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SUMMARY OF RESULTS OF UNDERGROUND ENGINEERING EXPERIENCE
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ABSTRACT

Results pertinent to the use of nuclear explosives in
underground engineering applications have been accumulating
for the past 10 years from the Powshare and Weapons tests
of the AEC. Thus, predictive and measurement techniques
of shock effects and chimney formation were developed in
the course of analyzing explosions in granite, salt, and
dolomite. The ability to predict effects related specif-
icalZy to afety has resulted from many measurements on
detonations at the Nevada Test Site, where aZeo many of
the techniques for handling, emplacing. and firing the
explosive have been developed.

This gestation period culminated in the execution
of Project Gasbuggy, jointly sponsored by industry and
goverment, and the first nuclear explosion in a gas-
bearing formation. The Gasbuggy explosive had a nomi-
nal yield of 25 kt and was detonated 4240 ft below the
surface in the San Juan Basin in northwestern New Mexico
an December to, 1967. The shot point was 40 ft below
the ower boundary of a 285-ft-thick gas-bearing sand-
stone formation of very low permeability. No radio-
active venting occurred, and no dage to surrounding
gas ells or structures resulted. Post-shot geophysical
exploration and gas production tests have revealed that
the nlear explosion created a subsurface chimney ap-
proximately 60 ft in diameter and 335 ft high. Frac-
tures appear to extend to about 400 ft symmetrically
from the detonation point, with shifts or offsets aong
geological weaknesses extending out to perhaps 750 ft.
Presently, radioactive constituents in the gas consist
of tritium and kypton-85, with concentrations of ap-
proximately 1 ICilft3 and 1.5 IjCilft3 respectively.
These concentrations are decreasing a gas withdrawn
from the chimney is replaced by formation gas. Testa
to evaluate the increase in productivity and utimate
recovery are currently in progress.

Work performed under the auspices of the U.S. Atomic
Energy ommission.
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Results from underground nuclear detonations have accumulated ever
since the first underground detonation in 1957. As the number of media
In which nuclear explosions took place Increased, data from these ex-
plosions could be put within the framework of a developing theory In
which differences between these various detonation effects became man-
Ingful. In turn, the growing body of theory and computation could be
used to predict In an Increasingly reliable way the effects of new
underground detonations. In treating these various effects, It was
found convenient to separate effects either spatially according to the
region In which they occur, or In time according to the periods after
the detonation where the various effects predominate. Thus, early in our
experience we talked about close-in effects, meaning the effects of the
shock wave, the growing of the cavity, as well as the.manlfestations
of the detonation at or near surface zero. The general generation of
the seismic wave and Its propagation to distances where Its effect Is
Important Is an early or prompt manifestation of the detonation. Ef-
fects and results from underground detonations stretch In space from
the very high pressure hydrodynamic region close to the detonation
all the way to the sismometer on the other sde of the world and In
time to the generation of the shock wave with the release of energy
at the explosive to the release of radioactive gases perhaps many
months afterwards during a reentry or gas production phase of the ex-
periment. Here, however, I shall limit myself to two areas of effects
from detonations which are of special nterest to the feld of under-
ground engineering applications. Of central Importance In these ap-
plications are the area of the subsurface chimney and the region of
rock immediately surrounding this chimney. I will attempt to relate
some of the things we know about these regions, using the results from
the Gasbuggy experiment as a case study. The second area of special
Interest to the underground engineering area in general and to this
group in particular is the composition of the gases one can expect to
find In the chimneys of underground detonations, n particular from
detonations in a gas reservoir. In this latter case, results from
Gasbuggy of course are the only ones available at this time.

For underground engineering applications, the region surrounding
the detonation center and Including the chimney and the fractured re-
gion Is of primary Importance to the application. Thus, In the attempt
to stimulate gas reservoirs, the chimney and fracture regions serve as
the gathering system for the natural gas, and It is the increased per-
meability of these regions ver the natural state in which the utility
of these nuclear explosions lies. In the case of oil or gas storage,
the void space of the Initial cavity is distributed throughout the
chimney as interstitial porosity and represents the economic benefit
of the explosion in this particular application. In the area of mining,
the diminuted rock which Is distributed as rubble within the chimney
represents the end product. In the case of an in situ leaching ap-
plication, it is again the rubble within the chimney which makes the
leaching application possible. What then do we know about the cavity,
chimney, and fractured region surrounding underground detonations?
Actually, we know quite a bit. In practice we will need to know a lot
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more. We have, for example, a considerable amount of data on cavity
s:Z9sfrom the weapons tests In alluvium and tuff at the Nevada Test
S te. We have a great deal less Information about chimney sizes from
these detonations, snce most of them have resulted In subsidence cra-
ters where the chimney goes all the way to the surface. For those that
have formed chlmneys contained below the yface, we have only fragmen-
tary Information about such chimney sizes. Aside from these detona-
tIons In volcanic rocks r have data from three dtonations In granlte,2
two detonations In salt, one in dolomlte,3 and one In sandstone and
shale, namely Gasbuggy. Attempts to systematize data on cavity s es
using a thermodynamic approach were frst published by Boardman et al.2
Later, Higgins and Butkovichl used thermodynamic properties of rk-
vapor to derive the values of the purely empirical constants appearing
In Boardman's equation. In this approach the cavity Is allowed to ex-
pand from Its Initial vaporized size until the pressure Is equal to the
11thostatIc overburden. The result of this procedure Is shown In Fig.
1. No chimney height Information Is contained In this procedure. Chim-
ney heights were usually approximated to be about 4 or times larger
than In the cavity radii.

A second technique, developed by Cherry et al., 4 makes use of a com-
puter calculation and measured strength propertl�s of the rock. Cavity
sizes are calculated by hydrodynamic-plastic-elastic computer calcula-
tions using measured rock properties Chimney heights result from com-
paring the amplitude of the outgoing stress wave wth the strength prop-
erty of the rock to determine the radius of failure of this rock. While
chimney heights are not directly calculated by this method, experience
has shown that predicted failure radii are wthin 15 percent of observed
chimney heights. In this procedure failure radii of chimney heights are
not directly tied In to cavity radii, but are primarily governed by the
rate of stress wave decay and rock strengths. Figure 2 graphically corn-
pares predicted and measured cavity and failure radii for the 12-kt
Handcar explosion In dolomite and the 5-kt Hardhat explosion In granite.
The reasons for the smaller failure radius In Handcar can be attributed
to the strength properties of dolomite and granite depicted by Fig. 3.
which shows that In the low-stress region dolomite Is stronger than
granite.

This theory also predicts several additional consequences. The
first concerns the geometry of he failed region. Snce the outgoing
stress wave Is sp her ica II y symmetr I c, one cou Id expect a f a II u re reg Ion
whose surface Is that of a sphere surrounding the detonation, and whose
radius then Is approximated by the chimney heights. If Indeed rock Is
failed below the detonation center as well as above, the vertical extent
of rock failure Is effectively wice the chimney height, and the ability
of a nuclear detonation to stimulate reservoirs would be very much en-
hanced over what It had been thought to be previously. The theory also
predicts that for deeper detonations where the overburden causes the
rock to behave more ductile than at shallower depths, the cavity and the
failure region produced could be significantly reduced.5 Since we have
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no experimental verification or indeed any experience at a depth in ex-
cess of about 4500 ft, these predictions must be verified by future ex-
periments.

Let me now describe what we know about the Gasbuggy cavity and
chimney region, and how they compare with our preshot expectations
The nominal ly 26-kt Gasbuggy ex�loslon was detonated 4240 ft below the
surface. The shot point was in the Lewis Shale formation some 40 ft
below its contact wth the Pictured Cliffs sandstone. This formation,
about 300 ft thick, is in itself non-uniform and is overlain by a 40-ft
section of coal which is of low density and highly fractured. The geol-
ogy cross section is shown in Fig. 4 and it is apparent that a calcula-
tion of failure radii must take account of the physical properties of
the different layers involved. A layered geology such as is exhibited
here, and one that Is typical of geologies of sedimentary basins makes
it difficult to apply an empirical procedure In the prediction of cavity
and fracture region sizes; for Gasbuggy, the calculational failure radii
model was used. A cavity radius of 78 ft was predicted. The difference
In physical properties gave an expected failure radius vertically above
the shot point of about 335 ft a failure radius within the Pictured
Cliffs sandstone of about 400 ft and a failure radius within the Lewis
Shale of about 500 ft.7 We also recognized before the shot that the
various bedding planes formed primarily by coal seams might exhibit off-
sets to larger distances than those calculated for the homogeneous rock.
Such did turn out to be the case. The inclusion of such weaknesses in
a failure prediction Is one of the tasks of the future. Figure shows
the state of our knowledge of the Gasbuggy chimney. The information was
obtained from geophysical exploration in the reentry hole to the top of
the chlmneyB prompt information from the fracture cable system which was
emplaced in hole GB-I about 150 ft away from the emplacement hole,9 and
geophysical exploration of the reentered GB-2 hole to a depth of 4600
ft.10 Information on cavity volume comes from the analysis of the short-
term gas flow tests performed during June and July 1968.11 Here the void
volume is calculated by noting the amount of pressure decrease for a
given volume of gas withdrawn. This void volume for Gasbuggy amounts to
approximately 2 million ft3, and is equivalent o a sphere of 80-ft radius.
The chimney height shown in the figure represents the location of a void
carrying both gas and radioactivity which was encountered during reentry
drilling at a depth of 3907 ft below the surface. Upon closer examination
of the data, offsets and casing breaks in the emplacement hole were Iden-
tified as having occurred between 3800 ft and the chimney top at 3907 ft.
These asing breaks can be correlated with bedding plane weaknesses noted
during the coring and logging program of the GB-I preshot hole. The loca-
tions of those fractures are also corroborated by the failures in the
fracture cable system Instal led in GB-I which are also shown In this fig-
ure. Figure 6 shows some of the results obtained during the reentry of
the GB-2 hole located approximately 300 ft away from the emplacement hole.
During this reentry, offset casing was encountered 3812 ft below surface
or almost 630 ft from the shot point. This offset casing necessitated
sidetracking the hole, after which it was drilled and completed to 4600
ft. The preshot hole, GB-2, was drilled through very competent rock,
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resulting In a very uniform diameter hole. Such was not the case for
the sidetrack portion of the new hole. This figure shows results of
two caliper logs run 35 hr apart, noting that the hole Is very ragged
and sluffs very readily. Figure 7 compares the porosities determined
pre- and postshot in terms of porosity changes. While there is some
scatter, it is obvious that in general the porosity has increased.
Figure presents the quantitative results on gas entries observed In
this hole and compares them wth some of the preshot numbers. Gas flow
during drilling as shown by the left-hand portion of this figure had
increased considerably over that found when the original GB-2 hole was
drilled. Gas entry locations are determined by means of the tmpera-
ture tog shown and the Packer Flow meter which quantitatively deter-
mines the amount of gas flowing through the instrument at various depths.
Of special interest here are the gas entries shown by both the tempera-
ture log and the Packer Flow meter in the Lewis Shale section below
4200 ft. Since the Lewis Shale does not contain any gas in this local-
ity, the gas etries here are indicative of fractures communicating with
the chimney, or at any rate with the Pictured Cliffs gas bearing forma-
tion above. This is the only evidence which we now have Indicating the
correctness of the failure radius concept and its importance In the gas
stimulation area.

Of course the quantity of more direct interest Is the Increase in
permeability of the rock with respect to its ability to transmit gas.
In practical reservoir terms, we need to know the increase in produc-
tivity and recovery of the stimulated Gasbuggy reservoir. Figure 9 shows
some of the data that are being taken to arrive at a solution to this
problem. Shown here are the flow rates of gas from the Gasbuggy chim-
ney which were found to be necessary in order to maintain the pressure
at the top of the chimney at three different constant values. The
reservoir engineers from the Bureau of Mines and the El Paso Natural Gas
Company are in the process of anlayzing these data. It Is interesting
to note, however, that the total amount of gas withdrawn from the
Gasbuggy chimney up to now Is -approximately 200 million ft.3 Since being
drilled In 1956, Well 10-36, the conventional well located some 415 ft
from the Gasbuggy emplacement hole, has produced about 81 mllion ft3
of gas. In fact, of the eight wells closest to Gasbuggy, only three had
produced more gas than Gasbuggy has up to this time.6 Another way to
look at the 200 million ft3 of gas produced would be to realize that
that amount of gas Is present within a cylinder 300 ft in radius in the
Pictured Cliffs gas bearing formation at the Gasbuggy site.

The next set of figures will illustrate another major area of study
of Gasbuggy, namely the composition of the gas, with emphasis on the con-
centration of radioactive constituents.12 Particular attention has been
paid to the gaseous isotopes krypton-85 and tritium, whose half-lives
are 10.6 and 12.6 years respectively. They show, of course, very little
reduction In amount due to natural decay. Iodine, a short-lived Isotope,
was not detected at Gasbuggy. The presence of iodine-131, while having
no long-term significance, could make an early reentry operation expen-
sive and inconvenient. The reason for the apparent retention of iodine
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underground Is not very clear, although from the presence of xenon Iso-
topes, we know that the Iodine was produced. Fgure 10 shows the results
of sample analysis taken during the first six months after the detonation.
The gradual decrease In tritlated hydrogen concentration may be due to
the reaction of hydrogen with carbon dioxide to form methane and water.
This Is supported by Fig. 11 which shows the changes In chemical concen-
tration of the gas over this sa�e sampling Interval. The salient fea-
tures of both of the last two figures are the total concentration of
tritlated gas of about 18 to 20 PC,/ft3 a krypton-85 concentration of
approximately 3 Cl/ft3, and a C02 concentration of about 35 percent.
While the tritium concentration Is less than expected by perhaps a fac-
tor of 20, we dd not anticipate finding such a large amount of C02- It
has been proposed to decrease these concentrations by faring chimney
gas and replacing It with clean gas from the surrounding formation.

Figure 12 shows the analysis of samples taken during the June-July
flow testing, when approximately 60 million ft3 of gas were flared from
the chimney. The marked decrease In concentrations taking place at about
July 10 corresponds to a decrea so In flow rate from mion 3 per day
to three quarters of a million ft3 per day . Such a decrease In concen-
tratlons Is most likely explained by a change In the Influx pattern of gas
Into the chimney. The corresponding change in the chemical constituents
Is shown in Fig. 13. Here the decrease In C02 and hydrogen is reflected
by a corresponding Increase In the hydrocarbon content of the gas.

Figure 14 shows the results of the continuing analysis of gas during
the flow tests which started at the beginning of November. The gas with-
drawal rates during this period are shown on the same graph for comparison.
The corresponding amounts of the chemical constituents are shown on Figure
15. The changes In C02 concentrations wth flow rates seem to follow
those of the gaseous radloactivitles very closely. The ratios of CH3T/CO2
and 85Kr/CO2 are practically flat for both the June-July and the November-
February sample analyses.

From a standpoint of documenting all releases of radioactive gases
as well as to guard possible fluctuations in concentrations between he
points shown In these past graphs, we had Installed a system to contin-
uously monitor the activity of the flared gas.13 This field monitor con-
sisted of two chambers being viewed by scintillation crystals and recording
count rates corresponding to the krypton-85 and tritium disintegration
energies. These readings, while showing some fluctuations from day to day,
do not show any large excursions between the times samples are withdrawn
for chemcial and radiochemical analysis. Figure 16 compares the smoothed
data from the monitor wth the laboratory analyses. The krypton-85 data
agree very well; the monitor shows somewhat less tritium content in the
gas than the laboratory analysis. However, the count rates In this Chan-
nel are only about a factor of two above background.

What about the unanswered questions of Gasbuggy? Concerning the
concentrations of the radioactive constituents, a natural question to
ask Is whether this gas is usable for home consumption. The answer must
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await determination by the proper regulatory agencies; no standards for
radloactIvItles In natural gas exist at this time. It Is pretty clear,
however, that these concentrations, especially the tritium, need be
reduced. One way to accomplish this mght be to rpidly flare one or
more of the Initial chimney volumes of gas. We :ve made some calcula-
tions which show that this method has considerabl promise.14 More
basically, one would like to eiminate tritium from the Initial gas It-
self. About four grams of tritium were left by the Gasbuggy explosive.
Perhaps as much as one gram of this was produced by neutron activation
of the soil surrounding the explosive, primarily by nteraction of neu-
trons wth lithlum-6; thus even If one were to use an explosive that did
not produce any tritium Internally. one would still be left with the con-
tribution of this soil activation. One way this contribution could be
eliminated Is by shielding Interposed between the explosive and the sur-
rounding rock. We have calculated that about one ft of boric acid
shielding would be necessary to reduce the amount of tritium produced
by lthium activation by a factor of 100. About six Inches Is necessary
to reduce this amount by a factor of ten. Since the use of such shielding
might ntail expensive underreamIng of the emplacement hole, we are
studying the possibility of using shielding material Inside the explosive
canister. Through the use of advanced technology and Internal shielding,
it Is not unreasonable to expect that within the limitations of a 4-Inch
diameter canister the amount of tritium produced In future underground
explosions mght be decreased by about a factor of 100 from that of
Gasbuggy.

Like all good experiments, Gasbuggy has not only answered some ques-
tions but also has raised new ones. It has een realized all along that
no single experiment would be able to answer all the questions Involved
In the use of nuclear explosives for underground engineering applications.
Some of these answers will have to come from different detonations at
different yields, dfferent depths, at different localities, and In dif-
ferent geologic settings. Even so It Is clear that there will be chal-
lenging problems to be solved for a very long time to come.
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Figure 1. Measured cavity radii as a function of explosive yield,
depth of burst, and properties of the medium as derived by
Higgins and Butkovich.1
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Figure 2 Measured and calculated cavity radii and chimney heights
for the Handcar and Hardhat explosions.
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distances from the detonation center, dolomite is stronger
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Figure 4 Geologic section at the Gasbuggy site.
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Figure 5. Inferred Gasbuggy chimney, showing casing breaks, bedding
planes, and fracture cable data. Preshot holes are shown
by dashed lines; postshot holes by solid lnes.
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Figure 6 Postshot caliper log data compared with preshot data In GB-2.
The two logs In GB-2RS were run 35 hours apart, showing con-
siderable hole deterioration In this Interval.
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Figure 7 Net change In porosity between GB-2RS and GB-2 data. The
gamma logs merely serve to show the degree of formation cor-
relation.
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Figure 9 Gas flow rates and bottom hole pressures during the
November 1968 - February 1969 flow tests.
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Figure 10. Radionuclide concentrations in the Gasbuggy chimney gas during
the seven months following the detonation. Except for a two-
day period In January 1968 during which 157 105 ft3 of gas
were withdrawn, the well was shut in.
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following the detonation.
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Figure 12. Variations in the titium and krypton-85 concentrations during
the June-July 1968 flow tests when 57 x 106 ft3 of gas were
withdrawn.
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Figure 13. Variations In chemical composition for the June-July 1968
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154



107 1 0
Total T

Ilk.

a-a
=L

7t

0
2 lo6 1.0 85 Kr

E

0

105 L 0.1 Nov. Dec. Jan. Feb.

1968 1969

Figure 14. Variations In the tritium and krypton-85 concentrations with
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QUESTIONS FOR FRED HOLZER

1. From Don G. Jacobs:

What measurements are being planned for the Rulison experiment to
further elucidate the early changes in downhole chemistry following
detonation?

ANSWER:

I'm in a vei, -r position to answer that question and the reason
I am is because the Los Alamos Scientific Laboratory is performing
the device emplacement and measurements on the Rulison experiment.
I must really plead ignorance here. I am not able to answer this
question, but I would point out to Dr. Jacobs that Dr. Aamodt of the
Los Alamos Scientific Laboratory Is attending this meeting and I'm
sure that he can answer this question for you.

2. From Alex Gr,

You stated that no cracking was observed to extend near to the level
of the Ojo Alamo formation. How was this determined? Are cracks
necessarily visible in extracted cores? Are enough holes sampled
to warrant a categorical assertion of "no cracking?"

ANSWER:

I think taking the last statement first, if I may, no there is no
categorical reason to say that there is no cracking to the Ojo Alamo.
One of the things that I believe would be very desirable here, to
answer this specific question as well as other questions, is another
hole--a virgin hole now if you wll--drilled from the surface down
to depths of perhaps 4500 to 4600 feet. And during this drilling,
detailed hydrologic tests of the Alamo could and would be performed
to measure pieziometric surfaces, in fact, to duplicate hydrologic
tests that were performed in both of the pre-shot holes--G I and
GB 2 think with respect to observance of fractures in cores, I
think that if they are observed in cores they are very distinctive--
they cannot be mistaken. However, one must realize, and I am sure
everyone does, that a hole samples a rather small region of the
world down there and it is conceivable that a particular hole may
miss a particular fracture. This of course is a rather common
experience and this in fact is the reason why two holes were
drilled to be shot rather than one. Again, here you are caught in
a continual trade-off argument of cost, effort versus information,
which of course is not unique to Gasbuggy or Plowshare itself.
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3. From Hoyt Whipplei

Were any measurements of carbon-14 activity made on the gas?

ANSWER:

Yes, there were. I'm trying to recall a number and I may have to
call on my good friend Dr. Smith to refresh it for me if he can.
There is a very, very sma II amount of carbon - 4 in the C02, t hat's
what we have analyzed it, I pCi per cc roughly of carbon-14. About
1/50th and 1/100th in methane versus C02.
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