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During a presentation in June of this year Mr. Tom Pelican, President, Colorado
Interstate Corporation, referred to nuclear stimulation as a teenager.1 Since
documentation of both industry and government consideration of this peaceful
application of nuclear explosives dates back to 19S8, the technology is indeed a teenager
in terms of years. It has passed through its infancy, during which period it was regarded
with both skepticism and hope for its future. Much study and careful nurturing attended
its faltering first steps. Now it has grown to adolescence. It is not an unknown quantity,
although there is much to be learned qbout it. It has shown, through Projects Gasbuggy
and Rulison, that it can do the important job of safely increasing gas production. Now it
is at the threshold of adulthood. A few more tests can delineate its capabilities and its
value to society. At the same time, it suffers from the mistrust and suspicion with which
some people look upon unusual teenagers, both human and technological.

This paper examines the technical bases of this emerging technology, its potential
for increasing the gas supply of the United States, and some of the charges which have
been leveled against this precocious teenager.

TIGHT ROCKY MOUNTAIN NATURAL GAS RESERVOIRS:

Figure 1 shows the locations of major sedimentary basins of the Rocky Mountain
region of the United States. Consideration of nuclear stimulation has focused upon the
Green River, Uinta and Piceance Basins near the common boundaries of the states of
Wyoming, Utah and Colorado.

Evaluation of the natural gas resource base by a Task Force of industry and
government experts1 has produced the following estimate of gas in place in the Fort
Union and Mesa Verde formations in portions of those Basins.

1. Thomas L. Mican, Nuclear Slimuhlion • Will it Contribute lo our CM Supply?, Presented to
Wttttm Confennce of Public Service Commission, Portland, Oregon, June 6,1973.

2. Fins! Report of the Natural Cat Technical Force for the Technical Advisory Committee of the
National Gas Survey by the Federal Power Commission submitted April 1,1973.
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Green River Basin. Wyoming 120 to 26$ 240
Pkeanee Basin. Colorado 14$ to 240 210
Uinta Basin, Utah 240 lo 340 ISO

Tola! 600

This estimated 600 trillion cubic feet of natural gas in place is distributed in fens
to hundreds of individual gas-bearing strata distributed over intervals of from 2,500 to
4,300 feel Ihiefe, Low permeability <st metnum of the ability of flukt to move through
the rock) is a fundamental problem precluding development. Conventional exploration
has revested that the tow permeability and heterogeneity of the reservoir rock containing
this enormous resource base preclude production through the use of She existing well
completion technology and under the economic conditions of existing natural gas
production. At the same time, exploration has reveal*** the reservoirs nave characteristics
essential to consideration of nuclear stimulation,

1. The gas-bearing sands are at depths mush greater than needed to assure that
an underground nuclear explosion will not break through the ground surface.

2. The potential pay sands are widely separated from strata permeable enough to
permit motion of ground water, and are not interbedded with permeable
wcter-bcaring strata.

3. The reservoir areas are sufficiently remote that underground nuclear
detonations can be performed without financial loss or injury to any third
party.

4. Forty to fifty percent of this resource base is potentially recoverable with
nuclear stimulation at gas costs below those associated with non-conventional
sources being developed.

The distinction between these tight gas reservoirs and those already producing is
shown by the failure of conventional exploration techniques to yield information
regarding the producing characteristics of tight reservoirs, though they do reveal whether
gas is there.

Location of potentially productive intervals, and estimates of gas in place, can be
derived by conventional logging and core analysis techniques. However, when a drill stem
test is performed by isolating an interval of tens to hundreds of feet of open hole with a
packer, gas flow through tubing to the surface is generally recorded as "too small to
measure". Further, when the pressure recorder is recovered from the drill stem test tool,
it is generally found that even determining reservoir pressure would require leaving the
packer in place for a period of days to weeks.

Although adequate for most exploration purposes, the normal laboratory
measurement of permeability gives grossly erroneous results for these tight reservoirs. For



these tests, the core Is dried and passage of fas through the core is then measured at near
atmospheric pressure. However, the very low permeability reservoir rock is sensitive to
both water stturatton of the pores in the rock and to pressure exerted by the
surrounding formation. This results in permeability under reservoir conditions being
one-tenth to one-twentieth of what conventional laboratory tests indicate.

It costs much more to establish the producing characteristics of these tight
reservoirs than it does to simply determine that commonly used well completion
techniques cannot result in commercial production. As a result, accurate determination of
the producing characteristics of the sandstone strata in the thick Fort Union and Mesa
Verde formations in the Rocky Mountain area have been made only for those welts
drilled as a part of research projects.

FACTORS DETERMINING STIMULATED PRODUCTION,

The predicted production-related effects of a single one hundred kitoton
detonation at a depth of 10,000 feet in the Green River Basin are illustrated in Figure 2.
At the time of detonation, phenomenally high pressure and temperature would create a
spherkai cavity with a radius of 88 feet in a fraction of a second. Growth of this cavity
would be accompanied by crushing of the rack within (20 feet to such a degree that
there would be no significant resistance to flow of gas. Between 120 feet and 220 feet,
fracturing of the rock by shearing would decretive the resistance to the gas flow by a
factor of 20 or more. The tensile fractures created between 220 and 440 feet from the
explosive would open and close rapidly so that their existence would have little effect
upon the strength of the rock and they would only slfgiitly increase the permeability or
case with which gas can (low through the rock. Beyond 440 feet, the nuclear detonation
would have no influence on the ability cf gas to move through the rock.

Any gas-bearing sandstone strata in the 440 foot depth interval between the top
and bottom of the 220 foot radius of shear fracturing would experience stimulation from
the nuclear detonation illustrated in Figure 2. However, it is doubtful whether the tensile
fractures above and below this region would provide sufficient permeability for gas to
flow vertically to the stimulated interval.

The central portion of Figure 2 illustrates a column of broken rock which would
exist due to collapse of weakened rock within the zone of shear fractures into the
spherical cavity produced by the detonation. As rock fatis into the cavity, the individual
pieces do not fit together as tightly as in the original formation. By the time "chimney"
growth has progressed to a height of 220 feet above the detonation point, SO percent of
the void volume is distributed through broken rock and 50 percent is in a cavity at the
top of this "chimney" of broken rock.

At the Wagon Wheel location in the Green River Basin, the distribution of
potential pay sandstones has been carefully studied in the depth interval from 8,000 feet
to 12,000 feet. One hundred thirty one separate sandstone strata with an average
thickness of 5-1/4 feet contain a total of 252 billion cubic feet (Bcf) of natural gas in
place. However, a single nuclear detonation, as illustrated in Figure 2, would stimulate
production from only about 12 percent of this vertical interval. By detonating multiple
100 kiloton explosives in a single well, as illustrated in Figure 3, the vertical extent of



the stimulated interval is expected to be increased to 2,800 feet. Since potential pay
sands are distributed in groups, stimulation or production from 207 of the 252 Bcf in
place is anticipated.

Figure 4 reveals the small portion of reservoir volume whose producing
characteristics are altered by nuclear stimulation. As previously discussed, large change in
permeability or ease with which gas can move through rock occurs only to a radius of
220 feet. The area within that radius is less than three and one half acres. Since this is
only about one half of one percent of a square mile, only that fraction of the gas in
place per square mite, or I.I Bcf, is in rock whose producing characteristics would be
substantially altered by the nuclear detonations. In actual practice, the well shown in
Figures 3 and 4 is expected to result in production of about 21.2 Bcf in twenty years
and about 32.4 Bcf in fifty years. It is therefore apparent that the vast majority of gas
produced will have to move through rock whose characteristics are not altered by the
nuclear detonations.

The effect of increasing nuclear yield on lateral extent of the stimulated region is
small. For example, if the yield of a single explosive were 1,000 kilotons rather than 100
kilotons, the radius of shear fracturing or substantial permeability increase would be
increased to only 474 feet. This would slightly more than double She radius of
permeability increase but would increase long-term rate of movement of gas through rock
beyond the range of nuclear effects by only about 75 percent.

STATUS AND POTENTIAL OF NUCLEAR STIMULATION TECHNOLOGY:

This seventeen year old developing technology is similar to a human of the same
age in many respects. In some areas, a high degree of maturity has been achieved, Other
aspects of development are in progress, but additional experience is essential before its
ultimate contribution to society can be defined. However, assessment which takes into
account remaining uncertainty indicates dramatic potential for increasing U. S. natural gas
supply at costs to consumers competitive with other energy sources.

Substantial maturity has been reached in understanding mechanical effects of the
nuclear detonation and in refinement of procedures to assure no financial loss or injury
to members of the public as a result of nuclear detonations. More than 300 underground
nuclear detonations have been accompanied by development of accurate methods to
predict (i) chimney height, (ii) dimensions of the various fractured regions and (iii)
ground motion at all distances. The height and volume of the chimney produced by the
first nuclear detonation in a natural gas reservoir (Project Gasbuggy) were as predicted
before the detonation. Dimensions of the various fractured regions and the magnitude of
ground motion were predicted much more accurately than is possible today in predicting
shape and extent of fractures produced by well completion techniques which are in
widespread use.

Evaluation of any conceivable effect upon public health and safety for nuclear
detonations is carried to an extreme which would be widely viewed as ridiculous if
applied to normal day-to-day activities. Each nuclear stimulation project is accompanied
by expenditure of hundreds of thousands of dollars to define potential radiation
exposures so low that many thousands of nuclear detonations would be required to
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approach the radiation exposure from only one of the more common sources, such as a
TV set or a single dies? x-ray.

Information presented in the three portions of the attached Table summarizes
major elements of the history, present status and future potential of nuclear stimulation
technology.

The previous projects, Gasbuggy and Rulison, have been evaluated with published
reports providing exhaustive detail.3 In addition to assuring public health and ssfety, the
principal considerations in locating and designing the Gasbuggy experiment were to
develop scientific understanding of the mechanisms leading to increased gas production
and of the factors determining gas quality in terms of both chemical composition and
radioactivity. A single sandstone formation 300 feet thick was stimulated by detonating
the explosive in massive shale below that sandstone with depth and yield selected so that
the resultant chimney top was at the top of the sandstone formation. The relatively
shallow depth of about 4,000 feet resulted in minimum cost for the drilling of five welts
through the formation being studied and for reentering the emplacement well far
production testing.

The Rulison location and depth (about 8,400 feet) provided experimental data
directly applicable to evaluation of nuclear stimulation in the 2,500 foot thick Mesa
Verde formation in the southern half of the Piceance Basin. The tabulated range of
values for gas in place per section in the interval stimulated in Rulison and the 25-year
production extrapolated from experiment data are indicative of the uncertainty resulting
from difficulties in establishing producing characteristics of the reservoir rock whose
properties are not altered by the nuclear explosion.

The projects in progress, Rio Blanco and Wagon Wheel, reflect design and
demonstration-scale experiments to investigate economics of nuclear stimulation in areas
where the technology appears promising for commercial-scale production. Although the
three Rio Blanco explosives have been detonated, the resultant chimney has not yet been
-centered for production testing. Therefore, the effects tabulated reflect predictions made
prior to the detonation using techniques developed in conjunction with the Gasbuggy and
Rulison experiments. One important result of that experiment is clear and reassuring.
Ground motion produced by simultaneous detonation of the three 30 kiloton explosives
spaced to stimulate a 1,300 foot depth interval is somewhat less than would result from
detonating a single 90 kiloton nuclear explosive at that same location.

The report written by the Natural Gas Technology Task Force for the Technical
Advisory Committee of the National Gas Survey by the Federal Power Commission2

reflects a major and authoritative assessment of the potential for future production from
the 600 trillion cubic feet of natural gas in place estimated to exist in the Green River,
Uints and Piceance Basins. The study considered potential future development by both
nuclear stimulation and massive hydraulic fracturing technologies. Nuclear stimulation
cases examined in detail by the 24-member Task Force and the results of that study are
reflected in the last three columns of the attached Table and in Figure 5.

3. U. S. AEC, Nevada Operations Office; NVO-86 (Rev. -3) Reports Available in Plowshare Open File,
Jury 1973.



This study was completed before detonation of the Rio Blanco explosives and did
not reflect the possibility that ground motion resulting from simultaneous firing of
multiple explosives would be less than that from firing a single explosive whose yield was
<:qual to the sum of the individual explosives. Sequential firing of four to six explosives
in --ach well with 3 time delay of a few minutes between detonations was assumed
essential to minimize potential damaging effects of the ground motion. The indicated
ranges of potential production and wellhead cost reflect the consensus of the Task Force
regarding present uncertainty in producing characteristics of reservoir rock whose
properties would not be altered by the nuclear detonations.

The Task Force conclusion regarding potential future production from full
development of all three basins with nuclearly stimulated wells is shown in Figure 5. Peak
deliverability in the range of 2-1/2 to 7 trillion cubic feet per year would be achieved
during the first decade of the next century. For the 120 to 240 well per year rate of
development judged credible, cumulative production through the year 2000 would lie in
the range of 29 to 88 trillion cubic feet. Production would continue for roughly 100
years and the ultimate production from two wells per square mile could lie in the range
of 40 to SO percent of the estimated 600 trillion cubic feet of gas in place.

More detailed discussion of reservoir characteristics, productive life of a well,
mode of firing (simultaneous versus sequential), explosive spacing, explosive design,
explosive availability, explosive cost and water production, as well as the economic
parameters employed by the National Gas Survey Task Force are provided in the
attached Technical Appendix to this paper.

PUBLIC ISSUES:

As mentioned in the introduction, this seventeen year old technology suffers from
the mistrust and suspicion with which some people look upon unconventional teenagers,
both human and technological. The tenor of the times is such that the positive and
encouraging information previously set forth receives little public notice in comparison to
statements or accusations which encourage suspicion and, in some cases, even fear.
Comments an several such statements or accusations follow:

The quality of gas produced following nuclear stimulation is lower than for gas produced
from the same formation by non-nuclear means.

The high temperatures and pressures associated with a nuclear detonation cause
chemical breakdown of carbonate (limestone or dolomite) minerals contained in the
sandstone with resultant production of carbon dioxide. At the sar. > time, complex
chemical reactions occur between that carbon dioxide, immobile (connate) water released
by high temperatures and the small amounts of coal or other hydrocarbons in the
formation. Over a period of weeks to months, cooling results in termination of these
reactions. At that time, the quantity of methane (principal constituent of natural gas) is
greater than originally existed in the reservoir. In addition, carbon dioxide, carbon
monoxide and hydrogen produced by the earlier reactions are stored in the chimney. As
the well is produced, these gases are Hushed from the chimney by natural gas moving
from the formation and through the chimney to the producing well. After flushing, the
composition of gas produced is the same as for wells completed without use of nuclear
explosives.



The primary chemical contaminant during early production from the chimney,
carbon dioxide, is produced in comparable concentrations throughout the life of many
wells in other parts of the country. Operation of those wells has demonstrated the
effectiveness and reasonable cost of processing such gas to marketable quality.

Since neither Gasbuggy nor Rulison has been connected to a pipeline, gas produced by
nuclear stimulation is obviously unsafe.

One idiosyncrasy of the United States law is that although there is no government
regulation of natural radioactivity or radiation exposures incurred in medical diagnosis,
any introduction of man-made radioactivity into any consumer product, no matter how
small the quantity, must be preceded by AEC adoption of regulations governing such
introduction. The mlemaking procedure leading to such regulations is both expensive for
the applicant and time-consuming for all parties involved. To date, neither industry nor
government has judged development of gas resources with nuclear stimulation to be
sufficiently imminent to warrant initiating this rulemaking procedure. However, Mr.
Thomas L. Pelican has indicated that Colorado Interstate is presently preparing an
application to file with the AEC in 1973 which will trigger the involved process to
determine if and under what conditions gas from the Rulison well can be mai^eted.1 In
the meantime, several careful assessments of potential radiation exposure to consumers of
natural gas produced following nuclear stimulation have produced unequivocal evidence
that human radiation exposure would be much less than is commonly accepted as a result
of a single diagnostic x-ray, of viewing color TV or of living in a home with brick rather
than frame siding.

Predictions of the production which would follow nuclear stimulation are overly
optimistic because the fractures will heal with time.

Following production testing of the Gasbuggy well in 1968 and 1969, a
cumulative 20-year production of 900 M2cf was predicted for that well. After a
3-1/2-year shut in period, production testing has been resumed in 1973. On July 31st of
this year, cumulative production since the well was completed totaled 367.6 M3cf of
which 295 M'cf was hydrocarbons which would have been marketable if regulations
existed regarding the small quantity of man-made radioactivity contained therein.
Virtually all chemical contaminants produced by the detonation have been flushed from
the well and no special processing facilities would be required to meet contractual quality
specifications if this well were tied to the gathering system which exists at its location.
Observed drawdown of a pressure monitoring well 120 feel from the chimney wall clearly
reveals that a permeable fracture system still exists outside the chimney five and one-half
years after the detonation and after production of one-third of the gas previously
predicted to be producible in twenty years.

1. Thomas L. Pelican, Nuclear Stimulation • Will it Contribute to our Gas Supply?, Presented to
Western Conference of Public Service Commission, Portland, Oregon, June 6, 1973.

2. Final Report of ihs Natural Gas Technical Force for the Technical Advisory Committee of the
National Gas Survey by the Federal Power Commission submitted April 1,1973.



Nuclear stimulation cannot result in favorable economics.

This statement is generally supported by citing university studies wherein a gas
cost is deduced from the reported experiment cost and calculated long-term production
from Gasbuggy or Rulison. Such studies fail to recognize that the cost of a research
experiment is enormously greater than the per well cost which would exist during field
development and fail to recognize the economic advantage inherent in using multiple
explosives to stimulate each well.

// is unreasonable to expect people to accept the inconvenience imposed by ground
motion due to nuclear stimulation during field development.

This argument is most widely used by people who have never lived or been
present in the area of a nuclear stimulation project. The fact is, the vast majority of
people living in the areas of the three nuclear stimulation projects conducted to date, or
near other underground nuclear detonations, have voluntarily accepted the minor
inconvenience occasioned by the detonations.

At the time of the Rio Blanco detonation, a total of 98 people living within 14.5
miles of the project site left their homes and went to the observation area for periods of
time varying between 2-1/2 and 4 hours. Only thirty of these were actually asked tc
leave their homes. They lived within 7.5 miles of the project site. Financial compensation
for this inconvenience to provide extreme confidence of safety was provided to all
persons leaving homes within 14.5 miles.

Under the current concept of the Wagon Wheel experiment, a roughly similar
number of people would be affected for a comparable period of time. Compensation
would be provided for this voluntary disruption of normal activities.

For the most rapid development assumed in the National Gas Survey study, it
appears reasonable to stimulate several wells on a single day such that the average length
of time normal human pursuits would be disturbed would be about one hour per well
stimulated. Although 240 wells would be stimulated each year, no individual would live
close enough to as many as 40 of these wells to experience inconvenience. The maximum
inconvenience to any individual man, woman or child would therefore be less than 40
hours in a year, grouped into a few days.

This issue reflects a subjective judgment that inconvenience in the form of
disruption of normal activities of several hundred to a few thousand people for, at most,
a few days each year is an unacceptable cost for supplying domestically-produced, clean
energy at minimum cost to millions of U. S. citizens and expanding the economic base of
the producing area. That judgment is rarely, if ever, voiced in conjunction with
recognition that (i) the number of people inconvenienced reflects extreme caution to
avoid any injury whatsoever, (ii) full compensation for inconvenience and any damage is
provided by project sponsors or (iii) the majority of people who have left their homes at
the time of detonation have done so voluntarily in response to offer of compensation
even though the action was not requested by project sponsors.



Development of gas reservoirs in the upper Colorado River Basin could lead to
contamination of that river with Strontium 90 and Cesium 137.

Those who raise this question usually postulate that water - not connate water,
but water from outside the gas-bearing strata - will enter into the chimney, leach out
radioactive speties from the broken rock in the chimney, and then flow along natural
drainage tines to the river.

A project design is always reviewed by independent experts to determine whether
there is any *• ^ssibility that radioactivity could ever reach mobile wafer strata or surface
waters in a.- manner consistent with known scientific facts. The dimensions of the
stimulated interval, the quantities of radioactivity produced, the nature of radioactivity
decay, and tfte factors controlling the solution and movement of these radioisotopes in
ground water, are understood in detail. In addition, the properties of strata containing
mobile water are thoroughly researched and defined before a nuclear stimulation project
is designed.

Quantitative assessment consistent with factual knowledge reveals no possibility of
contamination of the river. Since water flooding of the chimney during the production
lifetime of a well would prevent production of natural gas, economic viability, as well as
safety, dictates designing each project such that water will not get into the chimney. If
water docs- not get into the chimney, then it cannot leach out the radioisotopes in
question.

A f;as well stimulated by nuclear means is expected to have a useful producing life
of more than 50 years. The "hardware" associated with a producing well is kept in good
condition or replaced so that the well may continue to produce. After its producing
lifetime, JI gas well is closed down permanently. Present government regulations require
such weKs to be plugged in such a manner that there can be no detrimental
communication between strata intersected by the well. Future government rules are likely
to provMe even greater public confidence that no detrimental effects can occur after a
well is abandoned.

Jin considering long term effects, we must recognize that the half-lives of
Strontium 90 and Cesium 137 are only 28 and 30 years, respectively. If the chimney of
broken rock were flooded with water, in less than 400 years the concentrations of these
radioisc'topes would be below existing standards for concentrations in effluents to
unrestricted areas. Assuming, even though it could not happen, the water entered an
aquifer, after flooding the chimney, the distance it would travel in 400 years is at most a
few hundred feet or a small fraction of the distance to the nearest conceivable point of
production. Such transport would be accompanied by natural purification so that the
concentrations would be below existing standards in less than 400 years.

Federal expenditures for nuclear stimulation research should end and the funds should be
redirected to fusion reactor research.

Although required federal expenditures are small, less than $10 million per year,
industry initiative in nuclear stimulation research is already being seriously hampered by
lack of funds for essential government actions in relation to required nuclear explosives.



In addition, since there is no possibility that either nuclear stimulation or fusion reactors
alone can completely remove U. S. energy deficiencies during the next few decades, both
developments should be pursued.

As the infant fusion technology matures to the point where a demonstration
facility is proposed, public attention may well focus on issues no less formidable than
those facing nuclear stimulation. For example, published concepts for fusion reactors
involve an inventory of tritium at each reactor site greater than the total quantity of
tritium which would be produced in conjunction with full development of the Green
River, Uinta and Piceance Basins using nuclear stimulation. Further, fusion reactors, as
well as the geothermal and solar energy concepts which are popular with
environmentalists, involve at least two more major problems which have not yet received
public attention. First, heavy reliance upon these electricity-generating systems would
require massive alterations in user facilities since less than 15 percent of the energy
consumed in the United States in 1970 reached end users in the form of electricity.
Second, enormous quantities of cooling water will be required because more than 50
percent of the energy used to generate electricity must be disposed of as waste heat at
the generating site.

Nuclear stimulation research should terminate until after massive hydraulic fracturing, a
potential alternative, has been evaluated.

Completion of a well by hydraulic fracturing involves use of high pressure, high
volume pumps to displace fluid down a wellbore and through perforations (holes) in the
casing to fracture rock outside the wellbore. For the Rocky Mountain reservoirs, a fluid
with a brine or petroleum product base is essential to avoid loss of production due to
swelling of clay contained in the gas-bearing sandstone. Up to a few pounds of sand per
gallon is normally mixed with the fluid to prop the fracture open after the fracturing
fluid is displaced from the fracture and well to permit gas production. More than
500,000 oil and gas wells have been completed using this technology.

The Task Force, whose assessment of nuclear stimulation is summarized in the
attached Table and Figure 5, also evaluated the potential for developing the thick Rocky
Mountain natural gas reservoirs by employing hydraulic fracturing on a much larger scale
than has heretofore been attempted (massive hydraulic fracturing). Roughly a million
gallons of fluid and a million pounds of sand would be used to create vertical fractures in
the same depth intervals considered for nuclear stimulation. These fractures would extend
laterally 500 to 1,000 feet from the wellbore. Eight wells per square mile, rather than the
two for nuclear stimulation, may result in gas cost and ultimate gas recovery similar to the
potential estimated for nuclear stimulation. The Task Force conclusion regarding the two
technologies was as follows:

"Even though it cannot be demonstrated at this time that either of the
above approaches can practically or economically achieve the gas supply
projections indicated, th;re is every reason to expect that government
regulations could be so structured that industry would have the incentive to
evaluate both methods. Once technical viability has been demonstrated
and with adequate economic incentive, there is no reason why one or both
of the methods could not be employed. This could make a major
contribution toward filling part of the gap in the projected gas demand
picture in the U.S.A."
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CONCLUSION:

This seventeen year old technology of nuclear stimulation is indeed a teenager in
many respects. It has passed through meaningful steps of development. Objective
assessment, based upon those steps, indicates potential for safely producing hundreds of
trillions of cubic feet of natural gas resources at costs attractive to consumers. On the
other hand, it appears that some individuals believe nuclear explosives are intrinsically evil
and that their use for any purpose is unthinkable.

Additional field tests are essential to determine whether this teenager can become
a productive adult. However, the Atomic Energy Act and apparent government
administrative judgments regarding industry participation in nuclear explosive
development require that future tests be preceded by federal expenditures which are not
included in the budget for the current fiscal year.

When or whether future public consideration of facts, combined with the
deepening energy crisis in the United States, will allay the public fear and suspicion
which appear to dominate in today's policy decisions is not clear at this time. However,
it appears prudent to assume that energy shortages and broad public recognition of costs
associated with developments such as coal gasification, Arctic pipelines, overseas LNG
imports and synthetic gas from petroleum products will be accompanied by encouraging
further development of the troubled teenager - nuclear stimulation.

11



TECHNICAL APPENDIX

This appendix provides additional detail regarding those topics most frequently or
interest to individuals who wish to consider the subject in more depth than presented in
the body of the paper. Readers desiring still more information or references to published
reports covering any aspect of nuclear stimulation are invited to contact the author by
telephone (Area 915-543-2600, extension 5583) or by writing him at E! Paso Natural Gas
Company, Post Office Box 1492, El Paso, Texas 79978.

RESERVOIR PRODUCING CHARACTERISTICS:

Permeability of reservoirs under consideration for nuclear stimulation lies in the
range of 0.002 to 0.015 millidarcies. For these low values, establishing the producing
characteristics of tight reservoir rc~k properties which will not be altered by detonation is
enormously more difficult and expensive than for gas reservoirs capable of commercial
production with today's developed technology. Even though expenditures to determine
permeability at the Rio Blanco and Wagon Wheel locations have totaled about $ 1 million,
information adequate to assign separate permeabilities to the various strata expected to
contribute to production has not resulted.

Additional uncertainty in predicting production results from lack of data
regarding the lateral extent of individual gas-bearing sandstone members. Mapping of
individual sand lenses in Piceance Basin outcrops of the Mesa Verde formation has
revealed lateral dimensions small enough to limit production from many strata. Both
these uncertainties were considered by the National Gas Survey Task Force and are
reflected in the attached Table as a range of 25-year production and wellhead costs for
the Piceance and Uinta Basins. A similar, but not quantitatively defined range of
uncertainty is involved in production predictions for-Rio Blanco, Wagon Wheel and the
Green River Basin.

Analysis of data from several years' production following nuclear stimulation may
be the most appropriate means to define the producing characteristics of the thick-layered
formations in the Green River, Uinta and Piceance Basins. The height of the stimulated
interval, and therefore number of strata contributing to production, is much better
defined than for any other well completion technique. Any changes in producing
characteristics of the limited fracture region can be detected by producing at a rate high
enough to substantially reduce pressure in the chimney. After a test well is shut in, or
during long-term production, flow of gas into the large underground storage volume over
a period of years provides a sensitive measure of producing characteristics of rock whose
properties have not been altered by the nuclear detonation. The range of uncertainty in
25-year production from Rulison, shown in the attached Table, exists because those
interpretations were performed on the basis of less than a year of drawdown and buildup
data. Appropriate testing over a five-year period and interpretation of resultant data
would greatly reduce the uncertainty in reservoir characteristics of the stimulated interval
and in the forecast of long-term production.
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PRODUCTIVE LIFE OF A WELL:

Identification of 25-year production in the attached Table is not intended to
imply that this is the productive life of a nuclearly stimulated well. This time period is
used for economic analysis due to recognition that discounting results in income to be
derived move than 25 years in the future having a negligible present value.

Although it is questionable whether adequate integrity of tubing and casing from
the surface to a nuclear chimney can be maintained for more than 25 years, gas
migration from unaltered rock to the chimney region may still be occurring at a rate of a
few million cubic feet per day in the 25th year. Thus, replacement of production tubing
or drilling of a new well from the surface to the chimney would probably be judged
appropriate when the integrity of tubular goods in the production well became
questionable.

Figure 5 reflects ultimate production for well lives of both 25 and SO years in
conjunction with complete development of all three basins on a 320 acre well spacing.

MODE OF FIRING AND EXPLOSIVE SPACING:

Although the three basins are so remote that there is no possibility the nuclear
yields under consideration could result in damage costs large enough to significantly
influence gas cost, the social problem of defining compensation, which would make the
minor inconveniences due to ground motion acceptable, is the primary factor limiting the
yield of nuclear explosives which can be employed. For any given yield of explosive, the
peak value of ground motion and any resultant damage will clearly be as low as possible
if such explosives are detonated one at a time (sequentially) with a few minutes or more
time delay between successive detonations. This sequential mode of firing has been
incorporated in the Wagon Wheel experiment design and is reflected in the National Gas
Survey study. In addition, sequential firing with the bottom explosive detonated first is
expected to increase the vertical interval stimulated per explosive.

In the previous discussion of Figure 2, it was oT»erved that the stimulated interval
extended from the bottom to the top of the zone of shear fracturing for a total height of
440 feet. At the top of that interval, a void with a radius of about 100 feet is expected
to exist. The shock wave from detonation of a second explosive above that void would
cause collapse of the roof and further vertical extension of the stimulated interval. Since
the maximum spacing of the explosives which will create a continuous column of broken
rock cannot yet be precisely calculated, the Wagon Wheel experiment design incorporates
variation in that spacing from 460 to 710 feet, as is apparent in Figure 3. Additional
understanding from theoretical studies after adoption of the March 1971 Wagon Wheel
concept resulted in the National Gas Survey Task Force using spacings near the upper
limit of the Wagon Wheel design as a basis for analysis of potential of nuclear
stimulation.

In the Rio Blanco experiment, the three explosives were detonated
simultaneously. Shock waves from two detonations simultaneously arriving at the mid
point between adjacent detonations add together to increase the extent of fracturing.
This mechanism also increases the extent of the vertical interval stimulated per explosive.
Actual separations used between adjacent pairs of explosives were 390 and 460 feet. Gas
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samples collected during production will be analyzed for rare gas tracers emplaced with
each explosive to determine whether high permeability paths were created between the
explosives.

Although the vertical interval stimulated and quantity of natural gas in place in
the interval stimulated by Rio Blanco are less than half the corresponding numbers for
the entire gas-bearing section in that portion of the Piceance Basin, sponsors of the
project have indicated that producing characteristics of the reservoir rock stimulated are
such that the project should demonstrate the feasibility of field development with gas
cost lying in the range estimated by the National Gas Survey Task Force for the Piceance
Basin.

Whether simultaneous detonation of explosives is a viable alternative to sequential
detonation in the tight reservoir portions of all three basins depends on a number of
factors including:

1. Understanding of reasons for the ground motion experienced from Rio Blanco
being lower than predicted.

2. Future full-scale projects to permit determination of the relative height of
stimulated intervals per explosive for simultaneous and sequential firing.

3. Whether public acceptance of ground motion is more dependent upon actual
damages, and therefore the amplitude of motion, or upon the number of
times motion is experienced.

4. Whether the actual cost of nuclear explosives designed for gas reservoir
stimulation is low enough to permit use of a larger number of explosives with
lower yields to stimulate a given vertical interval.

EXPLOSIVE DESIGN AND AVAILABILITY:

The 29 kiloton Gasbuggy explosive was contained in a canister about eighteen
inches in diameter. That detonation left four grams of residual tritium. The experiment
revealed, as expected, that tritium was by far the most significant radioisotope in relation
to marketing gas produced by nuclear stimulation. Subsequently, the U. S. AEC
developed a small diameter explosive (named Diamond) which results in a greatly reduced
amount of residual tritium. Total residual tritium from the three 30 kiloton Diamond
explosives emplaced and detonated inside a 10-3/4 inch casing at Rio Blanco is less than
0.3 grams - less than 2.5 percent as much per explosive as experienced at Gasbuggy.
Tritium concentration in gas produced is expected to be similarly reduced, as shown in
the attached Table.

Diamond explosives can be made available for future industry-sponsored nuclear
stimulation projects employing simultaneous firing only if one of the following U. S.
government actions occur:

It is determined that additional research and development with
simultaneous firing is appropriate and government actions required to
make funds available for the explosives are taken.
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Legislation is enacted to amend the Atomic Energy Act to authorize
AEC's providing a nuclear explosion service to industry.

Before sequential firing of multiple explosives emplaced in a single well is
possible, the explosive must be "ruggedized" so that passage of the shock wave from a
nearby detonation will not impair its proper operation. Government funding for this
classified engineering development has been too small to permit significant progress. The
AEC has stated that, since no funds are budgeted in Fiscal Year 1974 (July 1, 1973 -
June 30, 1974) for the Nevada Test Site experiments essential to that development,
explosives for the Wagon Wheel experiment cannot be available before 1977.

In December 1971, the industrial sponsor of Wagon Wheel proposed to perform
unclassified tasks (such as drilling and ground motion instrumentation) in relation to
development of sequential firing. Such private corporation participation in nuclear
explosive development has apparently been judged unacceptable.

EXPLOSIVE COST:

In May 1964, the Atomic Energy Commission released a policy statement on
projected charges for peaceful nuclear explosives for use hi feasibility studies and
evaluations. Those charges varied from $350,000 for an explosive with 10 kiloton yield
to $600,000 for an explosive with 2,000 kiloton yield. Although the cost of a nuclear
explosive designed for natural gas reservoir stimulation may differ substantially, lack of a
revised figure from AEC resulted in use of $460,000 as the cost for each explosive in the
National Gas Survey study. Since explosive cost is roughly SO percent of the estimated
investment (including dry hole allowance), shown in the attached Table for each
development well, estimated wellhead cost of gas produced would change about one-half
percent for each percent that actual explosive cost differed from the $460,000 estimate
used.

WATER PRODUCTION:

The observation that water is produced with natural gas during production tests
following nuclear stimulation has been widely misinterpreted. The water production does
not necessarily indicate that water which could potentially be used by people is flowing
into the chimney. The water being produced is connate water (water which was trapped
in the gas reservoir rock at the time the rock was formed).

Similarly, the increase in water production rate as gas production reduces gas
pressure in the chimney, has been widely misinterpreted. This increasing rate of
production of connate water is in accord with well established physical principles as will
be discussed below and is not proof of increasing influx of water which could be
produced for human consumption.

Millions of years ago, the sandstone which now constitutes the deeply buried
natural gas reservoir rock, was deposited by wind and water action similar to that which
creates sand dunes, sand bars and beaches today. As additional layers were deposited,
buried water-saturated sand slowly consolidated to form sandstone. During the formation
of the sandstone, water was trapped so tightly that it could not move. In the reservoirs
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under consideration for nuclear stimulation, the reservoir rock contains about 4 percent
connate water by weight. In contrast, the natural gas content of the reservoir rock is only
about 0.2 percent by weight. Roughly one half of the connate water is in liquid form
and occupies the same pores in the rock as the natural gas. The remaining connate water
is chemically attached to the minerals which constitute the sandstone.

T le quantities of connate water and natural gas vary from location to location
and are accurately determined for each project. However, the range of variation is
sufficiently small to support the general conclusion that the quantity of connate water
present in natural gas reservoir rock is many times greater than the quantity of natural
gas present.

The majority of the energy liberated in a nuclear detonation ultimately becomes
heat in or near the chimney produced by that detonation. The result is that rock
contained in the chimney in a few months after detonation of nuclear explosives will
have a temperature of roughly 400° F to 600°F. At this temperature, connate water in
the chimney rock boils until a steam pressure determined by the actual temperature is
reached. For a temperature of 400° F, the steam pressure would be about 248 psia. At
600° F, the steam pressure would be 1,545 psia. Only a fraction of the connate water
present in chimney rubble rock boils to steam in developing a steam partial pressure in
this range.

As natural gas and steam enter the production tubing, additional connate water is
boiled to maintain constant steam pressure in the chimney. When gas production is rapid
enough to reduce chimney pressure, continued boiling of steam maintains a constant
amount of steam in the chimney while the amount of natural gas is being reduced. Thus,
pressure reduction is accomplished by decreasing the percentage of other gases present in
comparison to steam.

A substantial portion of the steam which enters the production tubing from the
chimney is condensed and removed from the gas stream before that stream reaches the
flow meters near the wellhead. This liquid water, which is collected at the wellhead
during production, is water which entered the production tubing as steam from connate
water. Since the pressure of steam in the chimney remains constant due to boiling of
additional connate water as total chimney pressure is reduced, the percentage of steam in
gas entering the production tubing, and therefore the amount of water removed after
condensing that steam at the surface, increases as production decreases total chimney
pressure.

After about one year of production following nuclear stimulation with multiple
nuclear explosives, all connate water in the chimney rubble will have boiled into steam.
Since no more water will be present, the remaining steam will be flushed from the
chimney and water production will decline. This phenomenon has not yet been actually
observed. The temperature of the Gasbuggy chimney and, therefore, rate of boiling water
to maintain constant steam pressure in the chimney, are too low for removal of all
connate water from the chimney rock. At the higher temperature associated with the
deeper Rulison detonation, a few months more production testing would have revealed a
declining rate of water production.

The Task Force study for the National Gas Survey included estimating total water
production in conjuction with the gas production shown in Figure 5. Development of all
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three basins at the maximum rate of 240 v.tlls per year would result in producing an
estimated 17,400 acre feet of water per year. This figure is roughly comparable to the
water requirement of two 250 million cubic foot per day coal gasification plants or a
single 750 megawatt electricity generating plant. Tritium concentration in the water
would be in the range of 0.02 -0 .15 microcuries per milliliter, as indicated in the
attached Table. This is 6 to 50 times the maximum permissible concentration for tritium
in water under existing federal standards. Whether it would be essential to dispose of this
water without beneficial use or whether it could be used in industrial processes with
inherent dilution by non-tritiated water has not yet received careful evaluation.

ECONOMIC PARAMETERS;

Additional factors which the reader may wish to consider in relation to wellhead
costs for gas produced, as shown in the attached Table are:

1. Constant 1972 dollars were used in developing the estimates shown.

2. Tabulated figures were calculated with future revenues discounted at a rate of
15 percent per year. Changing the discount rate from 15 percent to 16
percent increases estimated wellhead cost by about 4 percent.

3. A change of 1 percent from the assumed royalty rate of 12-1/2 percent would
change calculated wellhead cost by about 2 percent.

4. Other economic parameters included in the calculation were ad valorem tax,
5.5 percent of wellhead cost of gas produced; severance tax, 1 percent; federal
income tax, 48 percent; depletion allowance, 22 percent; payroll tax, 5.5
percent applied to 70 percent of the operating expenses; investment expense
factor, 0.93 percent for the Piceance Basin and 0.9 percent for the Green
River and Uinta Basins.
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Figure 1 : Sedimentary Basins in the Rocky Mountain States
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Figure 2: Effects of a 100 KHoton Detonation at 10.000 Feat
in the Green River Satin



Figure 3: Wagon Wheel Expirement Concept Following Sequential
Detonation of Five Nuclear Explosives

Figure 4: Wagon Whwl Experiment in Perspective to One Square
Mile of Surface



TOTAL ANNUAL CAS PRODUCTION FROM NUCLEAR STIMULATED WELLS. TCF/YR

25 Year Well Productivity
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Figure 5: National Gas Survey Acfvisory Task Force Projections of Potential Production
from Development of the Green Rivar, Piceance and Uinta Basins with
Nuclear Stimulation

20



PROJECT

Detonation date

Number of explosives (yield)

(Firing mode

Average stimulation depth (ft.)

Vertical height of stimulated interval (ft.)

Gas in place per section (in stimulated
interval) (Bet)

Gas pressure in stimulated interval (psia)

GAS production in 25 years (BcQ

Development well cost (thousands of S)

Estimated wellhead cost of gas
produced (cents)

Potential ultimate production (Tcf)

Average tritium concentration in dry gas
over 25-year life of well (juCi/SCF)

Tritium concentration in water
produced GtCi/ml)
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1 (29 kt.)

4,070'

3401

18.41

1,079'

1'

2.2

1.29
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9/10/69

1 (43 kt.)

8.4002

3502
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26 - 8 s

0.6

0.410
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RIO BLANCO

5/17/73

3 (30 kt. ea)
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0.051'
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PROJECTS IN PROGRESS

BLANCO

/17/73

30 kt. ea)

ultaneous

6.2003

1.30014

763

2.6007

17.97

/ess
iuuiO.08

0.0511

WAGON WHEEL

Not before 1977

5 (100 kt. ea)

Sequential

10.3754

2,750*

2074

6,533s

238

Less
than 0.11

Less
than 0 .1 1 2

NATIONAL GAS SURVEY STUDY CASES13

PICEANCE BASIN

5 (100 kt.)
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3,180
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UINTA BASIN
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4^00
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