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ABSTRACT

Developments of any underground engineering application
utilizing nuclear eplosives involve answering the se ques-
tions one encounters in any new area of technology: What are
the characteristics of the new tool? How is it applicable to
the job to be done? Is it safe to use? and, most importantly,
is its use economically acceptable? The many facets of the
answers to these questions will be eplored. The general types
of application presently under consideration will aso be re-
viewed, with particular emphasis on those specific projects
actively being worked on by commercial interests and by the
V. S. Atomic Energy Comnission.

INTRODUCTION

Underground Engineering Application is the name that has been given
to the group of Plowshare industrial uses that utilize the results of a com-
.;etely contained nuclear explosion. In this paper we will discuss the nature

this new industrial tool, the types of uses that have been suggested and
are under study, the general nature of the safety problems associated with
these uses, and what economic factors must be considered. We will also dis-
cuss the specifics of several underground engineering applications currently
under development.

CHARACTERISTICS OF THIS NEW TOOL

When a nuclear explosive is detonated underground, the initial result is
the release of all of its energy and a large number of neutrons in less than a
microsecond into the few tons of material comprising the explosive canister and
the surrounding rock.

*This work was performed under the auspices of the U. S. Atomic Energy Commission.
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The neutrons are thermalized and captured in the material producing
a variety of new nuclides, some of which are stable and some of which re
radioactive with a variety of half-lives ranging from seconds to thousands
of years. Deposition of such a large quantity of energy in such short time
results in a spherical mass of material having temperatures of over ten
million degrees and pressures of over one million atmospheres. At these
temperatures and pressures, all of the material behaves like a gas or fluid.

In response to these pressures, the cavity filled with gaseous rock
begins to rapidly expand against the surrounding medium, initiating an out-
ward moving spherical shock wave. Figure shows the various steps in the
explosion process for a 5-kiloton explosion in granite. Initially, this
shock wave is sufficiently intense to vaporize additional rock and add its
mass and volume to the cavity. As the shock wave continues to expand, it
is reduced in intensity and when it is no longer strong enough to vaporize
the rock, it breaks away from the cavity and travels away from the cavity
out into the rock (See l msec. in Figure 1). While it is still near the
cavity, the shock wave crushes the rock as if stresses it beyond compres-
sive strength limit. As the shock wave continues beyond, it continues to
produce fractures in the rock, but to a reduced degree until he fracture
limit is reached, beyond which the medium behaves elastically in response
to the pressure wave. These steps are depicted as 3 msec. and 50 msec in
Figure 

The cavity continues to expand spherically until equillibrium is estab-
lished between the pressure of the vaporized rock and water inside the cavity
and the stress field in the rock. The cavity thus produced may stand for a
period of time ranging from seconds to hours or days depending upon the type
of rock, the depth of burial, and the explosive yield. When and if collapse
occurs, the collapse will generally progress upward at about the same di-
ameter as the cavity until the limit of the fracture zone is reached as
indicated in Figure 1. The original volume of the cavity is thus redi5trib-
uted as interstitial volume within the broken rubble filling the cavity or
in apical void at the top of the zone of broken rock. In some materials,
the collapsed material may increase in volume so greatly as a result of
collapse that It will "use up" all of the cavity volume created and collapse
will stop before it reaches the fracture limit.

Figure 2 illustrates the range of effects that have been observed as a
result of varying the depth of burst. All experience has been depicted in
terms of a 30-kiloton explosion in Lewis shale. Also shown in Figure 2 are
the two possible results that may occur when the depth of burst is extended
beyond 12,000 feet.

Figure 3 illustrates the range of effect that has been observed in four
different geologic media. All this experience has been depicted in terms
of a 30-kiloton explosion. As indicated, the size of the fracture zone and
the probability and height of cavity collapse is very much a function of
properties of the medium.

This rubble-filled, cylindrical volume is called a "chimney". For a
30-kiloton explosion, the diameter of the cavity and chimney range from
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80 to 200 feet with the height to diameter ratio ranging from I to 3.
Surrounding the chimney Is a spherical fracture zone centered on the det-
onation point having about 3 to 6 times the cavity diameter. This, then,
Is the basic structure to be utilized In Underground Engineering Appli-
cations.

TYPES OF USES UNDER STUDY

Hydrocarbon Applications

A wide variety of Underground Engineering Applications deal with the
production or use of hydrocarbons. As the energy requirements of our
modern society expand at an ever Increasing rate, our requirements for gas
and oil will grow at such a rate that new resources and development tech-
niques must be found. Plowshare Underground Engineering techniques appear
to be applicable In a number of areas.

Gas and Oil Stimulation

The rate at which gas or oil can be produced from an underground
formation or reservoir Is directly proportioned to the effective permea-
bility of the medium, and to the logarithm of the well diameter. Many
fields have been dscovered in which very large quantities of gas and oil
are present but cannot be removed In an economically feasible manner
because the permeability Is too low.

For this application, Illustrated In Figure 4 the highly permeable
rubble-filled chimney plays the role of a greatly increased well bore.
To the extent that the fractures surrounding the chimney and detonation
point are permeable, they will further extend the effective radius of
the well bore. Thus, creation of such a chimney and fracture system in
a gas or oil reservoir that contains a large quantity of hydrocarbons,
but is not permeable enough to allow them to be economically produced,
will greatly stimulate the rate of production and increase the production
of the in-place reserves that can be recovered through a single hole.
Estimates of the degree of stimulation prior to the first stimulation
experiment, Project Gasbuggy, ranged from 3 to 6 The results of Gasbuggy
as well as plans for future experiments are discussed below.

In-situ Oil Shale Retorting

Several basins In Western Colorado, Utah, and Wyoming contain tre-
mendous deposits of oil shale. The U. S. Bureau of Mines has estimated
that the reserves In the Piceance Creek Basin of Colorado alone represent
320 billion barrels of oil which is about four times the present U. S.
recoverable petroleum reserves. Oil shale consists of a marlstone which
co ntaIns a hydrocarbon called kerogen. When heated to about 6500F, the
kerogen undergoes chemical decomposition into various gaseous hydrocarbons
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including oil and gas vapor leaving a residue of carbon.

The nuclear application envisages the detonation of a nuclear explo-
sive at the base of the oil shale formation, creating a large chimney
filled with broken oil shale (See Figure 5). Combustion would then be
started at the top of the chimney and sustained by air pumped In from
the surface. By drilling several holes to Intersect the base of the chim-
ney, a circulatory system can be established In which air Is pumped In at
the top of the chimney to support the combustion front consuming the re-
sidual carbon. The hot combustion products would then be swept ahead to
heat and retort the raw shale lower down In the chimney and ultimately
to mix with the vaporized hydrocarbons and be pumped to the surface for
separation. This cycle Is shown In Figure together with a demonstration
of how a multiple array could be used to retort the oil shale between
chimneys.

Major questions that Impact on the feasibility of this application
are the probability of collapse at permissible yields, the size of the
particles In the chimney, and the efficiency of the retorting process.
Significant work on the latter question Is being done by the Bureau of
Mines at their Laramie Research Station In a retorting facility capable
of retorting 10 tons of shale at a time.

Gas Storage

Over the last 20 years there has been a tremendous growth In the
use of natural gas as an energy source. There Is every indication that
this growth rate will continue at the same or Increased rate. The major
problem facing the gas distribution Industry today Is the tremendous
fluctuation in demand for gas from week to week and month to month. In
order to avoid having to build pipeline facilities as large as peak de-
mand requires, various means of storing gas near the consuming market to
meet peak demands have been developed. The investment of the gas Industry
in storage facilities to date Is over one billion dollars. Most sorage
has been provided through the use of depleted oil and gas formations.
These have the advantage of very low cost to develop and maintain, but the
rate at which the gas can be removed is limited. Unfortunately, because
of the growth of the gas Industry, virtually all known depleted formations
are presently being used. The other principal eans of storage is II-
quefication and pressurization. This means has high 'deliverability" but
Is much more expensive to build and operate.

The Plowshare application In the gas storage Industry envisages
creating a chl;ney in a very tight, unfractured, Impermeable formation
such as shale or salt and at a location as close to the market as sels-
mically acceptable, and pumping It full of gas. Pressures as high as
lithostatic may be used. The volume used is in the interstices between
the rubble fragments and In the fractures extending out to several
cavity radii from the cavity. Because of the very great permeability
of the chimneys, the dliverability of the chimney is limited only by
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the size of pipe to the surface. Two independent studies of this appli-
cat I on have shown that 50- to I 00-1k i I oton ch i mneys wou I d be very compet i t i ve
economical ly with the other means of storage and have the added advantage
of very high deliverability.

Petroleum Storage

Nuclear chimneys can also be used for the storage of petroleum in
an application very similar to gas storage discussed above. Such a use
appears particularly attractive for off-shore drilling situations or in
the Arctic where it Is necessary to stockpile petroleum while waiting
the arrival of period ic tankers. A 00-lkiloton chimney at a depth of
3,000 feet would produce over 2 x 10 b1bIs of storage t a capital cost
of between I and 3 dollars/bbl.

As for gas storage, an impermeable formation would be required for
petroleum storage in which fractures emanating from the chimney would
terminate before they encountered an extensive fracture system or
ground water.

APPLICATION IN THE MINING INDUSTRY

In-situ Copper Leaching

Another application of Plowshare Underground Engineering which ap-
pears to have great promise is the in-situ leaching of copper ore from
low-grade ore deposits. Throughout the southwest U. S. a large number

of low-grade copper ore deposits exist which contain large quantities
of copper, but in which the copper Is so diffusely distributed that
it is not economical to remove the copper by conventional block cave
mining or by over burden removable and open pit mining. For those
deposits which are sufficiently deep, the application shown in Figure 6
would involve creating a chimney in the ore deposit followed by the intro-
duction of an acid solution at the top of the chimney. As the solution
percolates downward through the broken ore, copper would be leached from
the new surfaces as well as from those fractures accessible to the leach-
ing solution within the rock. The pregnant I i quor wou Id be recovered at
the bottom of the chimney and pumped to the surface where conventional
separation facilities would remove the copper and return the acid to the
top of the chimney for another cycle.

Two methods of recovery are available. One is Illustrated in
Figure 6 in which dr I I holes from the surface have been whipstocked
into the lower chimney region. Down hole pumps would be installed and
used to pump solution to the surface. Alternatively, a shaft and tunnel
below the chimney with collection galleries radiating from the tunnel
could e used.
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A variation of this technique applicable to very shallow low-grade
ore deposits or ones which extend to the surface is illustrated in Figure 7.
For this application, the depth of burial and yield are chosen such that the
dynamic effects of the explosion reach the surface of the ground, but do
not produce a crater. At this depth of burial, a structure called a retarc
is formed which is halfway between a crater and a chimney and has the shape
illustrated in Figure 7 The application is envisioned to involve spraying
leaching solution on the surface of the retarc, recovery of the pregnant
solution at the bottom of the retarcs through a hole or shaft and tunnel,
followed by conventional separation.

One of the major problems of the in-situ copper leaching application
is quite obviously the efficiency of collection of the pregnant solution.
The other major question is the efficiency with which the minerals can
be removed from the broken rock by in�situ leaching.

The methods described above may be applicable to other minerals pro-
viding economical leaching techniques are available. Mineral deposits which
are too deep for manned recovery because of the high temperature are par-
ticularly suitable as well as the recovery of such products as salt and
sulphur.

Block Cave Mining

Reentry to the chimney by means of shaft and tunnel could also be used
for the removal of ore deposits through the use of block cave mining tech-
niques quite analogous to those currently in use in the mining industry.
The advantage of the chimney would be that the rock would be fractured
before block cave mining was attempted. Such a technique would be most
applicable to ores such as taconite, which are so strong that conventional
block cave mining techniques are not practical. A additional advantage
of such a technique would be that the breakage of the ore would probably
be enhanced over that obtained by conventional block cave mining methods.

THE NATURE OF THE SAFETY PROBLEM

For Underground Engineering Applications, the principal safety prob-
lems can be resolved Into two categories, ground motion and radioactivity.

Radioactivity

The radiation safety problem can be broken down into three parts:
off-site safety of the general public surrounding the project; on-site
or industrial safety of project or company personnel; and safety of the
general public from product contamination. I will only lightly touch on
each of these areas to put them in perspective and later papers will
discuss them in much more detail.
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Radioactivity Is produced from three sources:

1. Fission of nuclear materials which produces a wide variety
of fission products radionuclides Including both gaseous and refractory
elements;

2. Tritium and beryllium produced by any thermonuclear actions
Involved In the energy source;

3. Radioactive nuclides produced by neutrons from the explosive
In the components of the explosive and the surrounding environment in-
cluding any casing or grout material.

For applications Involving hydrocarbons, the most severe problem
Is associated with tritium which can be produced In a thermonuclear
reaction or by Interaction of neutrons with lithium in the rock. Because
tritium Is an Isotope of hydrogen, It behaves chemically like hydrogen
and exchanges with hydrogen atoms In hydrocarbons and water. The rate
at which this exchange takes place Is a function of the temperature and
pressure In the chimney. Once the tritium exchanges with the hydrogen,
It Is virtually impossible to separate the tirtium from the hydrocarbon
and dilution Is the only means of reducing the level of tritium contami-
nation. For this reason, hydrocarbon applications require the use of
all fission nuclear explosives and sufficient shielding to reduce the
production of tritium In the soil to a level at which the produced
contamination Is acceptable. For hydrocarbon storage, flushing of the
chimney with air or water would be very effective at reducing the back-
ground level of gaseous radioactivity and would minimize contamination of any
hydrocarbon stored in the chimney.

The only fission product of concern for gas stimulation and gas
storage is krypton-85 a noble gas. If the contamination by this isotope
Is unacceptably high, It can be removed by existing techniques.

For non-hydrocarbon applications such as in-situ leaching of copper,
the hazard from tritium will be confined to the industrial hazard within
the separation or processing plant. Product contamination will involve
only those nuclides which are dissolved by the leaching solution and are
chemically similar to copper. Preliminary studies have indicated that
ruthenium is the only fission product that shows any tendency to follow
copper. The extent of any such problem must be evaluated in an actual
experiment. Conventional electrolytic refining of the copper would
remove even the ruthenium.

The block cave mining applications or shaft and tunnel collection
in connection with -in-situ leaching must recognize problems of tritium
contaminated water vapor which would constitute an industrial safety
problem.

Off-site hazards from radioactivity can occur at the time of the
detonation and during the chimney reentry and product recovery phases.
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In general, the great depth of the Underground Engineering Applications
reduces the probability of escapes of radioactivity at the time of the
detonation to an extremely small number. Great care must nevertheless
be taken in planning and executing these events to avoid the chance of
off-site exposure.

Ground Motion

For almost all Underground Engineering Applications, the primary
off-site safety problem arises from ground motion experienced by sur-
rounding communities as a result of the nuclear explosion. This problem
can be resolved Into three parts: the nature of the source and the
material surrounding It; the nature of the material In the transmission path
between the source and structures of concern; and the characteristics
of the structure and the nature of the material on which It Is built.
Experience has shown that the probability of damage of structures can
be related to the motion they experience. The type of damage most
frequently Involved in Plowshare Underground Engineering Applications
is expected to be architectural, and not structural. Nevertheless,
such damage represents real costs and must be taken into account in the
planning of any Plowshare experiment.

ECONOMICS 

The cost of any Plowshare Underground Engineering Application
Involves three factors. First is the cost of the nuclear explosive and
its detonation. Figure gives a summary of the explosive service
charges published by the Atomic Energy Commission that are recommended
for planning purposes In evaluating Plowshare applications. These
charges Include the cost of the nuclear explosive, its transportation
to the detonation site, and its detonation, but do not include such
costs as the emplacement hole, stemming, cabling, and all other support
requirements.

The second major cost items are those associated with emplacement
of the explosive, stemming, cabling, providing vehicular and construction
support and logistics. These costs can vary quite widely depending on the
depth of burial, the geological locations, and the size of the emplacement
hole required.

The third major category of costs are those associated with the
industrial utilization of the chimney. Involved here would be holes
drilled to recover the product, surface installations of product
processing and refining, and radiation monitor and control of decontami-
nation facilities.

Because of the interaction of rdioactivity production with explosive
cost, diameter, and decontamination facilities required, these three cost
items are intimately related to one another and must be considered together
to realize a minimum cost for an application.
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CURRENTLY ACTIVE PROJECTS

Figure 9 summarizes the location of those projects which are under
active consideration by the Atomic Energy Commission at the present time.

Included here Is the Gasbuggy experiment which is undergoing pro-
ductlon tests at the present time, In the Gasbuggy experiment, a 25-kil-
oton nuclear explosion was detonated at a depth of 4240 feet in a low
permeability gas reservoir in northwest New Mexico in December, 1967.
To date, In excess of 167 mllion cubic feet of gas have been recovered
from the Gasbuggy chimney. Production from an existing gas well about
400 feet away over a nine-year period has totaled about 85 million cubic
feet. The gas produced has been flared and has not constituted a hazard
to test personnel or to the general public off the site. Production tests
are continuing to provide definitive data with which to evaluate the degree
of stimulation of the formation but initial results are quite favorable.

Rulison

The Rullson experiment, which has been proposed by the Austral 011
Company and the CER Geonuclear Corporation is a gas stimulation experi-
ment planned for execution In the spring of 1969 which has been designed
to nvestigate the commercial feasibility f gas stimulation In the
Rullson Gas Field in western Colorado. It will involve the detonation
of a 40-kiloton nuclear explosive at a depth of about 8430 feet, re-
entry of the chimney, and production of gas. A contract between the
Federal Government and Austral/CER was recently signed for carrying out
the project. Under the terms of this contract, Austral will provide all
work and services for the project except the nuclear explosive and related
services such as firing the explosive and direction of nuclear operational
safety procedures.

Dragon Tra I

Dragon Trail Is a gas stimulation experiment proposed by the Conti-
nental Company and the CER Geonuclear Corporation involving the use
of a nominal 20-kiloton nuclear explosive in a gas reservoir formation
about 16 miles south of Rangely, Colorado. The depth of burial of this
experiment Is about 3000 feet. Plans are currently being developed
for the experiment and a detonation in fall or early winter of 1969 is
anticipated.

WASP/Pinedale

Two experiments, WASP and Pinedale, have been proposed for a deep,
low permeability gas reservoir in the Pinedale basin north of Green River,

Wyoming. International Nuclear Corporation, representing a group of six
companies has proposed a detonation of a nuclear explosive in the range
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of 50-kilotons at a depth of approximately 11,000 to 12,000 feet. The
El Paso Natural Gas Company has proposed a similar event at a nearby loca-
t�on in the same Green River basin. This reservoir extends from 10,000 feet
to as deep as ,000 feet and ntroduces a new realm of temperature and
pressure problems associated with these great depths. However, the high
pressures also mean that large quantities of gas are present and so the
economic Incentive for Its recovery is great. For this reason, the tech-
nical problems associated with the emplacement of a nuclear explosive,
the creation of a chimney, the establishment of a fracture system, and
the production of gas from this environment must be faced. These projects
are In the early stage of development and will not involve detonations
for several years.

Sloop

Sloop is an In-situ copper ore leaching experiment proposed by the
Kennecott Copper Corporation for an ore deposit located about nine miles
northeast of Safford, Arizona. The experiment would Involve a 20-kiloton
nuclear explosive buried at a depth of 1200 feet at the base of a low-
grade copper ore deposit. This experiment is under active development
and planning at the present time and a detonation the late spring or
summer of 1970 is anticipated.

Ketch

In the fall of 1967, the Columbia Gas System Company proposed a
joint industry-government experiment to explore the possibility of using
nuclear explosives to produce underground gas storage facilities. A
24-kiloton experiment, named Project Ketch, was proposed. At the present
time, the company is considering three locations in the middle Atlantic
states as indicated in Figure 9.
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and hydrology of the Nevada Test Site in which considerations of
ground water migration and distribution coefficients, the kind of
things one must look for in water, are treated quite lucidly and I
might say that to my knowledge at least there has not been any
documented evidence of any ground water contamination from nuclear
detonations.
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