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[57] ABSTRACT 
A closed rubble fdled nuclear chimney is provided in 
a subterranean geothermal formation by detonation of 
a nuclear explosive device therein, with reagent input 
and product output conduits connecting the chimney 
cavity with appropriate surface facilities. Such facili-
ties will usually comprise reagent preparation, product 
recovery and recycle facilities. Processes are then con-
ducted in the nuclear chimney which processes are fa-
cilitated by temperature, pressure, catalytic and other 
conditions existent or which are otherwise provided in 
the nuclear chimney. 

8 Claims, 4 Drawing Figures 
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BACKGROUND OF THE INVENTION 

SUMMARY OF THE INVENTION 
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CHEMICAL PROCESSING IN GEOTHERMAL may be treated to provide effective catalysis particu-
NUCLEAR CHIMNEY larly in the presence of gamma and other ionizing radi-

ation produced by the radioactive residues of the nu-
clear explosive which are distributed throughout the 

The invention disclosed herein was made under, or in 5 rubble zone. Catalytic agents may be provided in other 
the course of USAEC Contract No. W-7405-ENG-48 ways, e.g., by disposing appropriate material in proxim-
with the United States Atomic Energy Commission. ity to the nuclear device to be vaporized and inter-
Proposals have been made heretofore relating to the spersed with or to deposit upon rubble surfaces in a po-

use of nuclear explosives to produce rubble filled nu- sition where an effective catalytic state may be induced 
clear chimneys and associated fracture zones in subter- 10 by contact with an appropriate fluidic or gaseous agent, 
ranean geothermal formations to increase geothermal or by equivalent means. In some instances effective cat-
steam output or to distill seawater (c.f. "The Construe- alysts can be provided by activating formation constitu-
tive Uses of Nuclear Explosives," Teller, Talley, Hig- ents. 
gins and Johnson, McGraw-Hill Book Co., 1968, pp. For example, a nuclear chimney may be provided in 
282, et seq. Moreover, as summarized beginning on 15 mafic and ultramafic silicate rocks in a geothermal 
page 279, of the aforesaid publication, proposals have province which are in effective heat transfer reaction 
been made to use nuclear detonations for underground to a heated magmatic zone or otherwise so that a high 
retorting of various ores and chemical compounds, in temperature exists therein. Geothermal gradients of the 
non-geothermal environments. Such publication also order of 100°C or more per kilometer of depths are 
sets forth various difficulties which stand in the way of 20 known. The initial geothermal temperature of the 
the economics or feasibility of use as proposed hereto- chimney contents may also be raised by the energy re-
fore, e.g., limitation of temperature to about 100° C if leased and detonation of the explosive by as much as 
water is present and low thermal efficiency particularly several hundred ° C dependent on emplacement depth 
if reaction rates are slow. as noted hereinafter. Accordingly, operating tempera-
The potential rewards that would result from an ef- 25 tures of the order of 350° C (673° K) or more can be 

fective means of utilizing nuclear explosives for chemi- achieved with nuclear explosive emplacement depths 
cal production are also mentioned therein. Geothermal of as little as about 3 kilometers. Such temperatures are 
steam has, of course, been used to generate power, e.g., suitable for conducting a variety of chemical process 
in California, New Zealand, Iceland and Italy, for many reactions. At temperatures of above about 300° C with 
years. 30 suitable pressures, reactions such as the reaction of hy-

drogen with nitrogen to produce ammonia proceeds at 
a significant rate in the presence of an effective cata-

The present invention relates, generally, to proce- lyst. Other reactions or energy recovery may proceed 
dures for conducting chemical reactions in under- at even lower temperatures. In accordance with the 
ground reaction environments, and, more particularly, 35 present invention such a gaseous reaction mixture, i.e., 
to the use of nuclear detonation cavities and chimneys an H 2, N2 mixture, is injected from a surface facility 
provided in a subterranean geothermal formation as a into the described nuclear chimney suitably precondi-
reaction vessel for conducting chemical process reac- tioned if necessary, to be heated and react therein to 
tions. produce ammonia (NH3) in the rubble zone. The pro-
For operating a continuous process in accordance cess may be carried out in a continuous or in a batch-

with the invention, there is first provided a nuclear det- wise fashion. Thereafter, the reaction mixture is dis-
onation cavity with associated chimney in a subterra- charged from the chimney through the output conduit 
nean geothermal formation. To adapt such chimney to and is treated in the surface facility to remove the am-
serve as a reaction vessel, it is provided with a reagent monia and to recycle the residual reaction mixture. The 
input conduit generally communicating with lower por- heat provided by the nuclear explosive as well as that 
tions of the chimney and a reaction product output originally present as geothermal heat may accordingly 
conduit generally communicating with upper portions be effectively employed. 
of the chimney. The nuclear chimney reaction vessel Accordingly, it is a general object of the present in-
will generally include a rubble zone therein comprised vention to utilize a nuclear explosion chimney provided 
of formation or other material in proximity to the nu- in a geothermal formation as a reaction chamber for 
clear explosive which is vaporized and melted and conducting chemical process reactions therein, 
which is intermixed, at least partially, with fragments of Another object of the invention is to utilize a nuclear 
the formation which cave therein. Facilities appropri- explosion chimney provided in a subterranean geother-
ate for producing reagents or otherwise for preparing ̂  mal formation for conducting chemical process reac-
reaction mixtures as well as for processing the reaction tions therein. 
product are provided at the surface and are coupled to Still another object of the invention is to utilize a nu-
said input and output conduits, respectively. For a clear explosion chimney provided in a subterranean 
batchwise operation a single conduit may be used to al- formation for contacting reaction mixtures in the pres-
ternately introduce reagents and withdraw products. ence of catalytic surfaces provided on solid contents of 
Reactions suitable for practice herein are those a nuclear chimney created in a geothermal formation, 

which are facilitated by the temperature, pressure, long Other objects and advantageous features of the in-
contact times, and other conditions existent or pro- vention will be apparent in the following description 
vided in the chimney. The reagents may be in a solid, taken together with the accompanying drawing, of 
liquid or gaseous state but recovery of products may be which: 
more conveniently performed if in a vapor, gas or fluid FIG. 1 is a vertical cross-sectional view of a typical 
form or can be converted to such a form. Moreover, geothermal formation having a nuclear chimney pro-
the surface of the chimney contents may provide or vided therein which is suitable for conducting chemical 
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process reactions in accordance with the teachings of 
the invention; 
FIG. 2 is a graphical illustration of the specific en-

thalpy for typical granite and basalt from 600° K to 
about 1,600° K; 
FIG. 3 is a graphical representation of the percentage 

of ammonia appearing in a reactor exit gas as a func-
tion of space velocity for a typical doubly promoted 
catalyst at various operating pressures; and 
FIG. 4 is a graphical representation of the space time 

yield of ammonia in exit gas as a function of ammonia 
yield in pounds/hour/cubic feet of catalyst based on the 
data shown in FIG. 3. 
DETAILED DESCRIPTION OF THE INVENTION 
Geothermal formations of a wide variety are de-

scribed, for example, in Geological Survey Circular 
519 entitled Geothermal Energy, published by the 
United States Geological Survey. A further description 
appears in Science News, Volume 98, Nov. 28, 1970, 
pps 415-416. For illustrative purposes, reference will 
be made hereinafter to a geothermal formation of the 
type set forth in the latter publication; however, opera-
tion of the present process is not limited thereto but 
may be conducted in subterranean geothermal forma-
tions generally and meeting appropriate criteria as dis-
cussed more fully hereinafter. For present purposes a 
geothermal formation may be considered to be one in 
which a geothermal gradient of above about twice and 
preferably as high as available, may exist. More specifi-
cally, a geothermal formation, as illustrated in FIG. 1 
of the drawing may comprise granitoid bodies 11 and 
12 disposed in spaced relation with upper portions 
therebetween occupied by accumulated sediments 13 
(Quaternary and Tertiary age). The lowermost por-
tions therebetween are occupied by a depressed granit-
oid block 14 through which a body 16 of high tempera-
ture magma of relatively young geologic has intruded 
upwardly into lower portions of the sediments 13. In-
trusion of magma body 16 has created a generally 
hemispheroidal zone 17 of metamorphosed rock 18 be-
tween adjacent portions of magma body 16 and block 
13. Temperatures in the magma body 16 may range 
from a few hundred degrees centigrade, e.g., 300° to 
above 1,000° to 1,600° C, i.e.. well above the melting 
point so that the body may still be in a molten state. 
Temperatures in the granitoid bodies 11, 12 and 14 
progressively decrease outwardly from magma body 16 
providing the mentioned geothermal gradient. 
The upper portion of the magmatic body may lie 

fairly close to the surface, e.g., 1,000 to 4,000 meters 
or deeper. While in average rock types a temperature 
gradient of about 1° C per 100 feet may exist, in areas 
of abnormally high heat flow, as in geothermal forma-
tions, e.g., in the vicinity of a magma body 16, the tem-
perature gradient generally will exceed 2° C/100 feet 
and can be as much as 10° C per 100 feet or more. 
Rock with a temperature ranging from perhaps 100° C 
to as high as 600° C or more in proximity to the magma 
body can then exist in which a nuclear chimney may be 
created. 
Several criteria may be used to select a suitable site 

in a geothermal formation in which to create a nuclear 
chimney reaction vessel for practice of the invention, 
as follows: 
1. The site should be at a depth or position at which 

an appropriate temperature exists and deep enough to 

660 
4 

accommodate operating pressures, e.g., so that litho-
static or hydrostatic pressure is at least slightly in ex-
cess of process operating conditions to minimize leak-
age into the formation. 

5 2. Where ingress of formation constituents or egress 
of reaction components are not desired, the site should 
be in a formation interval which is relatively impervious 
and adequately fracture free to prevent excessive leak-
age from the nuclear chimney or ingress of excessive 

10 water from the formation. In this case the impervious 
formation should generally be of sufficient thickness 
and areal extent to accommodate fractures that may be 
created by the nuclear detonation without leakage to 
pervious strata or the surface, i.e., 1 to 2 detonation 

15 cavity radii, Rc, greater on all sides than the expected 
chimney height or cavity and chimney radii. Otherwise, 
sealing or self-sealing of the cavity may be employed to 
minimize leakage. Moreover, provided that a suitable 
hydrostatic pressure exists or by adjusting operating 

20 pressure to balance the formation pressure, excessive 
ingress or egress of reactants or formation constituents 
is prevented. 
3. The formation material in which the site is located 

should be substantially insoluble and chemically inert 
25 to the reagents employed when appropriate for the par-

ticular process. In other cases, however, components of 
the formation may serve as a reagent. 
4. The composition of the formation may be selected 

to include materials which can exert or which can be 
30 treated to provide catalysts effective to promote de-

sired reactions or even to provide reactants suitable for 
conducting process reactions. Similarly, the composi-
tion should not include materials which could poten-
tially promote undesired side reactions or which might 

35 poison the desired catalysts in a fashion which cannot 
be offset. 
Socalled "silicate" rock may generally provide rela-

tively inert, impervious, competent rock formations 
having suitable compositions for conducting many re-

40 actions. Silicate rock composition ranges generally in-
clude crystalline and non-crystalline igneous rock, rela-
tively dry, non-porous shale, sandstone and sediments 
which are high in silica and low or devoid of lime, dolo-
mitic constituents, etc. Suitable igneous rock may in-

^ elude granitoid, basaltic, rhyolitic and other rocks hav-
ing properties mentioned above. On the other hand, 
limestone, dolomite and sedimentary formations hav-
ing readable constituents could provide a suitable site 
where reaction with formation constituents is desired 
or can be tolerated. 
For example, suitable sites may be found in the gran-

itoid bodies 11,12 and possibly block 14. Suitable sites 
may also be found in sediments 13; however, sediments 
often tend to be more porous, have excessive water 
content or include components which can react with 
water or reagents in the chimney or which provide 
pathways for undesired leakage of geothermal steam, 
etc. The metamorphosed zone 17 might likewise pro-
vide a suitable site provided that excessive leakage 
pathways do not exist especially, if those pathways can 
be sealed or if the reaction pressure is balanced against 
hydrostatic pressure, since such a zone may provide 
higher temperatures and possibly a high geothermal 

65 heat flow. 
For descriptive purposes, reference will be made to 

the provision and use of a nuclear chimney reaction 
vessel 21 situated in granitoid body 11; however, it will 
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be appreciated that a nuclear chimney provided in any 
other equivalent geothermal rock formation having a 
suitable rock composition and structure may be used. 
Such a nuclear chimney 21 may be created by emplace-
ment and detonation of a nuclear explosive (not 5 
shown) at a shot point 22 by methods known in the art. 
Generally, a cased or uncased borehole is drilled and 
prepared and a nuclear explosive device disposed in a 
suitable canister, and having an attached firing cable is 
lowered to the shot point, the well bore is stemmed and 10 
the device is then detonated. Details relating to the em-
placement and detonation of underground nuclear ex-
plosives to produce a fully contained explosion with 
consequent provision of a nuclear chimney 21 are dis-
closed, for example, in the aforesaid publication of 15 
Teller et al., pp. 80 et seq. (c.f. "Emplacement and 
Stemming of Nuclear Explosives for Plowshare Appli-
cations," by J. L. Cramer, "Proceedings of Symposium 
on Engineering with Nuclear Explosives," Jan. 14-16, 
1970, Las Vegas, Nevada). Conventional nuclear ex- 20 
plosives may be used. In the event that the selected site 
is at a temperature in excess of that tolerated by the nu-
clear explosive a refrigerated canister, precooling of 
the borehole, etc. will generally be advisable, 
On detonation of the device of the order of 70 to 100 25 

tons of rock (silicate) per kiloton of explosive yield is 
vaporized which on expansion produces a cavity having 
a radius, Rc, of which the generally hemispheroidal 
remnant portion 23 is shown in FIG. 1. Eventually 
about 700 tons of rock (silicate) is melted per kiloton 30 
of yield. After varying periods of time (a few minutes 
to several days) roof portions of the cavity collapse cre-
ating a generally cylindrical chimney 24 extending up-
wardly from the detonation cavity. The material which 
collapses creates a rubble zone 26 which may fill from 35 
about 50 to 90 percent of the void space and which 
may have a bulk porosity of the order of 25 to about 55 
percent. Comprehensive details of the conditions and 
effects relevant to detonation of buried nuclear explo-
sives are given in Report UCRL-50929 (TID-4500 UC- 40 
35) entitled "Aids for Estimating Effects of Under-
ground Nuclear Explosives," T. R. Butkovich et al., 
National Technical Information Center, Nat. Bur. 
Stds., U. S. Department of Commerce, Virginia 22151. 
A formula for estimating the radius of the cavity 
formed is as follows: 

«c= C Yll3/(ph)U4 wherein 
C is a constant dependent on rock type and for gran-
ite averages about 59. 

Y is the explosive yield in kilotons feasible, 
p is the average density of the overburden 
h is the depth of burial (D.O.B.) in meters (c.f. Teller 
et al., pp. 129 et seq.) 5g 

A fractured rock zone 27 surrounding the cavity and 
chimney may comprise relatively open shear fractures 
near the cavity wall and relatively closed radial frac-
tures outwardly therefrom. 
To adapt the chimney 21 for operation in accordance 

with the invention, there is provided a reaction product 
discharge conduit 28 communicating with the void 
space 29 in the upper portion of the chimney and ex-
tending to the surface. Such a conduit 28 may comprise 
the casing used in emplacing the nuclear explosive in 65 
the event that collapse thereof during the explosion is 
avoided or it may comprise a casing in a newly drilled 
well bore cemented and sealed in place. A similar reac-

6 6 0 
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tant input conduit 31 may be disposed in a borehole 
drilled from an offset position and whipstocked to enter 
the chimney wall 24 at a low position or an upper por-
tion of the cavity having adequate porosity to assure 
free ingress of the reactants. In general, the reactants 
will be introduced so as to contact the rock rubble in 
the chimney. For continuous operation the reactants 
may generally be introduced at lower chimney or upper 
cavity locations to flow upwardly through the rubble 
zone 26 and be discharged through conduit 28. For a 
batchwise operation only one conduit need be used 
with reactants being pumped into the chimney to con-
tact the heated rubble and products then being ex-
hausted or pumped therefrom. Products could also be 
recovered, e.g., by entrainment with steam or inert car-
rier gas injected through conduit 31 or steam distilled 
by adding regulated amounts of water to the cavity. 
While reference has been made to the use of a single 

explosive device to create the nuclear chimney, it may 
be noted that a plurality of devices may be emplaced 
and detonated, for example, using techniques generally 
as disclosed in the copending application of Milo D. 
Nordyke for "Nuclear Explosive Method for Stimulat-
ing Hydrocarbon Production from Petroliferous For-
mations," Ser. No. 89,889(70) filed Nov. 16, 1970, 
now U.S. Pat. No. 3,688,843, issued Sept. 5, 1972. 
More specifically, nuclear explosives may be emplaced 
sequentially or simultaneously in horizontally or verti-
cally spaced positions and be detonated either simulta-
neously or sequentially with spacings that assure merg-
ing of the cavity and chimney void spaces as well as to 
assure mixing of melted cavity material with the rubble 
produced in the explosion. Spacings appropriate for 
such array would generally be of the order of greater 
than, 1 Rc, to about, 2 Rc, between shot points for the 
horizontal case and for vertically spaced explosives 
fired simultaneously. With sequentially fired explosives 
a spacing of about, 2 Rc, horizontally may be used as 
well as in the case where the explosives are fired se-
quentially downward. Where they are fired sequentially 
upward a spacing of greater than about 2 Rc is required 
to accommodate the intervening chimney space. Se-
quential firing permits use of total explosive yields in 
excess of seismic hazard limits with each explosive 
yield being as large as the seismic limit. In other in-
stances a second nuclear explosive may be emplaced in 
the upper chimnay void space or upper regions of the 
rubble zone, and detonated. In this event contamina-
tion may reach a high level. However, this procedure 
may be used to provide highly radioactive surfaces on 
the chimney contents, for example, to serve as a cata-
lyst as well as to increase temperature. The total yield 
which is employed will be determined by the tempera-
ture and amount of heat required over the desired pe-
riod of operation and may range from a few kilotons, 
e.g., 25 kilotons to many megatons which may be pro-
vided progressively over an extended period of time to 
maintain operating temperatures. 
The temperature increase produced within such cavi-

ties can be determined approximately from the total ex-
plosive yield and volume of rock which is heated. The 
volume of rock is determined principally by the depth 
of burial, explosive yield and rock type. One kiloton ex-
plosive yield is equivalent to 1012 calories. Data for esti-
mating tonnages of granite rock broken, chimney size, 
sieve size and the like for various yield and depths, are 
disclosed, for example, beginning at page 247 of Teller 
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et al. Published thermodynamic properties of rock con-
stituents can be used to determine the temperature of 
the rock as related to the energy supplied by the deto-
nation. 

Moreover, American and French tests with nuclear 
explosives in granite at depths of a few hundred meters 
give similar distributions of temperature in the cavity 
and chimney regions. The cavity, after an interval of a 
few months, attains a nearly isothermal maximum tem-
perature zone with an approximate steady state tem-
perature of 850° K over a volume of about one-half of 
a cavity volume. In the American tests this region of 
high temperature has been found to be approximated 
by a spherical segment near the bottom of the cavity, 
while in the French tests the region is nearly spherical 15 
and located near the center of the cavity. In either case 
the temperature drops off rapidly in all directions. The 
chimney region after a few months is at ~ 350° K, and 
is increasing in temperature at a rate of about 5°-10° K 
per month. Heat transfer from the cavity to the chim-
ney is by convection of the residual cavity gases which 
consist primarily of steam at pressures of the order of 
tens of atmospheres. Permeability of the chimney re-
gion is high. For the cavity region the permeability is 
low relative to the chimney, but is not negligible as evi- 25 
denced by the slow transfer of heat to the chimney. 

The cavity material is observed to be a mixture of 
30-40 percent frozen melt and 60-70 percent rubble. 
The frozen melt is primarily in the form of various types 
of lava, ranging from glasses to low density pumices. 
Much of the rubble in the cavity region has undergone 
intermediate stages of heating, as evidenced by decom-
position of micas and partial melting. 

Calculated Enthalpy increments for a typical granite 
and a basalt from room temperature to the completely 
molten state (see Table I and FIG. 2). Temperatures 
for the beginning and completion of melting were esti-
mated from available phase diagrams. The energy re-
quired to heat granit from room temperature to com-
plete melting at 1,400° K is found to be 344 cal/g and 
the energy required for the observed steady state tem-
perature of ~ 850° K in the cavity is 132 cal/g. Ignoring 
heat losses from the cavity and assuming the melt en-
ergy to be distributed uniformly between an initial melt 
at 1,400° K and room temperature rubble would re-
quire a melt fraction of 0.38 over a region of 0.5 of a 
cavity volume in order to attain the steady state condi-
tion. The existence of a geothermal temperature gradi-
ent outwardly from the zone heated by the detonation 
will serve to reduce heat flow and reduce heat loss to 
the formation. Higher temperatures will accordingly 
exist and persist for longer times then in a non-
geothermal formation. 

3 0 
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TABLE I 55 

60 

a. Assumes no decomposition of hydrated minerals. 
b. After decomposition of hydrated minerals. 6 5 
c. Beginning of melting of granite. Approximately % 

of granite is assumed to melt completely at this temper-
ature. 

h , ° - h i h ° , c a l / g V - W . c a l / g 
T , ° K G r a n i t e B a s a l t T , °K G r a n i t e B a s a l t 
2 9 8 0 . 0 0 . 0 1200<c> 2 3 2 . 0 2 2 9 . 4 
4 0 0 2 0 . 0 ! 9 . 6 1 2 0 0 " " 2 5 5 . 4 2 2 9 . 4 
6 0 0 6 6 . 3 6 4 . 7 1 3 5 0 " ' 3 2 1 . 2 2 7 0 . 7 
8 0 0 1 1 8 . 4 1 1 4 . 8 1 4 0 Q " 1 3 4 3 . 7 3 1 2 . 7 
1 0 0 0 " " 1 7 4 . 0 1 6 7 . 6 1 5 0 0 " " 3 7 2 . 0 3 9 4 . 9 
1 0 0 0 " » 1 7 6 . 6 1 7 5 . 1 1 6 0 0 4 0 1 . 3 4 2 3 . 6 

d. After melting of Mt of granite. 
e. Beginning of melting of basalt. 
f. Completion of melting of granite. 
g. Completion of melting of basalt. 
As an example as to how the temperature in a geo-

thermal nuclear chimney reaction vessel may be deter-
mined, assume, that a geothermal gradient of 100° 
K/kilometer exists. (Any other actual temperature gra-
dient may be used similarly.) The variation in chimney 
volume with variation in depth must be taken into ac-
count. To extrapolate from the foregoing results ob-
tained in granite (shot depths less than 400 meter to 
depths of about 5,000 meters) requires the use of a 
scaling law such as the following: 

R = C YV3Kph)m 

where: 
R = Cavity radius in meters 
C = Empirical constant (C = 59 for granite) 
Y — Device yield in kilotons 
p = Average density of overburden rock in g/cm3 

h — Depth of burial in meters 
From this scaling relation, the cavity volume for a given 
yield is calculated to decrease by a factor of 3 in going 
from 300 meters to 1,500 meters, and by a factor of 6 
in going from 300 to 3,000 meters. Because of the con-
tracted cavity volumes at these greater depths, the spe-
cific energies (cal/g) deposited in both cavity and 
chimney will be correspondingly greater. Since the 
temperature rise in the chimney is about 45° C after 
several months for near-surface events, the expected 
temperature rise at 1,500 meters is calculated to be 3 
X 45° C = 135° C (the factor 3 accounts for the 3-fold 
increase in specific energy deposited at 1,500 meters). 
Adding this temperature rise to an assume ambient 
geothermal temperature of 175° C gives an expected 
chimney temperature of 135° + 175° = 310° C at a 
depth of 1,500 meters. A similar calculation for a depth 
of 3,000 meters (assuming ambient geothermal tem-
perature = 325° C) gives an expected chimney temper-
ature of 600° C. 

More particularly, for a given yield, the energy de-
posited in the cavity will remain constant with depth, 
but because of the contracted cavity volumes at greater 
depths, the specific energies deposited will increase. 
Compared to a specific energy of 132 cal/g at 300 me-
ters, approximately 3 X 132 cal/g = 396 cal/g is ex-
pected in the hottest part of the cavity at 1,500 meters 
and 6 X 1 3 2 cal/g = 792 cal/g at 3,000 meters, and pro-
portionately greater at greater depths. 

Assuming ambient geothermal temperatures of 150° 
C at 1,500 meters, and 300° C at 3,000 meters, the en-
ergies required for complete fusion are estimated to be 
312 and 277 cal/g at the respective depths for granite, 
and 364 and 330 cal/g for basalt (see Table II). Thus, 
the specific energy in the hot part of the cavity exceeds 
the energy required for complete fusion of either gran-
ite or basalt. If the total volume of molten rock is the 
same as that in near-surface shots, then for granite at 
1,500 meters it would be (0.38)(0.5)(3) = 0.57 of a 
cavity volume, where 0.38 represents the estimated 
fraction of melt over 0.5 cavity volume for a 400 meter 
shot depth. At 3,000 meters depth, the volume of mol-
ten rock is approximately (0.38)(0.5)(6) = 1.14 cavity 
volumes. About 50 percent of additional mass of ambi-
ent rock, e.g., rubble would have to be added to these 
melts to lower their temperatures below the freezing 
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point. If mixing of the melt with chimney rubble is in-
sufficient to freeze the melt, the cavity will be expected 
to retain molten rock over a period of months as dissi-
pation of the energy by thermal conduction is a slow 
process. 5 

Not only will the specific energy be higher in the cav-
ity region, but also in the chimney region in explosions 
at greater depths. The temperature rise in the chimney 
is about 50° C after several months for near-surface 
events. Because of the contracted volumes at greater 10 
depths, the temperature rise at 1,500 meters, for exam-
ple, is p r ed i c t ed to b e 3 X 50° C = 150° C , a n d a t 3,000 
meters, 3 0 0 ° C. The respective chimney temperatures 
would therefore be expected to be about — 3 0 0 ° C and 
~ 6 0 0 ° C at the two depths. 15 

An even greater temperature increase will be ob-
tained in the chimney by using a multiple array of ex-
plosives detonated as described above. If a simple verti-
cal chain of explosives is used, with the spacing indi-
cated above, a continuous chimney would be expected 20 
to form which should show a greater extent of mixing 
of molten rock with rubble, and an enhanced perme-
ability. Taking the resultant chimney volume to be four 
times the sum of the cavity volumes, the additional spe-
cific energy deposited in the chimney by molten rock 25 
is estimated to be (0.57)(396 cal/g)(%) = 56 cal/g, 
which when added to the energy needed to give a tem-
perature of ~ 300° C in the single explosive case, gives 
a final chimney temperature of about 500°C (see FIG. 
2). Temperatures in the range of upwardly from about 30 
150° C to about 700° C may then be obtained at depths 

serves mainly to create activated species such as radi-
cals and free ions which can then interact to form prod-
ucts. The efficiency of such reactions is measured by G, 
the molecules of product per 100 eV absorbed. G is of 
the order of unity for most simple preparative reac-
tions. Radiation induced catalysis for gas-surface reac-
tions would be expected to depend upon radiation 
damage effects in the rocks. Radioactive products such 
as Cs137, Ru!03, Ru lna, and Sb125 are commonly found 
distributed throughout the chimney region and can 
cause such damage. Furthermore, these radio-nuclides 
tend to concentrate in the smaller particles and rock 
surfaces, and enhance the radiation in these high sur-
face area regions. The reactivity of the surface of an ir-
radiated material for catalysis or absorption reactions 
is associated in many cases with specific radiation pro-
duced defects. These defects in many instances greatly 
alter the behavior of a surface. For example, silica gel, 
which ordinarily does not absorb hydrogen will, after 
irradiation treatment, readily absorb a surface layer of 
hydrogen. It is probable that other materials brought 
into contact with hydrogen at such a surface may well 
undergo catalytic transformation. Moreover, hydrocar-
bons may well be dehydrogenated, isomerized or poly-
merized at such a surface. 

Moreover, the rock may contain significant quanti-
ties of iron compounds, together with iron from em-
placement components in amounts of about 50 to 100 
tons or more, per device, which may be distributed 
throughout the cavity and chimney contents. Table II 
sets forth the iron content of various rock types. 

TABLE II 

Iron content wt./% 

Ultramafic rocks 

F e l s i c 
granites, Clays 

Intermed. grano- High Ca Low Ca Sye- and 
Basalts rocks diorite granites granites nites shales 

9 . 6 8.6 5 . 8 2 . 7 3 . 0 1 .4 3 . 7 3 . 3 

of 300 meters to about 6,000 meters for the given case 
with even higher temperatures at greater depths. 

Such temperatures are appropriate for conducting 
wide variety of chemical process reactions. For pur-
poses of illustration, reference will now be made to the 4 5 

synthesis of ammonia in such a geothermal nuclear 
chimney. Extensive summaries relating to ammonia 
synthesis are set forth in "Encyclopedia of Chemical 
Technology," Interscience Publishing Company, Vol-
ume 1, first Edition and in Volume 2, second Edition. 5 0 

To achieve acceptable conversions of a mixture of 3 
parts hydrogen to 1 part nitrogen an effective catalyst 
should generally be present. The catalyst need not nec-
essarily be one which promotes a rapid transformation 
since a large reaction volume is available so that con- ^ 
tact times much longer than would be economic in con-
ventional practice may be used to offset a slower reac-
tion rate. 

It is probable that the surfaces of the chimney con-
tents may exert a catalytic effect especially in the pres- 6 0 

ence of a high radiation level emitted by fission prod-
ucts trapped in cavity contents and in the chimney. 

Radiation induced catalysis for a variety of reactions 
which have been studied may occur in the gas phase re-
actions and in the gas-surface reactions of interest here. 
Gamma radiation is especially effective because of its 
penetrating power. In gas phase reactions, radiation 

For the rocks to be effective as chemical catalysts, it 
is assumed that iron minerals in the rocks can be con-
verted to metallic iron. The iron content of a rock will 
then be an important criterion in determining the po-
tential of the rock as a catalyst. Granites are generally 
low in iron content, with values of about 2 wt % iron. 
Basalts and ultramafic rock are much more promising 
with iron contents of about 8-10 percent. Intermediate 
rocks, syenites, shales, and clays have iron contents of 
about 3 -6 percent. Ultramafic rocks, per se, have the 
highest iron and the lowest trace element poison con-
tents of the various rock types, and therefore should 
provide the most favorable medium. Basalts have 
nearly the same iron content as the ultramafic rocks, 
but have significantly more phosphorus, and somewhat 
more boron and arsenic which elements may serve as 
poisons to reduce efficacy as a catalyst. Intermediate 
rocks show lower iron contents and higher phosphorus, 
boron and arsenic than basalts. Granites are yet lower 
in iron than intermediate rocks, but are also lower in 
phosphorus and other trace element poisons. It would 
appear that basalts, per se, have an advantage over in-
termediate rocks and granites as a catalytic medium. 
However, the deficiency of iron may be overcome by 
depositing iron from iron carbonyl or other volatile 
iron compounds such as FeCl3. Moreover, iron salt so-
lutions or dispersions of iron or iron oxides could be in-
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traduced as by spraying to coat the rock rubble sur-
faces with the solvent or carrier phase being evapo-
rated by additives required to produce singly promoted 
or doubly promoted catalysts may also be included in 
such agents. The doubly promoted iron catalysts 
known in the art include both an acidic or amphoteric 
oxide such as aluminum oxide, zirconium dioxide, sili-
con dioxide or titanium dioxide and an alkaline oxide, 
such as potassium oxide. Singly promoted catalysts 
generally include an acidic or amphoteric oxide. It may 
be noted that various of the promoter elements are 
present in trace to significant amounts in the stated 
rock types and may be available to promote iron pres-
ent or introduced into the chimney. 

Reduced iron catalysts or the usual catalytic compo-
sitions introduced to coat rubble surfaces should be ac-
tive or activable in the customary manner. However, 
activation of rock constituents as a catalyst may require 
more vigorous conditions or longer times than a con-
ventional catalyst since the iron is combined in a num-
ber of minerals. The chemical activity of iron oxides in 
these minerals probably does not differ greatly from 
unity, however, since the silicate mineral fayalite (Fe2. 
Si0 4 ) is known to have a free energy of formation from 
the oxides of only —5 kcal/mole in the vicinity of 500° 
C. At 150 atm hydrogen pressure, activation should 
occur at somewhat above 400" C. Reduction of iron ox-
ides initially will occur to only a small distance below 
the rock surface. The reduction equilibria may be illus-
trated by the following reactions: 

Fe 30 4(s) + H2(g) = 3FeO(s) + H 2 0(g) ; K ^ = 3.64 
and 

FeO(s) + H,(g) = Fe(s) -I- H 2 0(g) ; K800 = 0.093 
Thus, when the hydrogen pressure is 110 atm, the first 
reaction essentially goes to completion, and for the sec-
ond reaction, pH2° = (0.093)( 110) = 10 atm. 

An estimate of the amount of iron oxides that will be 
reduced can be made as follows. A vertical array of five 
explosives with a yield of 40 kt each at an average 
depth of 1,500 meters is assumed. From the scaling law 
equation, the volume of each cavity is 75,000 m3, and 
assuming the total chimney volume to be four times the 
sum of the cavity volumes, gives a total chimney vol-
ume of 1.5 X 106 m3. If only the iron oxides contained 
within W (0.32 cm) of the rock surfaces are reduced 
by hydrogen, it is found from published rubble size dis-
tribution data that this surface material represents 20 
percent of the rubble mass. The amount of iron oxide 
in this surface layer is ~ 10s tons for a basalt and re-
quires 2,500 tons (10® ft3 at S.I.P.) of hydrogen to re-
duce it to metal. Reduction of only a small portion of 
this iron oxide would probably suffice to initiate cata-
lytic activity. Reduction would be expected to occur 
gradually over a long period of time, thus continuously 
generating fresh catalyst as older portions of the cata-
lyst lose activity. 

For utilizing the geothermal nuclear cavity-chimney 
vessel structure provided as described above, a facility 
(not shown) is provided at the surface suitable for pre-
paring the reagents, for injecting the reagents into the 
chimney, for withdrawing reaction products, for sepa-
rating desired products from the reaction mixture, for 
recycling unused materials and the like generally in ac-
cord with conventional practice. Conventional plant 
arrangements may be used with the nuclear chimney 
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vessel being substituted for the conventional reactor. 
For synthesizing ammonia, plant arrangements simi-

lar to those disclosed in the aforesaid "Encyclopedia" 
or elsewheer may be used. There generally includes 

5 means for producing purified hydrogen and nitrogen 
and for supplying a mixture of about 3 parts by volume 
of hydrogen with 1 part by volume of nitrogen at the 
desired operating pressure usually in the range of about 
100 to 1000 atmospheres. With promoted and doubly 

10 promoted iron catalysts operating pressures of the 
order of 200 to 250 atmospheres are common. The in-
dicated reagents are introduced into the chimney 
through conduit 31 after the catalyst has been activated 
with hydrogen as described above. The chimney should 

15 be created in such a manner that rock rubble chimney 
and cavity contents, with which the reaction mixture 
comes into contact, provide a temperature above 300° 
C and preferably in the range of about 500° to about 
700° C which is generally required for conversion at 

20 reasonable rates. Following passage of the reaction 
mixture through the reaction zone provided by the 
aforesaid rubble the product is withdrawn through con-
duit 28 for processing in the aforesaid surface facility. 
While a continuous procedure has been described, a 

25 batchwise operation can be conducted by introducing 
the reagent mixture through a single conduit, either 31 
or 28, with the other being closed off and allowing the 
reagents to remain in contact with the catalytic sur-
faces until equilibrium is approached and then with-

3 0 drawing the reaction mixture for treatment as above. 
Further details of the inter-relationship of certain op-

erating conditions relevant to the production of ammo-
nia are shown in FIGS. 3 and 4 of the drawing, which 
Figures are derived from page 787, Volume 1, of the 

3 5 aforesaid "encyclopedia" first Edition. These curves 
are based on data obtained at the Fixed Nitrogen Re-
search Laboratory on a doubly promoted iron catalyst 
operating at 475° C but are indicative of relative effects 
for other temperatures and catalysts, i.e., the genera! 

4 0 shape and relationship of the curves would be similar 
although displaced somewhat. In commercial practice 
a space velocity of 100,000 indicates that 5 times as 
much ammonia is produced than at 20,000; however, 
the ammonia content in the exit gas decreases at the 

4 5 higher value while circulation and ammonia recovery 
costs increase so that a compromise space velocity 
value in the range of between 20,000 and 40,000 (liters 
of gas per liter of catalyst) is generally used commer-
cially. Due to the large cross section of the chimney re-

5 0 action space, space velocities herein will generally be 
much lower, e.g., by a factor of the order of 104 to 105 

than those which are required in commercial practice. 
It will be noted from FIG. 4 that the percentage of 

ammonia in the exit gas increases as the space velocity 
is decreased. With the large reaction volume provided 
by the geothermal chimney reaction vessel such drasti-
cally lower space velocities can therefore be utilized to 
increase the percentage ammonia yield, e.g., to offset 

6 0 slower reaction rates if provided by the catalytic system 
in the chimney. 

Moverover, it may be noted that the conversion of 
hydrogen and nitrogen to form ammonia is an exother-
mic reaction with a heat output of 11,800 caloriesI-

6 5 mole. Therefore, by judiciously regulating the space ve-
locity and operating pressure to obtain the requisite 
conversion percentage, net heating, neutral or cooling 
heat exchange effects can be obtained in the rubble 
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zone. Ordinarily, if conversion percentage is low, i.e., bly at a lower temperature in the presence of the cata-
below about 20 percent, the reaction products absorb lytic surfaces in the chimney. 
heat from the rubble zone. If above such percentage, 3. The synthesis of methanol from CO + H2 is carried 
heating of the rubble zone may be effected. This effect out at 200 atm and 600° K in the presence of a catalyst 
may be used to maintain or increase the operating tem- 5 such as ZnO +10 percent Cr203 . 
perature if desired. In usual practice, it is contemplated 4. Various petroleum refining and petrochemical op-
that an explosive yield will be used such that an excess erations such as stripping or distillation, cracking, 
of heat is deposited in the cavity so that heat flow from isomerization, oxidation, chlorination and others may 
the cavity into the rubble zone permits operation with . be conducted using process pressures and temperature 
a lower conversion percentage so that some of the nu- 10 conditions provided in the geothermal reaction vessel 
clear detonation heat energy and geothermal thermal which may be of analogous magnitudes to those known 
energy is carried away by the reaction products. This in the art. In many instances milder conditions may be 
energy may then be utilized in a heat exchanger or gas used due to long contact times, catalytic effects and 
turbine arrangement to generate electrical power, drive other attendant on use of a nuclear geothermal reac-
compressors, supply process heat in the surface facili- 15 tion vessel. 
ties or otherwise as desired. While the description has made reference to gaseous 

Further details of the process of the invention will be reactants introduced simultaneously, it is contemplated 
set forth in the following illustrative examples: that a single reactant or a reactant mixture may be in-

. . ._T _„ troduced to contact a solid or fluid reagent added pre-
E X A M P L E S • i . . i . • 

M viously or vice versa. Moreover, reactants may be in-
Total explosive yield 200 kilotons to 1 megaton in 4 troduced in a fluid or gaseous state, for example, to 

or more equivalent size detonations. Geothermal tem- react with constitutents present in the formation rock. 
perature ~ 200°-250° C. Depth of Burial 2,600 meters. Also, one reaction vessel provided as above may be em-

Spacing ~ 2 Rc vertically. ployed separately to provide process heat for produc-
Chimney temperature 500° C. 25 jng desired reactants for use in a second geothermal re-
Gas inlet temperature ~ 200° C. action vessel or for purifying reaction products by pro-
Synthesis gas input (3H2 W I) 4,300 tons/day cedures analogous to distillation, reforming or the like. 
Yield at 200 atmospheres - 14% (600 tons/day) For example, the first vessel could be used for preheat-
Gas outlet temperature — 500° C. ing reaction mixtures supplied to the surface facilities. 
Heat output from chimney 16,400 cal/mole com- 3 0 Counter current heat exchange between reaction prod-

prised of 11,800 cal/mole exothermic heat of reaction ucts and reactants may be used to maintain or regulate 
and 4,600 cal/mole from chimney rock. This corre- operating temperatures in the reaction vessel. With the 
sponds to a heat removal of 5.4X1013 cal/year which is large amount of heat available, it is considered feasible 
equivalent in energy to 54 kilotons (TNT equivalent) foT example, to retort or destructively distill industrial 
of nuclear yield. 3 5 and municipal wastes, forest, fossil fuels, etc., to pro-

If the heat output is used for generation of electricity duce heating gas, chemical products and to provide res-
by using an appropriate heat exchanger and a steam idues such as carbon or coke which can in turn be used 
turbine power generator, 10 MW of power could be in the reactant synthesis plant or for other purposes. 
generated based on an efficiency of 20 percent. This While reference has been made to conducting the reac-
power would be sufficient to provide for ~ 25 percent 4 0 tions in situ within the vessel, it would be possible to 
of the electrical power requirements of the 600 ton/day preheat reagent mixtures in the vessel and withdraw the 
ammonia plant. This heat is also available to satisfy preheated and perhaps partially reacted mixture to the 
process heat requirements. surface for passage through surface reactors to cora-

By increasing the operating pressure to about 300 at- plete the reaction. Supplemental heating can be used 
mospheres the net removal of heat is reduced to ap- therein, for example, to attain higher temperatures 
proximately zero with a consequent increase in operat- which may be needed, for example, in the cracking of 
ing temperature with corresponding yields of about 20 hydrocarbons (CH4) to obtain hydrogen, to promote 
percent ammonia by volume. the water gas reaction, etc. Accordingly, it may be seen 

Various other chemical process reactions, such as g Q that a process reaction vessel of great versatility and 
those set forth hereinafter, may also be conducted in a utility has been provided. 
geothermal nuclear chimney reaction chamber. While there has been described in the foregoing what 

1. Ammonium carbamate used in the production of may be considered to be preferred embodiments, modi-
urea is prepared by the following reaction: fications may be made therein without departing from 

the teachings of the invention and it is intended to 
cover all such as fall within the scope of the appended 

NH3 in a molar excess of 3.5:1 with gaseous C 0 2 and claims, 
recycle carbamate in just enough water to dissolve all I claim: 
unreacted C 0 2 as carbonate is introduced into the re- 1. In a method for conducting a chemical process 
actor at about 3,200 psi ( ~ 220 atmospheres) and with 6 Q wherein elevated operating temperatures are required 
a temperature of ~ 366 to 380° F ( ~ 300° C). The re- to induce a reaction between components of a reaction 
action mixture fluid is withdrawn and the carbamate mixture in a nuclear chimney, the steps comprising: 
may then be converted to urea in a surface facility by selecting a relatively impervious fracture free subter-
conventional procedures. ranean geothermal formation having a site therein 

2. HCN may be produced by the reaction 6 g with a temperature below said elevated process op-
2 N H 3 + 3 0 2 + 2 C H 4 —» 2 H C N + 6 H 2 O c r a t i n g t e m p e r a t u r e ; 

= - 2 e m p l a c i n g a n d d e t o n a t i n g a t l e a s t o n e n u c l e a r e x p l o -

at about 1,000° C in the absence of a catalyst but possi- sive device at said site in said subterranean geo-

C 0 2 + NH4C02NH2 AH = -67 ,000 BTU/lb-mole. 55 
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thermal formation to create therein a closed reac- of above about 100 atmospheres, and the reagents 
tion vessel comprising the explosion cavity to- are introduced through said first conduit so that 
gether with an associated chimney portion extend- ammonia is produced in the reaction mixture on 
ing upwardly therefrom, said cavity and chimney contact with the surfaces of said fragmented rock 
portion having a fragmented rock rubble zone dis- 5 of said fragmented rock rubble zone, and wherein 
posed therein, the total detonation yield of said nu- said reaction mixture comprising the ammonia is 
clear explosive and emplacement depth being cor- withdrawn through said second conduit, 
related to provide sufficient heat to raise the tern- 2. A process as defined in claim 1 further character-
perature of said fragmented rubble zone to achieve ized in that said site in the geothermal formation is situ-
said elevated process operating temperature, said 10 a t e d i n a silicate rock portion of said formation, 
chimney rubble zone of the reaction vessel being A process as defined in claim 2 further character-
heated to a temperature above that of said geother- ized in that a plurality of nuclear explosive devices are 
mal formation by energy supplied by detonation of emplaced with a spacing such that the respective cavi-
said nuclear explosive device; and ties and chimneys are interconnected to form said ves-

providing reagent introduction and product with- 15 s e l with said fragmented rock rubble zone disposed 
drawal means including at least one conduit com- therein. 
municating with said vessel and extending to the 4 . A process as defined in claim 1 wherein said cata-
surface for introducing reagents into said vessel lyst comprises radioactive residues deposited on the 
into contact with said rubble zone to be heated and surfaces of said fragmented rock of said fragmented 
reacted to produce a reaction mixture and for with- 20 rock rubble zone. 
drawing said reaction mixture to the surface, 5. A process as defined in claim 1 wherein said cata-

said reagent introduction and product withdrawal lyst comprises a reduced iron catalyst, 
means comprising a first conduit communicating A process as defined in claim 5 wherein the pro-
with lower chimney and upper cavity portions for cess of said gas mixture is in the range of about 100 to 
introducing reagents to flow upwardly to contact 25 above about 400 atmospheres and said gas mixture is 
the surfaces of said rubble zone to be heated and 3 parts by volume of Ha and 1 part by volume of N2. 
reacted therein and a second conduit communicat- 7, A process as defined in claim 1 wherein said re-
ing with upper portions of said vessel for withdraw- agents introduced through said first conduit are main-
ing the reaction product mixture therefrom, tained in contact with the surfaces of said fragmented 

a catalyst being provided on the surfaces of the frag- 30 rock of said fragmented rock rubble zone until equilib-
mented rock of said fragmented rock rubble zone, rium is approached and then the reaction mixture is 
which catalyst is effective to promote the reaction withdrawn. 
between said reagents, 8. A process as defined in claim 1 further character-

the temperature of said fragmented rock rubble zone ized in that the pressure of said reagents in said nuclear 
being in the range of about 300° C to 700° C, 35 explosion cavity and chimney is sufficient to balance 
wherein said catalyst comprises iron, an agent hydrostatic pressure in said formation to minimize in-
which is effective to promote a reaction between gress of water therein, 
nitrogen and hydrogen, wherein said reagents are 
a synthesis gas mixture of H2 and N2, at a pressure * * * * * 
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