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GAS PRESSURE FROM A NUCLEAR EXPLOSION
IN OIL SHALE

Abstract

In this report we estimate the gquantity

of pas and the gas pressure resulting from
a nuclear explosior in 0il shale. These
estimates are based on the thermal hiszory
of the rock during and after the explo-
sion and the amount of gas that oll shale

releases when heated. We estimate that

for oil shale containing less than a few
percent of kerogen the gas pressure will
be lower than the hvdrostatic pressure.
A field program to determine the effects
of nuclear explosions in rocks that sim-
ulate the unique features of cil shale

is recommended.

Introdnction

The uge of nuclear explosives to frac-

ture oil shale has been under consideration

for more than 10 years. The idea devel-
oped into an in situ oil-recovery scheme
called Project Bronco, a joint effort of
the U.S. Bureau of Mines and the Lawrence
Livermore Laboratory.1 Recently the idea
was reconsidered as Project L’\:ah.2 but

neither of these projects was carried out.

Because of the recent increase in the
value of oii, the recovery of oil from
Al-

though a large amount of oil shale can be

shale is more attractive than ever.

mined by conventional techniques, most of
the vast oil shale reserves in the United
States are too deep to be recovered in

According to a recent ltudy3"

this way.
that takes into account advances in the
use of nuclear explosives since the time
of Project Bronco, the use of nuclear
explosives appears to be the least expen-
sive way of recovering oil from deep

shale,

What stands in the way of startirg a
progranm to find out whether it pays tc use
nuclear explosions to recover oil from
o0il shale? The principal technical prob-
lem seems to be safety. Before the first
nuclear explosion can be devcnated ir oil
shale, we must be certain that the radice-—
active products of a nuclear explc.ion
will remain underground. #After some
underground nuclear explosions, escaping
'gas has brought soiid and gaseous radio—
active materials to the suvrface. The
greater the anounr of gas released by a
nuclear explosion, the more likely it 1s
that some wiil escape to the surface. The
amount of gas released is relsted tc the
apount of volatile matter in tha rock.
0il1 shale contains organic matter, which
releases gas when hested; It alio contains
water and carbonates. Figure 1 shows how
much more gas is releassd at 10U0°C By wili
shales than by other rocks.

In this report we est!mate the pres-

sure that will result from a nuclear

-1=
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explosion in o0il shale. The estimate is
based on our current understanding of the

amount of rock heated by a nuclear explo-

Containment of

“Containment” is jargon for the tech-
nique of keeping underground the gases

relessed from rock by nuclear explosions.

Although the bulk of it is not radiocactive,

this gas can sweep radiocactive gases and
solid particles to the surface, creating a
possible health and safety hazard to
workers in the area. Under certain wind
conditions, the rapidly released radio-
active gas may be swept acrcss interna-
tional boundaries, thus violating inter-
national agreesents.
containment failure has occurred in two

In the past,

ways: dynamic ventiag and seepage.

Dynsmic venting is the rapid loss of
hot gas, mostly steam, during the first
30 min or so after a nuclear explosion.
This kind of venting occurs wmostly through
a few fissures that may or may not have
been present before the explosiou.

The scaled depth of burial is perhaps
the most important factor in preventing
dynamic venting. Experience hss showm

sanen heated to 1003°C

from the Green Diver Formation
releases more ncncendensable (dre)
gas than mest other kinds of rock
The shaded areas regresent the
ranges for the vorious winds of

rock.

sion and on laboratory determinations of
the amount of gas released by heated oil

shale.

Nuclear Explosions

that explosions will generally be con~
tained at scaled depths of >120H1/3
meters, where W is the yield in kilotoms.*

Dynamic venting cannot occur in a dry
silicate rock free of carbonates and other
volatile materials because all the gas is
condensed ro a liquid at temperatures of
about 3000°C. Cooling to 3000°C is rapid
because of the loss of heat by radiation
to the surrounding ccoler rock.

In an experiment named Salmon, a
nuclear explosion was detonated in pure
salt. Because of the lack of volatile
maierials a vacuum was found when the
cavity was drilled into.s In contrast,
an earlier nuclear explosion In a salt
formation that contained beds of wet clay
(the Gnome experiment) produced dynamic

*In the Internarional System of Units (SI),
the unit for energy is the joule. A 1-kt
muclesr explosion corresponds to 4.18

x 1012 3, or 4.18 terajoules (TI).

2=



venting of stear, for about & day after the
L4
explosion.

Just how much volatiie material a rock

can contain befcrze wventing occurs is not

well known even for an area as well studied

as the Nevada Test Site. Presently, the
testing of nuclear explosions is not cen~
ducted at sites containing more thun about
5 wti Coz as carbonates.

Inhomogeneities in rock, such as
faults, joints, and bedding pluines, :an be
natural zones of weakness, but clese to
the explosion they seem to be sealed by
shock waves. It is very difficult te
quantify the integrity of the rock at the
site of an explosion.

Emplacement engineering has been de-
veloped to prevent dynamic venting in
cases where the volatile-matter content of
the rack is below established empirical
limits.
sive to learn ro avoid dynamic venting

It has been difffzult and expen—~

due to fazilure of stemming and other man-
made structures, particularly in the case
of shallow low-yield explosions and in the

case of explosjons emplaced in tunnels.

Gas leaks alc:g cabies used to be common,

They are avecided now by cablie blocks, a

Can Compi

From fZeld expe: ienceé we nave earned

2 avoid drramic venting anl scerage by

:estricting the sites of nucless
t5 certaln families of rocks: «cranite,
basalr, dry tuff, and low~volatile (low~-
carbonate) alluvium. In order to apply
what we have lcarned to oil shale, certcin
23 fartore must be consldered, in-
cluding the amount of rock hvated, the
ter:perature t. which it is heated, and the

duration of the heating. These things

explosions

serive 06 gar-tlp ¢ fas lears were

gencTaily =low louks ol pas valled seeps.
Seepige 1s the sive loss of gas to the

atnosphere Trom 7w ruclear

explosien. The
telow 100°¢ and
of €0,, B,, an

condeénsable sases

plosions in most kinds of T
tive zas p

en wr

5 Ol

teff and

the low-density

ium at the Nevaia Test Site, have

vermeahilities and por-

*here are mawny

gas can flow a pas Pressure persiscs.

Large volumes of radioactive gas may 2is-

piace the 3ir in the rock formations and

itself remain 5:low the surface. The air
is not derected becau : it seeps ous of
the ground over a wide arza.

volume of noncon

storays voleme--both

in the rock and the

1 in il Shale Be Predicied?

nistore,

together ¢

which is probadly the lecast

must 8¢ Fhww the o

ceatainment.

and composition of gas relecned trar o rook
sublected to a rertain ther-al i-lory.
This is cailed the “wolatile - he
rock.” From these 1. Sact.rs we can
estimate the :otal amran: o produced.

To cstimate the gas pressure, we must

«now (1) tie void volume available undnr-

ground for the gas, [2) the temperature of

-3~
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the gas in this void, and (3} the perme-
ability of the surrounding rock. 1f the
gas pressure exceeds the lithostatic pres-
sure for very long, f;:cture of the rock
will prodably occur.
for using fluid pressure to crack rock in
oil and gas production.) A gas pressure
higher than the hydrostatic pressure may te
safe in ene tock but lead tc-displacement
of water and gas release in:another.

The oil shale in the Piceance Creek
Basin in Colorado is very dense and im-
perzeable at the top of the Parachute Creek
the edges of the basin.9

sane aember, near the center

Mezber and at
Deeper in the
of the basin, is a leached zone that may
be very permeable to gas, particularly if
it is dewatered (as it must be for retort-
ins).3 At such a sire a high gas pressure
probably cannot develop. The feasibility
o Iracturing cil shale by nuclear expio-
sicas will prcbably be tested at the edges
cf the basin, where the permeability is low
encughl to prevent chimney flooding. At
such sites the permeanility nay be toc low
to allow chimney depressurization by sub-

surface gas flow. In any case, ve

(This is the .pasis _ .

\

|

/
about the t;[:'.'lc(mi‘ of rock heuted by a nu-

clear explosicr cor the quantity of ga- re-

leased by rocks *n heating.

23

- i N
we have heenzable to measure the umoun

of pas. ynstly LUQ. released by hea: in the
case of the tnree gas-stimulaties nuclear
expetinﬁn;s Gasbugyy, Rulison, and Rio
Blanco%“ In the case of both Gasbuggy and
Rulisoﬁ. early estimates of the total
azaun#s of C0, based on measurements of the
concéht!éticns of vadioactive gas cracers
hiv¢‘subsequent1¥ heen confirmed Ey obser-
varions of actual gas pruduction.l In the
R?c 8lanco experiment, the amount of gas
released has been ralculated from measure-
ments of the concentrations of gas tracers,
bur the gas production to date has been
limiced.

The yield of volazile matter from Ric
Hlanco rocks has been measured by labora-
tory pyrolysis o¥periments, By comparing
thae amount of gas relased by Zaboratory
prrolysis to the amount of pyvrolysis-
produced gas found after the explosiorn, we
~ave estimated the amount ~f rock heated
These

s tend to confirm the theoreti-

and degacrsed by the exg:lcsion.B

Teasu

be sure of the feasibility of fracturing
o1l shale by nuclear explosiors until
further well-instrumented containcent ex-
periments are conducted at the Nevada Test
site or elsevhere in an impermeable
carboaate-rich rock, preferably a

marlstone.

“e car predict the storage volume
available to the gas. at least the
explosion-produced void volume, to within
about 202, Howaver, we cannot predict the
anount of gas that will be released by a
nuclesr explosion with nearly the same
accuracy, partly because we are not certain

cal model for the rhermal history of nu-
clear explosions presented in Secticn IV.
Recent attempts to predict and nmeasure
the amount of gas released by nuclear e:-
Plosions at the Nevada Test Site have been
disapp: inting. The rocks are of ten very
heterogeneous, making prediction difficult.
Large variations in gas-tracer concentra-
tions have been observed between samples
taken from the same hele. Postexplosion
gas ssmples withdrawn from tubes smplaced
before the expiocsions indicate that the
radioactive tracer gases are not uniformly
nixed with the gas released from the rock

by the heat of the explosion.



Therm

The heating aand melting of oot by

nuclear explesions have Peul T

Butkovichl® has

clsewhere.lu
the temperaturc rise ds a fen tion of dis-
tance for a nuclear exploasicn of given
vield in silicate rock of various densi-
ties. His work was based on e-perimental
Hugeniot-type {shock) density- -28sure

meascremnents.

A louw-density (i.e., porcus) silicate
rock attenuates the shock cf-an explosion
in a shorter distance than does a high-
density iaonporous) reck of the same type.
Kanowing the melzing point of a rock,
!utkovi:hll calculated the distsnce out
to which rock is melted by the passage of
a shock as a funrtion of preshot rock den-
sity. Out ¢0 this point the rock is
teated b the tock to temperatures above

the melting point. Froz the heat capacity

al History

data, Butkovich calculated the total guaw~-
tity of heat intially deposited in rocks
at the melting point andé adbove as z frac-
He

fraction that

tion of the total «xplosive energy.

3

is

concludes th
available tc heat tional rock to the

melting point

that we a2ssure to be availzbl
shale, as shown Izter.
mate the energy fractionatica for el

from calculations for silicure rock.

the

The assumption is made that it is

porosity of a rock, rarier than densitvy,

that deterzines the imirial dispositicn of

shock-~wave energy. Takble 1 sheows

Butkovich's data for & silicate rock with

the same welting point as oil shale
{~1200°C).*

The data were tabulated by

*Jackson12 found that cil shale from the
Piceance Creek Basin started to ma2l: at
about 1150°C and was completely melted at

of rock, :he heat of melting, and other 1227°¢C.
Table 1. Eitect of silicate-rock demsity on the “raction of energy o z 4.18-TJ nuclear
explcsion deposited tr :sheck in rock at temperatures abtove the melting point
(1250°C).
bensity . Porosity3 rer fraction
(glc:.?) ) Zeposited
1.4 50.0 .74
1.6 42.8 .69
1.8 35.7 .62
2.0 28.5 .53
2.2 21l.4 o7
2.4 14.3 .39
2.6 7.1 .26
2.8 0 0.2¢

SVolure percent porosity = 100{1 - (¢/2.8)]. The crystalline densities of quartz

diorite and granite are 2.8 and -2.7, respectively.

-5
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The higher the porosity of a rock,
the greater the fraction of the
explosive energy of a niclear
explesion that is taken to heat
vock to melting temperatures and
above. Shown here is the relation
for a rock with the melting tem-
perature of oil shale (1200°C).

e
M.
T
w

Batkovich in terms cf density and energy
fractionarion normalized to a 4.18-1J ex-
plosion. The porosity was caicula:ed from
the density., Figure 2 is a plot of energy

fractionation versus rock porosity.

Although oil shale is a very porous
rock, most of Its pores are filled with
(The bulk density of oil shale
decreases from 2.4 to 1.8 as the amount of

kerogen.

kerogen increases from a few percent to

34 wt%.) We know that kerogen is less com-
pressible than ajr, but more compressible
than void-free (sclid) rock. The shock
heating of a rock in which some fraction o
che pores is filled with water (or kerogen)
has not yet bren calculated.

For a rough approximation, a kerogen-
£111ed pore in the inorganic matrix of oil
shale is assumed to have the same heating
effect on shock compression as & pore of
half iae volume f1lled with gas.
the density of kerogen is approximately

Because

-6

1.0 g/c:‘J and tiw Jer

part of oil shale ir &

o0il shale containing 3 wt' Zevoger. . ontdins

about 12 wvol’ kerogen. The effect - ne
kerogen-filled pores on shock heating in
this exarple is assumed to be the same as
that of a porosity »f € vol®, 1.7 times the

weight percent of kerogen.

The pas-filled-pore volute of the oil
shale from the Mahegany Zone of the Piceance
Creek Basin in Colorade is aburt 3%, ac-

13

«ording to laboratory saturation ~ and com-

pressianlk neasurements. Since the satura-
t’on method measures only interconnected
pores, the results tend to be minimum
values. The satuvation method aprlied to
11 samples gave an interconnected-porosity
range from 0.2 to 127, with an average of
2.9%.

measiring the net volume change of oil

The compression method consisted of

shale as a result of staric compression to
4 GPa (40 kbar) followed by release to

0.1 MPa. The average volume decrease
corresponded to a loss of porority of
2.6% (the range for five samples was 0.6

to 4.4% porosity).

These laboratory deterrinations of
porosity should wrobably be considered tu
be maximum values because the oil-shale
szmples may have partly dried ou< during
narndling berere the measurements were made.
fhey may not reyresent the porosity of cil
shale in situ, particularly that of oi:

shale below the water tahle.

The percent porosity of oil shale that
18 effective in inc: iing the localized
shock heating, calied the effective poros-

ity Pe, is prohably in the zanga

Pe = 1.2 {(~t% kerogen) + {2 * 1). (1)
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« for degassing and melting a

~hale with F_ in this ranee is 0.3 0,05,
N
¥ar a noclear iesion of yield ¥, ir an
reroven, the

to :.zat shale,
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In osder 0 estimate the total amount

of gas released iy & nuclear explosion. we

rovk heated to

aust estimaic the amount

various temperatures. In doing this we
assume that the only hear ¢railable to

raise the temperaturc of <. Torw is Y.

The azount of 61l shale :hat can be heated
to some temperature { by this quantity of
heat depends on the hest capacity of the
0il shale, the ambient temperature, and
all the variouve heats of transitions (v.g.,
celting and decomposition) chat oil shtale

undergoes when heated.

-7

evunts

erplos

¢n is carried cut in a

in extenty sizmulates the

Serud

ng an cnderground nuclear

sirst the mass of oil shale

leulated,

heat

sition of carhonates (

une

fo

that

rmulate

rrom

is

carbonate:

inte account

consuzed by rhe decompo~

The zone

s of oil

where

w

¥y

wass of oil shale in zone 1. ths
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ani melted by §.

arbient temrerature, 3G°C.
melting temperature, 1200°C.

heat capacity, assumed to be
constarnt, V1,04 J/g-°C (0.25 cal/
g-"C).



Fp o= fraction of the totai catbonate
CO2 in}the oil shale: in zone 1
released at the temperature of
zone 1 (Fl 1s 3 parameter deter-
mined by experiment, as discussed
under "Release of Gas from Heated
0il Shale"). 4t the melting tem-

1= 1.

It decreases to 0 at about 300°C.

perature of oil shale, F

K = weight fraction of CO, in the oil
shale. It will be shown that an

average value for oil shale is 0.15.

sH = heat required to release CO2 from
the carbonates in oil shale.
According to our x-ray diffraction
measurewents, the principal reaction
in 0il shale that liberates CO2 on
long~term heating is the reaction
between dolomite and quartz to form
diopsidelB:

CaMg(CO,), + 2510, ~ CaMg(5i0,), + 2€0,. (4)

2 2

The heat required for reaction (4) is

LHr-k = 1,77 k3/> CO2 (423 cal/g COZ)'L

The exact reaction depends on the mineral
compesition of the shale. A shale con-
taining only calcite will release CO2 by

the reac:ionl
CaCo, + 510, ~ Ca5i0; (wollastenite) (5)

The heat required for reaction {5) is

Mg = 2,00 xJ/g CO2 (447 callg COZ)
Lﬁf = heat of fusfon of oll shale,
about 334 J/g (80 cal/g of oil
shale),

B~

Ia calculating the amount of o0il shale
heated to other (lower) temperatures., the
assumption is made that additional oil
shale is added tc the melted rock by col-
lapse, "blowoff," and the like, ir such a
way that the temperature is kept nearly
uniform. This assumption will not hold if
large blocks of oil shale [all Zato the
hot region, as they will ret be neated
uniformly except after a long time. For
this reason the amount of rock that is
heated to soue temperature calculated by
the method outlined here might be ccnsid-
ered a maximum.

The mass of 0il shale heated to tem-
peratures helow the melting poir: is cal-

culated in 100°C temperature zones. In

zone 2, which extends from 1050 to 1130°C,
the average temperature Té is 1100°C. The
mass of oil shale in zone 2 is
9 = My co, Hp
M, = — < . (6)
2 T,
./' C_ 4T + F.X aH
P 2 b
T
a

Here the term Hl AHr is the amount of
s

energy "ost due :goghe deconposition of
CO2 in the preceding zone (Ml,CO is the
mass of CO2 lost in zcne 1), Fz is the
fraction of the total carbonate CO2 in the
oil shale in zone 2 rcleased at the tem-
perature of zone 2, and the other terms
are as defined in Eq. (3). The term AHf
does not appear in any zone after zone 1
because no additional oil shale is melted.

For any zone 1 except zone 1

Q-1 7 M-1,c0, ¥Hr
¥, =R (D)
T
[ € GT +FK i
i T
-ﬂTa



On the basis of eccromic considera-
tions, it appears thar an acceptable
explosive yield3 for oil recovery iv the
Piceance Creek Basin is roughly 418 1J.
For such an explosion, Q, by Eq. (2), is
equal ro 125 TJ. Taule 2 shows the
amount of oil shale, containing 15 wt%
f.:O2 and 5 wt% kerogen, thzt can be heated
to various temperatures by a 418-TJ explo-
sion. It also shows the energy lost by
the telease of €0, as well as the amount
of coz released per zone, as explained in
the next section. Figure 3 is a bar graph
of the mass of cil shale heatea to various

temperatures.

Table 2. Amount of oil shale, containing 5 wtZ kerogen and 15 wt% CC2 as carbonates,
heated to varjous temperatures by 2 418-TJ nuclear explosion and the amount

of COp released.

| T
1200 {Zone i Melted zc;ne I
2
o -
) 2
» 800 [ 1
z i
4 - 1
g 8 |
5 400 —
= [1]
0 : i 1 |
0 100 200
Amount of oil shale heated — 102 ['}
Fir. 3. Amount of oil shale heated to

various temperatures by a 418-1J
nuclear explosion.
perature 1s assumed to be 30°C,

Ambient tem~

and the shale contains 15 wtZ

CCy and 5 wt? kerogen.

Energy
Incremental Energy available
Temperature Mass of shale Co2 5 lost by in
TANge in zone, My My - Mj_ a released C0s release each zone
Zone  (°C) (10% cg) (0% )" ¥ (109 o) () (T
1 1150-1250 €9.0 69.0 1.0 10.4 i8.3 115.4
2 1050-1150 7.7 8.7 1.0 1.30 2.31 107.1
3 950-1050 82,2 4.5 1.0 0.680 1.20 104.8
4 850~ 950 87.8 5.6 1.0 0.84 1.49 103.6
5 750- 850 9¢.0 8.2 0.99 .22 2.15 102.1
6 650- 750 108.0 12.0 0.86 1.55 2.75 99.9
7 550- 650 138.4 30.4 0.41 1.87 3.31 97.1
8 450- 550 183.9 45.3 0.08 0.55 0.97 93.8
9 350- 450 241.2 57.3 0 0 0 92.8
19 250- 350 330.5 89.3 0 0 0 92.8

AFraction »f the total (carbonate) CO2 in the oll shale in zone 1 released at the

temperaturz of zone 1 (Fig. 5).

bThe tctal amount of CO2 released (the sum of this column) is 18.4 x 109 g, or 318 x 10

moles.

—9-
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Release ¢f Gax from Heated il Shale

In the preceding section an estimate
was made of the awount of shale heated to
various temperatures bty a nuclear explo-
sion. This section deals with the amount
of gas released by 0il shale when it is
heated.

01l shale contains three components
that yield volatiles: water, kerogen, and
carbonates. When oil shale is heated, gas
is released at temperatures from 100 to
1200°c. »

gas released is steam.

Up to about 250°C, the principal
From 250 to 530°C,
kerogen is converted to hydrocarbon gas
and char. Most of this hydrocarbon gas
will condense to oil if it is cooled.

The remaining gas is Hz, CHI., other light
hydrocarbons, COZ, and CO.
atures abcove about 530°C, carbonates

The equilibrium

COZ pressures that can be generated by the

At tempera-
decompose, rcleasing COZ.

thermal decomposition of carbonates in oil
shale are shown as a function of tempera~
ture and carbonate mineralegy in Fig. 4.
At temperatures above 800°C, CH, and other
hydrocarbons decompose to solid carbon
{char) and hvdrogen. Alsc above about
B00®C, carbon may be gasified by reactiomns
with COZ or HZO'

A serles of experiments and calcvla~
tions have been made to derermine the
amount of gas that is liberated from oil
shale by these various processes. This
work is presented in a complementary
repor:.ls Samples of rich and lean oil
ghale were neated in ciosed vessels at
various temperatures and pressures for
various times, and the amount and composi-
tion of gas released were measured. The
decompositions of kerogen and carbonmtes

100 &
© 10
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g
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Q
o T
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0.1
400 600 300 1000
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Fig. 4. Equilibrium CO, pressure for the

thermal decomposition of calcite
(CaC03), dolomite [Ca¥g(CO3)3l,
and mixtures of calcite, quartz
(5102), and wollastonite (CaSiOj).
Pressures that can be generated
by the thermal decomposition of
the mixture of dolomite and sili-
cates in o1l shale probably are
between the curves for dolomite
and wollastonite.

were more or less independent of each
other. In other words, the fraction of
the total carbonates decomposed after a
certain amount of tipe at some temperature
is about the same for rich or lean oil

shale. The same is true for kerogen de-
composition. The results are shown in
Figs. 5 and 6.

The thermal decomposition of the car-
bonates in Green River oil shale is shown
in Fig. 5. Curve A is for oil shale
heated in irs own decomposition products

-10-
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Fraction of carbonate decomposed, F

700 800

200 300 400 500 600
Temoerature — C

The fraction of carbonates in
o0il shale decomposad after
heating for~1000 hours. Clhe
broken curve represents stear—
<phanced low-terperature
decomposition.

Fig. 5.

for ~1000 hours.
of the low-temperature enhancement of

Curve B is an estimate

carbonate decomposition by steam at high
preuures.ls Such conditions are possible
in the case of limited or delayed chimmey

collapse.

Figure 6 1s an estinate of the amount
of moncondensable (dry) gas that may be
produced from the kerogen in Green River
oil shale, depending an the environment in
which it is heated.
shale is heated to 1200°C and kept at that
temperature, most of the kerogen will form

For example, if oil

oil (if there is a cocl place for it to
condense) and char; the amount of gas re-
leased is showm by curve 4-B. 1f oil
shale is heated to 1200°C and there 1s no
place for oii to condense, the hydrocarbon
gas will be completely pyrolyzed to char
and hydrogen (curve A-C). It is also
probable that the char will react with CO2
from the decomposition of carbonates to

form CO (curve A-D). If an abundant sup-

~-11~
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Dry qas evolved per kilogram kecogen — moles

c
400 600 800 1000 1200
Femperature — " C
¥ig. 6. Amount of noncondensable gas

released by kerogen as a func-
tion of temperature. Curve
A-B is for the case where the
kerogen produces char and oil.
The 2il collects in the cool
par: of the chimney, and the
char avoids further chemical
reaction. Curve A-C represents
the case where the keropen is
pyrolrzed to Hz and char at
high temperatures, and thus
no oil escapes. Curve &-D
represents the reaction of
char with CC» to form 70 at
high temperatures., Curve A-E
is for the case where char
reacts with stean to fore Ea
and CO.

ply of steam is present, char may react
~ith 1t to form l'l2 and 20 {curve A-E).

e possibilities are formulated in
Table 3.

Each curve in Fig, § is a model for
Various conditions that may prevail in the
It is
possible that steam will contact hot char.
Curve A-E 1s used in conjunction with the
thermal history (see "Therral History™)
to estimate the maximum amount of gas
that can be generated by kerogen in oil
shale heated to any given temperature.

chimney after a nuclear explosion.
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Table 3.

Gas generation by the pyrolysis and reactions

of kerogeit.

Net production of
noncondensable gas, T & 1200°C

Model? Fomulationb (moles per kg of kerogen)
A-B CH1.6*011+C+H2+CH'~*CZH6+"' FJ
A=C Cii:_ﬁ -+ (1.6/2)!’.2 58
=D Ciy P co, > 2C0 + (1.6/2)H, 132
A-E 5“1.6 + Hy0 ~ CO + (3.6/2)1'12 205

23ee Fig. 6.

Eere CHj g 1is used as an approximation for the composition of kerogen and C

represents char.

Sites for a Nuclear Explosion in the

Piceance Creek Basin

The best available sites for the
applicaiicn of nuclear explosions to the
economic recovery of oil from shale seem
to be directly below the rich beds of
shale deep in the Parachute Creek Member
of the Green River Formation, Collapse of
the void blasted by the explosive will
create a vertical cylinder of rubble in

3!n

which retorting can be carried out.
order to evaluate the containment of the
axplosion-produced gases, we need to know
the content of components that vield
volatiles.

Table 4 and Fig. 7 show th: relation
betwaen the carbonate and the organic
wmatter content of shale samples collected
deep in the basin and frcm surface out-
crops that probably represent loan zones
within the formation. For comparison, the
compositions of a suite of samples from the
Anvil Points Mine and a sample of shale
from the Mahogany Zone of upper Piceance
Creek are also given. The COZ content was

-2~

measured by the evolution of C‘:J2 gas when

The amount of organic matter in the
shale 1s wuch more variable than the CO2
content. Thick zones containing less than
10 wtX organic matter are common deep in
the basin, and locations containing less
than § wt% organic matter have been found
immediately below rich shale; an example
is a horizon 46 m thick along upper
Piceance Creek at the eastern side of the
Iusin.(see Fig. 7).

The water content of fresh oil shale
15 probably in the range 1 ro 3 wt? re-
gardless of the kerogen content. 1517
The amount of water reported in chemical
analyses depends on the temperature to
which oil shale 1s heated during the
analysis. 1517

It appears that we can be assured of
sites for nuclear explosions with about
5 wt? organic matter; the carbonate (0,
content will be near 15 wt?%, and the water
content will be about 2 wt@.



Table 4. Carbonate and organic matter content of oii-shalc samples collected near the
base of the Parachute Creek Member of the Green #River Formation, the Anvil
Points Mine. and the Mahoganv Zone of the Piceance Zreek Basin, Colorado.?

Lozation Depth (m) (:02 {wt?) Organic mtterb (=27%)
Rio Blanco E-01 640.1 to 670.6 9.4% i1.5
(composite 670.6 to 701.0 11.04 10.9
sarples) 701.0 to 731.5 12.26 8.8
731.5 tc 762.C 11.85 3.6
762.0 to 792.5 10.43 1.2
792.5 to 823.0 15.55 1.9
823.0 to 853.5 14.64 1.9
Bronco 561.4 to 793.4 16.1 18.0
(composite 854.5 to 868.7 11.8 17.1
samples) 908.3 to 929.7 9.93 6.9
955.6 to 955.9 15.1 5.1
Lean zope L~5, Surface out- 12,25 2.9
lower Piceance crops (15 m
Creek thick)
Garden Gulch Surface out-
Format{ion, craps (15 m
lower Piceance thick) 11.3 8.7
Creek
Upper Piceance Surface out-
Creek, lean crops (46 m
zare thick) 13.6 1.2
Anvil Points Mine Mahogany Zone 22.9 7.1
13.8 25.8
11.6 2%«
22.90 15.9
17.9 14.2
13.5 24.0
Mahogany Zone,
spper Piceance
Creek Surface 141 18.7

a1 «34lyses vere performed at LLL.
01 ~feld {5 generally expressed as gallons per ton, which fs approximately
equal to 1,57 times the organic content in weight percent.

-1}~
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Fip. 7. Veclatile cortent of selected oil-shale samples from the Creen River Forrmatior.

The weight percent of €D is measured by the release of CUp by acid.

The

variation in the organic content is greater than the variation in CO) content.
Sites deep in the basin containing less than 5 wt? organic material are

comoon.

[ X

Amount of Nonc

Gas Released from

Typical Lean Oil Shale by a Nuclear Explosion

The production of CO2 from oil shale
The

esrimate was based on the amount of shale

nas zlrezdy been estimated in Table 1.

heared to various temperatures {Table 2 and
“ig. 3) and the experimental factor F,
«hich is the fraction of the total amount
of €O, released as 2 function of tempera-
ture (Fig. 5). The total amount of €O,
released by a 418-TJ nuclear explosion from
an oil shale containing 15 wt? CD2 is esti-
aated to be 13.4 x 107 g (418 » 10° moles).
This estimste i3 based on curve A in
Tiz. 5.

Cﬂ2 ia

¥ the steam pressure is high,
released at lower temperatures than
The
total amouynt of coz relessed in the pres-

without steam, as shown by curve B.

ence of steam is 22 x 109 8, 16% more thar
Fig-
ure 8 shows the total amount of (:(J2 Te-

the amount released without stesm.

leased from each temperature zone,
including the increment caused by steaun.
The production of gas from kerogen
pyrolysis and reactions can also be esti-
nated in 2 similar way. The amount of mon-
condensable gas releasad per kilogram of
kerogen is given in Fig. 6. The various
curves reprasent various models, as ex-
platned under "Relcase of Gas from Heated
011 Shale.”

priate curve for lean oil shale.

Curve A-E may be the appro-
It
represents the maximum amount of noncon-

densable gas that can be generated from

-14-



s T T T ¥ kerogen. It takes into account the reac-
1200{Zone 1 Je—— Melted zone 7 tion of kerogen with steam at high tempera-
F ; B tures to form H2 and C0. The total amount
o 4 Steam. of noncondensable gas generated from kero-
;800 5 enhanced — gen is estimated in Table 5. As before, a
z I 6 €O release 418-TJ explosion 1s considered, and the
g 7 1 first four columns in Tables 5 and 2 are
:f 8 the same. For convenience, an oil shale
£ [ o - containing 1 wt% kerogen is assumed. The
10 ¥ total amount of gas is 189 x 106 moles.
:; In the case of lean shale, the amoc:nt
0 1 1 ) 1 L of gas evolved from kerogen is probably

0 5 10 15 20 25 30 proportional to the kerogen content. Typ-
COp released — 103 tonnes ical oil shale contains *bout 15 wi.i CO,,

6
d 418 x 1 1 f €O, ar
Fig. B. Amount of C0» released from an and 41 0" moles o 2 Are released by
01l shale containing 15 wt? C02 & 418-TJ explosion. Kerogen can contribute
by a 418-TJ nuclear explosion.

wh
The steam-enhanced release of CO3 more gas than the carbonates when the kero-

at low temperatures is indicated. gen content is in excess of 2.2 wtZ

No €02 is released by rocks imately 3.4

heated te temperatures below {(approx: ely 3.4 gal/ton as determined
~200°C. by Fischer assay, a standard distillation).

Table 5. Amount of 0il shale heated to various temperatures by a 418-TJ nuclear
explosion and t of d ble gas released from kerogen in an
0il shale containing 1 wtZ kerogen.

Gas -
evolved per Incremental
*ilogram increase in
Temperature Mi Mi = Mi-a1 of kerogen? gas in zone
Zone range (°C) (109 G2) (109 cg) (moles) (106 roles)
1 1150-1250 69.0 69.0 195 134
2 1050-1150 7.7 B.7 170 15
3 950-1050 82.2 4.5 120 5.4
4 B850~ 950 87.8 5.6 78 L4
5 750- 859 96.0 8.2 50 el
6 650~ 750 108.0 12.0 35 4.2
7 550- 650 138.4 30.4 25
8 450~ 550 183.9 #5.5 14 6.4
9 350~ 450 241.2 57.3 10 5.7
10 250- 350 330.5 8%.3 - 1.8

#*From curve A-E in Fig. 6.

<15«



Chimney Size and Temperatore

The pressure produced by the gas in the
void volume created by a nuclear explosion
depends on the temperature of the gas and
the gas composition (gas compressibility).
For the first few days, the temperature of
the gas

of rubble that is formed and the fraction

will depend mostly on the amount

of the heat of the explosion that is trans—
ported to the rubble by the gas. At pres-
ent we are not sure how much rubble will
be formed by a nuclear explosion in oil
shale. Estimates can te made on the basis
of available experience in other kinds of
rock, as correlated by Butkovich and
Lowis, They have obtained an empirical
relation that suggests that the larger the
void volume created by an explosion, the

lower wiil be the bulking factor and the

more ble will form until the rubble
<~luag, the chimmew, is bulked full, The
relaticn is
~0.a2
LI N ®

where B 1s the volume fraction of voids

¢ rubble column (bulking factor) and
A
418-T7 nuclesr explosion at a depth of

R fr the cavity radius in meters.

300 = {5 expected to create a st 'rical
w0id adout 50 = in raf.!uu.n ‘rom £q. (8),
the “ulrine factor for the rubhle created
‘veothe rollanse of such
is 5,123,

in this way

4 spherical void
The bulking factors estimated
are averave values; gradients
within & chimney ~=4% occur,

There have been several auclesr explo-
inne that produced cavities about 50 m
radius. Usliing factors of 9,77 ¢o 0.18

were caleclsted from measurements of chim—

-l

nev height and the volume of susidence
craters in cases where the chirmney reacred

2il

the surface. The onlv avzilable data sug-
gesting chimnev bulking factors lower than
0.18 are from subsidence-crater-formins
explosions in tuff and rhvolize. 1Ia these
cases the bulking factor is calculated by
subtracting the volume cf the subsidence

3

crater from the cavity volume and assuming
that the difference is distributed in the
chimney. (Chimneyvs are assumed to grow
until thev bulk full.} The intrinsiec
porosity of mast tuffs and some rhvolites
i3 greater than 20%Z. When large explosion-
produced cavities in such rock coliapse,
somc of the intrinsic porosity may be lost
and the density of the rock may increase.
This may either increase the chimney heipht
or increase the volume of the subsidence
crater. In such cases the calculated bulk-
ing factors may be correctly applied to a
compressible or friable rock, but a modal
based on such kinds of rock caanot be
extended to less coxpressible types of

rock.
Underground wining cperations have been

carried out in thyolite and tuff at the
Nevada Test Site and in oil shale io the
Tunnels in tuff and
rhyolite, even a few meters wide, mus: be

Piceance Creek Basin,

supported, whersas oil shile 1is mined by a
rocoa-and-pillar technique in which the
ryoms are 18 m across. Ao unsupported soan
of 36.5 m was reached in oil shale in the
experimental mine at Anvil Poinrs hefove
collapse was observed, and even than the
collapse sarvad only to give the test room
an arched ctilin;." Hence extensive spcn-
taneous collapse of the cavity produce.! !

a nuclear explosion in ofl shale caanct *te
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assured. We do not know how much rubble

w11l be produced by a nuclear explosion in
oil shale.

The more rubblie produced, the more
rapidly will the gas be cooled, decreasing
the likelihood of high pressures. On the
other isand, the taller the chimney, the
closer to the surface the gas pressure can
act, =0 that even relatively low pressures
may cause trouble. In subsequent parts of
this report we consider the effects of
chinney height on gas pressure and contain-
ment. Chimney height is expressed in terms
of cavity radius measured from the location
of the explosive.

Figure 9 shows “he temperature rire of
the chimney as a function of chirmey
height, for various fractions of the explo~
sive anergy distributed throughout the
chimney as heat. Estimates of the fraction
of the sxplosive energy ending up as heat
in the rubble in the chimney range from
0.25 to 0.5. These estimates are based on
the observed temperature of the gas pro-
duced from the Casbuggy chimmey and esti-

Fipg, 9. The relaticn hetween chimnay

height, cxpressed in terms of
cavity radii, and chimmey term-
perature for three fractions of
the explosive energy transmitted
to the chimrey bv hizh-pressure
gas. Ewplosive vield 41B TJ,
cavity radius (Rc} 5% m.

mates of chimney s:lze.m As the chimney
height Iincreases, the temperature rise
decreases as a particular fraction of the
explosive energy is deposited im the chim-
ney as bteat. This is chown im Fig. 9.

For example, if the ambient temperature {s
30°C and half the explosive energy becomes
heat in a chimney 3Rc high, the chimney
temperatuve will be 285°C (255°C above
arbient temperature). If one-fourth of the
explosive energy is in the chimney, the
temperature will ta 160°C. For a fixed
amount of gas in the chimney, the differ-
ence in pressure between these two cases
will be proporticnal to the ratis of the
absolute temperatures:

285 + 273

160+ 273 = 13

For a chimney height of Llc. this ratic
decrsases to 1.2; at Slc, ic is 1.1.
Thus the: precise energy fractionation is
important only for a chimmey height of

7=



less than about Idlc. A chimney height of
iess than ldlc is probably unlikely. In
the pressure estimations presented in the

next section, one-fourth of the explosive
energy is assumed to be in the chimney as
heat.

Gas Pressuie

The pressure of gas resulting from a
nuclear explosion in oil shale can be esti-

mated by means of the equation
P = ZaRT/V, 9

where 2 is the compressibility factor for
the gas. It is approximately equal to
unity for Hz, CHy» and CO over the range
of temperatures and pressures of interest.
The compressibility factor for C(Z'2 is shown
in Fig. 10.2:l At 50°C, for example,

Z = 0.82 for C0, at a pressure of 4 MPs.
The other tems-in Eq. (9) are defined as
follows: n is the moles of CO, (Table 2)
plus moles of gas from kerogen (Iable 5);

T is the gas temperature in kelvins, giver
as a function of Rc in Fig. 9, assuming 25%
of the energy of the explosion heats the
shinney (add 30°C for ambient temperature);
? is the gas constant (B2 cm3-atn/mole-K);
and V is the vc ' volume in the chimney,

assumed to be equal to the zavity volume:

A3 4 som?

3.‘R 3 (30 m)
-5.23 % 10° o
= 5.23 x 101 o3,

It is convenient to consider the CO,
partial pressure in the chimney indepen~
dently of the other gasea for a cowpressi-
bility factor can be applied to coz

-18-

ogl Loy

Compressibility factor (2 - PV/RT)

50 100 150 200

Temperature — C
Fi{g. 10. The compressihility
function of tempe-ature and
pressure. When the partial
pressure of €O in the sra: in
the chimmey is greater than
about 4+ MPa and che chimney
tenmperature is less than about
100°C, the chimnev pressure
will be less than the pressure
calculated by the ideal-gas
law.

>f Chg as a

independently of the other gases in the
chimneyv.

As 21 example, the (702 partial pressure
This

represents a low gas temperature and a com-

in a large chimney is calculated.

pregsibility factor as different from unity
as is probable. 1If R, = 10, the chimney
temperature will be 55°C (328 K). The
amount of €O, (ncoz) is about 418 ~ 106
moles. Assuming Z = }1:

’coz ~ (Zlncoz'l‘) v

»1.57 x 10719 1,



w157 » 16737 ez » 16%)(324)
= 11.5 atm

= .15 MPa. (10)
According to Fig. 10, the compressibility
factor for 02'02 at a C0, partial pressure of
2.15 MPa and a temperature of 55°C is about
0.91. This value i{s used to improve the
estimate of the CO, partial pressure:

PCOZ = 7.15(0.91)

= 1.96 ¥Pa.
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20 — -
L] r J
a
= 5+ -
?l. p- 1
E ol -
-
: . 1
-3
o~ 54 —
8 S.e

0 | 1 1 I} 1

o 2 4 6 8 10
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Partial pressure of CO2 in the
chinney estimated for the case
of & 418-TJ explosion in oil
shale containing 15 weX COz.
Cavity radius 50 =. Ravesen-
pyrolysis gas not included.
One-fourth of the explosive
energy is assumed to heat the
rubble {n tie chimney.

Fig. 11.

Figure 11 shows the partial pressure of coz
it the chimney calculated in this way.

The pressure of kerogen-derived gas in
the chimney can be estimated in a simiiar
way. However, since this gas is not as
compressible as coz. the compressibility
factor can be ignored. According to
Table 5, a 418-TJ nuclear explosion will
release 189 x 106 meles of gas from ofl
shale containing 1 wt% kerogen. The pres-
sure produced by this gas will depend on
the chimney height and the kerogen cont-
tent, as shown in Fig. 12. (The chimmey
is assumed to be heated by 257 of the

explosive energy.)

L ‘ T 1 L) i T l 1
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=
{
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2
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2 o 4
3 - S 5:__-—_—
g 5+ SN =
3 ~ L p— |
2 - it DA S
ob el o L o 4 a1
0 2 4 6 8 i0
Chimney height —~ R,
Fig. 12. Pressure of noncondensable gas

released by prrolvsis and reac-
tions of werogen in ofl shale as
a function of chimneyr height
(chimmey temperature) and kero-
gen conrent (indicated by the
percentages on the curves), Cne-
fourth of the explosive enecgy
= assumed to be in the chimmev.
Char is assumed to react with
steam at temperature: above
about 1000°C.
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Containment

The gas pressure ~vosulting from a
nuclear explosion iu o0il shale can be esti-
mated. How is this pressure related to
containment? Most of the studies on con~-
tainment have béen concerned with short—~
term dynamic effects.

experience with a sustained gas pressure

We have not had

because ~ur work was conducted under condi~
tions where (1) 1little noncondenmsable gas
was generated (see Fig. 1) or (2} the gas
that was generated, mostly from carbonates
in permeable rocks, escaped from the chim-
ney and was retained underground by air
displacement.

He need to know what sustained fluid
pressure can be tolerated at depth without
cracking rock. It is common practice to
use fluid pressure at depth to crack rock
to aid in the recovery of oil and gas.
Fluid pressures in the range of 1.2 to 1.5
times the 1ithostatic pressure are used to
inftiate fracture, and then fluid pressures
below the lithostatic pressure ( 0.6 times
the lithostatic pressure) are sustained to

extend the fracturing.

A reasonable way to begin evaluating
the containment of a nuclear explosion is
to compare the estimated gas pressure to
the lithostatic and hydrostatic pressures
at the top of the chimney, for that is the
point nearest the surface where the pres-
sure is applied. Figure 13 shows the depth
to the top of the chimney for a 418-TJ
exploaion at 823 m based on a cavity radius
of 50 m, Pigure 14 shows the lithoststic
and hydrostatic pressures as a function of
chinney height exprassed in terme of cavity
radii.
mation and, in addition, shows the gas

Figure 15 contains the same infor-
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Fig. 13. Depth to the top of the chimnev

for a 418-TJ explosion at 823 m,
assuming a cavity radius of
50 m.
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Fig. 14. ilcnostatic and hydrostatic
przusures at the cop of a
shimney as a function of chimmey
Lweight. Based on a 50-m cavity
vadius resulting from a 418-TJ
explosion at a depth of 823 m.
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Pressure - MPa

Chimney height — RC

pressure resulting from a 418-TJ nuclear
explosion in oil shales containing 15 wt%
CO2 and 2, 4, and 6 wtZ kerogen. This
figure shows that the gas pressure for the
case of 2 wtZ kerogen more or less follows

the hydrostatic pressure, indepeniently of

Tir, 15. Total sas pressure for a 418-TJ
nuclear explosinn in an oil shale
contaiaing 13 wt¥ €02 as a func-
tion of chimney heieht and kero-
ger content (indicated by the
percestages on the curves).

the chitney height over the range of ZRc
to IOR:. The pressure at the top of the
chimney approaches the lithostatic pres-
sure only in the case of both high chim-
neys (>10Rc) and kerogen cor.entrations in

excess of 6 wtZ.

Conclusions and Recommendations

Kuclear explosions deep in the Piceance
Creek Basin will generate a lopg-term gas
pressure lower than the hyd astatic pres~
sure 1f the kerogen content of the shale
near the site of th: explosion is less than
2 wt%. In this context, "near” meaus ciose
enough to be heated by the explosion. ’
About 330 x lfJ9 g of oil shale can he
heated to 300°C and above by a 418-TJ ex-
plosion, as shown in Table 2. The
volatile-matter content of ofl jhale, par-
ticularly the kerogen content, within about
30 m of the location of the explosive is of
importance to containment. It 18 the oil
shale within this distance that may be

heated to about 300°C and above and may
preduce gas.

One of the most important, and least
certain, assumptions made in this work is
the high-temperature pyrolysis of keragen
te hydrogen and the reaction of the remain-
ing char with steam., Some; perhaps a large
fraction, of the kerogen may form hydrocar-
bon vapors, which can condense in the
cooler parts of the chimney. Even tne ker-
ogen in oil sbale heated to 1200°C may
escape complet: pyrolysis to hydrogen and
char, depending on the rate at which it is
ﬁé‘lted. We alsc cannot be certain that.
§uff1cien: steaw will be available to feact




with char. This is parricularly true as

the kerogen content increases. One cannot
assume that a nuclear exploesion in oil

shaie containing 10 wt% kerogen will nro-
duce twice as much gas as an explosion in

shale centaining 5 wt% kerogen.

The assumption has been made that no

gas leaks out of the chimney. Some gas

leakage 1s probable, particularlv in the
leached zones in the *asin. The maximum
zas pressure that can be sustained will

depend on tha relative rates of gas loss

and gas generation. In subsequent work on

containment in oil shale, specific sitas

should »+ considered and the pas permeabil-

jtv we.sured in order to take gas leakage

‘nt 5 account.

We can mike some estimates of the rate

of gas usneration. From 50 to 70% of the

+stal am~unt of nonconidensable gas comes

rom rock that is melted (T >1200°C). The

r.lease «f gas from melted rock is rapid,

hut we do not know for how long a time
3fter a nuciear explesion additional rock
is being melted. We need to learn more

5

out the length of time rocks are heated

various temperatures by a nuclear explo-

v
Vil

sion.

temperature ceasuyreront s

molelin: of the heat 1o in the vic

of nuclear explosions are needed, partici-

larly in the case of explosions with vi
in excess of 200 TJ in relatively dry rock.

Some insight into the thermal hustorv
of nuclear explosions has come fron the
analysis of gas samples collected ar vari-
ious places and times afrer nuclear explo-
sions. The amount and compositivn of the
gas observed after explosions have been
compared to the amount and composition of
g2ses released by heating samples of the
same rock in the laboratorv. This approach
has been particularly useful irn the recent
Rio Blanco experiment.8

A containment experiment designed to
simulate the unusual features of a ruclear
explosfon in oil shale is essential. Such
an experiment would be carried out ir a
gas~generating but impermeable rock. The
experiment would be instrumented to measure
pressure, temperature, and to sample pases
as a function of time. The rock should be
a fine-grained mixture of silicates and
carbonates (e.g., marlstcne) to simulate
the irreversible gas release by carhonates

in 0il shale.


http://-tu.il
http://carbonat.es
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