
111111111919111111
XA04NO865

INTERPRETING THE CHEMICAL RESU�,TS
OF THE GASBTJGC)rY EXPERIMENT

R. W. Taylor, E. L. Lee and J. H. Hill
Lawrence Radiation Laboratory, University of California

Livermore, California 94550

ABSTRACT

Nuclear explosions in carbonate-bearing rocks release large amounts
of C02 In some cases, for example, when the explosion is contained and
dolQi�e is the principal carbonate mineral, sufficient C02 may be generated
to drive the formation gas away from te imney. Rocks which contain free
carbon, such as te sales of the recent Gasbuggy and proposed Bronco and
Dragon Trail experiments, will liberate CO and H 2 in amounts predicted from
the yield of the explosive and the C CO 2and H 20 concentration in the rock.
In general, the greater the amount of fee carbon in a rock, the more H 2 will
be produced and the higher will be the fraction of tritium in the gas phase.

SUMMARY AND CONCLUSIONS

It is possible to foretell the composition of the gas in the chimney as a
function of time as well as the distribution of tritium among water, hydrogen,
and methane when nuclear explosives are contained within hydrocarbon and
carbonate-bearing rocks.

The estimates are based on the cemical results of the Gasbuggy exper-
iment-interpreted in a manner which is both consistent with chemical ther-
modynamics and the little we know about the amounts of rock heated to various
temperatures by nuclear explosives.

Data needed to make these predictions are the concentrations, at shot
point, of CO 2' H2� hydrocarbon, and free carbon. The specific carbonate
minerals present must also be identified. In addition, the composition and
pressure of gas in the formation surrounding shot point must be known.

We are uncomfortable with some of the guesses we have had to make in
order to make these predictions. The areful study of further nuclear explo-
sions in hydrocarbon-bearing rock will replace some of the guesses with fact.
Other guesses need to be investigated by laboratory experiment. For
example, we need to know the rate of decomposition of carbonate minerals
in the temperature range 500 K to 1200" K, and the importance of cracks and
grain size of the decomposition. We should also measure the temperature
below which reactions become very slow for mixtures of H 20, CO 2; CO,
H21 CH 4 and C.

INTRODUCTION

Tritium will be in the gas and oil produced from wells stimulated by
nuclear explosives; the amount is critical to the success of the technique.
We also need to know what gases to expect and how the gas composition,
pressure, and tritium concentration will change with time in forthcoming
experiments such as Rulison, Dragon Trail, and Bronco.

Work done under the auspices of the U. S. Atomic Energy Commission.
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These primary questions are very difficult to answer. The answers
depend upon many factors we have considered, and probably others we have
yet to discover. There is often rather scant information on factors that we
do consider. Certainly, the amounts of gases released from rocks by heating
depends upon the temperature, the amount of rock heated, the length of time
it is heated, the particle size of te fractured rock, as well as the chemical
composition and mineralogy of the rock. n addition, the gas pressure due
both to the lithostatic pressure and the so-called "formation pressure" play
a role, for the igher the pressure, the hotter the gas-containing minerals
(carbonates, for example) must be heated to liberate gas.

We have made substantial steps toward the prediction of post-shot gas
chemistry through te study of thermal and chemical effects of nuclear
explosions during the past ten years. Nevertheless, it was not possible to
predict the composition or tritium distribution in the gas in the Gasbuggy
chimney. The goal of this study is to understand the chemical results of the
Gasbuggy experiment and to use this understanding to predict the chemical
effects of other nuclear explosives in other hydrocarbon-bearing rock.

GASBUGGY, A SECOND LOOK

Problems

Our lack of understanding of the chemical and thermal effects of under-
ground nuclear explosions was illustrated in a striking manner when we
compared our prediction of post-shot gas composition with the actual compo-
sition of the gas found on drilling into the Gasbuggy chimney.

Our prediction of the amount of C02 generated by the Gasbuggy explo-
sion was based on experience with many nuclear explosions in silicate rock
where 500 to 700 tons of rock were melted per kt 1012 cal) of energy re-
leased. The melting range of silicate rock is about the same as the temper-
ature range where carbonates decompose; so we concluded that the amount of
co 2 to be expected in the chimney would be equal to the amount of CO re-
leased from the melted rock. The CO 2 concentration in the rock was i 7 wt%,
measured by the amount of CO evolved by acid from samples taken from a
drill hole called GB-1, locateY188 ft northwest of te shot point. The
expected amount of CO 2was calculated as follows:

700 X 106 g rock� 4 7 g CO2
(2 6 kt)( . kt I 100 rock

I mole CO 2� 6
X 44 g / - 19 X 1 moles CO 2

The observed composition of gas in the Gasbuggy chimney 36 days after
the explosion is given in Table 1. These data indicate the production of twice
as much CO 2 as we predicted. In addition, we did not anticipate the 16.8% H 2
and 3.9% CO which were found.2 Thus, it was clear that we needed a better
understanding of the chemical effects of the Gasbuggy experiment.

The specific objective of this part of this report is to show how the gas
found upon entering the Gasbuggy chimney could have been generated by the
thermal decomposition of the Lewis shale-in a way which is consistent with
both the fundamentals of chemistry and our limited knowledge of the thermal
history of underground nuclear explosions. Mechanisms to explain the high
concentration of CO 22 the large and time-dependent concentration of H 2' CO�
and CH 4J and the tritium distribution will be considered in that order.
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Table 1. Observed composition of gas in
Gasbuggy chimney at 36 days.

(a) -6WMole % Moles X 10
(observed) (calculated)

(1) CH 4 36.9 43.5

(2) CO 2 35.8 42.2

(3) H2 16.8 19.8

(4) CO 3.9 4.6

(5) C2 H 6 3.6 4.2

(6) C3 R 8 1.3 1.5

(7) C4 H 1.1 1.3

(8) N2 0.5 0.6

99.9 -118

aSee Ref 2.

bBased on a gas volume of 59 X 1 0 10 cm3
at 338.5'K (65.5'C) and 64.6 atm 950 psi).

Source and Evolution of C02

Could it be that the carbonate concentration at shot point was twice what
we thought? It has been mentioned that C 2 analyses were made at shot depth,
4240 ft, in a hole called GB-1. Unfortunately, samples of the Lewis shale at
shot depth in the emplacement hole were not taken although at one time "side
wall" samples were planned.3 Once we ealized the importance of knowing
the carbonate concentration at shot point, we made measurements of the CO 2
concentration in cores taken from GB-2 300 ft east of the emplacement hole
GB-E). In Fig. the amount of CO 2evolved by acid from samples from
GB-1 and GB-2 is plotted as a function of depth. The variation among samples
from GB-1 is larger than the
variation among samples
from GB-2, possibly because 8
larger amounts of samples
were taken in GB-2. The av- 7
erage of fourteen samples GB-1
from GB I is 468 wtO/o CO 6 - .W-2�
about the same as the CO

2 U GB-2-111
concentration of a composite -
sample from GB-1 (4.64%) --*-AV.
and about the same as the c%44 k b-,Q�0
average of the seven samples 3
from GB-2, which is 4.5% I Shot oint

From these analyses we 2 0
conclude that it is not likely Diam of melt zoe
that the Lewis shale at shot I I I ? I I
point contained twice as much 4200 4220 4240 4260 4280
carbonate as the average of Depth - ft.
GB-1 and GB-2. However,
the possibility cannot be Fig. 1. CO in carbonate as a

2disregarded entirely. funFAion of depth.
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This conclusion leads us to consider other possible explanations of the
high C02 concentration in the post-shot gas. Were there carbonate minerals
present which decompose at lower temperatures than the melting range of the
principal silicate minerals? Did much more Lewis shale than expected get
heated to high temperatures?

When viewed through a microscope the Lewis shale is made up of very
small quartz and other mineral grains cemented together with carbonate. The
carbonate is either dolomite [CaMg(CO 3)21 or calcite (CaCO ), or a mixture
of the two; but te analysis is difficult on such a fine-graine�Prock 4 X-ray
diffraction analysis suggests that dolomite is the dominant carbonate at shot
depth in GB - .

It is important to find out the ratio of dolomite to calcite because the
temperature where dolomite begins to decompose at a given pressure is about
400' K lower tan the decomposition temperature of calcite (see Fig. 2.
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Fig. 2 Vapor pressure of calcite and dolomite
as a function of temperature.

Thermogravimetric analysis of samples of Lewis shale clearly show
three distinct temperature zones Where most of the weight was lost. These
were at 100'C, 500'C, and 820'C' when the pressure was I atm. These
temperatures corresponded to the vaporization of water, decomposition of
dolomite, and the decomposition of calcite, respectively. Judging by the
amount of weight lost at about 500' C, the carbonate mineral in the Lewis
shale is mostly dolomite.

The total amount of weight lost by samples from GB-1 and GB-2 when
they were heated to 1000'C in air was very nearly equal to the sum of the
acid-soluble carbonate and water. The carbonate minerals in the Lewis shale
are those which decompose below 1000'C.

Limits for the calcite/dolomite ratio can be calculated from the quan-
titative chemical analysis of a composite sample of the Lewis shale. Carbon
dioxide made up, on the average, 4.647o of the sample; MgO, 2.46To. and
CaO, 4.2676. This corresponds to a mole ratio of C02 = 1, MgO = 0579,
and CaO = 0720. Accordingly, all the CO 2 may be contained in the mineral
dolomite leaving a little e-aO and MgO in non-carbonate phases.
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Assuming dolomite is the principal carbonate mineral, we now will
calculate the amou�t of shale which must have been heated to release the
observed 42.2 X 10 moles of CO (see Table 1) '

From the melted shale, reease of 13.6 X 106 moles of CO 2. can be
expected. Te amount of sale melted per kt of explosive yield is taken to
be 500 metric tons, on the basis of the exploration of sites of other nuclear
explosives. This leaves 28.6 X 106 moles of CO to be explained. Figure 2
reveals the low-temperature decomposition of d2omite that takes place at
decreasing temperatures as the partial pressure of C02 decreases. It takes
place at 770'K at a C02 pressure of one atmosphere, and the decomposition
temperature increases about 100 K for each 10-fold increase in C02 pressure.
Thus it seems reasonable that a considerable amount of C02 could have been
derived from this source.

Another source of C02 will be discussed in the next section and in
Appendix A. Tis is the eneration of O 2 and H 2 by the oxidation of carbon
by steam. About 77 X 10% moles of CO were probably generated in this way,
leaving about 20.9 X moles of C02 to be derived from the low-temperature
decomposition of dolomite. This corresponds to about 1500 tons of shale per
kt heated above about 850 K but below 1600 K.

Genesis of H) and CO

The Gasbuggy chimney at about 36 days appears to have contained
19.8 X 106 moles of H2, and 46 X job moles of Co. 2 Neither of these gases
were ound in wells in the area before te explosion, and neither of them are
normal components of rocks. Shales, particularly black shales, are known
to contain high molecular weight hydrocarbons and, in some cases, graphite.
We knew that if the Lewis shale contained graphite or hydrocarbons, CO and
H2 could be formed by high-temperature reactions among graphite, 201
and C02.

Thus we carefully studied the chemical composition of the Lewis shale
and found that the total amount of carbon in the rock was in excess of the
carbon as carbonate. This was expected, but it was also expected that this
excess carbon was in the rock as high-molecular weight hydrocarbons

Tq 11 However, essentially all the hydrogen in each shale sample wasn'-2n-
found in water; none as hydrocarbons. Te average amount of "free" carbon
in GB I was about 05 wt% as shown in Table 2.

Table 2 Free carbon in Lewis shale (GB-1).

Sample Molus per 100 of sam2le
No. Sample depth (ft) C in carbonate Total C Free C Wt% free C

L-14 4 2 80.3 4280.8 0.0 845 ± 0004 a 0.1322 ± .00 7 a 0.048 ± .0 a 0.58 ± 0 la

L- 15 4 2 7 8.0 4 27 84 0.0818 0. 3 89 0.057 0.69

L-17 4 272. 1 4 27 24 .06 84 .1281 .060 .7 2

L-19 4266.1 4266.6 .0604 .1264 .066 .7 9

L-22 42 84 4258.8 .870 .137 3 .050 .60

L-24 4252.6 4253.8 .194 .1980 .004 .0 5

L-26 4246.7 4247 3 .160 .1347 .000 .00

L-28 4243.8 4244.6 .158 .2055 .047 . 7

L-29 4240.1 4240 7 .081 .1206 .040 .4 

L-31 4234 7 4235.3 .0986 .1331 .034 .41

L-32 4231.8 42 32.3 .196 .1996 .004 .04

L-35 4 224 9 4225.2 07 .14 89 .074 .89

L-37 4219. 8 4220.3 .0929 .1256 .033 .3 9

L-38 4217.6 421 8.1 0.0509 0.09733 0.046 0.56

Average 0.48 ± 0.07b

aFrom an analytical error of ±5% of the concentration of the otal carbon as well as the carbon as carbonate. This
error applies to all 14 analyses.

bMean error.
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Although the free carbon in the Lewis shale is not volatile, there is
little doubt that it is oxidized by steam and CO at high temperatures. The
most important reactions among C, C02 and WO are presented in Table 32
where the free energy changes for these reactions are plotted as a function
of temperature.

It is essential that these fundamental reactions are understood before
attempting to interpret the composition of the Gasbuggy gas. They provide
the teoretical background for the prediction of the results of future experi-
ments of this kind.

Table 3 Outline of thermochemistry of the system H 20 CO 2 C H.

Part 1: Principal reactions

(1) C + H 20-CO H 2

(2) C + 02 2 CO

(3) C + H20 - 12 CH 4+ /2 CO 2

(4) CO H20 - 02 2

(5) 4 H2 + C02 CH 4 2 H20

(6) CO + 3H2- CH 4 H20

(7) CO H2 1/2 CH4 + 12 C02

Part 2 Free energy of formation (AG), kal/mole gasa

Gas 2980K 5000K 10001K 15000K 20000K

HP - 54.63 -52.36 -46.03 - 3 926 -32.31

C02 - 94.26 - 94.39 -94.61 -94.71 - 94.72
CO -32.81 -37.18 -47.94 -58.37 -68.51

C H4 -12.145 - 7 845 + 46 25 +17.86 +31.19

Part 3 Free energy change for reactions 17, kcal/mole carbon

(1) +21.82 +15.18 - 1.91 -19.00 - 36.20

(2) +28.64 +20.03 - 1.27 -22.03 -42.30

(3) + 143 + 1.2C + 1.14 + 0. 83 + 054

(4) - 6 82 - 485 - 0.65 + 292 + 610

(5) -27.14 -18.17 + 7.17 +34.0 +61.29
(6) - 33.96 - 23.02 + 6.50 +36.97 +67.39

(7) - 20.39 -13.93 + 2 95 +19.95 +36 74

a Data for H20, CO and CO from J. Coughlin, Bull. 542, USBM, 1954. Data
for CH4 from JANAF"�ables, Dow Chemical Co., Midland, Michigan, 1964.

799



-40 (2)

(6)

-20

(4)

(3) C H O-1/2CH 1/2CO
2 4 2U

- 0
0

-E
(3)aU

(7) CO + H 1/2C H 1/2CO
2 4 2

20 (1) C + H2O-C + 

(2) C CO 2- 2CO

(5) 4H2 + CO 2 --*-CH4 + 2H2

40 (6) CO + 3H 2 --- .- CH4+ H20

500 1000 1500

Temp - K

Fig. 3 Free energy changes as a function of temperature for
principal reactions among C, CO, C02, H 2, and H20-
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It is noteworthy that a gas rich in H20 and C02 reacts with carbon to
produce CO and H2 at temperatures above 1000 K and tat carbon monoxide
reacts with H20 to make H2 at temperatures between about 800'K and 1000'K.
Hydrogen, in turn, reacts with CO to make CH4 at temperatures below
800' K. This is shown in Fig. 3 he more negative the free energy (AG)
for a reaction, the more that reaction is favored. Thus reactions (1) and 2)
of Table 3 are the main reactions above 1 000' K. They both produce CO.
Reaction 4), producing H 21 predominates from 1000 K to about 800 K.
Methane forming reactions (5), 6 and 7), predominate below 800'K, but the
rate at which CH4 forms at temperatures as low as 800 K is very slow.

Other reactions are possible, and many other molecular species will be
present in minor amounts. To know the concentration of each species as a
function of temperature at a fixed chimney volume, computerized calculations
have been made in which C2H W C H etc., were considered as possible
gases. A typical plot is shown in Q 4 This particular calculation is
based on a fixed C/H/O ratio,
one resulting when all the C,
H20, and C02 in 700 tons of
shale/kt were equilibrated in
a volume of 59 X 1010 cm3'
starting at a pressure of H2
200 atm at 2000' K. Notice
that the sequence of reaction
products with decreasing 10-2
temperature is CO, H2, and
CH4 at low temperatures.
This sequence is in agree-
ment with the brief ther-
modynamic treatment out-
lined in Table 3 and Fig. 3.
Ethane, C2H6. forms in
minor concentrations. This
same sequence is observed
for a wide range of starting
compositions and pressure
as will be shown in the dis-
cussion of the Dragon Trail
experiment to follow
in the second part of this 10-3
report.

Thus we hypothesize
that te H and CO found in2
the Gasbuggy chimney came
from the oxidation of free C CH4
by H20 and C02- Judging
by the amount of H2 aqd CO
found, about 12.2 X 100 moles
or about 146 tons of free C
was burned. The details of
this estimate are given in
Appendix A. C2H6

Because Lewis shale
contains about 0. 5 wt% free
carbon, the total mass of. 10-4
shale which was heated hot 1000 1500 2000
enough to burn the free Temp - K
carbon appears to be about
1100 tons per kt of explosive
yield This is not an un-
reasonable amount consider- Fig. 4 Concentrations of molecular spe-
ing that 1000 tons of salt per cies as a function of temperature.
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kt were heated to 1000'K and melted as a result of the nuclear explosion
(called Salmon) in salt. 7 Furthermore, reduction Of C02 and H 2 by C is
expected to take place rapidly at temperatures above I 00 K but probably
not at temperatures far below 1000'K.

As a summary of the previous deductions, we tentatively conclude:
1. About 1100 tons of shale per kt are heated hot enough so that

the free C in it reacts with C02 and H 0
2. About 500 tons of shale per kt are heated above 1600'K, hot

enough to melt and release all of its C02-
3. About 1500 tons of shale per kt are heated above 800'K, but

less than 1600'K, which is hot enough to release C02 from the
low temperature decomposition of dolomite.

4. All the water from at least 2000 tons of shale per kt is
released.

In the above estimation of the amount of free carbon burned, we have
assumed that no CH4 forms. Yet below about 800 K the formation of methane
by reactions (5), 6 and 7) is predicted by theory if equilibrium is main-
tained. The formation of CHtushould cause both H and CO to almost disap-
pear by the time the tempera re falls to 700' K. ?et the gas withdrawn from
the chimney at 36 days contained 16.8% H and 3.9% CO, even though the
temperature was less than 400' K. 2 If bot2h CO and H2 persist, the formation
of CH4 must have been very slow. The H2/CO ratio increased from I to 6
during the first 100 days, and then remained almost constant. A H2/CO ratio
of 6 corresponds to the ratio expected uder equilibrium conditions at 80 ±
50' K. Thus we conclude that reactions essentially ceased below about 800 K.
A laboratory confirmation of this quench temperature should be made, for no
truly applicable experiments have been done.

Experience with the composition o gases from the detonation of high
explosives in a calorimeter suggest an equilibrium is frozen at temperatures
of about 1200' K. Gases are cooled very rapidly under the conditions existing
in a bomb calorimeter. A vast amount of data on the temperatures to which
H, CO and CH4 must be heated in oxygen and air in order to initiate oxidation
has recently been reviewed. 9 Although it is not correct to assume that the
temperature to which CH ± 02, for example, must be heated to initiate
oxidation corresponds to the temperature below which CH will no longer
form by reaction between H2 and CO, it is a valuable supplemental sort of
information. Reaction between H2 and CO probably becomes slow below
800 K and very slow below 700'K, but s many factors are important in
addition to temperature that it is almost meaningless to generalize.

Influx of CH4 Upon Steam Condensation

Up to this point attention has been directed to an explanation of the C02,
H2 and CO found in the Gasbuggy chimney. In this section we show how the
amount of CH4 found can be used to deduce something about the late-time
chimney history. Methane in the Lewis shale before the explosion floods the
chimney only when the gas pressure in te chimney falls below formation pres-
sure. A striking decrease in pressure is expected when the steam condenses.

It is not possible to be sure of the total amount of steam that may have been
in the chimney. The Lewis shale heated hot enough to lose any C02 2000 tons
per kt) lost almost all of its H20. The minimum amount of steam was thus 108
moles based on an average water content of 36 wt %. It is assumed that no
chemical reaction takes place below about 8000K, It is also assumed that ex-
cept for CH4, the molecular composition of chimney gas at 36 days was approxi-
mately the same as the composition at the time steam started condensing.
The amounts of.the various molecules before condensation were:

4.2 X 1 I molesC02 7
CO 0.5 X 10 moles
H2 2.. 0 X 17 moles
H20 (min) - 1 0. X 1 7moles

Total 16.7 X 17 moles
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At a chimney of 59 X 1010 cm3 and an average temperature of 9000K,
the total pressure (PT) was at least 208 atm. The partial pressures of the
various components are shown in Fig. With decreasing temperature the

150

100 PH20

To
E P

T

CL

PF

50
Pco

PH
2

"PCH4-��

Pco

400 600 800

Temp -K

Fig. 5. Partial pressure of gases in the chimney as a function of
temperature showing the condensation of steam.
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total pressure fell according to the line PT, and the partial pressures of the
various gases also fell as shown. When te temperature fell to 570' K, the
chimney gas became saturated with water and condensation started. This is
shown in Fig. by the intersection of line PH with curve (S) representing
the vapor pressure of liquid water. With further cooling, the partial
pressure of water followed down the saturation curve, resulting in a rapid
decrease in the total pressure until the temperature reached the observed
chimney temperature, To, about 400'E..

Notice that at about 5000K, and idependent of the amount of steam
assumed in the system at te start, the total pressure fell to the formation
pressure, PF, Below this temperature it became possible for formation gas
to enter the chimney. The gas in nearby rock Was made up of about 85% CH4,
7.4% C 2H 61 4%C 3H 81 and other heavier hydrocarbons. IO In Fig. the partial
pressure of formation gases as a function of temperature is given by a single
11CH 11 which, of course, represents the sum of several partial pressures.

4 Preshot gas from the area had a CH 4/C2 H6 ratio of 11.5. The post-shot
chimney gas at 36 days had a CH4/C2 H rzftio of 10.2. As discussed earlier,
we are inclined to believe that most of U CH and C 2H6 in the chimney came
from "formation gas" outside the chimney ratter than by chemical reactions
-within the chimney.

Tritium Distribution

The measurements of Smith and Momyer2 of the distribution of tritium
among H2. CH 41 and C H as a function of time contribute a great deal to our
understanding of post-ZoV chemical changes. The CO- and H2-rich gas
sample collected the first day after detonation suggested that a chimney full
of such gas would contain about 30% of the tritium as HT and about 3% of the
total tritium as CH3T. The remaining 67% is assumed to be in water as HTO.
According to the model presented here, the H 2O/H 2 ratio in the initial chim-
ney gas is about 5. That is, as much as 20% of the tritium could be in the
non- condensable gas and about 80% in liquid H 0 With time, the availability
of substantially more water with which the triium can exchange is expected.
With time, in fact, the fraction of the total tritium in CH4 and H 2 decreased
to 5% and the remaining 95% is presumed to be in liquid water.

PREDICTION OF THE COMPOSITION OF GAS AND THE TRITIUM
DISTRIBUTION IN FUTURE GAS-STIMULATION EXPERIMENTS

Introduction

The study of the Gasbuggy experiment in the first part of this report
pointed out the relation among the chemical and mineralogical composition of
rock at shot point and the composition and tritium distribution in post-�-shot
gas. This part of the report is to show how these relations may be used to
predict chemical results of nuclear explosions in hydrocarbon-bearing rock
of a different composition.

Although we believe our interpretation of the observed chemical results
is correct in principle, we must emphasize that many of the arguments used
to make the detailed predictions to follow are neither positive nor conclusive.
We hope that this attempt at prediction will arouse sufficient interest so that
a strong effort will be made to test the assumptions.

Parameters for the Dragon Trail Experimentil

At the present time, two proposals for nuclear explosions in hydrocarbon-
bearing rock have been studied in sufficient detail to make predictions
of the chemical effects. These experiments are Dragon Trail and Bronco.
Because the Dragon Trail rock is similar to the Gasbuggy rock, this experi-
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Table 4 Carbonate mineralogy from chemical analysis.

Moles per 100 g of rock WtGjo of rock

lb (all Mg in carbonate) II b (all Ca in carbonate) Assumption I Assumption II

Sample a Ca knon- Mg non-
No. Ca Mg C02 MgCO 3 CaCO 3 carbonate) MgCO 3 CaCO 3 carbonate) MgCa(CO 3)2 CaCO 3 MgCa(CO 3 2 CaCO 3

201 0.108 0.0728 0.1561 0.0 72 8 0.0833 0.02 0.04 80 0.10 8 0.0 3 13.4 1.0 8.8 6.0

202 .1033 .0724 .1479 .0724 .0755 .03 .0446 .103 .03 13.3 0.2 8.2 5.9

203 .1569 .0695 .2095 .06 95 .1400 .02 .0529 .157 .02 12.8 7.0 9.7 10.4

204 .1202 .0666 .1552 .0666 .0 886 0.03 .0350 .120 0.03 12.3 2.2 6.4 8.5

205 .27 97 .1234 .4090 .1 234 .2797 None .1234 .280 None 22. 8 15.6 22.7 16.6

206 .1139 .06911 .1727 .06911 .1036 0.01 .0588 .114 0.01 12.7 3.4 10.8 5.5

207 .1070 .0609 .1386 .0609 .07 7 7 0.03 .0316 .107 0.03 11.2 1.7 5.8 7.5

co 208 0.0891 0.05841 0.1234 0.05841 0.06 50 0.02 0.0343 0.089 0.02 10.8 0.6 6.3 5.50
VI

Av 0.1890 Av 13.7 4.0 9.8 8.2

Av wt7o CO 2 8.3 ± 14 Wt% total carbonates 17.7 18.0

aAcid soluble carbonate. Analytical accuracy ±5% of the concentration,

bAssumption "I" may be preferred on the basis that Ca silicates are more stable than Mg silicates. On the other hand, CaCO 3 is considerably more
stable than MgCO 3' the basis of Assumption IL

cMean error.



ment is used as an example. A similar treatment for the Bronco experiment
can be made if there is sufficient interest.

Although the explosive yield for ragon Trail has not been set, it will
probably be in the range 1 ± 6 kt. The depth of burial will be about 2800 ft
(853m). Shot point will probably be in the "B layer" of the Mancos shale, the
density of which is about 24 g/cm3. Tus the lithostatic pressure at shot
point is about 200 atm. The cavity volume at a yield of 18 kt and this con-
fining pressure, is expected to be 59 X lt( cm3, scaled from Gasbuggy.
The pressure of te natural gas in te area is 32 atm."

A complete quantitative chemical analysis of eight samples of Mancos-B
shale has been published. 12 The results of these analyses, pertinent to the
carbonate mineralogy, are abstracted in Table 4 Notice that the average
amount Of C02 in carbonates is 83 wt%. It appears that the carbonate min-
erals are similar to, but more abundant than, the carbonate in the Lewis
shale (the Gasbuggy rock).

The pressure of free carbon is of special interest because it may gen-
erate CO and H2' Te average amount of free C is about 1.1 wtjo as shown in
Table 5. The average amount of water in the shale is about 5. 1 t% 12

Table 5. Amount of free carbon.

Sample Moles/100 g rock

No. Total C CO 2 Noncarbonate C Wt% 

201 0.2356 0.1561 0.0795 0.95 ± 02 a

202 .2447 .1479 .096 1.2

203 .2 881 .2095 .07 86 0.94

204 .2614 .1 552 .1062 2.4

205 .4 86 3 .4090 .0773 0.2

206 .2873 .1 72 7 .1146 1.4

207 .206 .1386 .067 0.8

208 0.2231 0.1234 0.0 997 1.2

Av wt% free C 1.1 ± 02 b

aAnalytical errors.

bMean error.

Molecular Species and Bulk Composition of Chimney Gas

From the chemical composition ofthe Dragon Trail site, and from
what we have learned from Gasbuggy, we conclude that the 18-kt Dragon Trail

01 Natural gas produced in the area is ade up of 88% CH 5.7% C2H 2.5%4� 61
C3H8, approximately 1% heavier hydrocarbons, 2.2% N2, and 025% C02-

806



explosive will release the following amounts of C, 002, and H20 from the
Mancos shale:

C: 18 X 1.1% X 1100 = 218 tons = 18 X 106 moles

co 18 8.3% X 500 + 8"o X 1500 1867 tons 42 X 106 moles
2 2

H 0: 18 X 5.1% X 2000 = 1836 tons = 102 X 10 6 moles
2

Total 162 X 106 moles

No doubt more than this amount of H20 will be involved because the
vapor pressure of H20 in this shale is higher than the vapor pressure of C02
at a given temperature.

A pressure of -1 80 atm is generated when this amount of gas is in the
Dragon Trail chimney at 800' K. This pressure is taken as a starting point
for a computer calculation of the temperature dependence of molecular
equilibria shown in Fig. 6 Notice that these results are in agreement with
the trends outlined in the first part of this report; i. e., CO becomes impor-
tant at high temperatures and H2 is the principal reaction product around
1000'K. Below about 850' K, CH4 becomes increasingly stable relative to 2
and CO, and graphite (Cg) forms at temperatures below about 400 K accord-
ing to theory. The rate at which CH4 or Cg forms is very slow, an important
point which was discussed in detail in the first part of this report.

H 0
2

co 2

10-2

E H
2

H
0 10-3 4

C co
9

2 H6

10-4
400 600 800 1000

Temp 0K

Fig. 6 Calculated distribution of molecular species for a
fixed C/H/O ratio as a function of temperature,-
valid at temperatures between 700 1000'K.
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From the H2 /CO ratio of in the chimney gas at Gasbuggy, we assume
that homogeneous equilibria "f reeze out"or quench at about 85 ± 50'K. The 2 /
CO ratio at 850'K in the Dragon Trail chimney is also expected to be about accord-
ing to Fig. 6 The amount of the various molecular species can be approximated
from these assumptions. The net reaction for the oxidation of free carbon is:

C + 2H 20- CO 2 + 2H 2

The number of moles of H produced is 36 X 106, twice the number of moles
of C burned. In order thaf H 2/CO = 5, we can formulate:

H 2 + CO 2 --)'. H20 +CO

(In reality the CO is formed before the H by direct reaction of C with C02
and H20 ) By this reaction, one mole of2CO is produced per mole Of R2 used.
When the number of moles of CO formed is 60 X 106, the number of moles of
H2 remaining is 30.0 X 106 and the condition H2/CO = is met. Also, con-
sidering the C02 made and the H20 lost by the above idealized reactions, the
final composition is:

R = 30 X 10 6 moles (I 8. 52

CO = 54 X 10 6 moles (3 3 3
2

H 0 = 72 X 10 6 moles (4 4. 5 To)
2

CO = 6 X 10 6 moles 3.7%)

Total 162 X 106 moles 100%

H20

10-2 2

0
0

C9 2
E

M

ID
0

10-3 H4

C 2H6

500 1000 1500

Temp 0K

Fig. 7 Molecular species distribution calculated from assumptions
valid for temperatures of about 1200 200 K.
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Before we conclude with a discussion of the condensation of steam and
tritium distribution, we must point out that the assumptions used to make the
above estimate of gas composition at a "freeze out" temperature of 850 K
does not apply at high temperatures. In order to estimate the gas compo-
sition at 1200'K, for example, it would be more realistic to assume that:

1. All the H20 and C are released from 1000 tons of shale
per kt.

2. All the C02 is released from 500 tons of shale per kt.
3. Half the C02 is released from an additional 500 tons of

shale per kt.
The calculated distribution of molecular species for such a C/H/O ratio as a
function of temperature is shown in Fig. 7.

Likewise, to better estimate the gas composition and distribution of
molecular species at 1600 ± 400'K, we should consider only the gases evolved
from the 500 tons of shale melted per kt. This was done by machine cal-
culation and the results are shown in Fig. 8. Although this calculation
describes equilibria at temperatures down to 550'K, the assumptions used to
make the calculation are realistic, at most, over the temperature range
1600 4000 K.

H20

10-2

W)

E 2

0

10-3 H4

1000 2000

Temp 0K

Fig. 8. Distribution of molecular species at
temperatures in the range 1600 4000 K.

Figure 9 is a composite of Figs. 6 7 and 8. It represents our best
guess of the distribution of molecular species as a function of temperature if
no quenching takes place.

Condensation of Steam

Figure 10 represents an idealized picture of condensation in the Dragon
Trail chimney. The so-called "late time" or low temperature pressure
history is given by the line of total pressure PT)- At 550'K the chimney gas
becomes saturated with water, condensation ensues, and the total pressure

809



H20

10-2 C02
C'O

400

H2

CY)
E
U

10-3
0

CH4

C 2H6

10-4
1000 2000

Temp 0K

Fig. 9 Composite of Figs. 6 7 and .

falls rapidly. The total pressure expected during the first few months is
50 atm, compared to a formation pressure (PF) of 32 atm. This leads to the
conclusion tat no methane will be found in the chimney when it is first o2ened
The rate at which the cavity pressure approaches formation pressure depends
upon the permeability of the surrounding rocks. The final gas composition
following condensation will be the same as that calculated in the last section
except that almost all the steam is gone, as follows:

H - 30 X 106 moles (33%)
2

co - 54 X 106 moles 60%)2

CO- 6X10 6 moles ( 7%)

Total 90 106 moles 100%

It is interesting to compute the distance that CH4 is driven away from
the cimney by the high-pressure chimney gas. If the void volume in the
shale is about 10%," C02, H2 and CO displaces CH4 an average distance of
-50 m 160 ft) from the chimney. This outflow of gas may be detected by the
presence of tritium (as T).

The temperature expected (TE).upon re-entry, a few months after
detonation, is 400'K based on experience following Gasbuggy.

Tritium Distribution

At temperatures above about 900'E., where chemical reactions among
gases in the chimney are expected to approach equilibrium, isotopic exchange
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Fig. 10. Condensation in the Dragon Trail chimney.
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is also expected to be rapid, and tritium (T) will be distributed in an equal
atom fraction among all hydrogen-containing molecules. (That is, the T/H
ratio in hydrogen will be the same as in steam. The ratio of H20/H2 at
900' C is expected to be at least 72 X 106 30 X 106 = 24. This is a minimum
because it is based on the amount of steam liberated from about 36 X 104 tons
of rock 2000 tons/kt). This is the mass of rock expected to be heated hot
enough to lose some C2 from dolomite, considerably otter than necessary
to liberate steam.

The total amount of tritium expected is 43 ± 4 g 1.4 moles). The total
number of oles of H at 900'K is expected to be 20 X 108, 06 X 108 in H2,
and 14 X 10 in H 20. Thus the net T/H ratio is expected to be 14/2.0 X 108

7 X 10-9.
The distribution of tritium between H20 and H2 is 30% in H2 and 70% in

H20- Upon the condensation of water about I mole of T is removed from the
gas phase, leaving 04 moles of T as HT. The total amount of non-condensible
gas in the chimney is expected to be 90 X 106 moles.

The tritium concentration at about 30 days is thus expected to be
-4 X 10-9 moles T/mole of chimney gas.

In terms of volume at N T P, this corresponds to 17 X 10-10 moles of
T/liter or 6 X 1-12 moles T/ft3, resulting in a measurement of about
5 WCi/liter of chimney gas. This is a maximum. Exchange with additional
water may reduce the concentration by a. factor of 5. Because CH4 is kept
out of the chimney until production starts, the tritium exchange reaction.

THO (1) CH 4 (g) = C H 3T(g I H20(1)

is not expected to take place to the extent observed in Gasbuggy.

APPENDIX A

Estimation of the Amount of Free Carbori Burned to Pr oduce the Observed
Amounts of H 2 and CO

The principal CO-forming reactions are-

1. 9X(C H20 = CO + H 2) (1)

X(c +co 2 = 2CO) (2)

These reactions are about equally probable at temperatures between 1000' K
and 1500' K (Fig. 3 The relative importance of tese reactions can be
estimated by the relative amounts of H20 and C02 in the Lewis shale. The
H20/CO2 ratio is 19, so if the amount of C required by reaction 2) is X, the
amount required by reaction (1) is 1. 9X, and te total amount of carbon burned
(C) is 2.9X.

The principal H2_ producing reaction is:

Y(CO + H 20 = CO 2 4H 2) (3)

Let: 6
A = amount of CO found in chimney (4.6 X 10 moles)

B = amount of H f ound in chimney (19.8 X 106 moles)2
C = total amount of free carbon burned o make A and 
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Then:
A = 3.9X - Y

B = 1.9X + Y

A+ B = 5.8X

X = A B = 4.2 X 10 6
5. 8

and

C = 2.9X A B 12.2 X 10 6 moles of free carbon burned
2

Also consider the formation and loss of C02 by reactions due to the presence
of free carbon.

a. CO 2generation

Y(CO + H20 = CO 2 +H 2)

Y = - X = 19.8 X 106 7.9 X 10 6 = 1.9 106moles

b. CO 2consumption

X(C +co 2CO)2

X = 42 X 106 mole s

6
Net am?�int of C2 generated by te oxidation of C is (1 1 9 - 42) 1 0
7.7 X 10 moles.
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