the early stages of the development of nuclear industry, public
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reaction was not required nor considered important. During.that time 
most of the "irregularities" associated with shallow land burial 
occurred, (Chapter 1, National Research Council, 1976, Meyer, 1976, 
Webster, 1976). These irregularities, along with increased public • 
awareness make public acceptance of isolation projects critical.
Adverse public reaction has strongly influenced the status of projects 
such as Project Salt Vault in Kansas, and the Waste Isolation Pilot 
Plant (WIPP) proposed for Carlsbad, New Mexico (DOE, 1979).

While various groups and organizations.have voiced concerns 
about nuclear safety and waste disposal, state and federal legislations 
are probably the best barometers of public reactions. Literally 
hundreds of bills regulating waste disposal have been enacted or are 
pending in many states.

Many of these bills propose banning waste disposal or prohib
iting the operation of radioactive waste isolation facilities; Oregon 
passed bill BS 272 which bans operation of establishment of a waste 
disposal facility; in Louisiana bill SB 38 prohibits disposal of 
radioactive material in any salt dome within the state. Most other 
states limit disposal to state generated wastes, or with special 
permission only.

A bill introudced in the Minnesota house. House File 378, is 
indicative of an approach adopted by many states. The bill would 
prohibit licensing of any nuclear power plant unless "demonstrated 
technologies and facilities exist for the safe, permanent and final 
disposition of radioactive wastes." However, such a statute was 
declared unconstitutional by a Federal District Judge in California.



Other states have restricted transportation of radioactive 
wastes within their limits. In New Hampshire, House Bill 91 proposes 
a ban on nuclear waste disposal within the state, but would permit 
transportation of nuclear wastes out of the state.

It may be expected that in response to the "Three Mile Island 
incident, a flood of regulations will be Introduced in state legisla
tures. Table 3.1 lists laws enacted in 1977 and 1978 regulating 
various types of radioactive wastes. They seemingly are intended 
mainly to control dr limit Nuclear Energy development. Those regu
lations dealing with waste disposal are attempts by states,with suit
able geologic formations (Louisiana, Texas, New Mexico, Kansas), to
prevent development of National or Regional repositories within

'

their borders.



Table 3.1. State Laws Regulating Disposal of Radioactive Wastes.3

State Bill No. Year Remarks

Alabama HB 150 1977 Vests regulatory authority over hazardous waste management
in the State Board of Health.

California AB 1593 1977 provides for issuance of permits for transporting, pro
cessing, handling, storing and disposal of radioactive 
wastes.

Colorado SM 3 1977 Memorialized Congress, the President and ERDA to exclude
Colorado as a possible site for high-level waste 
repository,

Delaware HR 124 1978 Resolved to request the Delaware Congressional delegation
to support SB 2761 which gives the states veto power over 
waste repositories.

Delaware SB 584 1978 Relating to the storage of spent nuclear fuel and
disposal of radioactive waste.

Hawaii BH 199 1977 Required permit for release of pollutants, including
radioactive materials, into the air or water.

Illinois HB 1739 1977 Provides for fees in contracts concerning radioactive
disposal.

Kentucky HR 70 1978 Sets up advisory committee to assume an oversight role on
all matters pertaining to nuclear waste during 1978-1980.

Kentucky HCR 70 1978 Forms a special advisory committee on nuclear waste dis
posal, which is to report back to the Legislature,



Table 3.1, Continued. State Laws Regulating Disposal of Radioactive Wastes,

State Bill No. Year Remarks

Kansas HB 2559

Louisiana

Louisiana

Louisiana

Louisiana

Maryland

HB 14 

SCR 83

SB 38 

HB 428 

HB 428

1977 Authorizes the Department of Health and Environment to
adopt rules and regulations regarding hazardous wastes 
stored, collected, transported, processed, treated, 
recovered or disposed of within the state,

1977 Prohibits the underground storage or disposal of nuclear 
material or wastes in Louisiana,

1978 Memorialized Congress to require notification of the 
Governor and the Legislature of any intention to search 
for a radioactive waste disposal site within the state,

1978 Prohibits disposal of radioactive materials in any salt
dome in Louisiana,

1978 Prohibits the transportation of high-level radioactive
wastes into the state for disposal or storage.

1978 Amends an existing (1970) law which bans the establishment
of "any permanent storage facility, burial ground ... for 
the long term storage of waste nuclear materials within 
the state" to provide that the Secretary of Health and 
Mental Hygiene can give special permission for temporary 
storage of radioactive waste for up to two years.



Table 3.1, Continued, State Laws Regulating Disposal of Radioactive Wastes.

State Bill No. Year Remarks

Michigan SB 153 
SB 688 
SB 689 
SB 690

1978
1978
1978
1978

All of these laws ban the state’s consent to the acquisi
tion by the Federal Government of any land or building in 
the state for Use in storing, depositing, or dumping of 
radioactive material.

Michigan SB 144 1978 "Radioactive waste may not be deposited or stored in
this state.11 Exempts spent fuel stored on site, nuclear 
material used for educational and medical purposes, mill 
tailings, and also provides for temporary storage (up to 
six months) of low-level waste that was in the state 
prior to January 1, 1970.

Minnesota HE 1215 1977 Prohibits transporting radioactive wastes into Minnesota
for disposal or storage unless expressly authorized by 
the Legislature.

Montana HE 254 1977 Prohibits the disposal or storage of nuclear wastes in 
Montana.

Montana SB 269 1977 Gives the State Board of Health and Environmental Sciences 
primary enforcement responsibility under the Federal Water 
Pollution Control Act, and includes radioactive material 
in definition of "pollution' and "wastes."

Nevada SB 38 1977 Transfers responsibility for radioactive materials 
disposal sites to the Department of Human Resources.

Nevada AJR 1977 Urges ERDA to choose the Nevada Test Site for disposal 
of nuclear wastes.



Table 3.1, Continued. State Laws Regulating Disposal of Radioactive Wastes,

State Bill No. Year Remarks

New HB 542
Hampshire
New
Mexico
Oregon

Oregon

Rhode
Island

South 
Dakota -
South
Dakota
Tennessee
Texas

SB 55 

SB 246 

SB 272 

HB 5555

HB 822

SB 97

SB 222 
HB 1560

1977 Establishes a state-wide solid waste management program.

1977 Prohibits disposal of radioactive material in the state.

1977 Modifies definition of "disposal site" for environmentally 
hazardous wastes.

1978 Bans the establishment or operation of radioactive 
material waste disposal facility within the state.

1977 Amends state law to prescribe actions to be taken to
minimize dangers from all hazardous substances, Including 
radioactive materials.

1977 Prohibits nuclear waste disposal in South Dakota.

1978 Provides for regulation of radiation exposure and
radioactive waste disposal.

1977 Enacts a hazardous waste management plan.
1977 Prohibits the discharge of waste (including radioactive

waste) or pollutants into any water in the state.



Table 3.1, Continued. State Laws Regulating Disposal of Radioactive Wastes.

State Bill No. Year Remarks

Virginia SJR 136 1977 Requests study of safety, reliability, and spent fuel 
disposal systems of nuclear power plants.

Vermont HB 261 1977 Bans establishment or construction of high-level radio
active waste repository within Vermont unless approved 
by the General Assembly.

a(Hobson, 1979)



CHAPTER 4

MINING METHODS, FAVORABLE DEPOSITS

The suitability of mines for disposal of low-level radioactive 
wastes is a strong function of the mining spaces generated, the 
availability of the spades, and the existence of disposal concepts 
that Could utilize the mining spaces. Spaces generated in a mining 
operation are determined by the mining method, the structure, type 
and depth of the mineral deposit. In this chapter various mining 
methods are reviewed to determine which mine spaces are useful for 
waste disposal.

Common parameters that effectively define the suitability of 
m ining spaces for the disposal of low-level nuclear wastes are also 
directly related to the mining method employed, the type of deposit 
and location of the mine. They are useful criteria for evaluating 
and comparing mining spaces. These parameters are:

1. Size of spaces generated
2. Length of time spaces available
3. Accessibility of these spaces
4. Stability of openings
5. Source and amounts of water
6. Other hazards

Most mineral deposits are not suitable for low-level waste disposal. 
Some deposits, because of their distribution, availability, structure.
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predeominant mining method and economic importance are more suitable for 
LLW disposal than others. For example the strategic (national) impor
tance of the Homes take Gold Mine would, prevent storage of LLW,. at least 
while the mine is active. Some of the considerations mentioned above 
are discussed for the major mineral deposits in Section 4.3,

4.1 Mining Methods

4.1.1 Surface Mines
Surface mines are usually developed in "shallow" deposits with 

large horizontal dimensions. This method allows for higher extraction 
ratios and more mechanization. Strip mining, quarrying and open pit 
mining are forms of surface mining.

Single bench and multiple bench mines are developed through 
open pit mining. In single bench operations, the height of benches 
is controlled by rock strength; at Peabody's Huela Coal Mine the 
bench height is about 14.3 m, developed in competent sequence of shale, 
sandstone and coal. Usually heights of single benches range from 3.7 
to 7.6m, but could be much greater in special cases (Cummings and 
Given, 1973).

Multiple bench mines are developed in thick or tabular deposits 
that cannot be developed by single bench mining. As with single bench 
mines, bench heights and widths are controlled by the rock strength, 
although there are added considerations. Benches are used for 
haulage routes for ore and machinery and in some cases roads are 
developed through ramps interconnecting benches. Figures 4.1 and 4.2



Fig. 4.1 Single Bench Open Pit Mine



Fig. 4.2 Slopes in Multiple Bench Open Pit Mine

Ul00
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show single bench and multiple bench mines respectively. Pit slope 
angles vary from 20° to 70° depending on rock type and depth of ore 
body (Cummings and Given, 1973),

Disposal of LLW directly in open pit or surface mines cannot be 
considered as alternatives to shallow land burial, primarily because 
use of the spaces readily available would involve shallow land burial. 
Other conisderations that make disposal unfavorable include: (1) avail
ability of spaces, (2) slope stability, and (3) water problems.

Availability of spaces. Most single bench open pit mines are 
back-filled soon after the ore is extracted. In multiple bench mines 
several pits may be developed simultaneously. Because mining in open 
pit mines advances vertically, there is no final pit level until the 
ore is exhausted or the mine is abandoned.

Access to the mine is through haulage roads. Use of these 
roads for transportation of LLW would be impractical because mine 
development would be unduly disrupted.

Slope Stability. Pit slope failure is a major safety hazard 
in open pit mines. Geologic structure is a controlling factor of the 
design of safe slope angles, but blasting and other mining activities 
decidedly increase slope instability.

Disposal of LLW in open pit mines is only feasible after mines 
are abandoned. However, during the final stages of mining, slope 
angles are increased and so does the probability of failure. There
fore, if abandoned pits are used for LLW disposal, slope stability
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would be very critical, much more than during mining; and maintenance 
of roads would be very costly dr nearly impractical.

Water, Problems. Surface and open pit mines are exposed to the 
atmosphere. Combined with the above fact, mine pits act as effective 
drainage basins for ground water. Significant amounts of water are 
observed in Peabody’s Nucla Mine (see Appendix A). Most of this orig
inates from irrigation ditches in the neighboring fields. The mine is 
above the ground water table. Even in arid regions, water problems 
exist in mines. At the Twin Buttes Mine in Pima County, Arizona, 
several springs exist. Average flow is 5-10 gpm (30 gpm max). These
springs enter the pits through fractures and stratigraphic discon
tinuities . Attempts to direct water into one location produced flows 
of 300-500 gpm.

4.1.2 Underground Mines
Underground mining methods are generally employed When 

excavation of the overburden becomes uneconomical. There are many 
underground mining methods. Some are quite distinct, while some are 
basically variations of others. Selection of an underground mining 
method is a function of:

1. Size and shape of the ore body
2. Structural geology of the deposit
3. Material properties of the ore body and waste rock
4. Expected life of mine and.production rate
5. Economic cons iderations
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For this report the basic underground mining methods are discussed to 
underline the problems associated with storing wastes in mined spaces. 
These methods are:

1. Open stope
2. Sublevel stoping
3. Shrinkage stoping
4. Room-and-Pillar
5» Cut and fill
6. Block caving

Open Stope. Open stope mining normally referred to an operation 
in which no additional support was necessary. Presently some support is 
expected. Types of support include ore and waste pillars, timber and 
roof bolts. Some types of support are temporary and last until the 
stope is completed or pillars robbed.

This method is employed in deposits stable enough to permit 
development of largely unsupported rooms. Examples of such deposits 
are (1) extensive and dipping vein deposits (2) extensive (areal) 
irregular deposits and (3) isolated ore pockets and lenses.

Size and other characteristics, of rooms generated vary consid
erably in different deposits. In vein deposits rooms are limited by 
vein thickness and distance between levels. Ore blocks are divided 
into several stopes separated by narrow 2.2^6 m pillars. In highly 
disturbed or stressed areas timbers may be used for temporary support. 
Access to these spaces is by drifts, man-ways and raises. Stopes may 
be backfilled if possible or left to cave.
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In extensive irregular deposits such as the New Lead Belt in 

southeast Missouri, rooms are supported by randomly spaced pillars. 
Location of these pillars is dictated by the structure of the deposit 
and variation in ore concentration. Deposits are usually flat lying. 
Rooms generated by this mining method are randomly spaced, readily 
accessible, and last indefinitely unless located in fractured or highly 
disturbed areas. Roof heights approach 60 m and pillar-to-pillar spans 
approach 30 m. Pillars are of ore or waste rock. Figure 4.3 details 
pillar, room and ramp associations in an open stope mining operation.

isolated stopes are developed in isolated ore pockets or 
lenses. This allows for selective mining of the deposit. Stopes extend 
the full depth of the pockets and the final dimensions are controlled by 
those of the pockets. Rooms may or may not be backfilled. Access to 
these spaces is through drifts and raises.

Most sources of instability and water are related to structural 
discontinuities within the deposit. In Rico Argentina’s Mine at Rico, 
Colorado (see Appendix A) caving and flooding are related to the several 
fault systems within the mine. This is also the case in St. Joseph’s 
Mining Co. No. 27 Mine in Viburnum, Missouri; sections of the mine had 
to be abandoned because of extensive faulting and fracturing. Water 
enters the mine.via the fault system. At Rico the water is both 
meteoric and subsurface; meteoric water is produced from recent rain
fall and snow-melt, subsurface water is produced from aquifers or 
dykes. At St. Joseph's, water originated in the overlying beds.



Fig. 4.3 Open Stope Mining in Flat Lying Deposits. -- (From Lewis 
and Clark, 1964). 
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The open stope mining method does not produce spaces useful for 

disposal of low-level wastes. Rooms are relatively stable but auxil
iary support is necessary in highly disturbed zones. Spaces are not 
readily accessible, particularly to machinery, Extensive irregular 
ore bodies with random spaces generated are exceptions to the above. 
Water problems occur frequently though not necessarily related to the 
mining method.

Sublevel Stoping. This method is generally employed in steeply 
dipping deposits with uniform ore composition. As with most unsupported 
mining methods, it is necessary that ore and wallrock be very competent. 
This method has been employed extensively in massive sulfide deposits. 
Use of this method at Homestake Gold Mine is typical of steeply inclined 
veins. Stopes are outlined as shown in Fig.,4.4. Vertical raises 
define the span and horizontal levels (drifts) define the vertical 
extent. Distances between levels vary from 31 to 61 m depending on 
structure and material properties of the deposit (Cummings and Given, 
1973). Sublevels are developed from vertical raises. Ore is mined by 
benching or blasting then removed through draw points. Floor pillars 
are left to protect adjacent levels. Vertical pillars separate and 
stabilize stopes, and are often mined. Major sources of instability 
are sloughing of walls and caving of floor pillars.

Spaces generated by this method are large, unmanageable and 
poorly accessible. Hazards are minimal because of rock competence, 
but the spaces are.not useful for disposal of low-level wastes.



B. Stope during ore extraction. 

Fig. 4.4 Sub Level Stoping. -- (After Stout, 1967.) 



66

Shrinkage Stoping. This method is usually employed in mining 
of veins or steeply dipping bedded deposits. Wall rock and ore must be 
strong enough to allow large unsupported stopes; spans of 21 m have been 
reported (Cummings and Given, 1973). Figure 4.5 details-an advancing 
shrinkage stope. The stope advances vertically with the broken ore 
being used as a platform for additional mining. There is about a 40% 
increase in bulk as the ore is broken; ore must be continually withdrawn 
through the chutes. Blasting is the most destructive feature of this 
mining method. As mining progresses, the broken ore provides additional 
support to the walls of the stope. There may be some sloughing of the 
walls and roofs. Rib and floor pillars provide support after all the 
ore is withdrawn.

Spaces generated by this method are not useful for the disposal 
of low-level radioactive wastes; they are inaccessible and isolation of 
excavated stopes would be difficult.

Room-and-Pillar. Room-and-pillar mining is employed mainly in 
flat lying or bedded sedimentary deposits. These include coal, salt, 
potash and other evaporites, some lead-zinc deposits, and limestone.
The deposits are usually very competent and not extensively disturbed 
by structural activity. Support is provided by pillars of ore. Devel
opment of this method varies somewhat with the deposit. However, the 
basic sequence is to outline a block of ore with a series of drifts; 
perpendicular drifts are then driven as in Fig. 4.6. In the absence 
of structural discontinuities, pillars are developed according to the 
grid system. In some cases pillars are placed to support weak areas.
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Fig. 4.5 Advancing Shrinkage Slope. —  (After Stout, 1967).
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At International Salt Co.'s Retsof Mine, roofs are 3.4 high, every 
other pillar is increased from 23 x 24 m (section) to 23 x 43 m.

Volumes of usable space generated are controlled by the 
location and size of pillars, and consequently, the rock strength and 
discontinuities. Heights of. room vary with the deposit thickness;
4.2 m in bedded salt at Retsof, over 40 m in Gulf Coast domes, and 
over 61 m in some Missouri lead-zinc mines. Roof spans are dictated 
by immediate roof conditions.. Sizes of pillars are also controlled by 
the deposit and bearing capacity of the floor. Rigure 4.7 details 
various pillar-spah dimensions.

Hazards related to mining include roof collapse and spelling, 
floor buckling, creep and pillar failure. Uncontrolled blasting could 
produce over-break and effectively weaken pillars. Some salt and evap- 
orite mines experience closure due to creep of over 0.3 m per year. 
Long-section mining as employed in some Gulf Coast mines could effec
tively reduce hazards mentioned (see Fig. 4.7D).

With conservative or efficient design of pillars, rooms 
generated by room-and-pillar mining could satisfy the requirements 
for disposal of low-level wastes.

Cut and Fill. In the cut and fill mining method, the stope 
is mined in Slices. The waste material is left in or returned to the 
stope, and used as the new mining platform. At the Homestake Gold 
Mine in Lead, South Dakota, the fill is a mixture of mill wastes, sand 
and cement. Cut and fill mining is suited to bedded or steeply dipping 
veins. The inclination allows gravity flow of the ore and fill. Since
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the ore is mined overhead the ore material should be strong enough to 
support the width span of the stope.

This method is developed similarly to shrinkage and sub-level 
stoping. The stopes are defined by raises and sublevels as in Fig. 4.8. 
Initially crosscuts are driven, defining the length of the stope on the 
haulage level. Vertical raises are then developed at both ends of the 
crosscuts. Drifts are started on the haulage level. Slices of 
material are mined by blasting horizontal holes. In hydraulic cut and 
fill mining, the fill is often a slurry of mine tailings and sand. The 
fill material provides additional support to the wall and back of the 
stope (see Fig. 4.9). Rill and reusing cut and fill methods are 
variations of the above, but the resulting stopes are much smaller.

Cut and fill mining methods do not produce usable spaces for 
radioactive waste disposal. The stopes are backfilled almost immedi
ately, and the water in hydraulic filling could be a major hazard.

Block Caving. In this method, designated sections of an ore 
body are induced to. cave under their own weight and that of the over
burden . As a necessity the ore body should be massive, with uniform 
ore grades. Block caving requires highly fractured and moderately hard 
rock. Waste rock should be strong enough to allow unsupported stopes, 
and distinct separation from the ore body. Block caving is considered 
an "art" since the exact physical characteristics of cavable ore bodies 
have not been defined. However, accumulated experiences suggest that 
steeply-dipping wide veins, or thick massive uniform deposits, with



72

ve

Hongmg
wall

Waste

Foot
wall

Waste fill

'** . •e • ••%e * ; | I *
l ong section

— *— L - — — --- y //\~

Cross section th rough slope

Fig. 4.8 Horizontal Cut and Fill Stope Partially Filled. —  (After 
Stout, 1967).



73

i n n . square;mm
S 8

Fig. 4.9 Hydraulic Cut and Fill Mining at Homestake Gold Mine. —  (From 
Homestake Mining Co., 1976).
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thick overburden are suitable ore bodies. Block caving has been
practiced widely in copper mining.

The basic development is depicted in Fig. 4.10. Initially a
slusher drift is driven the full length of the ore block. At set
distances along the slusher drifts,, finger raises are extended up to
the undercut level. The finger raises are then connected by drifts and
crosscuts. Caving is initiated by drilling and blasting finger raises
and the pillars defined by the intersections of drifts and crosscuts.
Ore is withdrawn through slusher drifts. In some instances the pillars
are also mined.

Sub-Level Caving. Sub-level caving is not considered a
variation of block caving but similar principles govern. In sub-level
caving the ore body is developed or mined in various sub-levels as in
Fig. 4.11. This method is employed when the ore body is small or
greater control is needed.

The size of the space generated or mined varies with the size
of the ore body and its material properties. At the Grace Mine (see
Appendix A) heights approach 107 m (350 ft); heights of 200 m (600 ft)
have been reported (Dravo Corp., 1974). Blocks are known to have areas 

2 2of 46 x 46 m (150 x 150 ft'). Block caving or its variations do not 
generate spaces useful for low-level waste disposal. The spaces are 
filled with waste rock and overburden. This method also causes 
extensive fracturing and subsidence of overburden. At the Grace Mine 
(Appendix A) this fracturing produced water seepage from the surface.



Fig. 4.10 Block Caving Sequence.

A & B. Development of Slusher Drift.
C & D. Extension of Finger Raises.
E & F. Intersection of Finger Raises by Crosscuts.
G & H. Caving Initiated by Blasting.
I & J. Definition of Pillars.
K & L. Withdrawal of Ore.



Fig. 4.11 Sub Level Caving. —  (From Dravo Corp., 1974)
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4.2 Evalutaion of Mineral Deposits
In an attempt to provide a wide distribution of possible

disposal sites, various mineral deposits should be evaluated. Some 
deposits will be moire suitable than others for radioactive waste 
disposal. The suitability is based on the geology, distribution, 
economic importance and inherent hazards of the deposit. In the 
previous section mining methods were evaluated to determine the use
fulness of the spaces they generate. However, the mining method used
is usually a function of the geology of the deposit, and its economic
importance. For example, with the growing importance of coal as a 
national energy source, it is conceivable that regulations could be 
changed to allow more robbing of mine pillars. If the pillars are 
robbed, the mine roofs will collapse and the spaces generated by room- 
and-pillar coal mining would not be available.

The deposits evaluated have one or more of the. following:
(1) large annual production, (2) wide geographical distribution, and 
(3) mined by conventional dry mining methods. There are many other 
mineral occurrences that do not fit the above but are worth evaluation 
individually. The following are evaluations of some mineral deposits 
with respect to disposal of low-level radioactive wastes.

4.2.1 Coal
Coal occurs widely in the United States with deposits in 

about 36 states. Traditionally coal was exploited mainly in the 
midwestern and the eastern states with underground mining predominating. 
Many of these mines are now abandoned but are unstable and very
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hazardous. There are numerous occurrences of flooding and mine 
collapse. Also, many cities in former coal mining districts are 
experiencing subsidence. "Western Goal" represents most of the avail
able coal deposits. Surface mining predominates, and the mined spaces 
are reclaimed.

Room-and-pillar mining as well as shortwall and longwall are 
the methods employed in underground coal mining. Room-and-pillar 
produce useful but unstable spaces. If the pillars are robbed, as 
discussed above, the spaces would not be available. Water occurrence 
created major problems in coal mining. Methane and other gasses are 
explosion hazards in active and abandoned coal mines.

The instability of coal mines along with water occurrence, 
methane hazards, and the implications of coal’s energy importance make 
coal deposits unsuitable for low-level radioactive waste disposal.

4.2.2 Copper
Porphyry copper deposits are currently the largest source of 

copper within the United States. These occur mainly in the western 
states of Arizona, Utah and New Mexico. Stratiform deposits as in 
Michigan, and the zoned hydrothermal deposits in Montana are other 
sources of United States copper.

Most copper mines are open pit operations. Other mining 
methods used include open stoping, room-and-pillar, cut and fill, and 
caving methods. Of the underground mining methods employed, only 
room-and-pillar operations produce useful spaces for waste disposal. 
However, only a very small number of mines employ this method.
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Multiple bench open pits could possibly be used for radioactive waste 
disposal (see Section 6.2), The feasibility of disposing of wastes in 
open pit copper mines would depend on the control of water flow and 
slope instability,

4.2.3 Gold
Gold is produced from lode or placer deposits. Placer deposits 

are mined by surface mining methods that do not generate useful spaces 
for disposal. Lode deposits are mined by underground methods. These 
include cut and fill, shrinkage, stoping, vein mining, sublevel and 
open stoping. These methods are also not useful for disposal. The 
price of gold and its national importance prevents any possible use of 
the mines for waste disposal.

4.2.4 Gypsum
Gypsum deposits occur widely in the United States, Main 

producing areas are the Great Lakes region, Texas-Oklahoma, California 
and the Northeast. Gypsum normally occurs in association with salt and 
othef evaporite deposits. Only about 20% of the producing mines are 
surface mines. Underground mines use the conventional room-and-pillar 
methods.

Underground gypsum mines do generate useful disposal spaces. 
Gypsum mines are currently being used for underground storage (see 
Chapter 3). Also wastes generated by gypsum mining are disposed of 
in the inactive mining areas. Underground gypsum mines could possibly 
be developed for efficient disposal of low-level radioactive wastes if
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particular effort is made to prevent water seepage and to safely design 
mine pillars. »

4.2.5 Iron
Iron ore is produced in less than 15 states of the United 

States. The Lake Superior mining district produces more than 80% 
of the total United States production. Open pit mining predominates 
in this industry. In the Lake Superior district the open pits are 
very large, some are several kilometers in width and length and depth. 
Because of the low grade of the ore, large amounts of wastes are 
generated, and often are stored in the inactive mines. Generally, 
iron mines cannot be considered for low-level waste disposal.

4.2.6 Limestone, Marble and Rocksalt
Mines developed in these deposits generally provide very 

useful, stable and accessible spaces for disposal of low-level wastes. 
Extensive evaluation of these deposits is detailed in Chapter 5.

4.2.7 Lead and Zinc
Lead and zinc occur and are produced together within the 

United States. Zinc is produced in about 15 states with Missouri 
producing 80% of the total production. The major producing deposits 
of the United States are: the sedimentary "Mississippi Valley Type"
of southeastern Missouri, and Washington; the replacement hydro thermal 
deposits of Colorado (Gilman, Rico) and; the vein deposits of the Coeur 
d'Alene district in Idaho (Brobst, 1973). Room-and-pillar (open 
stope) mining in Missouri and Washington generate the only potentially
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usable disposal Spaces. However, flooding, roof disturbance and 
competitive use of mined spaces make these spaces less attractive 
(see Chapter 3, Appendix A).

4.2.8 Potash
The United States produces less than 50% of its potash 

consumption. Currently potash is produced in three states. New Mexico, 
Utah and California. New Mexico production is. from conventional room- 
and-pillar mines. The other states utilize solution mining or solar 
evaporation. Proven resources exist in Michigan and North Dakota, but 
at large depths (United States Bureau of Mines [USMB], 1975). Potash 
deposits normally occur in evaporite sequences associated with salt.

Room-and-pillar mining of potash deposits produces useful and 
stable spaces for the disposal of low-level nuclear Wastes. The 
material and geological properties are similar to those of rock salt. 
Therefore, the considerations governing the use of salt mines will 
control the use of potash (Chapter 5). However, there are certain 
important exceptions; unlike rock salt, potash has limited distribution 
and occurrence, and potash has a higher unit (economic) value. These 
exceptions would greatly influence the use of potash mines for radio
active waste disposal.

4.2.9 Silver
Only a few mines operate solely as silver producers. Large 

quantities of United States silver is produced with lead-zinc and 
copper mining. The Coeuer d'Alene district, Idaho is the largest
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silver occurrence in the United States. There are many other districts 
that are underdeveloped because of poor economic incentives. These 
districts could become more productive as the price of silver rises.

The precarious nature of the silver industry and its national 
importance does not support the use of silver mines for the disposal 
of wastes. Also, the current mining methods, open pit, cut and fill, 
vein and open stope mining, do not generate usable disposal spaces.

/



CHAPTER 5

EVALUATION OF SEDIMENTARY DEPOSITS 
FOR LOW-LEVEL WASTE DISPOSAL

5.1 Introduction 
To date, bedded sedimentary and metasedimentary deposits appear 

to be the most favorable mining and excavated spaces for disposal of 
LLW. These deposits; salt, limestone, and to some extent marble, 
occur extensively throughout the United States and are readily 
accessible. Potash has material properties similar to that of salt 
(NaCl). This mineral will not be discussed, but most considerations 
for salt hold for potash.. In this chapter emphasis is placed on salt 
deposits; however, limestone will also be discussed. Marble deposits 
ate limited in occurrence.but the geology and mining method are 
similar to those of limestone. Because of their economic value and 
limited occurrence, marble mines are useful only if they are abandoned.

Underground mines developed in these three types of deposits 
generally use the room-and-pillar method. This method was identified 
in Chapter 4 as creating the most readily useable and manageable 
spaces. Generally, these mines contain little water and are struc
turally stable. Mines in limestone are usually dry, e.g., the Bethany 
Limestone at Kansas City, Mo. (Parizek, 1978). Salt mines are dry by . 
necessity, but there are instances of fluid intrusions into some Gulf 
Coast salt domes and seepage in bedded deposits. Some water flows

83
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into the Vermont Marble Mine at Rutland from a nearby dike but it 
could be stopped with sealant.

Marble, limestone and salt are very competent rocks. With 
proper design, the quasi-plastic behavior of salt, particularly in 
domes, can be negated (Section 5.4). The bedded nature of the 
other two types of deposits do not compromise their structural 
stability. Minor exceptions are buckling of the mine floor due to 
stress relief and spelling along roofs and pillars as evidenced at 
the Retstif Salt Mine in New York State. Rock bolting is employed in 
the larger rooms at Retsof as a precautionary measure rather than as
a necessity. Examples of this bolting can be best seen in the storage

/bins. Some rock bolting is also used to strengthen the pillars at the
\

Vermont Marble Mine.
Fracturing and other blast-related strain could affect the 

long-term strength and storage capacities of the rocks mentioned. For 
this reason, some testing and monitoring will be necessary to determine 
the rock behavior at any site under consideration.

5.2 Types and Distribution of Salt Deposits
5.2.1 Types of Salt Deposits

There are two major types of salt deposits being mined by 
conventional methods in the United States; bedded salt deposits and 
flowage deposits. Bedded salt deposits are self-explanatory. Flowage 
deposits are products of post depositional changes of bedded salt 
deposits (i.e., they move upward plastically from their original site 
of deposition).
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Bedded Salt Deposits. Salt is a true sedimentary rock and 

occurs in association with shale, limestone, gypsum and anhydrite.
Host theories suggest that the major salt deposits of the world pre
cipitated from concentrated sea water. Less extensive secondary 
deposits have been produced by dissolution of the major primary 
deposits and subsequent deposition elsewhere (Baar, 1977). The iso
thermal evaporation of sea water is the most basic and simplistic 
explanation for the deposition of evaporites (Borchert and Muir, 1964).
In this process a marginal sea, or interior basin, evaporates to dry
ness without any additional influx of material. Evaporation increases 
the brine concentration and salts are precipitated in order of 
decreasing solubility., Thus, assuming isothermal conditions, therei
should be four phases of salt precipitations

1. Calcium and magnesium carbonates (e.g., limestone and dolomite)
2. Calcium sulfates (e.g., gypsum and anhydrite)
3. m ci (halite)
4. Sodium, potassium and magnesium sulfates and chlorides

However, there are major discrepancies between the phases 
predicted by isothermal deposition and those observed in natures

1. According to Borchert and Muir (1964), it is necessary to have 
continous influx into a marginal basin because complete desic
cation of a sea like the Mediterranean with an average depth of 
1431 m will produce only a 24 m thick stratum of salt; salt 
deposits many hundreds of meters thick occur in nature.
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2. There are changes in temperatures associated with dally and
Seasonal climatic changes; any of the four phases can occur
at any time during deposition, particularly if there are 
temperature arid facies changes or other environmental changes 
in progress.

3. No evaporite deposit has been found that matches, any of the 
existing theoretical models (Baar, 1977).

Rock salt (i.e., halite) accounts for only a small portion of 
the salt sequence described above. There is also considerable vari
ation in depth to salt beds and in thickness of the salt. Consider the
0.9 km (3000 ft) section in the center of the Michigan basin. Only
0.6 km (2000 ft) is salt, which occurs in six or more beds separated by
dolomite, shale and anhydrite (Kaufman, 1968). Depth to the youngest 
beds ranges from 0.2 to 1.8 km (800 to 6000 ft). As mentioned above, 
any of the four phases of deposition could theoretically occur at any 
time. Consequently, even the "pure" halite layers have associated 
lamellae of clay, gypsum and anhydrite. Figure 5.1 shows a possible 
sequence of evaporite deposition.

Structural activity within salt deposits is controlled by its 
quasi-plasticity. There is little internal disturbance in salt, and 
most structural deformation is produced by external tectonics. Fault
ing and fracturing within these deposits are most pronounced in the 
associated competent sequences of anhydrite and limestone, because non- 
salt Sedimentary sequences are basically elastic. In contrast, salt 
and other evaporites conform to the structure of the adjacent beds.
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Both tectonic expansion and compression have marked effects on 

salt structure. Features range from mild folding (e.g., the Silurian 
strata in Texas) to extensive block faulting and diapirism (Borchert 
and Muir, 1964). Fractures in salt tend to heal; however, fracturing 
in the adjacent beds in concert with fluid inclusions can cause serious 
problems with respect to flooding and shaft sinking.

Flowage Deposits. As mentioned earlier, flowage deposits are 
products of post-depositional changes in bedded salt deposits. The 
resulting structures include swells, elongate rolls of low relief, 
stock massifs and salt walls.

Triggering mechanisms are necessary to initiate flowage of 
salt. The major forces acting are the overburden stress due to sedi
ments and lateral compressive tectonic stresses; these forces are
usually at equilibrium. At depths of 2500 to 3000 m, temperatures

2exceed 100°G and confining pressures approach 600 kg/cm (Baar, 1977). 
Under such conditions, salt flows plastically. Faulting or folding 
upsets the equilibrium, causing the salt beds to flow in order to 
compensate for the change in pressure. According to Borchert and 
Muir (1964), evaporites exhibit intrusive characteristics where they 
are cut by faults.

Figure 5.2 is a sketch of a salt dome and shows the associated 
folding, faulting and swelling of the salt. The cap rock is generally 
gypsum, anhydrite or limestone and varies in dimension and may not 
exist at all in some deposits. The presence of well-formed cap rock 
may suggest cessation of movement for an extended period of time. The
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domes are either circular or elliptical in plan and vary in size.
Stocks of the Gulf Coast salt domes (Fig. 5.3) normally vary between 
2 and 15 km in diameter and may not be vertical, particularly if 
faulting has played a major role in dome piercement. The depth to 
the "mother salt" in the Gulf Coast region is Unknown,, but Landes (1968) 
estimates a depth of 9 km (30,000 ft).

5.2.2 Distribution of Salt Deposits
Salt deposits occur throughout North America and are usually 

associated with basins (Fig. 5.4). The major deposits and their ages , 
are:

1. The Salina Basin of the Great Lakes region. This basin is 
Silurian in age, except for a Devonian sequence in Michigan.

2. The Permian Bason of western Texas.
3. The Gulf Coast Salt Basin whose source deposits are probably 

of domal origin (Fig. 5.3). Salt doming has been occurring 
in the Gulf Coast region since Jurassic time (Kupfer, 1970).

According to Landes (1968), in addition to these deposits which occur 
in 14 states, there are Other major, isolated deposits in 14 additional 
states.

5.3 Non-Engineering Considerations 
Pertaining tp the Use of Salt Mines

Preliminary assessments based on the geology and distribution
of rock salt deposits, current mining methods, and the material
properties of salt confirm current thinking that salt mines could
adequately isolate low-level nuclear wastes (NAS, 1970). However,
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there are other considerations that could affect the use of these 
mined spaces for storage. These considerations include:

1. The competitive use of mined spaces;
2. The attitudes of mine officials and the general public;
3. Redesign criteria for efficient isolation.

5.3.1 Competitive Use of Mine Spaces
Table 5.1 lists the reserves and production figures for some 

of the major rock salt producing mines that utilize dry mining tech
niques. Table 5.2 lists similar data for inactive mines. It is 
apparent that large volumes of useful space are developed annually. 
Table 5.2 also shows that only one major mine was abandoned during the 
last ten years. Therefore, emphasis will be placed on operating mines 
rather than abandoned mines.

The status of Morton Salt Company * s new Iberia illustrates 
a significant trend in the use of salt domes. This mine is presently 
used for petroleum storage and is part of the DOE Strategic Petroleum 
Reserve. Martinez (1976) has discussed this use for salt mines in 
detail. Other possible uses mentioned include:

1. Solution mining
2. . Oil and gas development, and storage
3. Air sotrage for peaking power
4. Industrial development.

The Institute of Environmental Studies at Louisiana State 
University is currently investigating the use of salt domes for the



Table 5.1. Status and Production of Major Rock Salt Mines In the Continental United States,

Company
Mining Method 
and Deposit Location

Reserves 
(metric tons) Status

Annual Production
Volume of 

Ore Space Generated
(metric tons) (cubic meters)

American Salt 
Co.

Cargill Inc.

Room-and-Pillar 
Bedded Salt

Room-and-Pillar 
Salt Dome

Lyons, KS

Belle Isle,
. Franklin, LA

Operating 0.1 - 0.6 x 10

30-50 x 10 Operating 1.4 x 10, ore 
1.0 x 10Z 
1.2 x 10 waste

280

Cargill Inc.

Diamond Crystal 
Salt Co.

Independent 
Salt Co.
International 
Salt Co.

Bedded Salt Cayuga, NY 40-60 x 10

Room-and-Pillar Jefferson Isl., 30-50 x 10
Salt Dome LA

Room-and-Pillar .. Kanopolis, KS n.a.

Room-and-Pillar Avery Isl., LA

Interspace
Corp.

Room-and-Pillar 
Bedded Salt

Room-and-Pillar 
Bedded Salt

Room-and-Pillar 
Bedded Salt

Room-and-Pillar 
Bedded Salt

Detroit, MI 

Retsof, NY 

Cleveland, OH 

Carey, Salt, KS

Operating

Operating

Operating

Operating

Operating

Operating

Operating

Operating

0.99 x 10. ore 
0.13 x 10 waste

1.3 x 10, ore 
0.1 x 10 waste

0.1 - 0.6 x 10 

1 - 10 X  106 

i - io x ib6 

1 - 10 x io6 

1 - 10 x 106 

0.1 - 0.6 x 106

110

110

109

310



Table 5,1, Continued,

Company
Mining Method 
and Deposit Location

Reserves 
(metric tons) Status

Annual

Ore
(metric tons)

Production
Volume of 

Space Generated 
(cubic meters)

Morton Salt Co. Room^and-Plllar 
Bedded Salt

Fairport Harbor, 
Painesvllle, OH

n.a. Operating 1.5 x loj? ore 
0.2 x 10 waste

280

Room-and-Pillar 
Salt Dome

Weeks Plant, 
New Iberia, LA

n.a. Strategic
Petroleum
Reserve

1 - 10 x 106 42

.Room-and-Pillar 
Bedded Salt

Seneca Lake, NY 1-10 x 106 Abandoned 1.5 x 106 280

Albert Poulson 
Salt Co.

Room-and-Piliar Redmund Mine n.a. Operating n.a. n.a.

Morton Salt Co. Room-and-Pillar Grand Saline* 
Texas

n.a. Operating 0.9 - 4.5 x 105 ore n.a.

Sifto Salt0 Room-and-Pillar 
Salt Dome

Cote Blanche 
Mine, New Iberia, 
LA

n.a. Operating n * a. n.a.

United Salt 
Corp.

. Room-and-Pillar Hockley Mine* 
Hockley, TX

n.a. Operating n.a. n.a.

^[Nielsen et al., 1978]

n.a. = data not available 

CMorton Salt Co., 1972



Table 5.2. Status and Total Volumes of inactive Minesi3

Company
Mining Method 
and Deposit Location Status

Total Volume of 
Spaces Generated 
(cubic meters)

Carey Salt Co. Room-and-Pillar Lyons, KS Closed since 1948. The 
mine was used in Project 
Salt Vault by the U.S.
A.B.C. It is dry and in 
standby condition.

3.2 x 105

Morton Salt Co.
- Crystal Royal

Room-and-Pillar Kanopolis, 
KS

The shaft in the Crystal 
Mine has collapsed. The 
mine is also partly 
flooded and has been 
since 1948.

17.7 x 105

- Little River Room-and-Pillar Rice County, 
KS

The mine is currently 
used for propane and 
methane storage. Mining 
operations stopped in 
1926. The shaft is 
grouted.

3.2 x 105

- Seneca Lake Room-and-Pillar Seneca Lake, 
NY

Abandoned in 1976. 280

Kingman Mining 
Co.

Room-and-Pillar Kingman, KS The mine has been closed 
since 1913 and is now 
• flooded.

3.1 x 105

3[Brady, 1977]
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isolation of nuclear wastes. Their study is primarily concerned with 
the disposal of high-level wastes and focuses on the domes of northern 
Louisiana (Newchurch, 1975), The main reasons for choosing domes in 
northern Louisiana are:

1. The region is sparsely populated.
2. Because the region is an old petroleum province, extensive 

drilling logs and other geological data are available. In 
addition, there is only one known deposit of petroleum in 
the area.

3. Domes are assumed to be stable, occur near the surface and
2occupy a relatively small area (e.g., 19 domes = 13,000 km

■ ' 2(5,000 ft ); [Newchurch, 1975]).

5.3.2 Attitudes Toward Waste Disposal in Salt Mines
Salt deposits have consistently been favored for the isolation 

of radioactive wastes. Numerous studies have been carried out, in
cluding Project Salt Vault at Lyons, Kansas; the Waste Isolation 
Facility in Bedded Salt by Parsons, Brinckerhoff, Quade and Douglas, 
Inc.; the previously mentioned Institute of Environmental Studies (IBS) 
Project at Louisiana State University; and the NAS 1970 report.

Every previous proposal to isolate nuclear waste in salt has 
met with tremendous public outcry. Regardless of whether such out
bursts are unfounded, they must be taken into consideration, partic
ularly in light of recent anti-disposal legislation (Chapter 3). 
Evaluation visits to operating mines in the salt domes of southern 
Louisiana were cancelled for this reason. The proposed use of the
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abandoned mine at Seneca Lake, New York, for petroleum storage illus
trates the extreme sensitivity of the problem. Farmers and other 
residents of the Finger Lakes region objected to the use of the mine 
for petroleum storage because it could lead to nuclear waste storage.

The attitude of the salt mining industry to the proposed 
project is generally favorable because it allows use of otherwise idle 
property. The sale or lease of part of the property would help defray 
capital investments. Most executives interviewed feel that the 
accumulated experience on the mining and behavior of underground 
openinigs in salt is an asset to the project. Several other points 
were brought out in these interviews:

1. Instances of salt mine abandonment are rare so that most 
attention must be directed toward operating mines. However, 
if an operating mine is used, particular care must be taken 
so that the primary functions (i.e., the mining operations) 
are not disrupted.

2. Mining officials expressed concern for the safety of the 
miners and suggested that a dynamic buffer zone be set up 
between active mining areas and any nuclear waste storage 
operations. At least one additional shaft would be necessary 
to separate the two operations.

3. The development of new mines was suggested as a feasible 
alternative that would eliminate the problems of dual 
functioning and personal safety. However, this alternative 
raised questions about the marketability of the salt.
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4. The questions of ownership and the -methods to be used to 

acquire the mine property need to be carefully examined.
5. Some officials were concerned that while the project may 

be feasible from ah engineering standpoint, state and local 
laws may be major obstacles.

6. Some mining personnel felt that mines in salt domes were 
only suited for non^radioactive- waste disposal because of 
the "acute instability" of the salt over extended periods 
of time.

5.4 Salt Mining 
Every dry mining operation is unique, even though most employ 

the room-and-pillar mining method. As a result, broad generalizations 
are sometimes inaccurate. The diversity in the details of mining 
individual mines is due to both the unusual geology of salt deposits 
and the unique material properties of salt.

5.4.1 Material Properties of Salt
Salt beds are basically plastic, creep extensively and are very 

ductile. In contrast to the associated limestone and dolomite, salt 
has very low tensile strength. This property is a major consideration, 
particularly in bedded deposits where the non-salt sequences provide 
the necessary tensile strength above and below the salt layer.

There is a great discrepancy between the behavior of salt in 
situ and that in the laboratory. In situ, salt is essentially elasto- 
plastic; that is, plastic response creep is not exhibited until the



elastic limit is exceeded. Elastic response is very small itt salt. 
According to Baar (1977), the creep is an attempt to relieve the 
applied stress, and the observed elastic laboratory response is due 
to the applied principal stress ratio as well as the rate of appli
cation and confinement. The effects of creep can by seen in some rooms 
at the Bell Isle Mine in Louisiana (Table 5.1), where the convergence 
rate can be as much as 0.3 m (1 ft) per year. The behavior of related, 
salt-poor sedimentary rock is less plastic and is controlled by the 
associated fracturing.

Bedded deposits are quite extensive laterally, so that most 
changes in extraction ratios develop horizontally. Roof heights vary 
from 3 to 8 m (10 to 25 ft) as allowed by the thickness of the salt 
beds and the required roof support. At the Retsof Mine, roofs are
3.4 m (11 ft) high, pillars are 23 x 24 m (75 x 80 ft) in cross- 
section, and rooms generally 30 m (65 ft) wide; every other pillar is 
23 x 24 m (75 x 140 ft) in cross-section for added roof support. Dome 
deposits are very limited horizontally; for example, the dome at the

2 2Bell Isle Mine in Louisiana is only about 3.9 km (1.5 mi ) in area. 
Roof heights are controlled by material properties of the salt, the 
extraction ratio and the available type of machinery. Most pillars 
are designed by trial and error. The pillars in operating salt mines 
can be up to 40 m (130 ft) tall; however, it is felt that with better 
understanding of "salt mechanics", heights of 46 m (150 ft) can be 
attained (Lefond, 1969).
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The hazards associated with salt mining are directly related 

to the material properties and geology of the deposit. When rooms are 
excavated in salt, the stresses are redistributed. In addition, creep 
in salt produces some stress relief. The observed creep is time depen
dent and has been assumed by some researchers to be constant. The 
creep rates for some Gulf Coast domes approach 0.3 m (1 ft) per year, 
and some mined caverns in Canada have closed completely in 15 years 
(Baar, 1977). Because of the plasticity of the salt, creep does not 
generally affect the permeability of the layer unless the rates in 
different portions of the strata are uneven. The buckling and sepa
ration of beds is also related to stress relief as evidenced at Retsof.

Tensile stress in pillars can produce spelling, forming slabs 
as much as 3.6 to 4.6 m (10 to 15 ft) thick. Present mining procedures 
produce a 90° intersection of roofs and pillars that facilitates 
spelling. Fluid and gas inclusions are also potential hazards in 
salt mining.

Traditional laboratory rock mechanics cannot accurately predict 
the behavior of salt in situ. This observation is supported by both 
Baar (1977) and experienced mining personnel in southern Louisiana.
They insist that the necessary information can only be obtained by 
careful observation and measurement in situ. Because of the plastic 
behavior, the salt fractures also tend to heal, making salt beds below 
275 m (900 ft) practically impermeable (Baar, 1977). As a result, water 
at depth is limited to fluid inclusions and man-related activities.
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5.4.2 Salt Mining Methods
Mining in salt is basically controlled by mining economics, 

the nature of the material and the geology of the deposit. Most salt 
mines use the room-and-pillar method and are entered through vertical 
shafts. These shafts are used to transport both men and materials and 
vary considerably in depth, width, shape and type of construction.
State regulations require that shafts be sunk in pairs with a minimum 
spacing. Shaft sinking is very critical because of the costs involved 
and the danger of flooding. Most shafts must be sealed to prevent the 
seepage of water into the mine, and are used for ventilation as well as 
haulage. The Ventilation is needed to remove gasses generated by mine 
machinery and blasting. Air is carried to the working faces by 
sealing off dormant rooms that create diversions for the air flow. 
Temperatures in the mines are generally high and constant.

Most mines use rubber-tired equipment to transport personnel 
between the underground rooms. The salt is transported from the 
mining face to primary crushers by load-haul-dump machinery on tracks. 
Conveyors may also be used to transport the salt.

The economics of actual production is a function of the 
feasible extraction ratio. This ratio can range from 25% to 75% in 
a salt operation. . The higher values result in greater plastic defor
mation so that a narrower pillar spacing (i.e., a lower extraction 
ratio) is usually employed in highly plastic sections and critical 
areas such as shaft landings. In bedded deposits the height of the
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roof is controlled by the thickness of the salt strata, while in domal 
deposits roof heights are functions of the material properties of the 
salt.

5.4.3 Water Occurrence
The presence of salt deposits normally suggest the absence of 

water or at least moving water. Shaft linings, mining installations 
and machinery are very susceptible to saline solutions. Therefore 
every effort is made to prevent water intrusion in salt mines.

Water occurs mainly in overlying or underlying formations.
Some of these water-bearing formations are aquifers with potential for

6 6 producing in excess of 10 x 10 litres (2.6 x 10 gallons) per minute.
Aquifers underly the producing salt formation at International Salt
Co. Retsof Mine, New York and overly the Detroit Mine in Michigan.
Domtar Chemical Company’s Cote Blance Mine is 90 m (295 ft) below
water level in the Gulf of Mexico. Mining operations are protected
from these water occurrences by impermeable formations. Surface water
seepage along the shaft is also a source of water in salt mines. These
waters collect at the base of shafts. Extensive pumping is employed,
in some cases up to 20 hours/day, to remove water collected.

5.4.4 Seismicity
Seismic activity could present major threats to the stability 

and integrity of underground facilities. Actual response of the 
facility would depend on the magnitude and intensity of the seismic 
activity, the structural material and geologic properties of the
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deposit. Seismic risk of an area is calculated using the above 
mentioned data. In place of more detailed investigations seismic 
risk maps give an idea of the possible effects of seismic activity in 
particular locations. From, this map (Fig. 5.5) it appears that most 
salt deposits occur in low risk seismic zones.

5.5 Limestone

5.5.1 Types of Marine Limestone
Most limestones form in shallow marine environments and are

classified mainly in terms of the method of deposition, source of
organic matter and type of cementation. They often contain considerable
amounts of impurities including clay, silica, biruminous material and
chert (Rooney and Carr, 1971). There impurities may be disseminated
throughout the rock or concentrated in laminae. The following
classification is useful for marine limestones:

Calcareous Limestones. Calcite (Cac0„) dissolves readily in ■ ' ' “  ̂ d
the presence of carbon dioxide. However, there is doubt as to the 
exact solubility of calcite in sea water because precipitation in 
nature is aided by other factors. These factors include:

1. An increase in the temperature of the sea water which in 
turn reduces; the concentration of CO^;

2. The photosynthesis of sea plants which withdraws CO^ from 
the water; and

3. Bacterial activity which produces ammonia and thus increases 
the alkalinity of the water.
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Subsequent consolidation and cementation of the precipitated carbonate 
produces the limestone.

Organic Limestone. There are several basic forms of organic 
limestones, of which reefs are the most prominent. The cores of lime
stone reefs are made up of interlocking and organically cemented corals 
and algae. AS the reef core is buried, there is further accumulation of 
clasitc organic sediments and fragments of the organisms that live on 
the reef.

Clastic Limestones. Clastic limestones are also organically 
derived. They are composed of broken and worn fragments of shells and 
crystals of calcite and are usually coarse-grained and well-sorted.
The finer grains are removed by wave action. Quartz almost always 
occurs as a minor constituent.

Bedding and lamination are the most prominent original 
structural features of limestones and are the points of weakness 
when folding occurs. Because limestones are very brittle and elastic, 
their final structures are controlled by local and regional stresses 
and faulting. For example, in western Kentucky entire sequences occur 
in fault blocks (Dever et al., 1977). Carbonate rocks are also very 
susceptible to dissolution in acidic solutions and readily form 
caverns and karst features. Faulting and fracturing increases the 
susceptibility of limestone to dissolution by increasing the exposed 
surface area of the rock. However, in many instances thick overburden 
counteracts this effect (Parizek, 1978).



5.5.2 Distribution of Limestone Deposits
Limestones occur extensively throughout the world, and mineable 

deposits are readily available in the Untied States. However, most of 
the limestone products in the country originates in the Midwest. This 
concentration of the limestone industry is due to the occurrence of 
high purity deposits near markets for agricultural lime and their high 
accessibility. Figure 5.6 shows the occurrence of major underground 
limestone mines and storage facilities in the continental United States.

According to Rooney and Carr (1971), United States reserves of 
carbonate rock will last indefinitely and are present in all states 
except Alaska, Delaware, Louisiana, New Hampshire and North Dakota.
These limestone deposits were formed almost continuously throughout 
geologic time and range in age from Precambrian to Holocene (Table 5.3). 
Brief descriptions of a few limestone deposits are given below to 
illustrate the diversity in locations, thickness, origin and structure 
that exists in the United States.

Bethany Falls Limestone. The Bethany Falls Limestone is the 
Uppermost member of the Swope formation, a Pennsylvanian rock unit that 
occurs along the Kansas-Missouri border. Outcrops of the Bethany Falls 
member extend from southwestern Iowa to the Kansas-Oklahoma border 
(Parizek; 1978). This limestone has a thickness of 4 to 9 m  (12 to 
30 ft). The upper and lower limestone layers are very distinct and 
separated by a thin, persistent shale layer. The lower layer of the 
Bethany Falls is approximately 2.4 to 3.0 m (8 to 10 ft) thick and is 
fine to coarse-grained. The upper Bethany layer is 3,0 to 3.7 m
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Continental United States. —  (Adapted from Stauffer, 1978).
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Table 5.3. Selected Occurrences of Limestone and Dolomite.

Name Location Age

Vicksburg Is. Mississippi, Louisiana 
and Texas

Oligocene

Calera Is. San Mateo and Santa Clara 
Cos., California

Upper Cretaceous

Niobrara fm.. South Dakota Upper Cretaceous
Bethany Falls Is. Kansas and Missouri Upper PennsyIvanian
St. Genevieve Is. Western Kentucky Upper Mississippian
Salem or Spergen Is. South Central Indiana Upper Mississippian
Warsaw Is. Western Kentucky Upper Mississippian
Guelph Dolomite New York, Michigan and 

Illinois
Middle Silurian

Lockport Dolomite Western New York Middle Silurian
Racine Dolomite Northwestern Illinois Middle Silurian
Brassfield Is. Central Ohio Lower Silurian
Columbus Is. Western Ohio Middle Ordovician
Jacksonburg Is. Pennsylvania Middle Ordovician
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(10 to 12 ft) thick and constts of massive to thick-bedded marine 
limestone. Overlying the Bethany Falls limestone is a 0,9 to 1.2 m 
(3 to 4 ft) bed of clayey shale which acts as a sealant preventing 
seepage of meteoric water into the limestone. The mild dip of the 
limestone is also an asset to industrial development. The Bethany 
Falls member has been extensively exploited for dimension stone, 
aggregate, agricultural lime, lime and Portland cement. Almost all 
of the underground development in and around Kansas City has occurred 
in this limestone.

Jacksonburg Limestone. This agrillaceous limestone outcrops 
in a narrow belt, some 80 km (50 mi) long, that extends discontinously 
from the Schuylkill River northwestward to the Delaware River in 
New Jersey (Bates, 1960). It consists of two fairly distinct, but 
intergradational facies and is greater than 180 m (600 ft) thick in 
some localities. The lower facies is gray massive and crystalline, 
while the upper one is dark, fine-grained and agrillaceous. The 
Jacksonburg is intensely folded with steep dips and some local fault
ing and fracturing. Limestone from the formation has been used for 
over a century in making portland cement.

Salem or Spergen Limestone. The Salem limestone outcrops on 
the east, west, and south margins of the Illinois Basin. According to 
Bates (1960), quarrying is limited to a narrow belt 65 km (40 mi) long. 
Some of its prominent features are: low-dip, stream dissection and
cross-lamination. This generally massive limestone varies in thickness 
from 6 to 27 m (20 to 90 ft).
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Warsaw and St. Genevieve Limestones. These two limestone units 

outcrop along the lower Cumberland, Tennessee and Ohio Rivers in west
ern Kentucky. The structures and distribution of these formations ate 
controlled by complex.systems of northeast- and east-trending regional 
faults (Dever et al., 1977).

The Warsaw limestone is mainly coarse grained and has a thick
ness ranging from 7 to 21 m (24 to 68 ft). The unit is protected from 
erosion in most areas by a cap of younger Hississippian rocks.

The St. Genevieve is composed of a variety of limestones, small 
amounts of shale and some sandstone. The St. Genevieve has three mem
bers with a total thickness of 52 to 73 m (170 to 240 ft) (Dever et al., 
1977).

5.5.3 Mining of Limestone
Most limestone in the United States is mined by the open pit 

method because surface mining is more economical and less destructive. 
While there are many advantages to underground mining, open pit mining 
is more advantageous and highly favored by producers. However, 
because of the depletion of high purity limestone near the surface, 
increasingly stringent environmental laws and increased demand, the 
percentage of underground limestone mines is increasing. As mentioned 
earlier, exploitation of limestone is concentrated in the Midwest 
(Fig. 5.3). Because of the nature of LLW, this study will be restricted 
to underground operations.

Room-and-pillar is the mining method most favored in underground 
limestone operations. Most deposits are exposed in valleys or have
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been dissected by rivers or streams. As a result> most mine entrances 
are horizontal drifts into the sides of hills or walls of adjacent open 
pit mines. A few mines have vertical of inclined shafts, but these are 
almost always more costly in terms of operational maintenance, initial 
expenditure and overall capital investment. As a result, most of the 
underground mines are shallow and lie at depths of 30 to 300 m (100 to 
1000 ft). According to Rooney and Carr (1971) the deepest known lime
stone mine in. the United States is one operated by the Pittsburg Glass 
Co. at Barberton, Ohio. The floor level of the Barberton mine is well 
below 610 m (2000 ft).

The structure of a limestone deposit is controlled by bedding, 
dip and major discontinuities. It is natural then that these same 
features tend to influence the trend of mining and the dimensions of 
rooms being excavated. The basic sequence of mining is drill, blast 
and haul. Horizontal holes are drilled into the mining face, filled 
with explosives and then blasted. After blasting, the loose rock is 
hauled to the crusher to be crushed and sorted. The individual dimen
sions of rooms are controlled by the thickness of the deposit, the 
type of available machinery and the competence of the host rock. For 
example, mines developed in the Bethany Falls limestone in and around 
Kansas City, Mo. are invariably 4.0 m (13 ft) high because shale layers 
are present below the floor and about 0.6 to 0.9 (2 to 3 ft) above the 
roof. Lower floors would result in heave of the shale, and higher 
ceilings would result in roof failure. At the Innerspaee storage 
facility (Appendix B.2), the roofs are 4.0 m (13 ft) high. Pillars
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are 6,0 m (20 ft) square with 15 m (50 ft) centers. Rooney and Carr 
(1971) reported that the rooms in the tunnel mine operated by the 
Mississippi Lime Co. near St. Genevieve, Missouri, are 27 m (90 ft) 
high. In contrast, those of the Pittsburg Plate Glass Co. Mine in 
Ohio are 14 m (46 ft) high. The mining method, the development plan 
for the rooms and the selection of dimensions for the pillars are 
usually based on empirical information. Very little attention is given 
to the principles of rock mechanics, the local fracturing and other 
local discontinuities. These empirical safe mining dimensions can be 
found in several mining reference manuals. For example. Dean et al., 
(1978) states: "It is general knowledge among mining people that spans
between pillars greater than 35 to 40 ft (11 to 12 m) and center-to- 
center dimensions greater than 65 ft.(20 m) result in eventual Collapse 
of the roof, with possible surface subsidence."

5,6 Marble
Marble is metamorphosed limestone or dolomite. The process of 

marbleization produces a new interlocking mosaic texture. Seat and 
stresses from igneous intrusions are normally responsible for the meta- 
morphsis and structural change. Intense folding of the sedimentary 
beds produces various dips within the same stratum. Crumbling is 
usually limited to the axes of anticlines, while flowage produces 
thickening of some bedS. The variations in marble color are due to 
impurities in the original limestone or dolomite. The properties of 
marble are consistently parallel to the remnant bedding, but change 
drastically across the bedding. These variations reflect chemical and
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mineralogical differences between the original layers of limestone 
or dolomite. The mosaic texture of the marble also results in low 
permeability. Like limestone, its solubility depends on climatic 
conditions. Joints are common in marble and become important in 
quarrying. Violent rock bursts have occurred in some quarries. Bain 
(1931) suggests that these rock bursts relieve residual stresses when 
the elastic limit of marble is exceeded.

Marble is used primarily as monumental and dimension stone.
Waste or crushed rock is used as aggregate. Because of the high quality 
needed many occurrences of marble are uneconomical. Marble is produced 
in about 15 states, the major producers being Vermont, Tennessee,
Georgia and Alabama. Most marble production is from quarries. However, 
some underground quarrying is carried out by the room-and-pillar method. 
The production of good quality blocks in terms of consistency and size 
is very important to the industry and strongly influences mine develop
ment and extraction methods. The mining sequence is determined by basic 
structural features such as dip., jointing and bedding. Efficient use of 
these features enhances quality production.

The underground mines are entered through tunnels, drifts, or, 
in some cases, vertical shafts. Blasting is usually kept to a minimum. 
For uniformity and ease of production, the marble is mined in layers.
At the Vermont Marble Co. Mine at Danby, the deposits consist of seven 
distinct layers totalling 15 m (50 ft) (Appendix A). The blocks are 
generally removed by line-drilling perpendicular and parallel to the 
bedding planes. Derricks are used to load the cut stone into railcars
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or trucks. There has been an Increasing use of fork lifts, but these 
are limited to flat-lying deposits. Back-filling such as that prac
ticed at Danby can fill over 50% of the mined spaces.

5.7 Storage of Low-Level Wastes 
in Limestone, Marble or Salt Mines

The previous sections outlined the evaluation of limestone,
marble and salt mines as repositories for low-level nuclear waste.
This evaluation was based on:

1. The geology and distribution of the deposits
2. The characteristics of the spaces generated and associated

hazards, and
3. Competitive use of these mined spaces.

Several conclusions can be drawn from the evaluation:
1. The abundance and wide distribtuion of limestone and salt 

deposits suggest that they could easily provide storage
space for LLW without any unusual disruption of the mining
operation. Although there is currently a poor geographic 
distribution of mines, the wide occurrence of these deposits 
offers opportunities for additional mine development. In 
contrast, deposits of marble are limited in occurrence and 
are usually mined by quarrying.

2. Salt mines could provide effective isolation of low-level 
nuclear wastes. This conclusion is based on the size of the 
mines in bedded salt deposits, their average depths (300 m) 
and their stable and hazard-free spaces. Mines developed in



salt domes are less attractive for LLW storage;' they are 
limited laterally and the effects of creep are more pronounced. 
Also, because development proceeds vertically, use of active 
mines would mean storage of low-level wastes on one level 
while mining advances on a lower level. Such an arrangement 
may not be acceptable. One alternative is the use of the 
entire dome for waste disposal. Low-level wastes could be 
effectively disposed in underground limestone mines provided 
certain preventative measures are taken. These include:
(1) selection of stable and hazard-free mines, (2) development 
of storage facilities in deep m i n e s  within very thick deposits. 
If existing mines do not meet the mentioned criteria, then 
consideration should be given to the development of mines 
specifically for LLW disposal. The varied occurrence and 
wide distribution of limestone deposits could allow for this 
development without any major objections. Marble mines do 
not warrant further evaluation because of their limited 
distribution and inherent geologic problems.
The spaces generated in these operations are adequate but 
far from ideal because the spaces were created as a by-product 
of mining and are not specifically designed for storage. In 
addition, most rooms and supports are poorly engineered. Much 
of this space can be modified but it would be more efficient 
to change the mine plans and designs during the developmental 
stage of operation.



The major hazards are related to water seepage and rock 
stability, and should be eliminated early in the life of the 
mine when plans and designs can be easily changed. Non- 
engineering criteria are also important. Negative attitudes 
toward the storage of radioactive waste in these deposits, 
and economic competition for the mined space could present 
major problems.
Operating mines with extensive depleted zones, particularly 
salt mines, present the most attractive conditions for low- 
level waste disposal.



CHAPTER 6

STORAGE OPTIONS AND COST EVALUATIONS

In this chapter two options for waste storage in. mined spaces 
are discussed; one for room-and-pillar mines and one for multiple bench 
open pit mines.. The cost of storing waste in an operating room-and- 
pillar salt mine is evaluated.

Previous investigations suggest that low-level waste disposal 
is more feasible in operating salt mines than any other mines studied. 
Existing limestone mines are not as feasible because of their relative
ly small dimensions, proximity to urban centers, and shallow depth 
(Chapter 5). An evaluation of waste disposal in an operating salt mine 
would account for most of the considerations inherent in the similar 
use of limestone mines.

6.1 Storage Options 
Any acceptable method of disposal must: (1) effectively isolate

the LLW from the environment while keeping exposure of disposal per
sonnel to a minimum and (2) utilize manageable, accessible and safe 
spaces. 1

Mines were initally suggested as an alternative for waste 
disposal because they appeared to provide necessary isolation. Inves
tigation showed that while physical (bulk) isolation was possible, 
water could effectively transport radionuclides beyond the disposal 
facilities. Most mined spaces are unsuitable for disposal or storage

118
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storage because of (1) poor accessibility, (2) unmanageable size, and 
(3) unstable spaces.

There are some methods of disposal that could utilize certain 
mined spaces. These methods may not meet all established criteria but 
help define the associated problems. These include:

1. Open pit mines
2. Room-and-pillar mines.

6.1.1 Open Pit Mines
This method proposes to store low-level radioactive waste in 

spaces excavated in the undeveloped and undisturbed rock around aban
doned multiple bench mines as shown in Fig, 6.1. Adits will be driven 
from different areas of the final pit. Spaces initially excavated will 
serve as access points, and passage ways to developing storage rooms. 
The actual size and characteristics of the storage rooms would depend 
on depth of pit floor, geology of pit and material properties of the 
formations. If necessary additional spaces could be excavated on an 
outer perimeter, development would advance away from the pit slopes. 
Stability considerations dictate that rooms be excavated beyond the 
immediate influence of the slopes (Fig. 6.2). Access to the facility 
would be by haulage roads developed along benches. Storage rooms 
would be connected by smaller interconnecting corriders. It may be 
necessary to develop a vertical shaft for emergency exit and venti
lation. Otherwise Ventilation would be provided by a small diameter 
borehole to the surface from storage rooms.
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To prevent water intrusions and buildup» a drainage system will 

collect water below the level of the storage facility. Interception 
well points will be distributed along the pit slopes to prevent water 
accumulation and slope failures» This system of drainage pipes and well 
points would divert water to the pumping stations at the pit center, 

Advantages« This method provides effective isolation of low- 
level wastes in readily secured spaces. Access to the facility would 
be direct and controllable. Structural data compiled from mining 
development and exploration would be available for development of the 
facility. Using this data, efficient and stable spaces can be designed.

Disadvantages. There are problems inherent in the use of
multiple bench open pit mines, particularly if storage was not a
consideration at abandonment. Access is limited to haulage roads 
whose stability is directly related to that of the pit slope; slope 
stability is a major hazard in open pit mines. Maintenance of slopes 
and haulage roads would be very costly. Unlike underground mines with 
readily available spaces, in this concept, storage rooms must be 
excavated.

6.1.2 Room-and-Pillar Mines
In this option it is proposed that low-level wastes be stored

in spaces generated by room-and-pillar mining (Fig. 6.3). The dimen
sions of the spaces vary with the mineral deposit and the geology of 
particular mines. Bedded and domal salt, limestone, potash and other 
sedimentary deposits are favored in this option.



LU
a.<
o
CO
LU

^  LU

r«£oC3V- 
□ o  oa a 
1 0 0 a  o a 

10 a o o o o  a 
i o o o o  o o o o  

l a o o o a o a o o a c
i-j ui u  a a  w  i J u u u  a  i I □ □ □ □ □ □  O O O O O C  -rvJ a  D O  C3C3 □  D

-ro aa  do  o  o o o oo <—> o o o a o a o o o o o  d / a  o o o a o o o o o t L .
nc*a o a a  a a  a a cat o a a a a o o o o a o  a  o a a a o c a a a a a c  

i od-3 a a c a a a o  □ a a a a o a  o a o o o o o c a o o o o a o o c i o o c z  
l o a o o o o o a o a a c a o a o o o a o  o o o o c o o a a a o a o o o o c  
l o a o o o a o o o a o  tm o a o a a  o a  a a a o a  o a o a o a o o o o  a  
l o o a a o o o o a o  a a  o o o o a o o o o o o a n D o o o o o o o o c .  

ioooo o a  a a a o a  aa o o o o o a o o o  a a as o o o o a a o o a o  c  
j o q o o  o a a  a o o c -a o a o o  aa a a a a a a c D a  a o o o o o o o o c  
i a □ a  a aa so a o  a o a o o o  o o cao o o ooca  o oo  a o o o o  a m— 

10 o o o o  o o o o  a co a a a o a  ocooo a oca o o o o o c a o o o o c r  
l a o a a o o o o o o  c o a o o o o  d o  oooo c o o o o o a o o o o o  c r  

ioo aa o a o o o o  a coo a o o o  o a o  a a oco o o o o o a o o o o d  
l o o a o a o o o  □ □ □ a a a o a o o o  o o a o o a o a a a a a o a a c :  

a o a o o a a  o o o o t o o a o  o o o a o a o  o a o o a c f O D  d a a ate. 
l o a a o a o a o a a a o o o o a o D O  o o o a c a o o a . £ o a a a o a

cr
CL

LU
Q_<
OCOLU
>-
cr§
z
oCJ
LUCO

123

LU
t—
Z>s

I-
LU
LU
Li.
Og
CM

t it

CO
cr
LU

I-
LU

oin
h-

0 -1-0
i o d d o L  

r a o a  oo a 6- 
IOOOOOO ol_

l o a o o o o a a o c -U  U  U  U U  I ^ LJ U  Ul LJ LJ l— l W  U  W  W  U  U— I LJ U  LJ LJ I— I U-U U  LJ Ul i r .  1 U L J  U U  U  r ■ LJ U  U  t— l U  U  L J U  r I I
a o a o o o a o a a  o a  oao o a  o o o o  o o ca o o c I qo a  o o a o a a o o o a D o o o o c .  
o o o a o a o  o o a a  oca o o o  o a o  oooo co oa o *e^oaa o a o a o o a a  o o o n o n a n c j i  

o o a a o r i o o a o a o o c o  o a o  , & o a  a o o c a o a o g a a  o a o o o a o  n o  oan a na n a  
aaaaarlrfcoo o a a o a c o a  oa  i l i a a o a o o c a  o aa  nf-i o a o a a  c a a a a  o c o a Q a - o  -  a  
a a a o o i X o o o  oo ooco  oo  of^oo a  a a a c a  a a  o ckoo a  a a a a a o  o o o o " o  " o "  co

HI in fl n n n pi r—in n n i—I nr-Cn non I I nni rr 1 i-rr-innnn - *  •

I o o o o o  
iao oao
IOOOO OGO 0 0 D a a coo oa a  n  
i o a a a o p o  a  □  o a  re a  o o o o 
□ o a o o o t o a a o o D C i i a a o D a r . lv

I 0  0  0 C $ 3 0 C 3  O  n n  i   n  n  i-= n  ^ 1 *
I oooo a ooo ooo  a a  c o a o o o  
i o o o o c d Q a o a a a o a o  oo o o

a o o c a a o  00003 oo

OQoaD-O o“o£ 
o o o o o U o U o U a D

^ a o o q a ] o o o * 7a o a o o  a a o o  o oo  = 
^ 0 0 0 0 ^ 7  ooo a a  t o a o  o co o o o o a  °
=  p.O.qooiE: o o o o a o o o o U

o o o o c O o o o o o o c a o o o c o l z z l a a k ^ p a a o o  a To u o a a a c o o  oo o a o o o a o
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Variations of the spaces generated are detailed in Fig, 6.3 

and Fig. 6.4. In the long room section mining (lower half of Fig. 6.4), 
as practiced in some salt domes, pillar lengths can be many times the 
width. The long narrow rooms produced reduce spelling and roof fail
ures. However, most room-and-pillar operations produce regularly 
placed or staggered pillars. The inter-pillar spaces will be the 
storage spaces for the waste pallets (Fig. 6.5).

Rooms will be partitioned to facilitate efficient management 
and ventilation. Concrete or similar materials would partition storage 
units. Partitioning with concrete would be very costly. It would cost 
less to pay mine operators to develop new rooms as in Fig. 6.7. Cost 
estimates for disposal in a room-and-pillar operation in salt mines are 
developed in Section 6.2.

The large dimensions of the inter-pillar spaces allow easy and 
flexible access to the storage spaces. The small dips of most deposits 
utilizing room-and-pillar mining allow wide choices of transportation 
systems. In some storage facilities in limestone (Innerspace Corp., 
Appendix A), road Vehicles, rail and warehousing equipment are used.
Most underground mines would use a system of shafts and rubber-tired 
vehicles. Storage of wastes in an operating salt mine is further 
developed in Section 6.2.2.

6.2 Cost Evaluation For Waste 
Storage in Operating Salt Mines

Inevitably, in any option, the cost of storing wastes becomes 
a major consideration-. Actual costs will depend on the final design.
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This evaluation estimates the initial cost of acquiring mining spaces, 
making them accessible and ready for storage. These figures would be 
a working reference in comparing the various storage options. The 
final design and costs will be functions of engineering, radiological, 
legal and regulatory considerations. Items of this evaluation are:

1. Acquisition of space
2. . Underground transports
3. Shafts and hoists
4. Change in room dimensions
5. Ventilation system

6.2.1 Volume of Wastes
The final cost of the storage facility depends almost entirely 

on the rate of arrival and total volume of wastes expected. However, 
access to the underground storage, i.e., shafts, effectively controls 
the amount of waste that can be taken underground.

Initially, access should be limited to two shafts. Otherwise, 
the mining operation would be unduly disrupted and the costs will be 
prohibitive. These considerations are based on a typical large salt 
mine in a bedded deposit. Two shafts operating a total of five eight-

3hour shifts per day, for 265 days per year could transport 127.2 x 10
3pallets of wastes underground. That would equal 160.27 x 10 , would be 

59% of Blomeke and Kee's 1976 (Chapter 2) estimate of waste accumulat
ing annually by year 2000, and 19% of the DOE (1978) estimate.



6.2.2 Storage in. Room-and-Pillar Salt. Mines
Salt mines developed by roora-and-pillar mining provide readily 

accessible and useful spaces for storage of low-level radioactive waste 
(Stone et al., 1975; Parsons, Brinckerhoff et al., 1976). Results of 
various studies suggest that mined spaces in bedded salt deposits could 
effectively isolate radiocative wastes from the environment (NAS, 1970). 
Low-level wastes (non-transuranic) do not present radiological hazards, 
and heat is not generated.

Operating mines were selected because they are generally hazard- 
free and easily accessible while abandoned salt mines are not readily 
available. Most active salt mines (bedded) have extensive excavated 
areas; these sections of the mines are large enough to provide space 
for the storage operations and for necessary buffer zones, without 
disrupting the regular mining activity. However, only a portion of the 
excavated mine spaces are usually available for waste disposal. Figure
6.6 shows that some space is needed for current mining services and some 
are potentially unstable. As mining progresses, more areas will be 
excavated and some mining facilities, e.g., shafts, will be abanonded. 
These spaces and facilities could then be incorporated into the storage 
facility. A primary concern in the storage of low-level wastes in 
operating mines is separation of mining and storage operations.
Initially two vertical shafts will provide access to and ventilation 
of the facility. The size of the shafts will be determined by the
packaging and rate of arrival of wastes. Shaft A will be used solely

>

for waste transportation and upcast ventilation; shaft B will be used
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for transportation of wastes, men and materials as well as the downcast 
ventilation. Waste will be received at the surface facilities in (55 
gallon) drums. There they will be monitored, assembled on 1.22 m x 
1.83 m (4 ft x 6 ft) pallets in 3 x 2 arrays and transported underground 
via the vertical shafts. Once underground, forklifts will remove the 
pallets from the shaft cage and place them on transporter vehicles. At 
designated storage areas, forklifts will place the waste-pallets in 
storage. A closed ventilation system will remove exhaust gasses and 
radionuclides from the air. A conservative estimate of 40,000 cubic 
feet per minute (1134 cubic meters per minute) of air flow is proposed 
to ventilate active storage rooms, transportation routes and other 
buildings. Experience in Germany (Albrecht and Breest, 1976) has 
shown that radiation exposure to the technicians under these conditions 
could be reduced to 40 millirems. per man-month. United States 
Government regulations allow 5000 millirems per man-year.

Pallets of wastes will be placed in the inter-pillar spaces
(Fig. 5.6). The exact volume of wastes will depend on the span between
the pillars and the pillar dimensions. In every mine these dimensions
change in response to the material properties of the rock and immediate

2 2roof conditions. Each pallet will require 4.65 m (50 ft ) of gross 
mine space (including pillar area). This estimate is based on a free 
space of 0.30 m (1 ft) around each pallet, 3.05 m (10 ft) roof height, 
and two tier stacking. An alternate storage configuration would require 
tight packing of pallets allowing a 6.10 m (20 ft) corridor down the
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center of the room. The 0,30 m free-space and the 6.10 m corridor 
would facilitate handling, ventilation and access.

Most inter-pillar spaces developed by conventional mining are 
adequate but not ideal; they, are open-ended and would require permanent 
walls or stopings to seal rooms after storage. The mining company 
would be asked to change its mining, procedure to produce better storage 
spaces:. This would disrupt the mining schedule, therefore adequate 
compensation will be necessary.

6.2.3 Acquisition of Space
Leasing of Spaces. Spaces for storage and related activities 

could be leased from the mining company. There are no precedents for 
this type of leasing. Therefore, the final leasing rate will have to 
be negotiated with the company concerned. Related considerations for 
determining final or possible leasing rates include (1) duration of 
lease, (2) leasing rate in other mined spaces, (3) shallow land burial 
costs, (A) methods of mine valuation, and (5) nature of wastes,

1. Duration of lease: effective decay of low-level wastes would 
require 200 years of isolation after the cessation of mining. 
This means spaces will be leased for the remaining life of the 
mine plus 200 years; possibly a total of 300 years.

2. Leasing rates in other mined spaces: mined spaces in limestone
and gypsum deposits are used for storage of non-radioactive 
materials. Previously, as in the gypsum mines in Michigan, 
generation of storage spaces was not a consideration during 
mining. Recently, as in some underground limestone storage



facilities in Kansas City, Missouri, mining methods are being 
developed with storage as a major consideration. In Michigan, 
leasing rates are related to rates of comparable surface oper
ations. At Kansas City, the rate includes excavation and 
construction costs as well as the appraisal value of the storage 
rooms. The final rates include construction and operation 
costs, such as ventilation, lighting and maintenance. In 
the proposed facility the rate will cover acquisition.,, costs. 
Shallow land burial costs: cost of this form of disposal varies
considerably from state to state. The variation reflects, in 
part, the different attitudes towards waste disposal. Most
states levy an excise tax of 10 to 16 cents per pound in addi-

3 3tion to the average costs of about $4 per ft ($141.15/m )
(1978). Rates are further dependent on radioactivity in sample, 
the nature of wastes and packaging (United States Nuclear 
Regulatory Commission, 1977).
Methods of mine valuation: the value of a mining property is
defined as the negotiated price between a willing seller and 
a willing buyer. The value is based on the miner s potential 
as a mineral producer. O’Neil (1975) has identified three 
methods to determine the approximate value of a property:
a. The cost approach: this method attempts to determine

the cost of replacing the said property with one of 
equal quality and state.



- b* The market data approach: in this ease, sales or purchases
of similar assets are used to determine the market value 
of the property in question,

c. The capitalized income approach: here attempts are made
to determine the sum of the possible future income 
generated by the property. The sum is then discounted 
•to the present using an accepted interest rate.

None of these methods form a basis for evaluating the leasing 
rate of excavated mine spaces, primarily because the mineral 
resource is already extracted. "The Cost Approach" would only 
be valid if a storage related accident permanently disrupts 
the mining operation. Unless other uses are found for abandoned 
or excavated mine spaces, there is no basis for the "Market Data 
Approach", nor the "Capiltalized Income Approach". It should be 
noted that increasing interest is being shown in the secondary 
use of mined spaces (Stone et al., 1975; Stauffer et al,, 1975; 
and Stauffer, 1978), Suggested and present use include office 
space, storage and manufacturing. Storage of radioactive 
materials is potentially the most hazardous. Therefore, the 
final leasing will have to be negotiated between a "willing 
buyer" and a "willing seller".
Nature of wastes: the nature of wastes to be stored will be
a major factor in the final leasing rate. This is a result of 
negative public reaction and concern of the mining companies 
for their public image. Therefore, because waste is



radioactive, premiums will be added to the normal accepted 
leasing rate.
Cost of Acquiring Space. Initially space must be bought for 

receiving and handling of wastes on the surface, and leased for the 
underground storage operations.

1. Surface space: buildings of the surface receiving and handling
complex will include:
a. Receiving and transfer building
b. Administration and office building
c. Warehouse and machine shop
d. Security building
e. Hoists and shaft housing
f. Ventilation building
For adequate security and isolation of these facilities, an

2 2 area of 2.59 km (640 acres, 1 mile ) will be needed. Assuming
$1,000/acre for surface property, the cost will be $640,000,

2, Underground space: underground space will be needed for:
a. Storage of wastes
b. Buffer zones around the wastes
c. Ventilation airways
d. Shaft isolation zones

■ ' • ' ' )
3In the first year of operation 127.2 x 10 pallets of wastes

■ 2 2 5 2will be stored. Assuming 4.65 m (50 ft ) per pallet, 5.92 x 10 m
of storage space will be required, A buffer zone 200 m wide surrounds
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5the actual storage area and covers 7.80 x 10 (190 acres). The buffer

zone will serve to limit radiation exposure to storage personnel only.
Also9 ventilation airways will be located within the buffer zone. As
the storage area expands, the buffer zone will have to advance in order
to remain effective.

Isolation zones of approximately 60 m (200 ft) radius will
surround both shafts. Actual size of these zones will depend on pillar
strengths and residual stresses. These zones should effectively isolate
the shaft storage activities against excessive radiation. The shafts
will have to be located outside the storage area and buffer zone. The

4* 2isolation areas will occupy 3.03 x 10 m (7 acres).
Initially a total of 1.40 x 10^m^ (341 acres, 0.53 sq mile) of

2underground space will be required. Assuming a leasing rate of $2.00/m 
2($0.19/ft ), the cost would be $2.80 million for the first year.

6.2.4 Transportation and Personnel 
Transporterion. Pallets of wastes will be taken underground 

via the Vertical shafts. They will be removed from the shaft cage by 
forklifts and placed on the transporter vehicles. The transporters 
will carry 6 pallets each trip to the storage rooms. There forklifts 
will remove the waste pallets and place them in storage. Most bedded 
salt mines are horizontal or nearly so. Rubber-tired diesel or diesel 
or electric powered vehicles would perform very efficiently under these 
conditions. Table 6.1 details the number and functions of vehicles 
required per shift. At each shaft two (2) forklifts will be required



Table 6.1. Vehicles Required for Operation of the Underground Repository. —  first year

Machinery 
Type & Quantity Function

Costs ?
Per Unit

?
Total

2 for unloading each shaft
10 Forklifts 4 for unloading transporters 

and storage
2 spare forklifts

15,000 150,000

3 Personnel 
Transporters

2 for transportation of men at change 
of shifts, 1 spare

10,000 30,000

2 Supervisor 
Vehicles

2 vehicles for use by supervisors 5,000 10,000

2 Trucks For transportation of materials and 
supplies

20,000 40,000

3 Waste 
Transporters

1 for each shaft, 1 spare 25,000

Total

75,000

$305,000

136
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to unload the cages and load the transporter vehicles» Four (4) fork- 
lifts will be needed to unload the transporters and store the wastes. 
There will be two (2) spare forklifts. Three (3) transporters will be 
needed; one (1) for each shaft and one (!) spare.

Three (3) vehicles will be required for transportation of 
workers at the change of shifts. One (1) of these will be a spare.
Two (2) vehicles will be required for use by supervisors. Maintenance 
workers will need two (2) trucks for maintenance and transportation of 
materials and supplies.

The forced air-flow of salt particles would increase the annual 
depreciation of machinery due to corrosion.

Personnel. A total of 100 personnel are required underground 
for storage related activity. Table 6.2 details their functions.

6.2.5 Shaft and Hoist Costs
Design. Initially two vertical shafts will be needed for 

efficient storage and protection against radiological exposure. Any 
more shafts could disrupt the mining operation unduly and make construc
tion costs prohibitive. Unused mining shafts could be used for storage 
related activities as the mining face advances and transportation costs 
increase. The mining company could be encouraged to abandon and sell 
these shafts.

. The shafts should be located centrally with respect to the 
proposed and future storage areas. The actual location would depend- 
on the pillar strength and expected stress and strain from shaft con
struction. Under usual mining conditions protective pillars are left
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Table 6,2. Personnel for Underground Storage Activity.

.Personnel 
Per Shift Function

1 supervisor for unloading wastes from shaft
2 Supervisors 1 supervisor for unloading transporters and

storage

10 Forklift 4 for unloading shafts and loading transporters
Operators 6 for unloading transporters and storage

2 mechanics6 Maintenance
Workers 4 maintenance

2 Drivers For Transporters
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at the base of the shaft, or the mining face advances symmetrically in 
relation to the shaft (Daeman, 1972). Because mining was not planned 
to accomodate secondary shaft sinking, extensive rock mechanics studies 
must be performed to protect the integrity of the shaft.

The proposed shafts (Fig. 6.7) will be 3.66 m (12 ft) in 
diameter.with a 0.30 m (1 ft) concrete liner. Grouting and bitumen 
sealing will be necessary to keep water, out of the storage facility. 
Water in most salt mines enters through seepage from the surface and 
upper water-bearing formations• If seepage is severe, water rings will 
be located just below water-bearing formations. The pumping station 
located at the base of the shaft will return water to the surface.

Cage dimensions will be 2.28 m x 152 m x 4.57 m (7.5 ft x 5 ft 
x 15 ft). These dimensions would allow efficient transportation of 
three 1.83 m x 1.22 m (6 ft x 4 ft) pallets per trip. The size and 
facilities of both shafts will be identical except for ventilation; 
shaft B will gave downcast ventilation and shaft A upcast.

Maximum hoist capacity will be 8000 kg (8 tons) from a depth 
of 305 m (1000 ft), at an average speed of 10.0 m/sec (3.05 ft/sec).

Costs. The total construction cost is a function of numerous 
variables and cannot be accurately ascertained until final designs are 
made. The main variables are: (1) size of shaft, (2) total depth,
(3) construction type, (4) shaft lining and (5) rock type.
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Major items in construction costs and their percentage of the 
total cost are given below (bravo Corp., 1974).

Labor 42.2%
Materials 21.8
Permanent Materials 8.2
Equipment Expense 10.5
(Ownership and Operation)
Contractor’s Overhead 17.3
and Profit

Total 100%

According to estimates made by Bravo Corporation (1974), the 
construction costs for a 3.6m (12 ft) diameter, concrete lined, 336 m 
(1100 ft) deep shaft is $15,860/m ($4836/ft) or $5.33 million (1978 
dollars). The estimate is $3197/ft or $3.51 million according to 
STRAAM Engineers (1978) report. Labor costs account for 61%, supplies 
20%, and equipment operation 9%.

The capital hoisting costs varies with equipment type, tonnage/ 
day, depth of shafts and operating time. Again the actual costs cannot 
be accurately determined until final design in made and equipment 
selected.

For this facility single-drum hoists, with 1248 metric tons/day 
tonnage, and an average speed of 10.0 m/sec is proposed. According to 
STRAAM Engineers (1978) estimates for hoisting equipment and instal
lation costs approach $360,000.



6.2.6 Change In Room Dimensions
Spaces generated by conventional room-and-pillar methods are 

adequate but not ideal for disposal of low-level radioactive wastes. 
While these rooms are readily accessible and generally stable, consid
erable costs would be incurred in isolating and ventilating individual 
rooms during stroage. These costs could be reduced and storage logis
tics improved if rooms could be unitized as in Fig. 6,8. Inmost 
mines, pillar-room configurations and pillar sizes are determined by 
the material properties of the associated rock and more directly the 
immediate roof condition. For example, at the Retsof Mine, pillars are 
23 x 24 m (75 x 90 ft) with 20 m (65 ft) wide rooms. Every other pillar 
is 23 x 24 m (75 x 140 ft) for added support. This sequence is changed 
and the pillar dimensions increased when unstable roof conditions are 
encountered. Also, other pillar-span configurations were tried 
previously.

It is almost impossible to predict roof conditions and there 
will always be variations in pillar sizes. However the necessity of 
changing these dimensions could be reduced generally by increasing 
pillar lengths and room width. Actual dimesnions would depend on 
laboratory and in situ rock mechanics investigations. Baar (1977) 
employed this method successfully in potash mines. The Cargill 
Incorporated Belle Isle Mine in Louisiana also used this method 
(Nicola, 1966). These changes result in reduction^of exposed pillar- 
area, reduced pillar strains, and reduced spelling due to tensile 
stress reduction.



In te r -u n i t  access and air

Access
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Transporter
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Fig. 6.8 Unitized Storage Rooms. —  (Modified from Christiansen and Scott, 1975)
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Unit A in Fig. 6.8 shows a storage unit that could result from 

changing the room-and-pillar sizes as stated above. Two adjacent units 
could be connected by access doors. The mining sequence would be very 
simple and direct. Two rooms could be considered as one unit; airflow 
could enter one end and exit the other and ventilation would be very 
simple. Storage would advance opposite to the direction of air flow. 
Central access ways could serve two opposite storage blocks. (A block 
is a sequence of adjacent storage units.) Secondary access could be 
used for services, ventilation and emergency routes. Units B and C, 
both larger than unit A, are alternatives if type A is proved inade
quate. Their interior pillars would provide additional roof support. 
Space generated in unit B would be more than twice that of A; the net 
area of section C would be three times that of A. Ventilation of units 
B and C would be very complex compared with the ventilation of Unit A. 
Possible air flow patterns in these units are indicated by arrows in 
Fig. 6.8. Selection of final'unit dimensions would depend on rock 
mechanics investigations.

Costs. Changing the mining sequence as stated might result in
lower production. Advantages of the stated changes are evident in the
comparison between increased mining costs and the cost of building
concrete partitions.

Assumptions: Room-and-Pillar Operation in a Bedded
Salt Mine

Production: 1.0 x 10^ metric/tons
Rooms: 3.05 m x 18.29 m x 23.4 m x 23.4 m
Pillars: 3.05 m x 22.8 m x 23.4 m
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3Concrete: $100/m

3Salt Density: 2.65 metric tons/m'*

Cost of Concrete Partitions. Calculations were based on 
Christiansen and Scott -(1975) .

5 2Model mine space generated annually 1.24 x 10 m
Net storage space 4.58 x 10^m^

4Cubic meters of ;partitioning required 3.33 x 10
6Estimated construction cost of concrete 3.33 x 10

partitions

Cost of Changing Mining Sequence. Unit A would have about equal
storage area per unit mine area as regular room-and-pillar methods. The
mining sequence needed to produce unit A type storage rooms would cause
major reduction in the amount of salt produced. Assuming $17.00 per
ton for mining cost, generation of unit A storage rooms would increase
costs by approximately $1.00 per metric ton.

6Increased mining cost for 1.0 x 10 metric tons
at $1.00/ ton.......   .000

$1,000,000
Reduction of income tax (48% rate) 480,000
Actual natural partitions costs $ 520,000

Natural partitions (unit A storage rooms) cost approximately $2.8 x 10^ 
less annually.

Production of. unit B and C storage units would increase 
mining costs by approximately the same amount.
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6.2.7 Ventilation
Low-level waste packaged in 208 liter (55 gallon) drums is not 

expected to produce any radiological hazards. Contaminants in the air 
will be generated by mechanical equipment. Enough air will be circu
lated to dilute gasses generated by storage machinery and provide 

34.25 m /minute of free air for each person underground.
A closed ventilation system is proposed. Airflow will enter 

through the downcast tube in shaft B, circulate through the working 
areas, along transporter routes and the active storage rooms, then 
collected at the shaft A, and directed to the upcast ventilation tubes.

Actual flow velocity and volume would depend on (1) distance 
of airflow, (2) size of ventilation tubes, (3) resistance of airways,
(4) dimensions, of storage rooms and airways, and (5) the total inten
sity of the radioactive material in the containers. The system will be 
designed conservatively in terms of current federal and state regula
tions. Airflow leaving active storage rooms will be filtered at the 
rooms and prior to entering the upcast ventilations tubes. Air within 
the storage facility will be monitored regularly to ensure that safety 
standards for exhaust fumes and that current federal standards are met.

P r e l im in a r y  e s tim a te s  suggest 1134.0 cmm (40,000 cfm ) w i l l  

e f f i c i e n t l y  remove co n tam in an ts  from  th e  a i r . -  Based on th e  STRAAM 

E n g in eers  (1978) r e p o r t ,  th e  a p p ro x im a te  c a p i t a l  c o s ts  would be 

$450,000.
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6.2.8 Total Costs
Of all the cost items listed in Table 6.3, the capital costs 

for acquiring subsurface storage space is the most unreliable. There 
is little data available detailing costs of mine spaces for secondary 
use or storage of radioactive wastes. This item is in excess of $2.25 
million/year. If the facility operates at this rate for 100 years, the 
leasing, costs would exceed $225 million. When considering that the 
primary function of the mine has been met and the costs of active mines, 
these figures are questionable. One solution would be to use the annual 
leasing costs as installments on the appraised value of the mine as 
storage space.

Costs of access facilities and shafts will decrease consider
ably with time. Annual transportation costs will cover replacement, 
maintenance and depreciation of machinery. Ventilation costs and com
pensation for changing room dimensions will stabilize except for 
inflationary effects. ,

The capital costs for acquiring storage spaces, making them 
accessible and ready for storage is approximately $12 million dollars. 
Additional data is required on the costs of surface facility and total 
annual operating costs.



Table 6.3. Total Cost Estimate for the LLW Repository. —  first year

Item Discussion 1978 $

Space acquisition Space for surface facilities; $1,OOD/acre 
640 acres

0.640 x 10

Surface space 
underground

Storage rooms, buffer zone shaft isolation zones; 
1.17 x l o V

2.80 x 10

Access shafts 2 shafts, equipment, construction, labor and 
installation

7.02 x 10

Hoists Hoisting equipment, housing, construction 0.72 x 10
Transportation
underground

10 forklifts, 3 transporters, 2 trucks, 3 personnel 
transporters, 2 supervisor transporters

0.31 x 10

Ventilation Capital cost for equipment and installation capacity 
40,000 cfm

0.45 x 10

Change in room 
dimensions

0.520 x 10

Total = 12.46 x 10
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY

7.1 Major Conclusions
Certain mines or mined spaces are viable alternatives to 

shallow land burial, for disposal of low-level,nuclear waste. The 
four primary options are:

7.1.1 Multiple Bench Open.Pit Mines
In this option horizontal drifts (tunnels) would be driven 

from the final pit floor of abandoned mines into the slopes. Caverns 
for waste disposal could then be developed in undisturbed rock. (See 
Fig. 6.1 and Fig. 6.2) .

7.1.2 Room-and-P illar Mines
This mining method provides adequate, accessible and readily 

available spaces. It may be necessary to unitize the spaces by using 
concrete partitions or by changing the mining sequence. These inter
pillar spaces are usually very stable because the mining method is• 
limited to uniform, stable and extensive deposits. The extent of 
these deposits, for example in salt and limestone, allows for use of 
active and abandoned mines. (Fig. 6.5 and Fig. 6.7)
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7.1.3 Specifically Excavated Spaces in Underground Mines

This method would utilize already developed shafts and passage 
ways as access to barren undisturbed rock. The major advantages of 
this option are in the available access and previously accumulated 
geologic data. Actual storage of waste may be possible, only after 
cessation of active mining.

7.1.4 Specifically Mined Deposits
In this option mines would be developed in suitable deposits, 

specifically for storage of low-level radioactive wastes. The deposits 
selected would have favorable geologic conditions and locations.
Mining sequences employed would create storage spaces for efficient 
and safe disposal of wastes.

In each option, extensive and careful planning is necessary to 
allow efficient transition from mining to storage. Effective pre
planning would reduce the effects of abandonment and disruption of 
mining activity in active mines.

7.2 Discussion

7.2.1 Shallow Land Burial .
In establishing criteria for evaluating mines as an alter

native for disposal of LLW, the characteristics, sources and amounts 
of waste generated were reviewed, along with the state of the art of 
shallow land burial. It was determined- that while shallow land burial 
presents no major health hazard, it could, at best, be considered as 
adequate. Any problems or threats previously posed by this disposal
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method can be attributed to poor planning and misunderstanding at the 
beginning of the program. Present Federal and State regulations along 
with active cooperation by operators could effectively improve the 
state of the art of shallow land burial. Most projections of expected 
waste accumulation by the year 2000 could be accomodated at existing 
or projected burial sites. Volume reduction could reduce low-level 
wastes by as much as 400%. However, the present methods Of volume 
reduction are uneconomical. The nature of low-level wastes allows 
minimum packaging and does not cause excessive radiational exposure 
of handlers.

7.2.2 Mines
To be considered viable alternatives, concepts for disposal of 

wastes in mines must effectively isolate these wastes from the envi
ronment and permit ready access. While there are many factors affect
ing the use of mines for this purpose, the overriding one is the mining 
function. The primary function of mining is to extract ore economi
cally and safely. Consequently, facilities are very functional; mined 
spaces and access are designed for temporary use ..and become increasingly 
unstable with time. With the exception of a few special cases, mined 
Spaces are unsuitable for disposal of low-level waste.

The suitability of certain mined spaces for disposal of low- 
level wastes are controlled by the mining method, the geology and 
structure of the deposit. Mining methods were evaluated with respect 
to volumes, sizes, availability, accessibility and stability of the
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spaces generated. All mining methods disturb the stability of 
associated rocks and the spaces generated.

Room-and-pillar mining produces manageable and accessible 
spaces. This mining method is usually employed in uniform, extensive, 
flat lying deposits. The rock is necessarily competent since the rooms 
are usually self supporting. The method is employed extensively in 
limestone, salt and potash mines. Major hazards within these mines 
are unstable roofs and spalling of pillars. Spalling is related to 
tensile stress and 90° intersection of roofs and pillars. Rock 
mechanics principles are either not fully understood or not applied.
In many limestone mines empirical relationships dictate the size of 
pillars and roof spans; in salt mines, particularily salt domes, 
material behavior is not totally understood. Creep in salt mines is 
an additional hazard. With better application of rock mechanics 
principles or, at least, conservative design, hazards associated with 
room-and-pillar mining could be minimized.

Water in mines is potentially a medium for transportation of 
radionuclides outside a storage facility. With the exception of salt 
mines, no dry mines have been found. That is., water was encountered 
in the active mining areas. In most cases water entered mines through 
structural discontinuities. Both ground and meteoric water flow 
through these discontinuities. The flow is often negligible but there 
are instances of flow equaling 500 gallons per minute. Some mine 
spaces were rejected solely because of water occurrence.
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The state of a mining operation is a major factor in deter

mining the suitability of a mining space for disposal of waste. All 
mines go through a series of stages during their lifetime. Access, 
support facilities, mine stability and associated factors change con
siderably during the mining cycle. Mining spaces and schedules could 
be effectively altered at the developing stage, unlike at the operating 
stage when mining activity is in full production. Most concepts for 
waste disposal would unduly disrupt mining, unless the mine was 
designed for storage.

Operating mines with extensive depleted zones could be used for 
storage, provided the spaces (depleted zones) meet changes in mine 
development would not be necessary. Wastes could be stored in the 
available spaces while the mining sequence is changed to provide more 
efficient and stable spaces. This "option" for waste disposal in mines 
is presently most feasible. Major advantages are that maintenance and 
support systems are operational. However, even in extensive deposits 
large sections of the mine spaces are unsuitable for storage because 
instability or use for mine support systems.

Abandoned mines present an alternative to operating ones 
and those in their development stages. However, unless storage was 
planned before abandonment, the disadvantages outweigh the advantages. 
The main advantage is the absence of mining operations and support 
systems; the disadvantage is that the state of a mine deteriorates 
rapidly after abandonment. Generally planning for waste disposal 
before mine development would produce the best storage options.
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Therefore, mines do present a viable alternative to shallow 

land burial for disposal of low-level waste, but use of a particular 
mining space will depend on:

1. Geology of Deposit
2. Mining Method
3. Geologic Hazards
4*. Hydrologic Conditions
5. State of the Mine

7.3 Recommendations for Further Study 
This study investigated the initial considerations in using 

mines for disposal of low-level nuclear waste. Hydrologic conditions, 
packaging, and long term stability of mined spaces are some areas 
that influence the feasibility of waste storage in mines. Their 
effects are not fully understood and Should be studied further.

7.3.1 Hydrology of Mined Spaces _
Adverse hydrologic conditions pose a major threat to the safe 

disposal of waste in mines. In many cases the water flow was con
trolled by preexisting geologic structures. However, it has not been 
accurately determined how the water flow is affected by mining 
activity. There have been various studies on the hydrology of mines, 
but not specifically on the effects of mining activity. Further study 
is needed to determine if changes in mining methods could reduce 
these affects.



7.3.2 Packaging
Hines are expected to provide mainly physical isolation of 

waste from the environment. Packaging is expected to provide some 
containment of the radionuclides. The type and physical character^ 
istics of the packaging could influence the nature of dimensions of 
.storage rooms, and methods of transportation within the facility. 
Additional input is necessary on the expected function of, and physical 
character of packaging. As an aid to efficient ventilation of the 
storage space, the generation of gasses and other radioactive substances 
should be ascertained.

7.3.3 Long Term Stability of Mined Spaces
For this study, it is proposed that wastes be isolated for 

300 years, and that there be effective access for at least 100 years.
A survey of the stability of mined spaces over extended periods could 
indicate what problems could be expected. Deposits and mining methods 
producing stable spaces could be identified. There are mined spaces 
in European and other countries that have been relatively accessible 
after 200 years. These should be cataloged and the pertinent data 
reviewed.

7.3.4 Cost Evaluation
Cost evaluations for the various storage options should be 

developed for cost comparison.



APPENDIX A

, SITES VISITED

A.1 Anamax- Copper Company,
Twin Buttes, Arizona

Copper mining in the Twin Buttes area dates back to 1875.
Various pits have been exploited since then, but only two are 
currently active.

The geology of the deposit is controlled by Paleocene quartz 
monzonite intrusions and north-east trending faults. Mineralization 
consists of chalcopyrite and other sulphite minerals. Host rocks in 
the immediate mine area include Precambrian grandiorite Paleozoic 
"marine sediments, volcanic and lower Cretaceous arkose (Fig. A.l).

The ore body is known to extend at least 3250 ft (990 m) below 
the surface. The two pits have a combined diameter of 1 to 1% miles 
(1.6 to 2.4 km). The ore horizon is overlain by 400 to 600 ft (122 
to 183 m) of loosely consolidated but competent alluvium.

Slope failures are relatively common. The cause of failure 
varies with different mine sectors; north and south walls tend to fail 
. because of regional stress, failures in the alluvium slopes are attrib
uted to monmorillonit swelling. Water occurs in both pits. Springs 
are associated with faulting, fracturing and structural discontunuities.
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A.2 Grace Mine, Bethlehem Steel,

Morgantown, Pennsylvania
The Grace Mine at Morgantown has been abandoned since September 

1978. Operations began in 1956, and terminated temporarily in July 
1978. The mine was closed because of unfavorable economic conditions.

Iron and copper were produced from the Cambrian Elbrook 
Formation which consisted of thin bedded shaley limestone,, marble, 
and associated conglomerates. The mineralization was produced by 
limestone replacement. Replacing minerals were magnetite, pyrite, 
pyrrhotite and chalcopyfite. There is evidence of some faulting 
associated with the diabase (replacement) solution intrusion.

A.2.1 Mining
The ore body, 106 x 457 x 762 m (350 x 1500 x 2500 ft), was 

divided into 6 levels. The basic mining method was a modified Block 
Caving system. In this method main drifts were lined with steel and 
concrete, and used as initial entries. From the main drifts, entries 
were driven to secondary drifts. There fan holes were drilled on 
1-50 m (5 ft) centers and inclined at angles of 45° to 105* with the 
horizontal. Sections of secondary drifts were then blasted. In some 
instances, secondary blasting was necessary. Rail and conveyor haulage 
was used on most levels.

Two concrete lined shafts provided access for men, materials 
and air. Ore was transported to. the surface via skips. Transportation 
within the mine, other than ore haulage, was by rubber-tired vehicles.
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Drifts, entires and runways were the major spaces generated. 

Dimensions were usually 3.8 x 3 m  (12.5 x 10 ft). Of these, only the 
maindrifts were permanently stable. The crusher rooms are 9.2 x 15.2 x
18.3 m (30 x 50 x 60 ft). Undercuts were the spaces generated after 
the ore body was caved and mined. They ran the entire length of the 
ore body and averaged 91.5 m (300 ft) in height. These rooms were 
very unstable due to blasting.

A.2.2 Hazards
Block caving is inherently a very destructive mining method. 

Spaces generated by this method are very unstable. Also there is 
usually subsidence at the surface. Water at Grace Mine occurs on all 
levels and is associated with fracturing and mining induced conduits 
to the surface. Total volume approaches 1800 gallons per minute.

A.2.3 Assessment
This mine is unsuitable for low-level waste disposal, because 

of instability and water occurrence. Also there were proposals to use 
the mine as a reservoir.

A.3 Homestake Mining Company,
Lead, South Dakota

The Homestake Gold Mine has been in continous operations since
1876 and has produced over 32 million ounces of gold and 7 million
ounces of silver (Homestake Mining Co., 1976). It is located at Lead,
South Dakota, in the northern end of the Black Hills. Homestake is
the largest gold mine in the country and mills about 1.6 million tons
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of ore annually. The ore was originally mined' in an open cut south of 
the Yates shaft, but is now recovered from levels that lie as much as 
8,000 feet beneath the valley floor*, The Ore is low grade and averages
0.28 ounces of gold per ton.

The oldest rock in the Lead area is the Precambrian Poorman 
Formation. The rock is characterized by the gray phyHite that contains 
ankerite and minor amounts Of graphite (Slaughter, 1968). The Poorman 
is overlain by the ore-bearing Homestake Formation, which is predom
inately a sideroplesite schist. Host of the gold is native and occurs 
as an alloy containing 17% silver and 1% copper. The native gold is 
associated with pyrrhotite, pyrite, and arsenopyrite in quartz veins 
and pods within the chloritized portions of the schist. The Homestake 
Formation is overlain in turn by 17,000 feet of Precambrian and 
Cambrian phyllites, schists, quartzites, and quartz-pebble con
glomerates. Porphyritic grantic and syenitic intrusives deformed the 
Precambrian-Cambrian rocks during Tertiary time. The metasedimentary 
strata form a complex series of anticlines and synclines whose axial 
planes strike northwest to due north, and dip 65° to 70° east.

Mining methods include sub-level sloping with sandback filling, 
shrinkage, open cut-and-fill, and timber cut-and-fill. There are 38 
levels, 150 feet per level. However, most mining is carried out above 
the 4100-foot level. The deepest point in the mine is 8425 feet below 
the valley surface. The size of the drifts varies from 7% x 7% feet 
to 10 x 10 feet. At the present time, the mine has approximately 200 
miles of tunnels and drifts.
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Subsurface water flows into the mine primarily through fractures 
in the •metasediments, and some water percolates through the sand back
fill material used in sub-level stoping. Seepage through the backfill 
material was measured at 40 gpm, while inflow through fractures is 
greater than 250 gpm in some places. It has been found that the mine 
water inflow increases with depth in the mine. Elecric pumps (two on 
each level) discharge water at a rate of 1500 gpm ot the nearest pump 
above the level. When the water reaches the surface, it is chemically 
treated and used for sand backfilling. If pumping ceased, the mine 
would flood with water.

A.4 Innerspace Corporation, 
independence, Missouri

A large underground storage facility is located at Independence, 
Missouri, 14 km (9 mi) east of Kansas City. The mining and storage 
operation is owned and operated by the Innerspace Corporation.

The spaces were initially generated by room^and-pillar mining 
of the Bethany Falls Limestone (Section 4.5). The resulting pillars 
are 6 m (20 ft) by 6 m  (20 ft) in cross-section and have 15 m (50 ft) 
centers. The celling is 4.0 m (13 ft) to 4.1 m (13.5 ft) thick. 
Initially the mine was not developed for storage, but was a source of 
limestone for aggregate and portland cement.

There are three stages in storage-space development: 
undeveloped, semi-developed, and fully-developed. The undeveloped 
spaces are excavated during the first stage. The walls are then planed, 
sprayed with Gunite and painted for form semi-developed spaces.
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Concrete floors and collars around pillars are added during this second 
stage. The concrete collars help reduce pillar Instability due to 
Shale flow. During the third stage, 61 m (200 ft) long loading docks 
are constructed in the developed spaces. Permanent electrical and 
power facilities are installed after the docks are in place. Temper
atures range from 180C (65°F) in the semi-developed areas to 21°C

2(70°F) in the fully developed areas. As of October, 1978, 0.15 km 
2(1,600,000 ft ) of storage space has been developed. There is also 

2 2a 0.06 km (600,000 ft ) buffer zone between the active mining and 
storage areas.

The storage facility is entered through tunnels and a network 
of bays. Individual storage units are 61 m (200 ft) long and 37 m 
(120 ft) wide. There are four storage units per bay. Vehicular 
traffic is restricted to the bays. Transportation within individual 
units is handled by fork lifts.

Most of the hazards are associated with the mining phase of 
the operation. However, small amounts of water occur where shale layers 
are exposed in the walls of the facility, and are an additional problem. 

The storage spaces hold a variety of materials including:
1. grain
2. industrial equipment
3. road and recreational vehicles
4. company records
5. retail store merchandise.
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Some of the space is also used as offices. The facility shows that 
limestone mines can be safely used for storage. The storage of LLW in 
a similar type of facility is feasible, but would need more detailed 
planning and stricter space control.

A.5 International Salt Company,
Retsof, New York

The Retsof Mine is owned and operated by the International Salt 
Company near Geneseo in western New York. Mining was begun in 1884 by 
the Retsof Mining Company which sold the operation to the International 
Salt Company in 1920. The land adjacent to the mine is used for dairy 
farming.

The mine at Retsof is located in the upper Silurian of the 
Salinas Group. The Salinas Group underlies 22,000 km^ (8,500 mi^) of 
New York State, and dips southward from Lake Ontario to the Pennsylvania 
border. Its thickness ranges from 160 m (524 ft) near Niagara Falls in 
the north to 1,370 m (4,500 ft.) at Salamanca in the south. There are 
five formations in the Salinas Group. Of these, salt is produced only 
from the Syracuse Formation. This formation consists of salt beds, 
gray shale, and dolomite. As many as six major salt beds are present 
which reach a total maximum thickness of 270 m (900 ft) (Lefond, 1969 
and Bates, 1960). The individual salt beds vary in thickness from 
380 mm (1.3 ft) to 167 m (548 ft). At Retsof the salt bed is 5.5 m 
(18 ft) thick and occurs 300 m (1,000 ft) below the surface. However, 
only the middle 3.4 m (11 ft) of the bed is mined because the other
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sections contain shale (Bates, 1960), The entire shale sequence dips 
2° to the south.

The salt deposit is mined by the rooim-and-pillar method. The 
mine is entered through five vertical shafts. The cage in the mine 
shaft-has three compartments, a 2.4 m (8 ft) by 3.0 m (10 ft) base, 
and a height of 7.6 m (25 ft). Additional space can be obtained by 
removing the floors of the cage and hanging equipment from the roof.
The sequence of mining is drill, blast, and haul. Electric caps are 
used in blasting. The base of the mining face is undercut, and then 
the middle and top portions are removed in succession. The excavated 
salt is transported from the mining face to conveyors by load-haul- 
dump rubber-tired machinery. The conveyors, suspended from the roof, 
then convey the salt to the crushers. The excavated rooms are 20 m 
(65 ft) wide, and the pillars are 23 m (75 ft) by 24 m (80 ft) in 
cross-section. Every second pillar is 23 m (75 ft) by 43 m (140 ft) 
in cross-section for additional roof support.

There are no major stability problems associated with the 
mining operation. The only evidence of instability is (1) the buckling 
of floors due to both stress release and bed separation, and (2) 
spelling at the 90° intersection of roofs and pillars. Roof bolting 
and cribbing is carried out as a precautionary measure in the larger 
rooms, such as those used for crushing and storing the rock salt.

The absence of water problems and other hazards make LLW 
storage under such conditions feasible. The size of the mined areas
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and the rate of space generation makes' storage possible in at least 
three situations:

1. Mined spaces in operating mines
2. Mined spaces in abandoned mines
3. New excavations

In order to isolate the storage activities from the operations 
it may be necessary to sink an additional shaft or redesign unused 
shafts. Separate surface facilities will also be needed for the two 
operations.

A.6 Mid-Continent Coal and Coke Company,
Carbondale, Colorado

The Mid-Continent Coal and Coke Company operates five under
ground mines in southwestern Pitkin County, Colorado, which have a 
combined annual output of almost 1 million tons of high-grade metal
lurgical coal (Table A.l). All of these mines are located on the south
western flank of the deeply eroded Coal Basin anticline near Carbondale. 
The terrain is mountainous and has many steep-walled valleys.

The Coal Basin anticline is a dome of Cretaceous and Jurrassic
,sediments formed by the intrusion of a small Tertiary laccolith into 

underlying Paleozoic basement rocks (Collins, 1977). The coal beds 
occur in the tipper Cretaceous Williams Fork Formation of the Mesa 
Verde Group, and are believed to have been deposited in a deltaic 
environment. The bulk of the coal comes from the Coal Basin Seam, 
and 40 to 70 feet of shaley sandstone lie directly beneath it.
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Table A.I. Production Data, for the Mid-Continent Coal and Coke Co.a

Bear Creek Mine 114,740 tons 58,047 tons
Coal Basin Mine 108,928 123,736
Dutch Creek No. 1 Mine 133,884 232,880
Dutch Creek No. 2 Mine 267,302 208,182
L. S. Wood Mine 261,924 . 298,015

Total 886,778 tons 920,860 tons

alNeilson, 1978]
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Fracturing is visible at the surface, particularly in the Vicinity of 
the No. 4 (Bear Greek) Mine. The fracturing was produced by the intru
sion of numerous Tertiary dikes, sills, and plugs into the Mesozoic 
sediments.

Continuous miners extract the coal from the seams and load it 
onto shuttle cars. The shuttle cars then transport the coal to conveyor 
belts which carry it to the surface for processing. After the coal has 
been extracted, the stopes are caved using the retreating longwall 
method. As a result, little or no underground space is left in the 
mined out areas.

Precipitation in the form of rain and snOw is the primary source 
of ground water seepage and recharge, although Coal Creek may contribute 
small quantities of water to the subsurface. The overburden consists 
mostly of low permeable shales and siltstones. As a result, the ground 
water primarily flows into the mining operation through fractures. The 
inflow into the workings fluctuates seasonably depending on the amount 
of rainfall and snow. There exists no regional water table per se, but 
a perched water table has probably developed above the shale and silt- 
stone units. Pumps have been placed at several locations in the differ
ent workings to reduce the water which drains down dip and accumulates 
near the mine face.

A. 7 Peabody Coal Company,
Nucla, Colorado

The Nucla Coal Mine is located in Montrose County, Colorado, 
about 60 miles south of Grand Junction. The strop mine has been in
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operation since 1958 and produced 94,403 tons of bituminous coal in 
1977. There are two pits, one is currently being backfilled for rac
clamation purposes, while the other is being stripped. To date, 218 
acres of mined out space have been reclaimed for grassland and a sani
tary landfill. The active pit has a width of 60 to 70 feet and an 
average depth of 40 feet.

The mine is situated on a topographic plateau in the Paradox 
Basin near Nucla, at an elevation of 5280 feet. The coal is stripped 
from thin lenticular beds in the Upper Cretaceous Dakota Formation.
The Dakota Formation in this locality consists of a cyclic series of 
flat lying sandstones, shales, and coal beds. Coal is also found in 
members of the overlying Mesa Verde Group and the Fruitland Formation.

The pit floor is inclined so that the water can drain into
sediment pools where nitrates, magnesium salts, and other impurities 
can precipitate out of solution. Most of the seepage during the summer 
months comes from irrigation canals on the surrounding grazing and farm 
land. Pumps located in the bottom of the pit transport the water out 
of the mine area. Monitoring wells have also been drilled in the 
vicinity of the mine to detect any degradation in the quality of the 
ground water. Use of this type of mine for waste disposal would be 
equivalent to shallow land burial.

A.8 Rico Argentine Mining Company,
Rico, Colorado

The Rico Argentine Mining Company was one of the major zinc,
lead, and silver producers in Colorado during World War II, but halted



169

operations in 1975 because of low base metal prices. The Rico Argentine 
group of mines is in the western San Juan Mountains of Dolores County 
about one-half mile northeast of Rico. The richest workings occur east 
of the confluence of the Dolores River and Silver Creek. The river 
valley is at an elevation of 8600 feet and is surrounded by mountains 
which rise to an altitude of about 12,500 feet.

Most of the ore comes from massive sulfide replacement deposits 
in the Pennsylvanian Hermosa Formation (McKnight, 1974 and Varnes,
1974). The Hermosa Formation is about 2800 feet thick in the district 
and consists of arkoses, sandstones, shales, and thin interbedded lime
stones. The more abundant sulfides are pyrite, sphalerite, galena, and 
chalcopyrite. The silver primarily occurs in a tetrahedrite-tennantite 
or trace amounts of polybasite, pyrargyrite, and argyrodite. This 
sulfide mineralization is related to the intrusion of a monzonite stock 
and sills and dikes Of hornblende latite porphyry during early Tertiary 
time.

At least eight adits open into the workings, but several are 
caved at their portals. The tunnels have an average width of 10 feet 
and a height of 8 feet. The main entrance tunnel was driven through ,
220 feet of stream gravels into limestone units of the Hermosa, and is 
3 miles long. There are two shafts, seven levels, and numerous stopes 
and drifts in the workings. At present, several levels are flooded 
with water at depths up to 3 feet. Part of this water drains out 
through the entrance to the main tunnel.
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The' Paleozlbc rocks are extensively faulted in the Silver Greek 

area. The two principal faults which intersect the mine workings are 
the Blackhawk and the Nellie Ely. Both faults are marked by mineralized 
quartz veins, and have large quantities of surface water flowing through 
them.

Rain and snow-melt are the main sources of ground water re
charge. Part of the water flows into the mine workings through open 
shafts, drill holes, and numerous small fractures. A small percentage 
of the inflow also passes through the pore openings of the limestone, 
which has a porosity of 13% to 15%. Before the mine workings were 
abandoned, pumps discharged water from the sumps at an average of 200 
gallons per minute (gpm). Today (1978), the total mine drainage flow 
is only 600 to 900 gpm.

A,9 St. Joe Minerals Corp. No. 28 Mine,
Viburnum, Missouri

St. Joe Minerals operates three mines, No. 27, No. 28 and 
No. 29, at the northern end of the Viburnum Trend in southeast Missouri. 
Exploration of lead deposits in southeast Missouri began in the early 
eighteenth century and continued through the present. Various sub- 
districts within this region were exploited; these include Mine 
LaMotte-Fredricktown, Valle Mines, the Lead Belt, Indian Greek, and 
the Viburnum Trend, (Fig. A.2). Of these, the Viburnum Trend is the 
most recent.

The Viburnum Trend, 74 km (45 miles) long is a typical 
Mississippi Valley type deposit. The Precambrian St. Francois
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Mountains east of the Trend is the dominant structural feature.
The sedimentary sequences were deposited in a marine environment 
of barrier reefs and offshore bars. The flat-lying formations 
consits of carbonate, shales and sandstones overlying precambrian 
igneous extrusive and Intrusive rocks. (Missouri Geological Survey,
1975) <,

The Bonneterre Formation, upper cambrian dolomite, is the best 
rock for most lead—zinc deposits in the Viburnum Trend. The thickness 
varies between 61-137 m (200-450 ft). Ore-bearing zones of the 
Bonneterre Formation are controlled by the distance from structural 
highs, the marine environment, and the effects of faulting and frac
turing. Chalcopyrite, shalerite and galena are the main sulfide 
minerals. Copper, nickel and cobalt occur in smaller quantities.

A. 9.1 Mining
Access to St. Joe’s three mines is by vertical shafts. Mines 

were developed from shafts by drifts. Trackless rubber-tired vehicles 
provide all transportation.

Mining practice at St. Joe’s and several other mines in the 
Viburnum Trend is the basis open stope room-and-pillar. The stopes 
are benched because of roof heights. At St. Joe's No. 28 Mine, pillars 
are 7.6 x 7.6 m (25 x 25 ft) on 10.7 m (35 ft) centers and roof heights 
exceed 36.6 m (120 ft). Pillars are irregularly placed to follow the 
high grade ores. Ore is mined by the drill-blast-haul sequence. Total 
production for St. Joe No. 27, No. 28 and No, 29 Mines is about 6000 
metric tons per day. The No. 27 Mine closed in 1978.



A. 9.2 Hazards
Hazards with the Ho, 28 Mine are related mainly to structural 

activity. Faulting and associated fracturing produced very unstable 
roofs in certain parts of the mine. In one area roof bolting and 
structural beams proved inadequate and that section of the mine was 
abandoned. In other areas fracturing threatened the stability of some 
pillars. These were strengthened by use of bolts.

Water occurrence present some problems in the No. 28 Mine. 
Water enters the mine through fractures and fault-related activity.
In some areas volumes approach 200 gallons per minute and pumping is 
necessary. The lamotee formation underlying the Bonneterre Formation 
is the major water aquifer in the area.

A.9.3 Assessment
Mines in the Virburnum Trend and other sub-districts in south

east Missouri should not be used for disposal of low-level nuclear 
wastes. While many mines have useful and accessible spaces, the 
majority are susceptible to flooding and structural instability. Also 
mines could be utilized in less hazardous ways. For example, flooded 
mines in the Old Lead Belt are used for scuba diving. The area is an 
active and important mining district.

A.10 Vermont Marble Company,
Danby, Vermont

The Danby Mine is owned by the Vermont Marble Company and is 
located'"48 km (30 mi) south of Rutland near Dorset Mountain. Mining 
began at Danby in 1905. The marble blocks are produced by the
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room-and—pillar method and used for monumental stone. The land 
adjacent to the mine is utilized for dairy farming.

The deposit is part of the Danby Marble District of the Vermont 
Marble Belt (Fig. A.2), The geology of the district is characterized 
by folding, some faulting, over-turned anticlines, and dikes. Most of 
the quarries in the Danby and Dorset area are in the Lower Ordovician 
Shelburne Marble (Shumaker and Thompson, 1967). The low-grade regional 
metamorphism and folding found throughout the district is the result of 
the Late Ordovician Taconian Orogeny and later Devonian deformation. 
According to Dale (1912), the marble generally occurs between an over- 
lying layer of schist and an underlying layer of dolomite, except 
where there has been faulting. At the Danby Mine the 15 m (50 ft) 
Sequence of marble consists of seven distinct layers, which are used 
as a grading guide. Dolomite, limestone, and cap rock all underly the 
Danby marble. Faulting and jointing are relatively common. Water 
channels related to dikes intersect the deposit.

The room-and-pillar operation is entered through a network 
of tunnels; however, shafts were used in the past. Ventilation 
systems are not necessary because the temperature is 11°C (51°F) 
year round and scrubbers have been installed on the machinery. The 
mining procedure involves grading, undercutting, drilling, removal, 
and backfilling. The marble sequence is graded after the upper lime
stone layer has been removed by drilling. The marble layers are then 
undercut parallel to the bedding. Horizontal holes are drilled at the 
base of each layer and wedges are used to split the beds along the
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line of holes. Finally, vertical holes are drilled to separate blocks 
of marble. The sequence of mining is from top to bottom. Fork lifts 
are used to transport the cut marble. Waste rock is used to backfill 
the mined space, and is piled up within 1.8 m (6 ft) of the ceiling.

Pillars are generally located every 12 m (40 ft) and are 7.6 x 
7.6 m (25 x 25 ft) in cross-section. The pillar spacing may be narrower 
if additional stability is needed. The staggered pillar pattern gives 
rise to a network of irregular spaces.

Hazards result from jointing, tensile stresses in the pillars, 
and water inflow. Spelling of the wall and roof is minor and can be 
eliminated by scaling. It is often necessary to rock bolt some of the . 
pillars to ensure their integrity. Water inflow from nearby dikes is 
a potential hazard, but can be reduced by leaving the rock within 30 m 
(100 ft) of the dike intact.

Underground marble mines do not appear to be suitable for low- 
level waste disposal. Although there are no real instability problems, 
backfilling and water courses present hazards. The deposits are also 
limited in area, so that disposal could only be considered after ah 
operation was abandoned.



APPENDIX B

LIST OF INSTITUTIONS AND 
MINING COMPANIES THAT PROVIDED DATA

Acknowledgement is made to the following individuals, 
institutions and mining companies for providing information, taking 
time to discuss the project, and/or allowing visits to their operations. 
Without their assistance this report would not have been possible.

Carl Benson, Mine Supervisor 
Peabody Coal Company 
Nucla, Colorado

Sandra Brennan
New York Department of Environmental Conservation 
Albany, New York

Milt Ciere, Geologist
Michigan Department of Natural Resources 
Lansing, Michigan

David R. Collins, Research Associate 
Kansas Geological Survey 
Mineral Economics Section 
The University of Kansas 
Lawrence, Kansas

Donald T. Delicate, Manager 
Homestake Mining Company 
Homes take Mine 
Lead, South Dakota

Tom Eyde
Mining Consultant 
Tucson, Arizona

Tom Fudge, Mining Engineer 
Cargill Incorporated 
Salt Department 
Belle Isle Mine 
Belle Isle, Louisiana
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William Grundman, Geologist
St. Joe Minerals Corporation 
No. 27 Mine 
Viburnum, Missouri

Thomas Hood, Vice President 
Vermont Marble Company 
Danby, Vermont

Orval Jahnke, Mine Supervisor
Rico Argentine Mining Company 
Rico Mine 
Rico, Colorado

Henry Klugh, Mining Engineer 
International Salt Company 
Retsof Mine 
Retsof, New York

Joseph D. Martinez, Director
Institute of Environmental Studies 
Louisiana State University 
Baton Rouge, Louisiana

Muriel Mathez
Exxon Company, USA 
Mining Department 
New York, New York

Floyt Mitchell, Foreman
Innerspace Corporation 
Independence, Missouri

Jim M. Mulkey, Vice President, Production 
Morton Salt Company 
Chicago, Illinois

I. G. Pickering
Vice President, Environmental Affairs 

Kennecott Copper Corporation 
Metal Mining Division 
New York, New York

Harry Smedes, L. M. Gard
United States Geological Survey 
Special Projects Branch 
Denver, Colorado



A1 Smith, Foreman
Vermont Marble Company 
Danby, Vermont

Warren Stanford
Anamax Mining Company 
Twin Buttes Operation 
Sahaurita, Arizona

Dr. Truman Stauffer
Department of Geosciences 
University of Missouri 
Kansas City, Missouri

Charles Taylor, Vice President 
Bethlehem Mines Corporation 
Grace Mine
Morgantown, Pennsylvania

William D. Trethewey 
Editor, Mining Directory of Minnesota 

Mineral Resources Research Center 
University of Minnesota

John Turner, Manager
Mid-Continent Coal and Coke Company 
Carbondale, Colorado

Gene Vo Hand, Manager
General Electric Waste Isolation Plant 
Morris, Illinois

George Wistee, Mine Supervisor 
Bethlehem Mines Corporation 
Grace Mine
Morgantown, Pennsylvania



REFERENCES

Albrecht, Egon and H. Ch. Breest, 1976, The development of radioactive 
wastes disposal techniques and the radiation exposure of the 
personnel at Asse pilot plant in Post, Roy G. and Morton E. 
Wacks, eds., Proceedings of the symposium on waste management, 
Tucson, Arizona, October 3-6, 1976: Washington, B.C., U. S.
Govt. Printing Office, ERDA CONF-761020, p. 283-302.

Albrecht, Egon and Franz Perzl, 1978, The research and development
program on waste disposal in the Federal Republic of Germany
in Post, Roy G= and Morton E. Wacks, eds.. Waste management 
and fuel cycles 1978: Tucson, Arizona Board of Regents,
p. 239-251.

Baar, C. A., 1977, Applied salt-rock mechanics: New York, Elsevier
North-HoHand, Inc., 294 p.

Bain, G. W., 1931, Spontaneous rock expansion. Jour. Geol., v, 39, 
p. 715-735.

Bates, Robert L., 1960, Geology of industrial rocks and minerals;
New York, Harper & Brothers, 441 p.

Bldmeke, J. 0. and C. W. Kee, 1976, Projections of wastes to be
generated; Proceeding International Symposium of management 
of wastes from the fuel cycle, July 11-16, 1976, Denver, 
Colorado.

Borchert, Herman and Richard 0. Muir, 1964, Salt deposits: New York,
D. Van Nostrand Company, Inc., 339 p.

Brady, Lawrence L., 1977, Consideration of Kansas salt mines for
potential storage of crude petroleum: Topeka, Kansas Geol.
Survey unpublished report, 16 p.

Brobst, Donald A. and Pratt P. Walden, eds., 1973, United States 
mineral resources: U. S. Geol. Survey Prof. Paper 820,
722 p.

Bruce, F. R., 1957, The origin and nature of radioactive wastes in 
the United States Atomic Energy Programme in Disposal of 
radioactive wastes, v. 1, Vienna I, Austria, International 
Atomic Energy Agency, 602 p.

179



180
Burke, James, 1975, Foreign trade zone subsurface sites in Greater

Kansas City in Stauffer, Truman, Sr. and Jerry Vineyard, eds.. 
Proceedings of Symposium on the Development and Utilization of 
Underground Space, March 5-7, Kansas City, Missouri:
Washington, D.C., National Science Foundation (NSF/BA/T/75/051), 
p. 91—96.

Christiansen, Carl R. and James J. Scott, 1975, Techniques of mining
for secondary use in Stauffer, Truman, Sr. and Jerry Vineyard, 
eds.. Proceedings of the symposium on the development and 
utilization of underground space, March 5-7, Kansas City, 
Missouri: Washington, D. C. National Science Foundation,
(NSF/RA/T-75-051), p. 83-90.

Collins, Bruce A., 1977, Geology of the Coal Basin area, Pitkin County, 
Colorado: Denver, Rocky Mountain Assoc. Geologists (Paper
from the 1977 symposium), p. 363-377.

Cooper, John R., 1973, Geologic map of the Twin Buttes Quadrangel, 
southwest of Tucson, Pima County, Arizona 1:48,000: U. S.
Geol. Survey Misc. Geol. Investigations Map 1-745.

Cummings, Arthur B. and Ivan A. Given, eds., 1973, SME mining engineer
ing handbook: Baltimore, Port City Press, 2 vols., 1306 p.

Daeman, Jaak J., 1972, The effect of protective pillars on the deforma
tion of mine shafts _in Rock mechanics: Berlin, Springe-Verlag,
v. 4, p. 89-113.

Dale, T. Nelson, 1912, Commercial Marbles of Western Vermont: U. S.
Geol. Survey Bull. 521, 170 p.

Dean, Thomas J., Gomer Jenkins and James H. Williams, 1978, Underground 
mining in the Kansas City area ip Stauffer, Truman, eds.. 
Underground utilization: A reference manual of selected
works: Kansas City, Dept, of Geosciences, University of
Missouri, v. 1 of 3 vols.

Dever, Jr., Garland R., Preston McGrain and George W. Ellsworth, Jr., 
1977, Industrial limestone resources along the Ohio River 
Valley of Kentucky: Salt Lake City, Society of Mining
Engineers, ATME, Reprint, SME 1977 Fall Meeting, St. Louis, 
October 1977.

Dravo Crop., 1974, Analysis of large scale non-coal underground 
mining methods: Springfield, Va., NTIS, U. S'. Bureau of
Mines Contract Report S0122059, 605 p.



181
Duguid, J. 0., 1977, Assessment of DOE low-level radioactive solid 

waste disposal/storage activities: U. S. Dept, of Energy,
Washington, D. €., Contract ¥740— Eng.92

Ford, Bacon and Davis Utah Inc., 1978, A study of alternative methods
for disposal of low-level radioactive wastes. Task 2, selection 
of alternatives for further evaluatiop: Salt Lake City, Utah,
NBC-02-77-168, 6 chapt., 2 appen.

Hobson, Nicki, 1979, Written communication. General Atomic Company,
San Diego, California.

Homestake Mining Company, 1976, Homestake Centennial 1876-1976:
Lead, South Dakota, special company report, 97 p.

Kaufman, Dale W., ed., 1968, Sodium chloride, the production and
properties of salt and brine: New York, Hafner Publishing
Company, 743 p.

Kelly, James L., 1977, Geology of the Twin Buttes copper deposit, Pima 
County, Arizona: Trans. Soc. Min, Eng. AIME, v. 262, p. 110-
116.

Kuhn, Klaus, 1973, Asse salt mine. Federal Republic of Germany,
operating facility for underground disposal of radioactive 
wastes in Underground management and artificial recharge. 
Preprint of papers: Tulsa, Am. Assoc. Pet. Geol., v. 2,
p. 741-766.

Kupfer, Donald H., 1970, Geology and technology of Gulf Coast salt; 
Proceeding of symposium. May 1-2, .1967, Baton Rouge, La.: 
Louisiana State University, School of Geosciences.

Landes, Kenneth K., 1968, The geology of salt deposits in Kaufman,
Dale W., ed., Sodium Chloride: New York, Hafner Publishing
Company, 743 p.

Lefond, Stanley J., 1969, Handbook of world salt resources: New York
Plenum Press, 384 p.

Lewis, Robert S. and George B. Clark, eds., 1964, Elements of Mining: 
New York, John Wiley and Sons, Inc., 768 p.

Martinez, Joseph D., 1976, Potential of Gulf Coast salt domes for
isolation of radioactive waste. Reprint from Martinez, Joseph 
D. and Thomas, Robert L., eds., 1976, Salt dome utilization 
and environmental considerations; Proceedings of a symposium 
at Louisiana State University, Baton Rouge, La., Nov. 1976,



182
Martinez, Joseph D, and Robert L. Thoms, 1978, A systems concept of

space utilization in Gulf Coast Salt Domes, in Bergman, Mangus, 
ed., Storage in Excavated Rock Caverns: Hew York, Pergamon
Press, v. 1.

McKnight, Edwin T., 1974, Geology and ore deposits of the Rico
district, Colorado: U. S. Geol. Survey Prof. Paper 723,
100 p.

Meyer, G. L,, 1976, Preliminary data on the occurrence of transuranium 
• nuclides in the environment at the radioactive waste burial 
site Maxey Flats, Kentucky; Transuranium nuclides in the 
environment; Proceedings of a symposium, San Francisco, 
California, November 17-21, 1975; International Atomic Energy 
Agency, Vienna, 246 p.

Missouri Geological Survey, 1975, Guidebook to The geology and ore 
deposits of selected mines in the Viburnum Trend, Missouri: 
Rolla, Missouri, Dept, of Nat. Resources, 60 p.

National Academy of Sciences, 1970, Disposal of Solid radioactive
wastes in bedded salt deposits: Washington, D. C., National
Academy of Sciences, 28 p.

Neilsen, George F., ed., 1978, 1978 E/MJ international directory of 
mining and mineral processing operations: New York,
McGraw-Hill, 5 sections.

Newchurch, E. J., ed., 1975, An investigation of the utility of Gulf
Coast salt domes for storage or disposal of radioactive wastes: 
Baton Rouge, Institute for Environmental Studies, Louisiana 
State University (OENL-Sub-4112-10).

Nicola, Nicholas J., 1966, Long room section mining in salt domes in 
Rau, Jon L., ed.; Second Symposium on salt v. 1 of 2 vols„: 
Cleveland, Northern Ohio Geological Survey Inc.

O’Neil, Thomas J., 1975, Copper mine valuation; Arizona Executive
Office Technical Briefing Note 75-7. Tucson, University of 
Arizona.

Parizek, Eldon J., The geologic setting of greater Kansas City,
Missouri-Kansas in Stauffer, Truman, ed., Underground utiliza
tion; A reference manual of selected works: Kansas City, Mo.,
Dept, of Geosciences, University of Missouri, v. 1 of 3 vols.



183
Parsons, Brinckerhoff, Qnade and Douglas, Inc., 1976, Waste isolation 

facility description. Bedded salt. New York: PBQ&D, ERDA 
Contract W-7405-ENG-26, Y/0WI/STJB-76/16506, 109 p.

Rooney, Lawrence F. and Donald D* Carr, 1971, Applied geology of 
industrial limestone and dolomite: Bloomington, Indiana,
Indiana Dept, Natural Resources, Geol. Survey Bull. 46, 50 p.

Russell, James E,, 1977, Underground storage of nuclear waste: 
Underground space, v. 2, no. 2, p. 91-97.

Shumaker, Robert C., and James B. Thompson, Jr., 1967, Bedrock geology 
of the Pawlet Quadrangel, Vermont: Montpelier, Vermont Geol.
Survey Bull. 30, 98 p.

Slaughter, A. L., 1968, The Homestake mine in Ridge, John D., ad.. Ore 
deposits of the United States, 1933-1967, the Graton-Sales 
volume: New York; Am. Inst. Min. Metall. Pet. Eng.,
p. 1436-1459.

Stauffer, Truman, Sr., 1975, A model of underground development in
Stauffer, Truman, Sr. and Jerry C. Vineyard, eds., Proceedings 
of the symposium on the development and utilization of under
ground space, March 5-7, 1975, Kansas City, Missouri: 
Washington, D. C., National Science Foundation, p. 29-38.

Stauffer, Truman, Sr., 1978, ed.. Underground utilization; A reference 
manual of selected works: Kansas City, Dept, of Geoscience,
University of Missouri, 3 vols.

Stauffer, Truman, Sr. and Jerry C. Vineyard, Eds., 1975, Proceedings 
of a symposium on development and utilization of underground 
space, March 5-7, Kansas City, Missouri: Washington, D. C.,
National Science Foundation, 196 p.

Stone, Ronald B., Paul L. Aamodt, Michael R, Engler and Preston Madden, 
1975, Evaluation of hazardous wastes emplacement in mined 
openings: Springfield, Va., NTTS, U. S. Environmental
Protection Agency, Municipal Environment Research Laboratory, 
EPA-600/2-75-040, PB-250 701, 552 p.

Stout, Koehler S., 1967, Mining methods and equipment illustrated: 
Butte, Montana, Montana Bur. Mines Geol Bull. 63, 97 p.



184
STRAAM Engineers, Inc., (Clement, George K., Jr., Robert L. Miller,

Louis Avery and Philip A. Seibert), 1978, Capital and operating 
cost estimating system handbook. Mining and benefication of 
metallic and nonmetallic minerals except fossil fuels in the 
United States and Canada: Springfield, Va., NTIS, U. S.
Bureau of Mines, Contract No. J-255026, PB-277 348, 374 p.

United States Bureau of Mines, 1975, Mineral Facts and Problems: 
Washington, D. C., Govt. Printing Office, 1,266 p.

United States Dept, of Energy, 1978, Report of task force for review of 
nuclear waste management (draft): Washington, D. C.,
DOE/ER-0004/D, 166 p.

United States Dept, of Energy, 1979, Waste isolation pilot plant;
Draft Environmental statement: Washington D. C., v. 1
of 2 vols., 10 chapts., 13 appen.

United States Environmental Protection Agency, 1975, Cost assessment for 
the emplacement of hazardous materials in a salt mine: 
Cincinnati, Ohio, Municipal Environmental Research Laboratory, 
Environemtnal Protection Agency, EPA-600/2077-215, 184 p.

United States Nuclear Regulatory Commission, 1977, Task force of
federal/state program for regulation of commercial low-level 
radioactive waste burial grounds: Washington, D . C., NRC,
NUREG-0217.

Varnes, D. J., 1974, Rico mining district, Dolores County in
Vanderwilt, John W., ed., Mineral resources of Colorado: 
Denver, State of Colorado Mineral Resources Board and the 
Colorado Mining Association, p. 414-416.

Webster, D. A., 1976, A review of hydrologic and geologic conditions 
related to the radioactive solid-waste burial grounds at Oak 
Ridge National Laboratory, Tennessee: U. S. Geological
Survey, open-file report 76-471.




