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1. INTRODUCTION

The age we live in has very rightly been termed the atomic age and the way it was
ushered in and the deep implication it has had on the world, has been the most
dramatic In all history. Only a few months before the discovery of nuclear fission in
1039, several eminent scientists were of the view that nuclear reactions could never be
used for economic energy production and yet within three years after this great discovery,
a chain reaction had been set up in 1942 and an explosive release of energy of unbelieve-
able magnitude had been set of! by 1944. It was actually used as a weapon in 1945.
By this time it was clear to everybody that the economic exploitation of atomic energy
was just a matter of time, mainly to establish the economics, find suitable materials of
construction and standardise on the safety aspects, particularly in view of the associated
radioactivity.

In Inciia our history in this field starts at an equally early time, in that plans were
being made to exploit this possible source of energy as early as 1944 and naturally
enough, for only peaceful purposes. At that time all that we could think of, was training
of personnel and basic research. At least this was the spirit with which the Tata Institute
of Fundamental Research was initiated by Homi Bhabha. The rest of the history of our
atomic energy development during the last 25 years is known to most people. The
overall aims of producing electric power for industry, the use of isotopes and radiation
in a wide variety of activities, basic research and the use of several technological fall-outs
emanating from the developments have been fully initiated and as things stand it is now
a matter of consolidating what has been done and of planning expansions on all these
lines. A special effort is being exerted to move quickly into the field of breeder reactors,
using fast neutron multiplying system with liquid metal coolants e.g., sodium, with an
aim to quickly utilize our vast deposits of Thorium. Thorium can be converted to U-233,
a fissile material having very favourable nuclear properties in a breeder process where it
is possible to produce more fuel than one burns. The entire programme has been based
on attaining complete self-sufficiency, the implications of this being a strong training
programme and a research and development effort of considerable magnitude. It also
means maximum utilization of the public and private sector facilities, since a self-
sufficient atcmic energy programme automatically implies a self-sufficient and strong
indigenous industrial base. All this is more or less coming to some sort of fruition
except that one would like to see these happening a little faster so that power reactors
can be got up in India in a much shorter time than is the case at the present moment. A
good optimum time, in my view, for the setting up of a power reactor is about 5 years.
Tables 1 & 2 give a list of the research and power reactor already functioning or in an
advanced stage of construction in India.



This evening I would 'ike to cnng to your attention some new uses of atomic
energy vi*. the peaceful uses of nuclear explosions. Thi* «»«*<-» H»< 'js*erh:fia!s$y
become associated *ritr< mil'tary uses so that its possibilities have not been tulij appre-
ciated. It is on!» recenti) t*at more details of such uses art being made available, so
that it is now pcss bie to take stock of the situation more comprehensibly than before.
The fact of trie matter s. that, had nuclear explosions not had any relations to
weapenr. ana the radioactive ta'fout o-̂ s not there, it would have been an ideal civil
engineering tool for many eaif> moving ooeiations, without even considering the several
possible mining operations. For the purpose of to-da>'s lecture, I wid request you to
forget its possible uses as a weapon and not refer to any of its pohtscal implications,
a.ia OISCJSS its peaceful .̂ses i the Sight of the etpenence of other countries and our
cwn s ng'e experiment. The f* id is stilt very new and much remains to be done from the
point of view of resea^cr- ana development but thai applications of peaceful nuclear exple-
Sions (PNE1* wo-j'a be economically favourable can be seen from the following general
constae'ations. The COST figures of nuclear explosives &s given by USAEC for peaceful
app!>cat>ons vanes from $350,000 for a 10 kt fission device to $600,000 tor a 2 Mt ihermo-
nuciear cevice. These cr>arges '.nciude the cost of the explosive and its detonation but
do not mciuce emplacement stemming, cabling costs, etc Our expenditure on the
recent 12 kt peaceful nuclear explosion experiment at Rajasth&n was somewhat less than
trie corresponding U.S. *g>-r£, the amount of Rs. 32 is^hs spent on the experiment
induced the ccst ct digging the hote. The cost of conventional chemical explosives is
a hundred times more at the lower yield range and very much more at the higher ytetd
range. Further, the emp!ace?T>ent of such large volumes of chemical explosives at
significant depths underground would be prohibitively costly and, in fact, impracticable.

2. STATUS OF THE PNE TECHNOLOGY

The physical effects on the geological medium arising from the release of energy
from an underground nuclear explosion suggest several possible applications. If the ex-
plosive is not buried too deep, the resultant crater (see ftgure 1) can be used most simply
as a water reservoir. A large number of such explcsives, of different yields if necessary,
detonated either sequentially or simultaneously can be used to make harbours or dams,
to build long and deep canals, etc. On the other hand, the device may be buried so
deep that the explosion does not produce a permanent effect on the ground surface.
The fracturing and crushing of the rock in the immediate vicinity of the explosive
emplacement point may then be the main effect that will be utilised, e.g., to increase the
permeability of the rock in a natural gas reservoir, to increase the driving pressure on an
oil reservoir, to expose the metal values in a copper ore body to the leach solution, etc.
In deeply buried explosions in hard rock, the spherical cavity after growing to its final
size is filled up by the overbearing broken rubble and a cylindrical chimney with a height
of several times the cavity diameter is formed (see figure 2). In plastic rocks iikt salt,
however, this kind of collapse may be very limited or may nof occur at all; the cavity
then maintains its shape and its void to a substantial extent S><ch a situation has been
considered for storing natural gas condensates and even radioactive wastes. Thus the



effects one can prr juce in different kinds of rocks fay varying the depth of

variety of potential »rpiK.at»ons of PNE can be conceived cf.

7*:i number of underground explosions carried out so fa? by various countries as
-**«ji as the number of PNE eipenments are given in Tabie 3. In a few cases, the experi-
ments have bsen carried out under industrial conditions and in a few other cases, the
final crarer or the emergent engineering products have been released for public use.
However, it would be correct to say practical technologies for mos! applications which
could be released for wide-spread commercial use are yet to emerge. The latter wiil have
to await further active research and development fxr perhaps a decade or more while
the phenomenotogy under different geological conditions continues to be studied, as in
cur experiment last year.

The feasibility of PNE for large-scale pro.>ects depends on safety - both seismic
and radiological - and on economic considerations. For example, the seismic effects of
high >4e)d explosions on building are considered to substantially preclude their use in
highly populated areas dke the British Isles' and the Federal Republic of Germany*.
Radiological safety has also to be guaranteed in terms of exposure of nearby populations
to vented activity in the case of cratering explosions and in terms of radiological conta-
rtvinstion of the emergent ervgineermg product in other cases. The suggested nuc'^ar
excavation* of part of the canal across the Isthmus of Kra in Thatiand is expected to
require temporary excavation of about 200,000 Thais living in the exclusion area for
about 16 months. The commercial use of nuclear-stimulated gas in U.S.A. would
appear to require the reduction of tritium in the gas to acceptable levels7. Nevertheless
there are many scientific studies which have shown that such seismic and radiological
safety can be achieved in many economically attractive projects. Gas and oil from
nuclear-stimulated reservoirs, copper leached from nuclear-explosive fractured ore
bodies, nuclear-explosive excavated isrteroceanic and river-linking canals and gas con-
densates stored in nuclear-explosive produced underground cavities are all bright
possibilities in the future.

In the four panel meetings on PNE organised by the International Atomic Energy
Agency in Vienna between 1970-75, all of which India attended as a panel member,
several countries have indicated the fields in which their interests in PNE applications
are focussed at present The major interest of U.S.A. has crystallised in the stimula-
tion of iow-permeability gas reservoirs and they have already carried out three expt.i-
ments in this connection. Thay continue, however, to have a wide-ranging interest in
many other applications, in particular in-sitii recovery of oil from oil shale and in-situ
leaching of copper deposits, U.S.S.P- has a more broac'-oased experimental programme
(sea table 3). They have carried out two spectacular experiments in which they exting-
uished widely-burning gas wells by detonating nuclear explosive in plastic rocks close
to She wells, thus pinching off the wells. They have done one experiment to create
underground reservoirs for gas condensates and have very recently* reported carrying



out a multiple cratering experiment involving three 15M explosives as a preliminary step
in the excavation of the Pechota-Kama liver canal, proposed to divert the plentiful
waters in the northern rivers to the Caspian Sea: whose !eve! is continuuusiy dropping.
France has considered the possibility of storing gaseous hydrocarbons in underground
reservoirs created by nuclear explosions and has carried out feasibility studies relating
to such an application both on land and under the sea. Studies in U.K. have generally
involved analyses of the experiments of U.S.A. and other countries. Egypt' has express-
ed interest in protects involving both storage of natural gas and the stimulation of oil
and gas reservoirs. Venezuela10 and Thailand7 have carried out pre-feasibility studies
on large canal construction projects.

India is a large country and many projects involving major earth-moving opera-
tions like building of inter-rivar canals, harbours and water-resource development in arid
regions can be conceived of. But it is yet perhaps premature to carry out feasibility stu-
dies for such projects because most of them, if they are to bt* economically viable, must
be large in scope and would presumably involve simultaneous or sequential detonation
of a large number of explosives of different yields. On the other hand, applications like
stimulations of oil reservoirs to increase both the production rate and the ultimate re-
covery and the mining of non-ferrous metals, which may initially involve detonation of
lower-yield single explosives, are more promising in the present context.

We shall next review in greater detail some of the important applications of PNE
and shall aiso examine in general terms the factor which are likely to determine the
feasibility of particular PNE projects. Towards the end of this talk, I shall describe our
PNE experiment of last year.

3. SOME IMPORTANT APPLICATIONS OF PNE

(a) Gas Stimulation

The rate of f low" of the fluid from a petroleum (natural gas or oil) reservoir to a
well is, among other factors, directly proportional to the reservoir permeability and
thickness. In the United States, natural gas satisfies12 one-third of the energy require-
ments and the annual demand for natural gas is about 0.62Xi0 l*ms at STP. It is known
also that very large quantities of (gas about 9,0 <10'sm>) exist in low permeability gas
reservoirs in the Rocky Mountain region, but from which the flow of gas to a well is not
fast enough for such reservoirs to be exploited commercially using conventional
methods. The detonation of a nuclear explosive in a deep reservoir producing
'chimney' of broken rock, as mentioned earlier, and a fracture zone surrounding it. The
consequent increase in the permeability of the reservoh leads to increased flow and
recovery from the reservoir. U.S.A. has carried out three field experiments, the so-
called Projects Gasbuggy. Rulison and Rio Blanco and has also proposed a fourth
experiment Wagon Wheel. Some details of these experiments are given in Table 4.



Nordyke' has stated that the cumulative production from the reentry hole of
Gasbuggy (which was ine original emplacement hole itself) over an 18 months period
was three times the cumulative production over a 10 year period from the nearest
conventional well. It was projected on this basis that the 20 years production from the
reentry hole would be five times that from the conventional well. Nordyke states that
several different methods used to estimate the degree of stimulation produced by the
GasbuQiy explosion all indicated a factor in the range 5-8, though Chew and Randolph1*
anticipate a downward revision of the 20-year estimate of production from the reentry
hole based on production tests over a six-month period, May-November 1973, after a
four-year shutdown. Similar increases in gas production (5-8 fold) have been said to
have been observed" for Rulison also

The extent of the fracture zone leading to gas stimulation has been assumed7 to
be 2.5 times the cavity radius Rc (see Table 4) in a horizontal direction, 4.4 Rc in a
vertical direction above the short point and 2.4 Rc in a vertical direction below the shot
point. A 100 kt explosive is then assumed to produce a cylindrical zone of very high
permeability of radius 67 m and height 182 m. If the thickness of the gas-bearing strata
is much higher than the latter figure, multiple detonations in a single emplacement bore
hole may become necessary, Project Rio Blanco was the first field experiment to
detonate simultaneously three explosives in a single well bore (see Table 4). The
explosive used in this experiment" was the so-called Diamond explosive, specifice'ly
designed for hydrocarbon applications. Based on the Miniata test event1- at the Nevada
Test Site on July 8, 1971, it is designed to survive extreme temperatures and pressures
and have a yield range between 20-100 kt while having a diameter less than 18 cm and
leaving a residual tritium of 0.1 to 0.2 gm.

In the Rio Blanco experiment, the separation between neighbouring explosives
was designed so that their fracture regions overlap. But reentry drilling and produc-
tion tests14'18 carried on upto November 1974 have clearly established surprisingly that
no permeable connection exists between the top and the middle detonation regions. It
would seem that fracturing caused by multiple detonations and the interactions of
shock waves are still not well understood. U.S.A. may reevaluate their project Wagon
Wheel (which is based on the anticipated production of a single chimney about 850 m
high) on the basis of further studies on vertical communication between chimneys
in sequential detonations.

The Soviet Union has also apparently carried out successfully a gas stimulation
experiment1' but no details appear to have been made available. They have also pro-
posed the stimulation of a gas condensate reservoir in a carbonaceous reef deposit. A
section between 1200 m and 1600 m contains the gas deposits with a heavily oxidised
oil zone lying between 1600 and 1700 m. Below the oil is a water zone. The detonation
of three 40 kt nuclear explosives at 1600 m is expected to produce a fractured zone with
a radius of about 279 m, i.e. of the order of about 10 cavity radii. Gas production is
expected to improve 12-fold from C.25Xi06ms/day to 3<108ms/day.



(b) 0/7 Stimulation

in this field, U.S.S.R. has successfully carried out".3.11 two experiments in
carbonate-type oil deposits and have proposed a third and the following is a summary
of these experiments :

(i) Field A

This was a solution gas drive reservoir in a limestone reef at depth of 1000-1500 m.
The deposit is isolated from a pressurised water zone at the bottom by an oxidised or
bituminized layer 25-50 m thick. In seven years of production, the formation pressure
dropped from 137 to 30 kg.cm1; maximum normal recovery capability was estimated at
about 25",, of the total resource, same 8 million tons of oil being left in the reservoir.
After nuclear explosion fracturing in the p'ghth year (in first stage by two 2.3 kt devices
200 meters apart at depths of 1378 m and 1348 m fired with a 100 millisecond delay
perhaps'-1 in March-Apr! 1965; the second stage involved the detonation of a single 8 kt
device three-and-a haif months later, 350 m from one of the two earlier shot points at a
depth of 1350 m; see Figure 3), immediate increase in yield were evident. Orudjev-0 is
said to have indicated an average of 34",, increase in production rate and a 10% increase
in ultimate recovery. Increased prodirf 'on was reported for 20 wells within 300-470 m
of the shot points. Since the experiment, -»iS from the reservoir has been analysed and
found not to contain harmful amounts of radioactivity and has been in routine
general use.

(ii) Field B

This was the second oil stimulation project in a carbonate reef deposit similar to
Field A but located at a depth of 1000-1200 m. The oil reservoir is in porous, fissured
limestones and dolomites upto 100 m thick. There is a water bearing formation below
the oil reservoir and the reservoir was being worked by water injection. Initial reservoir
pressure was 118 atm. but had declined to 50-60 atm. due to depletion of the field.

To stimulate the production from this field, two 8 kt nuclear explosions were
detonated in the middle of the field. The first explosive was detonated at a depth of 1212 m
in limestone and dolomite layers and about 30 m below the oil-water contact. The
chimney should have extended upward into the oil-bearing formation. The second
device was detonated somewhat later at a depth of 1208 m, about 1.2 km from the earlier
shot point. The nearest producing well to either of the shots was at 150 m.

The oil was put into general use a few days after the explosion as the radioactivity
in it was insignificant. Seven producing wells in the range from 150-800 m from the
emplacement wells showed production rate increases of 30-60% in the first year or so of
post-shot operations.

S



(iii) Proposed Field C

The carbonate reef about 100 m thick at a depth of 1400-1520 m overlies a high
pressure limestone-water zone which is screened from the oil formation by dense inter-
calations. Three nuclear explosives in the range of 20-30 kt are intended to be detonated
20-30 m below the oil-water contact. The water would push through the chimneys and
the fracture zones into the oil reservoir and drive out the oil.

The Soviet experience in oil stimulation by nuclear explosions indicates that
fracturing is the main phenomenon which increases the effective well-bore radius and
the permeability of 'he reservoir rock (carbonate oil reservoirs have particularly low
permeability) and leads to increased production rate. This production increase can be
felt at even far-away bore holes which are, however, within, the fracture zone. India can
consider the use of this technique to increase both the production rate and the ultimate
recovery, particularly in depleted oil reservoirs in Gujarat.

Oil exists in various other types of formations and PNE has also been considered
for the exploitation of these oil resources. There has been a proposal21 to enhance
production of petroleum from bituminous sand formations in Venezuela at depths of
1000 m using nuclear explosions to release the natural geo thermal heat. When a nuclear
explosion is completely contained, 90-95",, of the nuclear energy release remains as
residual thermal energy13. In a recent Canadian proposal-3, it seems to be suggested
that this heat could be used to convert the hydrocarbons in heavy oil and tar sands (in
Alberta and Sasketchwan) into gaseous and liquid forms that in turn heat and liquify
more distant deposits, driving them to the surface of the earth through peripheral wells.
It was estimated that the present 10",, long term recovery rate of shale oil could be
increased to 50% by use of this technique. Another and more promising method21

proposed for the recovery of oil from oil shale cells for retorting the 'atter in situ after
breaking the rock with underground nuclear explosives. It has been estirraied that 640
billion barrels of oil are in reserves in Colorado of suitable thickness and grade for this
method to be used.

(c) Underground Storage of Natural Gas

It is convenient to have storage facilities for natural gas near urban centres of
consumption, so that the efficiency of the pipe line grids is not affected Ly fluctuations
in demand. It is possible to use either the void volume in the chimney25'8' produced by
a deeply buried contained nuclear explosion in hard rock or in the standinii cavity-7 pro-
duceJ in a salt formation.

Typically-6, a 25 kt explosion in dense silicate rock (density 2.5 gm/cc detonated
at a depth of 600 m is seen to produce a storage void volume of 136,000 m3, the depth
of the storage roof being 350 m. The amount of gas that can be stored in the chimney
will depend on the maximum operating pressure and the temperature ; assuming the
latter two parameters as 100 atmospheres and 15°C, the maximum quantity of gas (at
STP) that can be stored works out as 8.75Xi06ms. About 40% of this has to be retained



in the chimne • as a cushion gas at the minimum working pressure. Of course, a
dozen or more such storage chimneys would be needed near each urbar, consumption
centre. Parker'" hcts made a detailed study of comparative costs of this kind of storage
againsi liquified natural gas (LNG) storage and storage in underground salt cavities pro-
duced by solution mining, i.e. by washing out with sea water. His conclusions are not
very fum but he does find a definite economic advantage for nuclear chimney storage in
Western Europe over LNG storage. On the other hand, salt cavity storage Is not
economically unfavourable but it depends on the occurance of suitable salt beds and
the preferable location near the sea to dump the washed brine. The important require-
ments for nuclear chimney storage are reasonable seismic damage costs1* (which limit
the maximum yield that can be used) and the integrity of the storage space but these
seem achievable.

Randolph-9 has considered a gas storage system (2.33 10'm5 (STP) of working
gas) in a 40,000 km2 area af Western Arizona in U.S.A to accommodate a growth in
peak market demand of 7.1 10Rm3d (STP). To increase the capacity of the trans-
mission system for this purpose was estimated to require $ 62.5 million. On the other
hand, five 200 kiloton nuclear detonations at a depth of 1700 m were estimated to pro-
vide this storage at a cost of S 20 million.

U.S.S.R. has also done a great deal of work in underground storage of natural
gas and gas condensates and have carried out three experiments in salt deposits in
this connection. These are listed below :

TABLE 5 : Soviet experiments on storage of natural gas and gas condensates in salt
deposits.

Yield
Depth of emplacement
Cavity volume

In industrial testing of the nuclear cavities, the effective volume was reported17 to
be 10% larger than its geometrical volume far storing liquified gas condensate and 24%
larger for gas storage, because of the fracture region surrounding the cavity. Experi-
ment 3 has been tested30 with gas and fluid upto a pressure of 84 atmospheres. The
cavity was reported as having been put into industrial use as a gas condensate reser-
voir and the radioactitvity in the condensate stored in the cavity was said to be below
applicable radiation levels.

(d) In-situ Leaching of Copper Ores

There are three methods31 of utilizing PNE in mining operations : (a) to remove
the overburden with excavating explosions and to expose the ore; (b) to use block-
caving techniques to mine ore broken by a contained explosions ; and (c) to crush the
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Expt. 1
1.1 kt

161.4 m
11,200 m3

Expt. 2
25 kt

590 m
140,000 m3

Expt. 3
15 kt

1140 m
50,000 m3



ore underground by a contained explosion, followed by in-situ leaching of the ore and
pumping of the mineral-rich liquor to the surface.

The third alternative has been considered an attractive one for oxidised copper
ore bodies which are considered to be of too low a grade for economic mining by con-
ventional methods. The so-called Project Sloop, proposed in U.S.A. though not yet
carried out, was to use sulphuric acid leaching of an enriched oxide ore zone crusheo
by a 20 kt device. The pregnant liquor could be pumped upto the surf3ce by downhole
pumps or could be collected from galleries below the chimney.

This method of recovery of copper is circumscribed by the fact that it is appli-
cable only to oxidized or secondary ore deposits. The copper m inerals in all the
Indian ore bodies are essentially the primary sulphide ores and for the in-situ leaching
of such minerals, it would be necessary to inject hot acid under pressure, with
aeration32.

Lewis et al33 have suggested the use of a contained nuclear explosion to produce
a chimney of broken primary copper sulphide ore below the water table (see Figure 4).
After the chimney is filled with water and reaches hydrostatic equilibrium, oxygen is
introduced near the bottom of chimney. The increase in solub Hty of oxygen at high
hydrostatic pressure is sufficient to initiate the oxidation of the primary sulphides-chal-
copyrite and pyrite. The oxidation and dissolution of these sulphides produces enough
heat to increase the temperature of the ore and water in the chimney to 100'C. In an
economic analysis of the method it was estimated that a hypothetical 70-million ton ore
body with a copper of 0.45% between 400 and 750 m deep would require eleven 100 kt
explosions. For this 16-years project, the gross capital investment was estimated to be
S 13.1 million and the average annual sales $ 10.3 million at $ 0.95 Ng of copper. An
internal rate of return on the investment of 31% was claimed. In a more recent paper,
Braun et als4 have prepared a plan for commercialising this chemical mining process
which involves a detonation schedule of 10 chimneys every 3 years by 100 kt explosions
(4.5 million tons of ore rubble per explosion) in a deep lying ore body (0.5",, grade), a
leaching cycle of six years and an annual copper production of 40,000 tons. The
recovery using this method is claimed to be profitable while it would be unprofitable by
any other method. If successful, such methods of mining using PIME are likely to in-
crease exploitable reserves of non-ferrous metals like copper and nickel.

(e) Excavation Applications

A 100 kt explosion at an optimum depth of burial 160-180 m produces an apparent
crater with a voluma of 4—5x106m*. Such a crater reservoir is well-suited to store
water in arid regions : using U.S.A. cost estimates, Retief and Kruger33 found that for a
wide range of single explosive yields between 170 kt and 5 Mt, the total nuclear excava-
tion cost varies between $ 1.4-1.8 million dollars, while the storage capacity provided is
between 6Xi06m3 and 20 times that value. Other suggested uses36 of excavating ex-
plosions include the construction of a sheltered harbour at Cape Keraudren in Australia



using five 200 kt explosives ; and the use of two 150 kt explosive in a stream bed in the
Soviet Union to produce craters whose 30 meter high lips cot»!u be used as dams to
provide stoiage columns of 30-40 - i0H m\

The maximum interest in uses of nuclear excavation, howaver, continues to be in
the construction of inter-ocean'c canals and inter-river waterways and the details of
such proposals are given m Table 6. As mentioned earlier, U.S.S.R. has carried out a
multiple cratenng experiment'as a preliminary step in studying the use of nuclear ex-
cavation for the Pechora-Kama Canal Project. This involved a row of three 15 kt explo-
s'ves buried at 127 m with a spacing of 160-*70 m. The three explosives deto lated
simultaneously near the southern end of the section proposed for nuclear constriction
produced a water-filled trench of length about 700 m, width 340 m and depth 1C-15 m.
This trench may be used as an integral part of the final canal. The slopes of the
crater trench were reported to be stable since it was formed.

4. Radiological Safety and Nature of the Explosive Device

In PNE experiments and projects, one has to make sure that there is no radiation
hazard to public in the areas surrounding the PNE site and also that the product is
free from radioactive contamination. In evaluating the feasibility and the cost of a PNE
project, this aspect has to be taken into account.

The radioactivity produced in a nuclear detonation arises from the fission products,
the isotopes produced by neutron activation of device components and the soil and
the residual tritium. Fission products are always present because, at present, fission
triggers are needed even in thermonuclear devices though activation products and
tritium will begin to dominate in the latter case.

The explosive used in the USA ^as stimulation experiment Gasbuggy (see
Section 3a) was apparently a thermonuclear device10 and left behind about 4 gm. or
40,000 curies of tritium. For this application, as for others involving oil stimulation or
natural gas storage, tritium is the important radioisotope from a contamination point of
view because it exchanges very fast with the hydrogen in the hydrocarbon and then
moves with it. The explosives used in the Rulison and Rio Blanco experiments were
pure fission explosives and they were also surrounded by boron to minimise the pro-
duction of tritium by reaction of neutrons with the lithium in the rock by the reaction
Lir' (n, ») T. The so-called Diamond explosive referred to earlier is a specially designed
pure fission explosive and a 100 kt explosive of this type is said to produce less than
2000 curies of tritium while a thermonuclear explosive of this yield with a low yield
fission trigger will leava behind about 2,000,000 curies of tritium41.

In a deeply buried "contained", explosion, the molten rock lining the vaporised
cavity collects at the bottom and forms the so-called "puddle glass". Most of the
residual fissile material and other radioactive species which are refractory, e.g., the
fission products (95Zr. 95Nb, 144Ce. etc) and activation products 45c«. 55Fe, etc. will
largely be found in this puddle glass.

10



On the other hand, radioactive species which are volatile like 85Kr. are trapped m
the void volume between the rubble fragments in the chimney while those which have
volatile precursors like 90Sr and 137Ca are deposited on the surfaces of the chimney
rubble. The radioactive species which emerges with the engineering product of
interest depends on many factors including the process of extraction; e.g. 106RU IS the
fission product of importance in copper mining by in-situ leaching but is not considered
to pose a serious problem and the pure fission Diamond explosive is said to be pre-
ferred by U.S.A. for this application also". In fact tritium is again considered the
critical nuclide due to potential exposure of chemical refinery workers.

In excavation applications, radioactive clouds are formed and most of the radio-
activity in the cloud is deposited in the downwind direction. The refractory species are
almost completely mixed with the melted rock. At depths of burial intended to produce
craters of maximum volume, 80 to 95 ,, of the total radioactivity produced by the explo-
sion is retained in the immediate vicinity of the crater. The remainder is distributed
between the main and base sur{,e clounds15. In excavation applications, one would
perhaps tend to use thermonuclear explosives with low fission yields to reduce fission
product fallouts. In a statement on the development of nuclear explosives in U.S.A ,
for such applications, Hamburger1 stated that "we now estimate that for each explosive
detonated in cratering events of useful magnitude, the sum of fission products airborne
in the radioactive cloud and in the fallout can be expected to be as low as that amount
of fission products resulting from a pure fission nuclear explosion having an energy
yield equivalent to 20 tons of TNT".

5. INDIA'S PEACEFUL NUCLEAR EXPLOSION EXPERIMENT*

Asa step towards studying fracturing effects in rocks, ground-motion, contain-
ment of radioactivity and the problems involved in post-shot access of the shot-point
environment, an underground peaceful nuclear explosion experiment was carried out by
us last year in the Rajasthan Desert.

The plutonium device was explaced at a depth of 107 meters in a chamber at the
tr«d of an L-shaped hole. The excavation of the shaft was done using pneumatic
paveinent breakers and the muck was hoisted using a steel 'A' frame and a diesel-operat-
ed winch. The rock surrounding the emplacement point was thinly-laminated chocolate-
brown and greenish-grey shale containing minute bands ~>f silty and micaceous layers
(density 2.45 g/cc; me'ting point 1250-1300°C) with a wa' JT content of about 4",,. From
about 55 meters above the emplacement point and upto 12 meters from the original gro-
und surface, there are dominantly arenaceous formations (of lower density about 2.10 gcc
and lower water content) comprising sandstone and siltstone. The rocks are highly

•A more complete description of this experiment has been given in a paper entitled "Some Stupes on
India's PNE Experiment" by R. Chidambaram and R. Ramanna prese ,ted at the Meeting of the Technical
Committee on PNE, IAEA, Vienna, January 20-24, 1975.
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crushed and sheared at many depths in the above two zones. The first 12 meters
consisted of top sandy soi< followed by a mixed zone containing medium-to-coarse
gravel, lumps and modules of kankar, conglomerates, loosely-cemented medium-to-
coarse grained sandstone, etc.

The chamber housing the device was effectively scaled to prevent possible entry
of sand and dust at the time of stemming the hole. The adit and the bottom of the
shaft to a depth of 6 meters were closely packed with sandbags, followed by a layer of
concrete blocks. Loose sand and excavated muck collected at site were then gently
bulldozed into the shaft. During the stemming operatiin, the device was continuously
monitored by two television cameras located in the chamber.

As an important part of the public and environmental safety programme for the
experiment, a network of meteorology stations, one of them very near the Surface
Ground Zero, were set up several months before the experiment. On the basis of
meteorological observations and site topological considerations, the following criteria
for timinp of the experiment were arrived at" :

(i) Wind direction from SW to W, preferable WSW
(ii) Wind speed-minimum 15 km/hr., maximum :?0 km/hr.
(iii) Atmospheric stability-category O for first hour and Category C subsequently,
(iv) Wind direction persistency-2 to 3 hours-
(v) No inversions.
(vi) No sandstorms forecast for next 24 hours,
(vii) Sky conditions clear.

These criteria ensured that in the unlikely event of venting cf radioactivity and the
formation of a radioactive cloud, the downwind direction of cloud travel would have
been towards uninhabited regions in the ENE sactor until the predicted maximum radia-
tion exposure due to passage of the cloud and deposition of radioactivity on the ground
reduced to insignificant levels. Figure 5 shows the average wind rises in the area for
May 1972 and May 1973 between 0600 and 1200 hours.

With these criteria in mind, the experiment was planned and carried out at 0805
hrs, (1ST) on May 18, 1974. At the time of the experiment, the wind direction was from
WSW at a mean speed of about 20 km/hr. Extensive radiation monitoring of the site
and analysis of soil and air samples before and after the experiment, as detailed below,
showed that no radioactivity had been released to the atmosphere by the
experiment.

Apart from two health physics laboratories, one at the central point and another
more elaborately equipped somewhat farther away, a large number of field monitoring
equipments were kept ready41. Facilities for on-the-spot checking of fission product
contamination of water, soil and vegetation were also provided. Prior to the experiment,
several hundred deposition trays and thermoluminescent dosimeters wire distributed in
a radial grid at various angular and distance intervals.
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During the period preceding and following the experiment, all portable monitors
were kept on and radiation levels were continuously monitored, No increases in radiation
levels above the background level of 0.02 mr'hr were observed in any of the different
types of monitors used. After 30 minutes, the first reconnoitering health physics team
went in jeeps with adequate protection cover and monitoring instruments upto about
135 metres of the crater lip. The team returned at 0920 hrs. and cleared the area from a
radiation point of view. However, the team reported observing deep fissures on the
ground and cautioned movement along the path. Meanwhile monitoring information
radioed bask from the various surveillance camps and the helicopter team revealed
that no change in radiation levels above background was observed by any of these
teams. The mobile surveillance teams were then advised to proceed towards the down-
wind direction, clearing areas and removing road blocks after monitoring. The entire
sector was cleared for general use by population by this time (around 1000 hrs.).

Meanwhile, the helicopter team reported moving criss-cross along the down
direction for 20 km and did not observe any increase in background radiation levels.
Then they proceeded to the crater area and went down to 30 m above Surface Ground
Zero. Here also they did not observe any increase over background radiation levels. At
about 1000 hrs. a health physics team was sent to the crater area for monitoring and ins-
pection. This team went upto the tip of the crater, monitoring crevices and fissures on
the paths by lowering the probes of GM survey meters. No increase in background
levels was observed.

The next day, a health physics team visited the crater site, monitored the crater
and collected soil samples from near Ground Zero (see Figure 6). The radiation levels
did not show any increase in background. The trays and thermoluminescent dosi-
meters in 1 km radius zone and the soil samples collected from near Surface Ground
Zero did not show any activity. The personnel dosimeters and film badges also did
not show any radiation exposure to personnel. Further, the air, milk and deposition,
samples from our National Fallout Network - particularly in downwind direction, viz.
Jaipur, Bikaner, Delhi - as well as dust samples from domestic flights, Delhi-Jaipur-
Ahmedabad and Delhi-Bombay, did not show any radioactivity above the prevailing
background levels. The experiment was thus a totally contained one from radioactivity
point of view.

Teleseismic P-wave signals recorded at 11 stations of the U.S. Coast and Geod-
etic Survey's world-wide standardised seismograph network4" and six seismic arrays viz.
GAURIB IDANUR (India), HAGFORS (Sweden) NORSAR (Norway), ESKADALE-
MUIR (Scotland), YELLOWKNIFE 'Canada) and WARRAMUNGA (Australia) lead to an
average body wave magnitude, (mb ) estimate of 5.0 on the Richter scale. The signals
recorded at the Gauribidanur Seismic Array Station*6 are shown in Figure 7. This
magnitude, assuming best coupling under hard rock conditions, would fix on the basis
of the widoly-accepted yield magnitude relation47, the lower bound of yield to be 10 kilo-
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tons. Moreover, on companson with the global average mb of 5.1 obtained from
Gasbuggy" (contained 29 M PNE gas-stitruation experiment carried out bv U.S.A. in
sha!e and sandstone), the vieUi would appear 1c be higher than 10 Kllotons.

The amp'itude of 120 nanometers at the maximum period of 9 seconds registered
at Gauribidanur (eipcentral distance about '.i') by the vertical component of the Rayl-
eigh wave leads to a sutiace wave magnitude (Ms) of 2.9. Following the recommended
re'ation" -° between empirical yield Y and suitace wave magnitude, i.e. Ms ==1.3 LogioY

1.5, the yield would appear to be closer to 12 kilotons.

The formation cf the mound, its growth and fall wero photographed by several
high-speed moue cameias located at distances between 1.5 to 4 km. A few still shots
were also obtained, one of which taken from near the control point is shown in Fig. 8.

The ground above the emp'acement point rose with an initial spall velocity of
about 30 metres sec to form a dome 170 meters in diameter and 34 meters in height.
Slow motion runs of the film taken with the high speed movie cameras clearly showed
that the mound was not ruptured by the cavity gases during its growth and fall, which is
consistent with the fact that no radioactivity was released to the atmospherer by the
experiment.

The ground-level barographs operated at distances of 1.2 km and 6 km from
Surface Ground Zero gave no pressure signal other than the ground-coupled air wave
showing that the experiment did not give rise to any air blast due tc cavity gases vent-
ing from the mound. This is in agreement with the fact that no radioactivity was
released to the atmosphere by the experiment.

The vertical component of Surface Acceleration4' recorded at 135 meters from
Surface Ground Zero (see Figure 9) shows three clear positive peaks - thb first one
corresponding obviously to the explosion-produced primary shock, while the last one
which is much sharper must be attributed to the impact or slapdown of the spalled
layer. The intermediate positive acceleration pulse, arriving about 40 milli-seconds
after the initial s.gnai suggests51'" that the most significant spall nucleated at about 60
metres below ground level, assuming the shock wave velocity of compressional waves
measured by geophones.

The slapdown of this 60-metre thick spalled layer resulted in a strong secondary
seismic signal, which followed the first alter 2 to 2.5 seconds, as is seen from geophone
records at ground range of 4 and 6 km and as reflected in the teleseismic spectra
recorded at Hagfors (Sweden), Stollet (Sweden) and Yellowknife Array (Canada). It is
interesting to note that at about this depth the nature of the geological medium changes
with higher density shale below this level and lower density sandstone and siltstone
above, as described earner. This spalled layer must have retained substantially its
integrity during the spallation and prevented access of radioactivity to the atmosphere.
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The experiment p oduced a crater, whose photograph is shown in Figure 10.
Detailed surveys of the enter area have been carried out. The apparent crater has
an average radius of 47 metres and depth 10 metres measured with respect to the- pre-
shot ground surface. Figure 11 shows the sca'ed apparent crater radius versus the
scaled depth of burst for U.S.A. and U.S.S.R. nuclear creating experiments in dry,
hard rock. The point corresponding to our experiment" assuming a yield of 12 kt is
shown in the same figure and is seen to be in agreement with the empirical curve \
Figure 12 r» a similar curve showing the scaled apparent crater depth versus the scaled
depth of burst.

6. POST-SHOT DRILLING OPERATIONS AND PRELIMINARY CALCULA-
TIONS ON PHENOMENOLOGY OF OUR PNE EXPERIMENT

Post-shot drilling operations at the experiment site have been carried out to
define the true crater boundary and the zones of fractured and crushed rocks, to study
the dispersal of underground radioactivity and to obtain core samples from various
depths and distances. Necessary health physics surveillance and advice has been
given during drilling and core recovery operations for the completed bore holes. A
gamma log of one of the bore holes is shown in Figure 13. It is clear from our bore
hole gamma logs and radiochemical measurements on the rock samples obtained from
the bore holes that all the residua! radioactivity from the experiment is buried deep
underground. No radioactivity has been found closer than 30 metres to the post-shot
ground surface.

One borehole was drilled at 45' angle to the horizontal in order to start the drill-
ing from outside the heavily fractured and fissured ground surface. All the other bore
holes are vertical. Several bore holes have been drilled around the Surface Ground
Zero in order to examine the fractures in the rock immediately above the emplacement
point The drilling of these holes was difficult due to heavy loss of water in the crushed
and fractured zones and in these regions the entire drilling was done by gradually
lowering the casing as the bore hole advanced in depth. The final gamma logs in the
various bore holes and the cores recovered from them are being analysed now to arrive
at the dimensions of the true crater.

Small pieces of hard radioactive material have been found at distances upto 40
meters from the emplacement point. While X-ray diffraction patterns of powdered pre-
shot shale rock from near the emplacement point show sharp diffraction peaks corres-
ponding to several minerals, the hard radioactive material is mostly amorphous (glassy)
and has presumably been derived from the molten rock produced by the nuclear explo-
sion. The rock samples have also been subjected to petrological examination. Quartz
was the dominant mineral phase in almost ail the samples. Some samples obtained
exhibited strong shock effects like induced strain microfractures, closely shaped
lamellae due to plastic deformation and even phase-transitions and vitreous phases due
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probably to shock metamorphism. More studies on the radioactive samples from
nearer the emplacement point have now been planned. One of the active hard material
pieces referred to above was seen to consist essentially of 88% glass, 5°0 quarU, 3'o
calcite and a few otner minerals.

Meanwhile, to understand and predict the rock mechanics effects of our experi-
ment, a prefect has been started to develop suitable computer codes. These use the
fundamental equations of continuum mechanics in the Lagrargian coordinate system
and the know edge of tne physical, chemical and mechanical properties of the rock in
which the detonation takes place. The first one dimensional (i.e. spherically symmetric)
program has been completed. The calculation is started by distributing at zero time
the energy of the device m a central sphere whose volume is equal to that of the firing
chamber. A strong shock wave pressure of about several megabars is set up which
propagates into the surrounding medium, depositing energy and imparting velocities
to the mass particles. The surrounding rock is vaporised wherever the energy
deposite exceeds the enthalpy of vaporisation Further, out melting occurs, followed
by a region of p'astic flow until the peak pressures drop below the elastic limit of the
rock.

As mentioned earlier, the computer simulation requires a complete knowledge of
the material propeities of the rock medium. Many of these have already been measured
and other measurements are in progress. Based on these measurements and making
reasonable estimates for other parameters, some preliminary calculations have been
made. The 12 kt of energy (estimated from seismic magnitude as described in section 5)
were distributed uniformly as internal energy of a sphere of "iron gas", whose volume
was equal to that of the firing chamber. The vaporization phase is found to be comple-
ted at about 125 microseconds and shock melting in about 575 microseconds.

7. CONCLUSION

The experiments which I have just described clearly indicate several possibilities
where peaceful nuclear explosions can be harnessed for civilian uses. Their success-
ful application depends on several factors such as the actual need, cost, <ocation and
feasibility etc. Our own experiment has shown that it is possible to have a low yield
contained explosion underground and to predict to general behaviour to a great extent.
Before we can use these results to an experiment for a specific project, say e.g. for the
stimulation for gas flow from our gas wells, several geological and other studies will
have to be carried out at site.

The aim of this lecture has been to bring to the attention of the public what is
being done abroad by the more advanced countries and how India can in principle
utilize these results in the light of her own experience. Whatever be the conclusions
that come out from such studies, it is clear that India should not lag behind in advanced
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echnology. As was pointed out by Shri P.N. Haksar immediately after the experiment,
we missed the first industrial revolution and we should under no circumstances miss
the second one. India should keep herself abreast in all aspects of modern technology
so that It is available to it whenever the need arises and not be forced to import the
know-how because we do not have it when we want it. One can question national
priorities in all matters concerning advanced and futuristic technology, but if we have
reason to believe that it is of great potential value to us, we must not hesitate to
develop the necessary know-how. It is in this spirit I have described these peaceful
nuclear experiments carried out or being planned in various parts of the world. I think
you will agree that in this new field there is much of value to the country.

My thanks are due to Dr. R. Chidambaram for his help in the preparation of this
lecture.
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TABLE 1
RESEARCH REACTORS AT TROMBAY AND KALPAKKAM

Name Date of
Criticality

Type (Fuel, Mode-
rator and Coolant)

Power
(Thermal) Peak Core Flux Facilities Available Uses

Apsara August
1956

Enriched U, 1
Light Water Mode-
rator and coolant,
Swimming pool type

MW 10"n cm- sec 7 neutron beams,
fast neutron irra-
diation facility, ther-
mal column, shield-
ins corner

Isotope production,
solid state and
fission physics
research with neu-
tron beams

Cirus July Nat. U,
1960 D|O Moderator

H2O Coolant

Zerlina January
1661

Purnima May
1972

R-5

40 MW 6 • 1013n cm* sec 7 loop positions in
core, n e t I r o n
beams, thermal
column, rapid irra-
diation facility

Isotope product on,
solid state and
nuclear physics re-
search with neutron
beams, and nuclear
chemistry and
engineering loop
experiments

Nat. U,
D3O Moderator Air
coolant

PuO2 fuelled, zero
energy fast reactor
(3 litre core)

Zero power
(100 watts)

Zero power
(10 watts)

1979
(Scheduled)

Nat. U,
D,Q Moderator and
coolant

100 MW

10*n/cms/sec

10»n/cma/sec

3 104n cm1 sec

Used for studying Nat
interest to Indian
Programme

Used for studying
small fast systems

U, D,O lattices of
Atomic Energy

piutonium fuelled

High flux reactor for isotope production
and research in nuclear & solid state
physics and engineering.

FBTR
(Kafpak
kam)

1978 UOa-f PuO. sodium 42 MW
(Scheduled) coolant

3 • 10"n cm ! sec. Irradiation facility Development of fast
for fuel and struc- breeder and sodium

tural materials. technology.



T A B L E 2

N U C L E A R P O W E R R E A C T O R S I N I N D I A

Name Location Date of
Criticality

Powsr
(Electric)

T Y P E

Fuel Moderator Coolant

TAPAS I Tarapur February 200 MW Enriched
(Near Bombay 1969 UO.

TAPAS II Maharashtra) February 200 MW Enriched
1969 UO,

Boiling Light Water

Boiling Light Water

RAPS I

RAPP II

MAPP I

MAPP II

NAPP I

Ranapratapgarh
(Near Kota,
Rajasthan)

Kalpakkam
(Near Madras
Tamil Nadu)

Narora
(Uttar Pradesh)

August
1972
June
1976

June
1977
June
1979

March
1981

200

200

235

235

235

MW

MW

MW

MW

MW

Nat

Nat

Nat.

Nat.

Nat.

UO,

UO,

UO..

UO»

UO,

D3O

D:O

D.O

D.O

Pressurised

Pressurised
D,0

Pressurised
DSO

Pressurised
D,0

Pressurised
DaO



TABLE 3

UNDERGROUND NUCLEAR EXPLOSIONS AND PNE EXPERIMENTS CARRIED OUT IN

VARIOUS COUNTRIES UNTIL FEBRUARY 15, 1975

t "O

O) O

Experiments for Specific PNE Applications

Waterwater Canal Control of Oil and
iS Rosaruoir Excavation Runway Gas sti-
z K e s e r v o i r Design Gas Wells mulation s t o r a g e m e n t s

U.S.A.

U.S.S.R.

U.K.

FRANCE

CHINA

INDIA

TOTAL

366

129

5

13

1

1

515+

53'-

14»*

—

13

—

1

8 1 + +

22

4

—

13

—

1

40 10

18

18

* Of these 10 are mentioned by Hamburger1 as being combined PNE and weapons tests. An additional 30 contained evasions listed by
Higgins* and mentioned as being intended only for (military) explosive development are excluded from this total.

* • Ir. addition to these. Nordyke* lists another 19 unreported Soviet explosions, whose seismic signals were receded iili November 1973, at
PNE experiments, on the basis that these were not carried out in known testing sites of USSR.

+ This number is bated on information drawn from Stockholm International Peace Research Institute (SIPRI) Yejtr Book of World Armwneru

and Disarmament, Institute Defence Studies and Analysis Jour. (India). Vol. VI. No. 2. October 1973. and The data available with the

Seismology Section. BARC. The numbar of explosions for the last two years could have been underestimated, because of incomplete data

+ + Out of these, 15 were cratering expeiiments. An experiment involving multiple sequential or simultaneous detonations u counted at one

experiment only.



TABLE 4

GAS-STIMULATION FIELD EXPERIMENTS OF U.S.A.

Gas buggy7 Rulison1.1' Rio Blanco1 Wagon wheel

Date

Explosive yield

Dec. 10, 1967

29 kt

Sept 10, 1969

43 kt

May 17, 1973 Proposed

3 • 34 kt 5 • 34 kt
(Simultaneous deto- (Sequent'al riet ema-
nations in a single tions in a single
emplacement hole) emplacement hole

Dia of explosives 45 4 cm 22 9 cm
(544 kg)

less than 18 cm

Depth of emplacement 1293 m 2568 m 1780, 1900, 2040 m 2800-3550 m

Location Northwest
New Mexico

Western
Colorado

Western Colorado Wyoming

Radius of Cavity Re 24 5 m 23 2 m 20 m

Chimney void Volume 5-8/10'ms 5> 10'ma 2 7 •• 10'm3

Residual tritium in chi- 4 gm 1 gm
mney environment (40,000 curies> (10,000 curies)

about 0 1 gin
(1000 curies per
explosive



TABLE 6
Proposed Canal by Partial Nuclear Excavation

Location of proposed Canal and
purpose

Total
length

Length to
be erriva

tod by
nuclear

explosives

No. of nuclear
explosives b total

yield

Salvo yields b range
individual yields

o< Eroncmirsoi ihu project

1. Sea-level canal through
the Darien Isthmus of
Panama (to accommo-
date ships unto 250,000
dwt)31

(a) Route 17 in Panama 78 km 50 km 250 explosives

(b) Route 25 in Colom-
bia.

160 km 32 km

2. Canal to link Pechora 112"5 km 65 km
and Kama Rivers, USSR
(for the diversion of
waters from the northern
rivers to raise the level
of Caspian Sea which is
fall'ng by 6-7 cm/year)8.*8

3. Caniil to link the Orinoco 62 km 15*5 km
and the Rio Negro rivers
Venezuela (for improv-
ing inland general cargo
transportation)*'

4. Canal across the Isth- 102 km 45 km
mus of Kra, Thailand, to
link the Gulf of Thailand
with the Andaman Sea
(for handling upto
500,000 dwt vessels)7

150 explosives
—total yield
120 Mt
250 explosives

157 explosives
—total yield
1*6 Mt

139 explosives
—41 Mt

21 Salvos of 0 9 to
13 Mt. Individual
yields 100 kt-3 Mt
Each Salvo upto
3Mt

27 Salvos of 1 to 11 Total cost $ 2*9 billion.
Mt Individual yields Nuclear excavation $11
100 kt-3 Mt billion Economic burden

for evacuating 40,000 peo-
ple— «0M4 billion.
Total cost -=« 1'9 billion N.
e x c a v a t i o n cost-MM
billion
Use of nuclear excavation
is expected to reduce the
cost of the canal by a fac-
tor of 3 to 3'5

Total Cost (Nuclear and
Conventional excavation)
= US$ 195 million.

Each salvo about Total cost using only con-
5 Mt yields from ventional excavation « 56
100 kt-1 Mt billion. Nuclear excavation

saves s 2 billion £-4 years
in time.
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ORIGINAL GROUND SURFACE

-APPARENT CRATER BOUNDARY

ORIGINAL GROUND SURFACE

TRUE CRATER
BOUNDARY

SHOT POINT

' I I \

BLOCK FRACTURE

1

Radius of Re ^ 9 W ' meters
cavity

Crushed zone Re to 2 Re

Intense fracture 2 Re to 3.5 Re

Block fracture 3.5 Re to 5.5. Re

Fig. 1 Cross section of a crater produced by on underground nuclear explosion Tho apparont cater is
smaller than the true crater because of fallback of much of tho uplifted north The lips of thr
crator aro partly duo to the rock ojecta and to a smaller extoni duo to upthrust of tho ground by the
explosive force. Somo approximate formulae on tho various dimonsions as related to the yield W in
kilotons aro given in the figure.
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RUBBLE

SHOT POINT

RAOIOACTIV
PUDDLE

Depth oi burst > 120 W1'3 meters

Radius of cavity Re - 9 W 3 meters

Radius of chimney Rch — 1.1 Re

Height of chimney Hch ~ 4 Re

Lateral extent of
fractures

Height of fractures

Volume of
fractured rock

~ 6 R c

- 7 Re

- 175 Wm3

Fig. 2 The effects in hard rock from a deeply-buried nuclear explosion. The sudden release of ene'gy
leads to vaporisation of the surrounding rork. This cavity grows in size by further vaporisation
and melting of the rock The out-going shock wave crushes and fractures the surroundino rock.
The fractured rock above the final cavity collapses into the cavity and this cylindrical region filled
with rubble is called the "Chimney".
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Fig. 3 ~ross section o( field site a for U.S.S.R. oil stimulation experiment, (after Kedrovsky")
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Fig. 4 Mining of flooded primary sulphide ore of Copper using in-situ leaching
following nuclear explosion fracturing (after Lewis et a l " ) .
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Fig. S Hourly wind rises for the month Moy 1972 ft 1973 (after Soman & Sharma")
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Fig. 6 Photograph ol health physics team monitoring Crater on May 19. 1974
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Fig 7 P, S and Rayleigh wave signals recorded ut Seismic Array Slalion Gauribidanur (India) from iho
Indian PNE experiment of May 18,1974 (after Vafghcso ct al")



Fig. 8 Photograph of the mound near its peak position as taken from the control
point. The desert landscape can be seen in the foreground.
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Fig. 9 Vertical Ground Acceleration at 135 Meiers from surface ground zero (after Vargheso et al")



Fig. 10 Photograph if the Crater taken from a Helicopter on May 16,1974, soon
after 'the experiment
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cratering experiments in dry hard rock. The point corresponding to the Indian PNE experiment

is also shown for an assumed yield of 12 kt. (after Chidambaram and Ramanna").
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