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ABSTRACT
Nuclear power was designed to produce electric power. Each part of the chain from uranium mining to handling
of the waste is linked to serious contamination risks, however. Uranium mining is generally linked to local to regional contamination. The fuel production also produces depleted uranium at a ratio of 1:7. The reactors are
operating under danger of accidents. Numerous minor accidents and endless temporary shut-downs are occasionally mixed with disastrous accidents. The Chernobyl (1986) and Fukushima (2011) accidents are notorious.
The radioactive contamination from those accidents is still incomprehensible and will keep serious destructions
of the environment for centuries to come. The handling of the high-level nuclear waste remains unsolved. Methods proposed in Sweden, Finland and France seem likely to lead to disastrous radioactive contaminations in the
future. The only way out of this dilemma seems to be a disposal where the waste, though effectively sealed-off in
the bedrock, remains accessible and controllable. At present, the “cost & benefit” balance seems strongly tilted
over to the “far too costly side”, however.
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1. Introduction

2. Uranium Mining and Fuel Production

In human societies, we use to try to balance “cost & benefit”. In the case of nuclear power, it is easy to evaluate
the benefit in the form of energy output. The cost, however, is much more problematic. The actual production
costs can be fairly well handled. The indirect costs, especially the risks of radioactive contamination of the environment, are far more complicated to handle. Usually, we
end up in a strange “pro and con” debate.
In this paper, I will try to assess the risks of radioactive contamination at the main stages of uranium mining
and fuel production, the operation and accidents of nuclear power plants, and the handling of the high-level
nuclear waste [1].
As a geologist, it is natural to investigate the observational facts as they are revealed and documented in nature itself, and it feels pertinent to quote a sentence by
the 2011 Nobel Prize winner in Literature, Tomas
Tranströmer; “The truth lies on the ground, but no one
dares to grasp it”.

The process of mining, usually quarrying, of uranium ore
deposits is linked to serious health and environmental
problems. There are many reports on serious radioactive
contamination (e.g. [2,3]).
In order to obtain 1 ton of reactor fuel, about 2600 tons
of uranium ore have to be quarried, leaving huge sores in
nature and radioactively contaminated soils and waters in
the vicinities (e.g. in Kazakhstan, Canada, Australia, Nigeria, Namibia, Russia, USA). In addition to this, each
ton of radioactive fuel will also lead to the production of
7 tons of depleted uranium, a highly toxic material,
which is used in warheads and leads to serious contaminations of former war areas. This has emerged as a new
major problem in the chain of nuclear power production,
as illustrated in Figure 1 [1].
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3. Nuclear Power Plant Accidents
Nuclear power plants (NPP) were, of course, meant to
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Figure 1. The nuclear fuel chain from uranium mining to optional waste handling (from [1]).

run without accidents. Still, numerous accidents have
occurred over the last 60 years (Figure 2). The most serious ones of which have been the Chalk River 1952 accident in Canada, the Kyshtym 1957 accident in Russia,
the Harrisburg 1979 accident in USA, the Chernobyl
1986 accident in Ukraine and the Fukushima 2011 accident in Japan. Both Chernobyl and Fukushima reached
level 7 on the INES scale.
The Chernobyl accident gave rise to vast radioactive
contamination over Europe. In Sweden, there are regions
where mushrooms, lake fishes and deer meat still should
not be eaten. The death toll has been much debated; from
47 workers that died by acute radiation, to 4000 persons
or even 1 million people [4].
The Fukushima-Daiichi accident of March 11, 2011
marks the deepest low-point in the use of nuclear power
over the last 60 years. Kurokawa, chairman of the Independent Investigation Commission [5] summarizes the
situation as follows: “The earthquake and tsunami of
March 11, 2011 were natural disasters of a magnitude
that shocked the entire world. Although triggered by
these cataclysmic events, the subsequent accident at the
Fukushima Daiichi Nuclear Power Plant cannot be regarded as a natural disaster. It was a profoundly manmade disaster—that could and should have been foreseen
and prevented. And its effects could have been mitigated
by a more effective human response”.
It is of fundamental importance that the destruction of
the NPPs themselves primarily must be understood in
terms of man-made mistakes and shortcomings [5]. The
OPEN ACCESS

radioactive contamination of surrounding ground, water
and air is immense. Vast land areas have so high radioactivity that they should be abandoned, and the contamination will remain for a very long time. The ground water
is extensively contaminated. The ocean water has a very
strongly increased radioactivity, which seems almost
impossible to control. The air pollution is very extensive,
and increased radioactivity has been measured almost all
over the world. The west coast of North America is
strongly affected [6].
The fourth reactor at Fukushima-Daiichi is badly
damage raising deep worries for what may happen if a
new seismic ground shaking would occur [7].
The dimensions of the Fukushima accident are so extensive and incomprehensible [5] that the “cost & benefit”
balance of nuclear power has come in a totally new situation. In some countries, nuclear power was even abandoned.

4. Nuclear Waste Handling
The mere idea of starting nuclear power production before the handling of the waste produced was solved, is, of
course, incorrect from an ethical as well as a scientific
point of view. It mirrors a strong over-believe in technological innovations, bordering on “hubris”.
Each nuclear power plant (and there are 429 of them in
the world today) produces waste that must be taken care
of in one way or the other. The low-level waste has often
been simply dumped in open storages on the ground or in
barrels into the sea. The medium-level waste have been
JEP
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Figure 2. Major nuclear accidents over the past 60 years (1952-2013) with Chernobyl (1986) and Fukushima (2011) as the
most disastrous ones (from [1]).

piled up in barrels or containers on fenced-in open
ground (e.g. on the Kola Peninsula), piled up in mines
(e.g. in Germany) or deposited in underground storages
(e.g. Sweden and Finland). The high-level waste is the
really problematic material, as its very high toxicity demands that it is kept isolated from the biosphere for “at
least 100,000 years”. Today, there is, in fact, no satisfactory solution of the problem of how to handle the highlevel waste (e.g. [1,8,9]).
At very many nuclear power plants, the used-up fuel
of high-level nuclear waste is simply stockpiled within
the power plants themselves. This is one of the reasons
why the Fukushima-Daiichi accident became so devastating.
Deposition in salt domes has been discussed (e.g. in
Germany), in soft clay beds (in Belgium), in old lithified
clay beds (at Bure in France) or in granitic bedrock (USA,
Sweden and Finland). None of these options offers adequate long-term safety, however. A form of geological
deposition seems reasonable.
The first decision to take is the form of high-level
waste to deposit: either a direct deposition of the waste,
or a deposition after reprocessing, where the plutonium is
separated for the rest of the waste (Figure 1).
The second decision to take is whether the waste
should remain accessible and controllable or if it should
be sealed-off as a final deposition.
The argument for an accessible deposition is that the
waste can be controlled and will remain retrievable for
recirculation, transmutation, destruction or simply removal to an improved storage. This is to consider future
energy need, technological innovations and the need to
keep the waste away from the biosphere at the same time
as it can be kept under control and monitoring. The only
depositional method that meets these criteria is the
DRD-method ([10]; cf. [1,8,9]). The American DOE repository [11] meets some of these criteria, but much less
successfully.
The argument for a closed final deposition is simply
the hope of finally to get rid of the waste, never ever to
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be reached again. This was the basic goal of the so-called
KBS-3 method favored in Sweden and Finland. It calls
for absolute safety for the enormous time-span of “at
least 100,000 years” (Sweden) or “up to 1 million years”
(Finland), goals that seem illusive, however [1,12,13].

4.1. The Swedish-Finnish Concept
The KBS-3 methodology for a final disposal of highlevel nuclear waste was defined in the early 80s [14]. Its
basic concept was said to rest on the “very high stability
of the Fennoscandian Shield”. Today, very little if anything of this assumed “stability” persists. Our geological-geophysical stage of knowledge has passed a major
paradigm shift with respect to crustal stability [1,8,
12,13,15-17].
In the KBS-3 concept the high-level waste is being
encapsulated in cupper canister, which are placed in drillholes at 500 m depth in the crystalline bedrock, surrounded by bentonite clay and sealed off form connections with the surface [18,19]. In Sweden, the repository
is claimed to remain intact “for at least 100,000 years”
[18] and in Finland “for up to 1 million years” [19].
No one can, of course, make serious safety estimates
over such enormous time units [1,8,13]. But the case is
much worse than so. In both Finland and Sweden, the
authorities limit their seismic hazard assessments to
seismic records of the last century. This is to carry predictions “in absurdum” [8]. In science, we cannot allow
for such analyses. If we want to try to make any meaningful forecasts over such time periods, we must base
our estimates on all available data; especially on paleoseismic data [13].
Figure 3 gives the paleoseismic picture [13,16] in direct association to the proposed repositories at Forsmark
in Sweden [18] and at Olkiluoto in Finland [19]. It seems
both repositories are placed in a high-seismic area in association with the waxing and vanishing of past and future ice caps over the region.
The estimated energy release based on seismological
data and on paleoseismic data differs by a factor of 1000
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reason of “getting rid of the waste forever” and placing it
out of reach of terrorists.
The DRD-method [1,8-10], on the other hand, would
imply that the waste is deposited safely in the bedrock,
but still accessible and controllable (Figure 4). The repository itself (in caverns or tunnels) is surrounded by
artificial fracture zone so that the depositional environment becomes a dry rock deposit (DRD). The fracture
zones will also act as excellent barriers for seismic destruction. A DRD-repository can be designed in several
different ways [10], viz. as an intermediate storage, as a
long-term storage (up to the next Ice Age) or even as a
“final” storage. The main philosophy behind this type of
repository is that we must keep the freedom of action, the
possibility of control and monitoring of the waste, the
option of retrievability for recycling, destruction or
re-location. The repository does not require any safeguard, but allows for auto-monitoring and control that
minimizes the risks of radioactive contamination.
Figure 3. The Bothnian Bay between Sweden (left) and Finland (right) was a high-seismic area during the deglacial
phase with maximum rate of uplift ten times higher than
the maximum rates of sea-floor spreading today [8,12,13,
15-17] and will continue to be so even in the future [13],
invalidating the long-term safety of the repositories proposed at Forsmark in Sweden and Olkiluoto in Finland
(blue crosses). Red marks with dates denote sites of documented, dated and described paleoseismic events [16].

billions [1,13,16]. Whilst SKB [18] predicts 0.1 magnitude 6 events in 100,000 years at the Swedish site, the
paleoseismic database [13] would suggest ~40 M > 8,
~50 M 7 - 8, ~190 M 6 - 7 and alt least 70 M > 6 events
within next 100,000 years.
The conclusion seems obvious [13]: “there will be far
too many and far too strong events in the future to allow
for statements that a closed repository of KBS-3 type will
stay intact over the required time period of at least
100,000 years. The opposite seems rather to be the case:
no safe deposition”.
A future failure of a KBS-3 repository would imply
immense radioactive contaminations of the regional
groundwater and the whole of the Baltic. The consequences for human health seem incomprehensible.

4.2. Alternative Options
With the failure of the KBS-3 method [1,13], we seem to
have reached a “dead-end situation” for a safe handling
of the high-level nuclear waste. This calls for an alternative handling. For the Swedish-Finnish situation, there
are only two options; a final deposition in very deep boreholes (VDB) at a depth of 3 - 5 km [20] or an accessible deposition in a DRD-repository [10] as illustrated in
Figure 1.
The VDB-deposition [20] is proposed for the basic
OPEN ACCESS

5. Energy Need
The need of a constant supply of an adequate amount of
energy is a base for human progress and civilization. For
the last decades, we have understood that some of our
present energy resources are starting to run-out. In this
situation, it is often claimed that nuclear power takes a
necessary part, sometimes even without considering the
cost & benefit balance.
Our search for new energy resources and new energy
processes is vital. Thanks to the new option of shale gas,
we have extended the desperate need for another century,
or so. At the transitional stage into new energy systems,
the situation is likely to become desperate and all means
of obtaining energy may have to be employed. In this
situation (Figure 5), one may even say that it is a moral
demand to keep the nuclear waste accessible for future
energy needs [21], which is another reason for proposing
a DRD-methodology [10].

6. Discussion
Nothing is as harmful and long lasting as radioactive
contamination. The mining operation is linked to contamination of soil, water and air. The production of 1 ton
of nuclear fuel also gives rise to 7 tons of depleted uranium. Depleted uranium is a very bad environmental
pollutant. It ought to be safely stored, but is instead
spread via the use in warheads (and probably even other
processes, because we see no efforts of storage of depleted uranium). Accidents of nuclear power plants in operation—especially Chernobyl and Fukushima—generate
terrible effects of radioactive contamination spread by air
and water over enormous distances. Just this, should
make the “cost & benefit” balance to tilt over to the “far
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Figure 4. Principle sketch of a DRD-repository [10]. The waste is deposited in caverns or tunnels surrounded by artificial
(man-made) fracture zones, which drain the rock masses inside and acts as a very efficient seismic protection. The waste,
though well sealed-off, will remain accessible and controllable; i.e. the freedom of action is kept.

Figure 5. When our present energy system becomes insufficient and before we have created a new energy system, we
are likely to pass a very problematic transitional period of a
deep energy crisis. Then we will need extra supply from all
available energy sources. Our high-level nuclear waste
(were 96% of the energy remains unused) may then become
a direct salvation—provided it remains accessible like in a
DRD-repository (modified from [21]).

too costly” side. The unsolved issue of how to handle the
waste poses immense problems. Some of the methods
proposed (e.g. in Sweden, Finland and France) seem
nearly bound to end up in disastrous future contaminations of bedrock environments, groundwater and ocean
systems.
This means that nuclear power has been operating, is
presently operating and will for an unknown period into
the future be operating under unsafe conditions and with
far too high risks for radioactive contamination of global
environments (Figure 6). If, in the future, technological
innovations will ever generate new types of reactors that
may be classified as “safe” and recycle their own waste,
the situation may perhaps change. If this would really be
achieved, our old high-level waste may be re-used and
destroyed: the more reason, today, for keeping it accessible
in a DRD-repository (Figure 6).

Figure 6. Nuclear power was not a safe technology for the
late 20th century; nor is it today. In the future the situation
may perhaps change so that the high-level waste can be
used and destroyed. This requires a present deposition that
keeps the waste accessible, however [1].

Figure 7. The radioactive contamination risks in association
with uranium mining, production of depleted uranium,
severe power plant accidents and high-level waste handling
poses such great problems that the “cost & benefit” balance
of nuclear power seems strongly tilted over to the left side of
far too great negative effects.

tion and 3) at the waste management. The “cost & benefit”
balanced seems strongly tilted over to the “far too costly
side” (Figure 7).

7. Conclusion
In conclusion, however, today’s operation of nuclear
power includes far too high risks of disastrous contamination: 1) at the fuel production, 2) at the reactor operaOPEN ACCESS
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