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SUMMARY

Widespread public concern over the mining and sale of Australian
uranium is linked with two major issues: the safety of nuclear waste dis-
posal, and non-proliferation of nuclear weapons materials. A significant
proportion of people believe, that these issues are serious enough to
require a moratorium on uranium mining.

The USA and many European, Asian and Pacific nations are firmly comm-
itted to the use of nuclear reactors for the generation of electrical
power. There is ample uranium in the western world to meet their require-
ments for several decades. Because of the oversupply situation, withhold-
ing Australian uranium from world markets will in no way affect the nuclear
power programs of these various countries. Refusal to export Australian
uranium would be more likely to increase the pressures in some countries
(i.e. Japan, Germany, France) for early introduction of fast breeder
reactors and the "plutonium economy". Moreover it would represent a lost
opportunity to benefit our national economy.

The continuing development of the Australian SYNROC process for high-
level nuclear waste disposal has some important implications for Australian
involvement in the international nuclear fuel cycle. SYNROC demonstrably
displays the capacity to immobilize high level wastes for the periods
exceeding one million years whilst the radioactivity decays to safe levels.
Moreover it is suitable for very deep underground burial in 4 fan deep drill
holes which can provide secure isolation of the wastes for even longer
periods. The SYNROC strategy is based on the way in which nature immobil-
izes radioactive elements over -geological time and can therefore be presen-
ted to the public in a form that most people can understand and evaluate.
Thus it should be possible to dispel public concern over the issue of
high-level waste disposal.

Further development of high-technology industries and new initiatives
in Australia to support the international nuclear fuel cycle could have consider-
able economic and employment benefits, and could also contribute to the
cause of non-proliferation. For example, we could develop a reprocessing
industry here to extract uranium and plutonium from spent nuclear fuel for
future recycling. The resultant high level wastes could be converted into
SYNROC for deep burial in either their country of origin, or in Australia.
In this manner, plutonium produced from Australian uranium would remain
under Australian control at all times. Reprocessing and solidification
services are in great demand and firm markets could readily be secured.
These services would, in addition, provide considerable leverage in obtain-
ing export contracts for our natural and/or enriched uranium.

These proposals should be considered in the light of the rapidly exp-
anding nuclear power and technological capacity of many Asian and Pacific
nations including Indonesia. Australia has the capacity to play a strat-
egic role as a regional supplier of both uranium and supporting fuel cycle
service industries. In accepting this challenge we could substantially
reduce the risks of proliferation and delay the introduction of a global
or regional plutonium economy.
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INTRODUCTION

There are few issues that have caused as much polarisation of society
in recent years as the nuclear power debate. In Australia, the debate has
largely focussed on the export of uranium and its role in the international
nuclear fuel cycle.

Many of those who oppose the export of uranium are concerned that the
highly radioactive wastes arising as a by-product of the operation of
nuclear reactors may constitute a long-term hazard to mankind. There is
also a widespread fear that development of the nuclear power industry
might encourage the proliferation of nuclear weapons, thereby increasing
the probability of war. I believe that, in the Australian context, these
particular concerns are misplaced. Firstly, recent developments have
demonstrated beyond reasonable doubt that radioactive wastes can indeed
be safely managed. Secondly, I shall try to show that the export of
Australian uranium, if combined with other actions which could be taken
by this country, could actually make a significant contribution towards
reducing the risks of nuclear weapons proliferation. Australia, if it
has the courage and the resolution, could provide world leadership in key
areas of the nuclear fuel cycle. We are faced by a unique challenge,
which represents at the same time a tremendous opportunity for national
development.

The safe disposal of radioactive waste,? is strategically involved in
several of these issues. If the Australian public can be convinced of the
safety of nuclear waste disposal, one of their principal objections to
uranium mining would be removed. Moreover, this would open up opportunities
for Australia to participate in other areas of the nuclear fuel cycle.
Accordingly, I have divided this paper into two parts. Part I deals with
nuclear waste disposal and demonstrates that a solution has been achieved.
Part II examines the consequences of this solution for uranium mining,
non-proliferation, deferment of the international plutonium economy, and
the development of new industries in Australia which would have a major
effect on the national economy. The two parts need not be read in sequence;
readers who are more concerned with the latter issues can start directly at
Part II. (p. 11).

PART I : RADIOACTIVE WASTE DISPOSAL

The fission of uranium in nuclear power reactors produces a wide range
of highly radioactive by-products, particularly caesium-137, strontium-90
and the actinide elements, including plutonium and neptunium. These so-
called "high level wastes" (HLW) will be chemically removed from the spent
fuel by an operation called "reprocessing". Because of their intense radio-
activity, the HLW must be isolated from the biosphere for very long
periods until they decay to safe levels. Estimates of the appropriate
decay period vary according to safety criteria adopted. There is general
agreement, however, that this period is at least 10,000 years and may be
as long as one million years. This is a very long period in relation to
human experience and has led to widespread concern as to whether HLW isol-
ation can be accomplished safely.
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It is important to be clear about some basic objectives. What we
need is a method of waste disposal which, first of all, will satisfy the
scientific experts in the relevant fields, and secondly, which will be
explicable to and readily understandable by laymen. Unfortunately, many
scientists working in the field have tended to ignore this factor. They
have failed to recognize that, in the long term, the critical decisions
about the use of nuclear power will be made not by experts, but by the
general public. The importance of obtaining a sufficient degree of
"public acceptability" for policies relating to the nuclear industry
cannot be over-emphasized.

WASTE-DISPOSAL BARRIERS

It is generally agreed that nuclear wastes are ultimately to be
buried at depth within the earth. After burial, the only plausible means
by which radionuclides could re-enter the biosphere is via leaching of
the wastes by circulating groundwaters followed by transport to the surface.
This is to be prevented by two complementary strategies, each of which
should ideally provide an independent, fail-safe barrier. The first is
to immobilize the wastes in a highly stable and insoluble form which will
not leak or corrode when it is placed in the earth and subjected to the
action of groundwaters over a very .long period, up to a million years.
Thus, we regard the warteform itself as the primary immobilization barrier.
The second strategy is to bury this wastefonn in a carefully-chosen geo-
logical environment that would greatly impede access of groundwater to
the waste and would also delay the subsequent migration towards the sur-
face of any groundwater which had obtained access to the waste. We will
call this the geological barrier.

Immobilization in Borosilicate Glass

The most popular immobilization barrier that has been advocated by
the nuclear power establishment over the-last two decades has been to
incorporate HLW in borosilicate glasses (vitrification) contained in
steel canisters. This procedure was devised originally as a means of
greatly reducing the volumes of liquid HLW produced by reprocessing and
facilitating safe transport by transforming the HLW into a solidified
form. Glass is well suited for these purposes. Only at a later stage
was it proposed that the glass-filled canisters should be buried in the
earth in appropriate geologic repositories and surrounded by engineered
barriers. The latter strategy s&ems less than ideal, however, because
geochemists have shown that borosilicate glasses would readily disinteg-
rate after burial in the earth if they were ever to come into contact with
groundwaters at quite modest pressures and temperatures. Such disinteg-
ration would be accompanied by loss of some radionuclides into the ground-
water.

It is disturbing to recall that, until the late 1970's the nuclear
industry was confidently proposing to incorporate up to 30 wt% HLW in
borosilicate glass and to bury the glass only a few years after repro-
cessing. Because of the heat generated by the HLW, the temperature of
the glass when placed underground would have exceeded 300°C. As illustrated
by Fig. 2, the glass would have disintegrated within a few days if contacted
by groundwater. These early policies were obviously unacceptable and provid-
ed a major impetus for my research group to develop a greatly improved waste-
form, SYNROC, which will be described later in this article.
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Subsequently, the nuclear industry has responded to the criticisms
from geochemists and has proposed improved new procedures. Examples of
this are described in detail in the Swedish KBS reports (1). It is now
proposed that:

(i) The amount of HLW in the glass shall be reduced to 10 percent or
less.

(ii) The glass will be aged in intermediate storage facilities near the
surface for several decades. This will permit the most important
heat-producing elements to decay substantially. The net result of
this policy and also of (i) above is that when glass is finally ,
buried in a geologic repository, its internal temperature would
not exceed 100°C. Below this temperature, its leachability is
quite low. *.

(iii) The glass will be surrounded by metallic canisters composed of
titanium and lead which are highly resistant to corrosion by
groundwaters.

(iv) When finally buried, the canisters will be surrounded by highly
absorbent "overpacks" of compacted bentonite which will greatly
impede access of groundwater and will selectively absorb and bind
any radioactive elements which might be released from the waste
package.

There can be no doubt that these procedures represent a great imp-
rovement upon pre-1978 policies for radwaste disposal. The vast majority
of scientists working in the HLW management field believe there is no
reasonable doubt about the capacity of the new waste package (glass +
canister + overpack) to maintain its integrity with negligible leakage
for at least 1000 years, whilst the heat-producing fission products decay
to safe levels. However, it is difficult to guarantee the integrity of
the waste-package over the much longer periods, exceeding 10,000 years,
required for safe decay of actinide elements, especially neptunium. Thus,
protection of the biosphere over this longer timescale depends primarily
upon the ability of the geological barrier to retard access of groundwater
to the wasteform and to delay migration of contaminated groundwater from
the waste-package to the biosphere. There has been a tremendous amount
of research on the geologic barrier during the last few years. The great
majority of experts believe that, provided that repositories are sited
and constructed in accordance with established geological, geochemical
and engineering criteria, they will be capable of isolating actinide
elements from the biosphere for the required periods.

Public Acceptability

Although qualified scientists are generally confident that current
systems of nuclear waste management provide a very high degree of safety,
this belief has not sufficed to dispel the widespread public apprehension
about nuclear waste disposal. It is important to appreciate that percep-
tions of safety by waste-management experts may differ considerably from
the perception of safety by laymen who lack familiarity with the relevant
scientific data. Because of this situation the public is likely to require
a waste-management strategy with an extremely high degree of demonstrable
safety and fail-safe redundancy. Waste management experts, nay well



consider such systems to be unnecessarily "over-safe" but this is beside
the point. If public acceptability is to be achieved, the experts should
design systems which conform to the standards required by the public.
Moreover, as noted earlier, it is desirable that the scientific basis and
rationale of a waste management system should be understandable to the
layman. This objective is not achieved by most of the current strategies,
which are complex and difficult to evaluate. To a large degree, this
technological complexity can be traced to the early choice of borosilicate
glass as the preferred solid wasteform. Because of its instability above
100°C, additional precautions are needed to achieve the desired degree of
safety, thereby complicating the overall system. Also, as we shall see
subsequently, the use of glass unnecessarily constrains the strategy for
'geologic disposal.

Immobilization of HLW in SYNROC

The SYNROC strategy for management of HLW was developed especially
to satisfy the criteria mentioned previously. It seemed clear that there
was a need for a wasteform (immobilization barrier) which was far more
stable than borosilicate glass, especially in the presence of groundwater
at elevated temperatures, and which could maintain its integrity for many
millions of years under these conditions. During the last few years, my
research group at the Australian national University has succeeded in
demonstrating this objective, and produced a crystalline ceramic wasteform
called SYNROC (2,3,4,5).

Table 1

Bulk composition
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The chemical composition of SYNROC is shown in Table 1. When this
mixture of oxides is heated to about 1100°C under pressure, it recrystall-
izes to form a mechanically strong synthetic rock. It is very much analo-
gous to a natural rock like granite which consists of three common minerals:
quartz, felspar and mica. However, for our purpose, we produced a synthetic
rock consisting essentially of three rare titanate minerals: hollandite (35%),
zirconolite (30%), perovskite (20%) plus rutils (15%) (Fig. 1). We have
shown that these titanate minerals have an exceptional capacity to withstand
corrosion under geological conditions. Moreover, we have demonstrated that
these particular titanate minerals have the capacity to accept virtually
all the elements which occur in nuclear waste into stable sites in their
crystal lattices, thereby effectively immobilizing them (3,4). The natural
radioactivity of common rocks and minerals is contained in exactly this
manner. In other words, the SYNROC process is based on a detailed geochemical
understanding of how- nature immobilizes radioactive elements on a vastly
greater scale than is ever contemplated by the nuclear industry.
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Figure 1. SYNROC is made up of four titanate minerals,
hellandite, zirconolite, perovskite and rutile
in weight percentages of 35, 30, 20 and IS
respectively.
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Although the chemical composition of SYNROC does not resemble that
of any naturally-occurring rock, the three minerals of SYNROC are found
individually in certain rare natural igneous rocks which range up to two
thousand million years in age. These three minerals have survived in
geological and geochemical environments where the pressures, temperatures
and leaching conditions have been far more severe than are ever likely to
be encountered in a geological repository. It is evidence of this kind,
provided directly by nature, which demonstrates that the minerals of
SYNROC have the long-term stability required for HLW immobilization.

Some of these ancient minerals actually contain substantial amounts
of radioactive uranium and thorium and therefore we can examine the effects
of long-term radiation exposures. We have demonstrated that these minerals
have experienced over 10 times more intense radiation damage than they would
receive in SYNROC containing 10% HLW and aged for a safe period (1 million
years) without any appreciable leakage of radioactive elements (4,5). Thus
it is nature which provides the key evidence that, despite very intense
exposure to radiation, these particular SYNROC minerals possess the ability
to immobilize the long-lived actinide elements for enormous periods.

These studies of naturally occurring SYNROC minerals have been comple-
mented by extensive experimental studies of SYNROC and its minerals in the
laboratory under controlled conditions (4,5). They demonstrate that at
90-200°C, for univalent and divalent elements (e.g. cesium, strontium),
SYNROC is about 500-1000 times more resistant to leaching than borosilicate
glass. For multivalent elements such as uranium, SYNROC is 10,000 times
more leach resistant. Other studies have demonstrated that SYNROC remains
stable in the presence of supercritical water, at very high pressures and
temperatures, up to 800°C at 1000 atmospheres (3). Comparative experiments
on the effects of water on glass and SYNROC over a range of temperatures
are shown in Fig. 2. The implications of this picture do not require
elaboration.

The current form of SYNROC developed to immobilize HLW frons commercial
power reactors is designed to accept about 20 percent by weight of HLW. If
one is prepared to accept a lower waste loading, (e.g. 7 percent HLW). the
leach resistance can be improved still further. To this end we have devel-
oped a wasteform consisting of about 25 percent of SYNROC minerals dispersed
through a matrix of fully dense rutile. (TiO,). Each of the individual HLtf-
containing SYNROC minerals is fully encapsulated by the rutile matrix.
Rutile is one of the most leach-resistant minerals known. Its long-term
survival in beach sands is a consequence of this characteristic. If such
a wasteform were buried underground, then, in order for groundwater to
obtain access to the hollandite, perovskite and zirconolite phases which
are to contain the HLW elements, and which themselves are very stable, the
rutile barrier must first be dissolved. It is virtually impossible to
conceive of any set of plausible geochemical conditions operating in an
underground repository which would permit this to occur.

The point is that we can obtain almost any level of security in the
immobilization barrier by simply reducing the waste loading and increasing
the rutile content. This would involve extra expense of course, but not
to a prohibitive extent. Because the density of SYNROC (4.3 g/cm3) is
greater than glass (2.8 g/cm3), an advanced SYNROC wasteform containing 7%
HLW by weight actually contains more HLW per unit volume than glass contain-
ing 10% HLW by weight.
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Figure 2. Comparative leaching performance of SYNROC (upper row)
versus borosilicate glass (lower row). Cylinders are
5cm diameter. The glass cylinder leached for 4 days
at 300°C shattered during the test.



The properties of SYNROC have now been investigated independently
at about a dozen laboratories in Australia, USA, UK and Japan. These
studies have confirmed the ANU work and have produced general acceptance
of the excellent properties of SYNROC as a wasteform. The principal
challenge now is to demonstrate that SYNROC can be produced on a large
scale at reasonable cost. Government funding has been provided to enable
the Australian Atomic Energy Commission and the Australian National
University, in a cooperative project,to construct a commercial-scale
demonstration SYNROC production plant, using simulated non-radioactive
wastes (Fig. 3). This project is now underway and should be complete
within three years. In addition, the Australian Atomic Energy Commission
will fabricate a small amount of SYNROC containing fully radioactive HLW
and study its properties and performance.

GEOLOGIC DISPOSAL

Having created a wasteform of high integrity, the next step is to
complement it with an independent, and redundant barrier, the geological
barrier. The solution envisaged in virtually all countries is to deposit
the waste in a mined repository. This would consist of a central vertical
shaft excavated to a depth of 500 to 700 metres in a favourable geological
environment. Ideally, this would be chosen so that the time-scale for
migration to the biosphere of radionuclides dissolved from the waste,
would be long compared to the time required for decay of these radioactive
elements to safe levels. At the bottom of the shaft there would be a series
of horizontal drives, and in these, short vertical holes in which the waste
would be emplaced (Fig. 4 ) . After radwaste had been emplaced, the holes
and drives would be back-filled.

Despite the widespread support for this concept by the nuclear indus-
try overseas, it has encountered strong public resistance to an extent
which may create an impasse for nuclear power. One difficulty concerns
the issue of perceived safety. The safety analysis of a mined repository
is a very complicated technical problem, and although scientists and tech-
nologists may convince themselves with good reason that they can design a
repository which is safe, it is difficult, because of this complexity, to
convince a layman.

Another problem relates to the size of the repository and the implicit
centralization policy for waste disposal. Because we are dealing with a
repository which will be operated for perhaps 40 to 50 years and which will
eventually contain a tremendous amount of highly radioactive materials, it
is obvious that the consequences of repository failure could be very
serious. Understandably, local communities have been reluctant to be
chosen for the dubious honour of providing the nuclear garbage tip for the
remainder of their country.

It is not always appreciated that current policies to dispose of HLW
in centralized mined repositories at depths less than 1 kilometre are
linked closely to the earlier commitment to borosilicate glass as the
preferred wasteform. The use of glass restricts the depth of disposal
because of the increase of temperature with depth in the earth, generally
20-30°C per kilometre. This factor, combined with the heat generation
of the waste itself (even after 50 years of surface storage) would cause
glass to be highly unstable in the presence of groundwater if buried, for
example at depths of 3-5 km.
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Figure 3. Conceptual flowsheet for SYNROC production.
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The use of SYNROC as a wasteform permits the application of a wider

range of disposal strategies. Because of its high stability at elevated
temperatures, it would be possible to dispose of SYNROC at very consider-
able depths in the earth's crust, for example, in widely dispersed deer
drill-holes. I believe that this strategy has some important socio-
political and technical advantages.

Disposal of HLW in Deep Prill-Holes

The technology to drill very deep holes - as deep as four kilometres
or more, with diameters of one to three metres - has recently become avail-
able. A series of discrete deep holes of this particular type offers very
considerable possibilities for nuclear waste disposal. I would propose .,
initially immobilizing waste in SYNROC, then depositing the SYNROC cylin-
ders in the bottom 2500 metres of such a hole, and finally sealing the
upper 1500 metres. A single hole of these dimensions is capable of accept-
ing the waste from a hundred large nuclear power stations operating for a
year.

There are major technical and socio-political advantages in this
policy of deep drill-hole disposal (5,6). The most obvious benefit is
that with a single 4 km drill hole, the waste is deposited much further
from the biosphere than in the case of a mined repository (typically ||
500-700 metres deep - Fig. 4). In simple terms, the further away from |J
the biosphere the waste is deposited, the safer it is and the longer it f|
would take for diffusion and transport by circulating groundwaters to |i
return radionuclides to the biosphere. J

Another important factor is that in many regions, the permeability
of rock systems, particularly crystalline rocks, decreases considerably
with increasing depth. This implies that by disposing of waste at depths
below 1500 metres in carefully-chosen crystalline rocks, there is a high
probability than environments can be found where there is little or no
groundwater, and where the permeability of the rocks is so low that the
timescale for any upward diffusion of groundwater to the biosphere is
extremely long compared to the decay rate of the waste. On the other
hand, with a mined repository at a depth of about 700 metres, the problem
is of a different order (Fig. 4). At this depth, permeability is often
high and groundwater abundantly present. In most areas, even in salt
deposits, the access and circulation of groundwater can cause problems.

In a mined repository, the deposition of a large amount of waste in
a planar configuration within a relatively small area generates a consid-
erable amount of heat and this in turn causes thermal stresses in the
rocks which may lead to cracking. Fracturing in the rock system may
allow the return of groundwater to the biosphere. Much of the research
currently directed into mined repositories concerns this issue. On the
other hand, isolated deep drill holes can be placed as far apart as is
desired, although they need be only a few hundred metres apart in order
to avoid the thermal problem mentioned above.

Drill holes also produce a much smaller environmental impact than
mined repositories. A single hole would remain open only for a few years
while it is filled and can then be permanently sealed. On the other hand,
the strategy for a mined repository is to keep it open for 40 to 50 years
while it is being filled. Moreover, recent experience in several countries
demonstrates that on technical grounds alone, it is difficult to locate
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Figure 4. Design for a large mined repository in salt. Canisters
of borosilicate glass are sunk in the floors of a series
of parallel drives. The facility would be large enough
to accept wastes from the national nuclear programs over
several decades.



acceptable sites for large, centralized mined repositories. Disposal of
HLW in deep drill holes would increase considerably the number of sites
that are acceptable on technical grounds.

To summarize, I believe that disposal of HLW in deep drill-holes is
a conceptually simple strategy which has major technical advantages over
mined repositories, and moreover, that these technical advantages can
readily be appreciated by laymen, as demonstrated in the following example.

Evaluation of radiological hazards associated with deep hole disposal

It is interesting to compare the hazards arising from burial of
SYNROC in deep drill holes with the natural radiation hazard that forms
an inescapable part of our environment. Part of this natural hazard
arises from the presence in all the rocks of the earth's crust of small
amounts of radioactive elements, mainly uranium and thorium. (The average
rock occurring near the earth's surface contains about 2.7 parts per
million of uranium and 11 parts per million of thorium). Imagine a
drill-hole containing waste and surrounded by a concentric cylinder of
an ordinary rock (e.g. granite). The radius of the imaginary concentric
cylinder of country rock is chosen so that the cylinder would contain
the same net amount of radioactivity as the waste which has been inserted
in the drill hole. With time, the activity of the waste in the drill hole
decays so that the radius of the equivalent cylinder will decrease as shown
in Table 2.

Table 2

Comparison of (alpha) radioactivity from SYNROC containing 10 percent of
radwaste with radioactivity of average natural rocks as a function of time*.

SYNROC AGE
Years

RADIUS OF EQUIVALENT CYLINDER (metres)
Country rock 2.7ppm U, 10.8ppm Th

1,000
10,000
100,000

1,000,000
10,000,000

1080
517
167
203x

53

•Cylinders of SYNROC (0.5 metre diameter) are emplaced axially in a deep
drill-hole. The "equivalent cylinder" of surrounding rock contains the
same total alpha-activity as the radwaste at the time indicated.

x 5 6
Increase in radius between 10 and 10 years is due to transient growth
of neptunium-237.

After a thousand years, which is a very short time, geologically
speaking, the radius of the equivalent cylinder is about one kilometre.
In other words, there is as much radioactivity within a kilometre of
average country rock around the hole at this time as there is in HLW
buried in the hole. About half of the uranium and its daughter products
(e.g. radium and radon) in natural rocks are present in a mobile form,
situated at grain boundaries. Moreover, close to the earth's surface,
circulating groundwaters are particularly efficient at leaching and
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redistributing the radioactive species and introducing them to the bio-
sphere, where they contribute to the natural background radiation.
Although the local radioactive flux from natural rocks is low, we must
remember that this process occurs over the entire surface of the earth,
so that the cumulative totals of natural radioactive species which enter
the biosphere are enormous. Nevertheless, this constitutes the natural
environment in which mankind and the biosphere has evolved.

Contrast this situation with the disposal of HLW in deep drill holes.
The HLW are buried at depths of 2-4 km, surrounded by impermeable rock
containing negligible amounts of circulating groundwater. Moreover, the
HLW are immobilized in SYNROC which possesses enormous intrinsic stabil- r >
ity and resistance to leaching. It seems self-evident that after a rel-
atively short period, the hazards from HLW which are tightly immobilized
in SYNROC and buried in deep drill-holes are far less than the hazards - •
arising from naturally occurring radioactivity in the immediate vicinity
of the hole. Quantitative comparisons of this kind demonstrate that HLW
disposal can be achieved with an extremely high degree of safety and
reliability, entailing negligible hazards to mankind and the biosphere.
This conclusion has important implications for Australian policies relat-
ing to uranium mining and the nuclear fuel cycle which are considered in
Part II.

The nature of the risks arising from disposal of HLW can be considered
in another context. The Fox Royal Commission on the Ranger Uranium
Environmental Enquiry (7) conducted a thorough investigation into radio-
logical safety issues, with particular emphasis on the management of
finely crushed waste rock tailings arising from the extraction of uranium
ore. These tailings contain the daughter elements produced by the radio-
active decay or uranium, (e.g. radium and radon), and accordingly incorpor-
ate much of the radioactivity present in the ore. The Enquiry concluded
that the tailings dumps constituted an acceptably low radiological hazard
providing certain management procedures were followed. These recommend-
ations were acceptable to both the government and the unions involved in
the mining operations.

It is interesting to compare the radioactivity introduced into the
biosphere by the tailings dumps, with that from HLW derived from spent
fuel produced by this same uranium ore. If the HLW is immobilized in
SYNROC and buried in deep drill holes, then the net radioactive release
to the biosphere over a million years is negligible as compared to that
from the tailings: Whilst the majority of Australians are probably
prepared to accept uranium mining because they feel its safety has been . .
satisfactorily evaluated by competant authorities (7), there is a much
higher level of concern manifested about the disposal of HLW. This incon-
sistency is primarily a consequence of the greater degree of fear and • •
ignorance surrounding the latter issue.
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PART II : AUSTRALIA AND THE NUCLEAR FUEL CYCLE

THE NUCLEAR FUEL CYCLE

A sketch of the nuclear fuel cycle is shown in Fig. 5. It commences
with the mining of uranium ore and extraction of uranium oxide (yellowcake),
the only part of the cycle in which Australia currently participates. The
uranium oxide is next converted to uranium hexafluoride which is the feed-
stock for subsequent enrichment of the fissile isotope uranium-235 relative
to common uranium-238. Natural uranium contains 0.71% of U-235 and is
enriched to about 3% U-235 for use in light water reactors. The discarded
"tails" contain about 0.25% U-235. The technology employed for enrichment
may utilize the gaseous diffusion process or the more recently developed
centrifuge system. Alternative enrichment technologies are currently
under development. After enrichment, the uranium is re-converted to an
oxide form and fabricated into fuel rods. The fuel-rods are then inserted
into the nuclear reactor and used to generate electrical power. A 1000
megawatt reactor typically consumes about 30 tons of enriched uranium per
year. In the reactor, energy is produced by the fission of uranium into
lighter atoms, thereby generating a wide range of fission product elements
of intermediate atomic weight. These tend to "poison" the nuclear reactions,
so the fuel must be removed from the reactors before all of the U-235 has
been consumed. The fission products (e.g. caesium-137 and strontium-90)
are intensely radioactive and constitute most of the high level wastes.
A further important source of energy in the reactor is produced by a
parallel nuclear process: capture of neutrons by the common isotope U-238
yields a new element, plutonium, which, like U-235 is also fissile, and
divides to form more fission products. About a third of the energy produced
by the reactor originates from the fission of plutonium. At the stage when
spent fuel rods are removed from the reactor, a significant amount of uncon-
sumed plutonium remains. Further nuclear reactions in the reactor also
produce some higher actinide elements - neptunium, americium and curium.
Although present in small amounts, these elements are important constit-
uents of the high level wastes and require as long as a million years to
decay to safe levels (8).

After removal from the reactor, spent fuel assemblies axe stored in
cooling ponds to permit decay of short-lived fission products. They may
also be placed in temporary retrievable storage for some years to facil-
itate further cooling. Two options then present themselves. The spent
fuel assemblies may be suitably encapsulated as they stand, and ultimately
buried in a geologic repository without further treatment. This is known
as the "once-through" strategy. Alternatively, the spent fuel may be
"reprocessed" by chemical methods to recover re-usable uranium and plutonium,
and to separate the highly-radioactive fission products and higher actinides
which constitute the HLW. In reprocessing, the fuel assemblies are first
chopped into small lengths. The oxide fuel is then selectively dissolved
in nitric acid, and uranium and plutonium. are recovered from the acid solut-
ion by liquid-liquid extraction (purex process). The remaining solution of
acid HLW is stored in stainless steel tanks. After further cooling, the
liquid HLW may be solidified into borosilicate glass, or, as advocated here,
into SYNROC. Several decades of monitored retrievable storage near the
surface will be required before glass is cool enough to be finally buried
in a geologic repository. (SYNROC is unlikely to require this additional
cooling stage). The final step which closes the "back-end" of the nuclear
fuel cycle is the irretrievable burial of the solidified HLW in a suitable
geologic repository.
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There has been an extensive international debate about the compar-
ative merits of the "once-through" versus the reprocessing option for
treating spent fuel. The reprocessing option may be more expensive in
the short term; however it results in recovery of plutonium and uranium
for further use, and represents a much .more efficient utilization of the
intrinsic energy content of the fuel. Accordingly, most countries are
currently tending to favour the reprocessing option although there is a
substantial backlog of reprocessing capacity.

Approximate operating unit costs for the various stages of the
nuclear fuel cycle are given in Table 3.

Table 3

UNIT COSTS OF NUCLEAR FUEL CYCLE*

1 
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1

Stage

Uranium oxide feedstock (yellowcake)

Conversion to uranium hexafluoride

Enrichment

Fuel fabrication

Reactor costs

Spent fuel storage and transport

Reprocessing

1L Waste solidification

Extended intermediate storage and
geological disposal

Percentage value -
of power generated

6.0

0.5

9.0

3.0

65 '

2

7

2.5

S

100

Percentage of
total front and
back-end fuel
cycle costs

17

1.5

26

8.5

-

6

20

7

14

100

*These figures are indicative only and are based on data quoted by (9,10).

There is a third alternative method of closing the back-end of the
fuel cycle which has yet to receive 'serious' consideration. This option
would combine aspects of both direct disposal of spent fuel, and of repro-
cessing. It would begin with the back-end reprocessing operations of
chopping spent fuel pins and their dissolution in nitric acid. It is
fundamentally different from reprocessing in that uranium and plutonium
are not extracted for future recycling but remain together in the waste-
stream along with fission products and transuranics. The wastestream would
then constitute the feedstock for a special SYNROC ceramic, SYNROC-F,
suitable for deep drill hole disposal (11). In this manner plutonium (and
fissile uranium) would be irretrievably buried and would not be returned
to the fuel cycle.
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This particular strategy appears to offer some attractive benefits
in the areas of reduced environmental hazard and non-proliferation. For
example, the plutonium content of the fuel is not concentrated in a large .
repository facility as envisaged for spent fuel management in the "once
through" fuel cycle, but would be immobilized in a high-performance
ceramic wasteform buried several kilometres deep within the earth, at
scattered localities, as described in Part I. Thus the potential both
for misappropriation of plutonium, and for environmental contamination
by fission products and transuranics are greatly reduced. Even the
manufacture of SYNROC-F probably presents less risk of proliferation
than does reprocessing because plutonium is never separately extracted
from uranium or the intensely radioactive wastestream (11).

AUSTRALIAN URANIUM EXPORT POLICY

There has been considerable controversy in this country about mining
and export of uranium. Many of those opposed to mining have been greatly
concerned about the issue of HLW disposal. The evidence presented in
Part I should convince most people that this is no longer a serious
obstacle. We should also be realistic about other issues affecting
uranium mining. Australia possesses large reserves of uranium - perhaps
about 20% of the western world's proven reserves. However, the Australian
public tends to over-estimate the importance of our uranium on the world
scene. Uranium is not a very rare element, geochemically speaking. In
the last few years, there have been major discoveries of uranium ore in
Canada, Africa and Brazil. With further intensive exploration, many more
major discoveries will be made. Thus it is important to recognise that
we do not have anything like a monopoly of this particular commodity.
With the likelihood of-future discoveries of large reserves in other
countries, combined with the current oversupply of uranium, the withhold-
ing of Australian uranium from the world market is currently of little
consequence to the major consumers. This situation is likely to prevail
for at least the next two decades.

We should accept the basic reality that the unavailability of
Australian uranium will not affect the development of the nuclear industry
in France, UK, Japan, USA, Sweden, Belgium, Switzerland, Germany, Italy,
Spain, Finland, Taiwan, Korea, Brazil, Argentina and many other countries,
including third world nations and the eastern bloc. These countries, most
of which do not possess substantial reserves of fossil fuels or indigenous
uranium, are nevertheless firmly committed to the use of nuclear power,
for economic and other reasons, which are seen to be compelling in their
respective national interests. In these circumstances the withholding of
Australian uranium from the world market appears to be something of a
hollow gesture. The principal consequence of such a policy is that we are
losing any influence that we might otherwise have had on the international
nuclear scene. On the other hand, if Australia marketed uranium responsibly
as a member of the international community and became a trusted trading
partner, there is a real chance that we could influence the nuclear policies
of other countries in desirable directions.

Several countries which do not possess large fossil fuel or uranium
reserves (e.g. France, Germany, Japan) are determined to develop fast
breeder reactors. Over years of operation, these reactors eventually
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produce more plutonium than they consume, and once established, require
relatively small amounts of new uranium fuel. However, the development
of the fast breeder reactor industry will lead inevitably to widespread
international trade and distribution of plutonium, vith attendant risks
of proliferation. The major motivation of these countries for develop-
ing the plutonium economy is the fear of an ultimate uranium shortage
combined with the objectives of national energy and self-sufficiency.
The ready availability of Australian uranium on world markets may not
prevent the ultimate deployment of fast breeders, but it would surely
reduce the pressures for their early introduction.

In addition to substantial proven reserves of uranium, Australia
also possesses excellent prospects for future discoveries of large
reserves. Thus we could export uranium for many decades. By demonstrat-
ing its reliability as a major exporter of uranium, Australia could
encourage the deferment of fast breeders. If we can gain breathing
space for some decades, preferable technical alternatives to the fast
breeder reactor fuel cycle may well emerge. Moreover, a substantial
deferment could facilitate the creation of stable international instit-
utional structures capable of regulating and controlling a plutonium
economy.

Many citizens of all countries believe that introduction of fast
breeders and the plutonium economy should be deferred as long as
possible. Those who oppose the mining of Australian uranium are surely
of this persuasion. It is ironic that the principal effect of withhold-
ing Australian uranium from the world market could be to accelerate
introduction of the plutonium economy.

NUCLEAR POWER IN THE WESTERN PACIFIC REGION

Australian policies should also recognize the fact that nuclear
power and associated nuclear technology are becoming widely distributed
in the Western Pacific Region. Japan has a large nuclear industry and
is committed to the development of the complete nuclear fuel cycle.
South Korea and Taiwan both have several nuclear power stations operating
and in construction. In addition, they possess the capacity to further
develop some sensitive sectors of the nuclear fuel cycle. The Philippines
have purchased a large nuclear power reactor and will doubtless work to
extend their nuclear technology. Closer to home, Indonesia is building
a major nuclear research centre. This includes a large (30 Mw) multi-
purpose research reactor using enriched uranium (20% U-235), a plant for
the production of research reactor fuel elements, a power reactor fuul
element laboratory, a radioisotope-pharmaceutical production plant, a
radioactive waste management installation, radiometallurgy laboratory,
nuclear engineering and safety laboratory and a nuclear electronics systems
laboratory. Construction of this complex started in 1982 and is scheduled
for completion in 1989. Operation of the nuclear research centre is prob-
ably the first stage of a strategy for the construction of nuclear power
stations during the 1990's. However, the nuclear facilities under con-
struction appear to be much more extensive than are needed for the mere
operation of one or more turnkey nuclear power plants. They suggest
that Indonesia intends to develop an advanced nuclear technology capacity.
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Currently, Indonesia is a signatory to the Non Proliferation Treaty
and the new research centre would be safeguarded according to the prov-
isions of the Treaty. It should be recognized, nevertheless, that if
Indonesia chose to withdraw from the Treaty during the 1990's she would
by then possess the capacity to produce nuclear weapons within a relat-
ively short interval, possibly less than four years.

It would be short-sighted for Australia to adopt an isolationist
attitude with respect to the development of nuclear power by other
countries in the Western Pacific, including our own nearest neighbour.
It would be in our interests to take initiatives which would reduce the
risks of proliferation in this region. The establishment of a Western
Pacific regional nuclear fuel cycle centre in Australia, including
enrichment, reprocessing, fuel fabrication and waste disposal facilities,
could represent an important contribution to this objective. It would
be desirable for such a centre to be jointly owned by a consortium of
participating nations. It would be absolutely essential to establish
international confidence in Australia's contractual reliability, free
of all domestic political considerations, before an enterprise of this
nature could be mounted.

FURTHER DEVELOPMENT OF THE NUCLEAR FUEL CYCLE IN AUSTRALIA

In Part I, I presented evidence that disposal of high level radio-
active wastes (HLW) can be achieved with an extremely high degree of
safety and reliability. If this evidence becomes accepted by a majority
of Australians, additional economically and socially important prospects
for this country emerge. Already the feasibility of establishing a
uranium enrichment industry in Australia is under examination. The con-
struction of a large enrichment plant would be a major enterprise, cost-
ing several billions of dollars. It would provide a considerable stimulus
to Australian technological development and would double or triple the
value of our uranium exports. The viability of this enterprise depends
on several complex political, economic and technical factors which are
still under evaluation. There may continue to be an excess in enrich-
ment capacity throughout the world until about ;i992 (9). Nevertheless,
for reasons of national interest, most uranium importing nations prefer
to diversify their sources of supply, and Australia could well achieve
a significant share of the existing market.

In my opinion, there is an even more important nuclear industry
which could be established in Australia. This would involve the con-
struction of a reprocessing plant to treat spent nuclear fuel from
foreign reactors. The HLW produced as a by-product of reprocessing
would be incorporated into SYNROC. Canisters of SYNROC could be
returned to their country of origin. Alternatively, they could be
disposed of in deep drill-holes in Australia. This latter proposal
may strike emotive chords but should nevertheless be considered on its
merits and on the basis of the technical evidence relating to safety,
as discussed in Part I. Because of its low population density and
widespread distribution of geologically stable crystalline rocks suited
for deep drill-hole disposal, Australia possesses considerable natural
advantages over many nuclear countries (e.g. Japan) for the disposal of
HLW.



The proposals advanced above would provide a major stimulus to the
Australian economy. They would also advance the cause of non-proliferation
of nuclear weapons. Let us examine these propositions.

Non-Proliferation

A major concern shared by many people throughout the world is that
the general application of nuclear power is likely to lead to widespread
distribution of fissile materials, specifically plutonium and highly
enriched uranium, which could be used for the production of weapons by
individual nations or groups of terrorists. These are serious problems,
but regrettably there are no simple solutions. Over the last three
decades the knowledge and technology required for weapons production
have become widely disseminated, Any determined small country endowed
with modest technology could produce nuclear weapons. Almost certainly,
however, these countries would employ relatively small "research"
reactors which are in widespread use, or alternatively, they would
construct crude home-made reactors capable of breeding plutonium of a
particular isotopic composition suitable for weapons. As a case in
point, the nuclear weapon exploded by India utilized fissile material
obtained from a research reactor. The fuel for modern large light water
reactors used for generation of electric power is not particularly suit-
able for diversion into a weapons program because of the low concentrat-
ion of fissile U-235 in the fresh fuel, and the relatively high concen-
tration of higher isotopes of plutonium in the spent fuel. It is most
unlikely that national military programs would obtain fissile materials
from these sources. Moreover, the sales of all reactors for power
production (and also the vast majority of research Teactors) are condit-
ional on international inspections and safeguards procedures by the
International Atomic Energy Agency (IAEA). This would provide early
warning of any attempts to modify their operation to facilitate clandes-
tine production of weapons-grade material. The offending country would
immediately be subjected to sanctions by the major nations which control
advanced nuclear technologies. Withdrawal of technological support and
refusal to supply key components and materials necessary to operate the
reactors would be a powerful disincentive for any country to renounce
its obligations under the IAEA agreements. So far, no country has taken
this course. The fact remains that the primary deterrent to proliferation
rests upon international institutional agreements, combined with pressure
applied by major nuclear powers.

The possibility that terrorist groups might obtain access to fission-
able material and construct crude weapons has also aroused widespread
concern. This possibility would be enhanced if the fast breeder reactor
cycle became firmly established in several countries, resulting in the
widespread distribution and marketing of large quantities of plutonium.
There seems little doubt that it would be more difficult to regulate and
control a full-fledged plutonium economy than is now the case for the
light water reactor regime.

A serious ethical issue which concerns many Australians is whether
the export of Australian uranium might contribute to the hazards of
international proliferation. We have already seen that the non-availability
of Australian uranium would not affect the existing and future operation of
the international nuclear industry and would therefore do nothing to

I
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mitigate attendant hazards of proliferation. However, Australia does have
the capacity, by participating in the industry, of actually reducing the
risks of proliferation. Firstly, as noted, by exporting uranium, we would
contribute towards deferment of fast breeders. Secondly, by establishing
a reprocessing industry for foreign nuclear fuel, perhaps in partnership
with other countries, Australia could ensure that strict safeguards were
imposed on the utilization of plutoniura produced as a byproduct of repro-
cessing, and that the plutonium was used solely for peaceful purposes.
For example, we could establish a fuel-fabrication facility in Australia,
in which the plutonium would be combined with enriched uranium to form
"mixed-oxide" fuel, which could be exported under strict supervision for
use in standard light water reactors. Utilization of plutonium in this
manner would contribute still further to the deferment of the fast breeder
reactor cycle.

If the proliferation issue is nevertheless perceived by the Australian
public as a major objection to the development of a reprocessing industry
in this country, then it may be worth considering in the interim, the
alternative strategy outlined on p. 12. - According to this proposal, the
plutonium from Australian uranium would not be extracted from the spent
fuel, but would be converted to a high-performance ceramic suitable for
irretrievable deep underground burial. If public attitudes eventually
changed, then the existing facilities could be expanded into a reprocess-
ing industry.

Although Australia cannot prevent proliferation, we can take actions
which would substantially reduce its dangers to the world. To the extent
that we either bury plutonium irretrievably or reprocess spent fuel and
ensure that the plutonium is used for peaceful purposes, we are contrib-
uting towards this objective. This challenge and opportunity should not
be lightly abandoned.

f

NUCLEAR FUEL CYCLE AND THE AUSTRALIAN ECONOMY

Australia is well endowed with relatively cheap fossil fuels and it
is unlikely in the next few decades that nuclear power stations will be
required here. However, we are strategically placed to participate in
other sections of the nuclear fuel cycle in addition to the mining of
uranium ores. Mining, conversion, enrichment and fuel fabrication con-
stitute the "front-end" of the nuclear fuel cycle whilst reprocessing,
solidification and waste disposal constitute the "back-end", unit costs
of the combined front and back ends amount to about 35 percent of the
total with reactor operating costs (including interest charges) making
up the remainder (Table 3).

Although we are participating in the front end of the cycle via uranium
mining, and are considering further involvement in conversion and enrich-
ment, it seems likely that development in Australia of the back-end of
the fuel cycle might be more immediately attractive on economic grounds.
Because of the large accumulation of spent fuel from nuclear reactors
throughout the world, there is a major shortage of reprocessing, solid-
ification and high level waste disposal facilities. There is little
doubt that firm markets for these services would readily be secured.
The establishment of the back-end facilities would then be of considerable
benefit and leverage in obtaining access to further markets for natural
uranium, as well as future markets for enriched uranium and fabricated
nuclear fuel. <

}
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Reprocessing

Consider the construction of a facility capable of reprocessing 1500
tons of light water reactor fuel (3% enriched U) per yeaT. (About 9000
tons of natural uranium would have been needed to produce this amount of
enriched reactor fuel). A plant of this size would have the capacity to
accept the waste:* generated annually by about 50 large reactors. The
COGEMA report to the French parliament £10) provided relevant projections
for the La Hague reprocessing plant. COGEMA estimated that the capital
cost would be about US$6 billion* and that during construction phase about
45,000 jobs would be generated in the Cherbourg region, directly and in-
directly, over a period of about 5 years. Although the actual operation
of the plant is not highly labour-intensive, a large number of jobs would
be created in.supporting industries. COGEMA estimates that about 9500
permanent jobs will be created by the operation of the plant. The cost
of reprocessing and waste solidification was US$639 per kilogrun of spent
fuel (9). Uhofficial reports state that COGEMA was charging foreign
customers about US$1000 per kg of spent fuel for reprocessing - solidif-
ication services. (This amount does not include geologic disposal of
solidified wastes). Based on this figure, the annual gross income from
a 1500 ton p.a. plant would be US$1.5 billion.

Geologic Disposal

A recent Swedish report (11) estimates the costs of the back-end of
the fuel cycle (encapsulation of spent fuel, intermediate storage, final
geologic disposal and decommissioning of reactors) as about 10 percent
of the value of the equivalent electrical power produced by the reactors.
Sweden intends not to reprocess but rather to encapsulate its spent fuel
in thick copper canisters which will be stored for some decades and then
finally buried in geological repositories. A cost of 5 percent of the
value of equivalent electrical power might be a reasonable estimate of
the cost of the back-end of the fuel cycle attributable to temporary
storage and final geologic disposal. Another study (9) estimated the
costs of intermediate storage, transport and final geologic disposal as
4.0 to 5.5 percent of the cost of the equivalent electric power produced
(Table 3).

A nuclear reactor generating 1000 megawatts and operating at 70%
load factor generates about 6 x 109 kilowatt hours per year, valued at
$180 millions, assuming a generation cost of 3 cents per kWh. The annual
revenue generated from disposal of wastes produced by a 1500 ton/yr repro-
cessing plant (equivalent to about 50 of these reactors) would be about
$450 millions.

The front-end of the nuclear fuel cycle

The economic implications of a reprocessing and HLW disposal industry
in Australia extend further than we have indicated above. Currently there
are difficulties in obtaining long-term markets for Australian uranium at
reasonable prices. Commitment to reprocessing and waste disposal in this
country would secure an appropriate share of world markets for our uranium.
We have also seen that the opportunities for further value-added processing
such as conversion to uranium hexaf luoride and enrichment are somewhat
constrained by the current over-supply of enrichment facilities throughout
the world. If, however, Australia could offer reprocessing and HLW disposal

*A11 prices as of July, 1981.
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facilities, it seems likely that overseas finance and markets would become
available to support a local conversion/enrichment industry.

The capital cost of a plant capable of producing 1500 tons per year
of enriched uranium is probably in the vicinity of 4 billion dollars.
Although the actual operation of an enrichment plant- is not highly labour
intensive, an enterprise of this magnitude would help to generate thousands
of high technology jobs in supporting industries which would be developed
in parallel. The economic implications for this country are self evident.

Construction of a fuel fabrication plant capable of providing 1500
tons per year of enriched uranium or mixed uranium-plutonium oxide fuel
for use in light water reactors would now cost about $250 millions (9)
and would also have significant implications for employment and development
of high technology in this country.

CONCLUSION

In Part I, it was shown that, using currently available technology,
the immobilization and final disposal of high level radioactive wastes
can be achieved with negligible hazards to the biosphere. Acceptance of
this fact would immediately remove a primary objection to the mining of
Australian uranium and to further Australian involvement in the internat-
ional nuclear fuel cycle. A refusal to supply Australian uranium to the
world market would be an empty gesture. It would not have any influence
whatsoever on the commitment of many foreign countries to nuclear power;
its only effect would be to increase the pressures for ultimate development
of fast breeder reactors and the plutonium economy.

On the other hand, if Australia is prepared to participate in the
international nuclear fuel cycle, we could make an important contribution
to improving its safety by producing a superior HLW wasteform, by reducing
the potential problems associated with the proliferation of plutonium, and
by further delaying the introduction of the plutonium economy. In addition,
we would create new high-technology nuclear industries in this country
which would provide employment for tens of thousand of people.

There are very few areas of major enterprise where Australia has the
capacity to play a strategic role on the world scene and exercise a degree
of international leadership. The nuclear fuel cycle is one such area.
If we fail to accept this challenge, we would be abandoning our responsib-
ilities to the remainder of the world, and simultaneously sabotaging our
national interests.
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