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Environmental hazards in radioactive waste disposal
It is often said that disposal of the ra-
dioactive wastes from nuclear power
plants is an "unsolved problem," that
these wastes must be carefully watched
for hundreds of thousands of years, that
any slip can lead to devastation and
that guarding these wastes will be a
heavy burden on our progeny. Very ex-
pensive schemes have been proposed for
destroying these materials by nuclear
transmutation, or by rocketing them
out of Earth's gravitational field. It is
my purpose here to review some numer-
ical estimates of this long-term hazard
to put the problem into proper perspec-
tive.1

These wastes are the long half-life fis-
sion products and actinides produced
by neutron capture reactions on urani-
um. To be definite, we will consider
the wastes generated by pressurized
water reactors, the type now in most
common use, but wastes from other re-
actors are of the same order of magni-
tude. In addition, we limit our consid-
erations to the dangers from ingestion
with food or drink; it may be shown
that this is the most important source
of concern.1

The curie quantities of each radioac-
tive isotope in the waste at various
times after its generation were calculat-
ed by use of Oak Ridge National Labo-
ratory computer code ORIGEN.2 These
were then converted to dosage to vari-
ous body organs if ingested by adults by
use of ICRP Publication-2, and these
doses were converted to cancer-causing
doses by use of the cancer induction
probabilities derived from the BEIR
Report. It may be noted that the num-
ber of cancers induced is independent
of the number of people ingesting the
material. This is a general consequence
of the "linearity hypothesis"; if n times
as many people ingest a given total
amount of radioactive material, the
probability of each getting cancer is
multiplied by 1/n, so that the total
number of cancers is unchanged.

The results are plotted in figure 1 for
wastes generated from production of
400 million kilowatt-years of electrical
energy, almost twice the present annual
US consumption. We see from figure 1
that for the first few hundred years the
principal danger is from Sr90 (28-year
half-life), and after that decays away,
the hazard is from americium and plu-
tonium isotopes (although 99.5% of the
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Hazards from wastes generated in production
of annual US consumption of electricity a few
years hence in terms of total number of can-
cer cases induced by complete ingestion (left)
and deaths resulting (right) when wastes pro-
duced by annual US power consumption are
buried 600 m deep in salt formations. Figure 1

plutonium is removed in the fuel repro-
cessing) until after 20 000 years at
which time Ra226 becomes the domi-
nant problem.

One can easily make this material
sound very dangerous even after 500
years when the Sr90 has decayed away;
if all of it were ingested by people, we
see from figure 1 that 107 cancer deaths
would result, and if it were dissolved in
a city water supply of which typically
one part in 200 is ingested, there would
be about 50 000 cancer deaths. On the
other hand, the arsenic trioxide import-
ed into this country annually is suffi-
cient to cause about 5 X 109 fatalities,
and it is not buried deep underground—
in fact, being an herbicide, it is scat-
tered around on the ground in areas
used for growing food—nor does it
decay away. After 500 years of decay,
the waste that would give a 50% proba-
bility of death if ingested would weigh
about half a pound, which makes it less
poisonous than many natural minerals
and commonly used materials.

There is every intention to handle the
radioactive wastes from reactors with
great respect, and a great deal of re-
search has been devoted to techniques

for disposing of it safely. There have
been many excellent proposals, but the
idea that has received the most atten-
tion is to incorporate the material into a
Pyrex glass and bury it some 600 meters
below ground in an appropriately cho-
sen geological formation. The principal
fear in this situation is that the material
will be contacted and leached away by
groundwater, carried through aquifers
into rivers, and thus get into water
supplies.

In most discussions, the primary em-
phasis has been placed on choosing a
geological formation in which the likeli-
hood of groundwater reaching the waste
is minimized. From this, the impres-
sion is often derived that if the wastes
were contacted by groundwater, the re-
sults would be swift and catastrophic.
However, this is not the case, as there
are important time delays before the
waste can reach surface waters by this
route. In the first place, the time con-
stant for leaching is about 10 000 years;
this alone is sufficient to prevent any
appreciable fraction of the Sr90 from
reaching water supplies. In the second
place, if the material were leached into
groundwater, it would move very slowly.
A typical speed for water in a deep aq-
uifer is not more than 0.3 meters per
day—more than 1 meter per day is
quite exceptional and 0.03 meters/day
is not unusual. Water from this depth
would have to travel typically 100 kilo-
meters before reaching the surface; so it
would take the water into which the
waste is leached many hundreds, or
even thousands, of years to reach the
surface.

But the radioactive materials do not
move through the ground nearly as rap-
idly as the water. They are held up by
ion exchange with the rock or soil mate-
rial typically by factors of 10~2 for Sr,
10-3 for Cs, 10"4 for Pu and Am, and
5 X 10"3 for Ra. For Sr, a minimum
holdup factor is about 1/50, so that once
leached into solution, it would typically
not reach flowing water for tens of
thousands of years. This, in addition
to the leaching time and the original
location in an area expected to be free
of groundwater for the forseeable fu-
ture, gives a triple guarantee that no ap-
preciable fraction of the Sr90 will ever
reach water supplies (the same is true
for Cs137, which has a similar half-life
and moves even more slowly). The
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principal danger is then from Am, Pu,
and Ra, and according to the above
numbers, they are typically delayed
from reaching the surface for millions of
years. If the material is buried in salt
the ion-exchange holdups would be re-
duced by perhaps an order of magni-
tude because the water would be satu-
rated with salt; but on the other hand,
the time required for the salt encom-
passing one year's waste to be dissolved
away is about 100 000 years.

We now undertake an evaluation of
the danger from these wastes by intro-
ducing a model that allows us to calcu-
late an upper limit on the number of
deaths that may be expected from
them. In the model we assume that the
wastes are buried at random locations
throughout the US at a depth of 600
meters. We then assume that the prob-
ability of an atom of this waste reaching
and irradiating people by ingestion is no
more than that for an average atom of
radium in the rock or soil above it. The
latter probability is readily calculable
from the known amount of uranium in
average rock (2.7 parts per million) and
the known effect of ingested radium on
Man; the most significant dosage to the
average American from the latter is
about 10 mrem to the bone, which
should cause about 12 cancer deaths per
year in the US. The number of cancer-
causing doses of radium in the ground
down to a depth of 600 meters is about
3 X 1013, so we conclude that the aver-
age annual probability for radioactivity
in the ground down to a depth of 600
meters to be ingested by Man is effec-
tively 12/ (3 X 1013) = 4 X 10~13.
Multiplying the scale on the left of fig-
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years after burial in salt formation as function
of time required for radioactive material to
reach drinking water. Figure 2

ure 1 by this factor gives the scale on
the right side, which is the number of
cancer deaths per year expected from
the wastes generated by one year of all
nuclear power in our model.

While this calculation gives the cor-
rect result, it glosses over details that
are of some interest. The quantity of
radium reaching rivers may be estimat-
ed from water run-off in the US,
1.5 X 1015 liters/year, and the average
Ra content in rivers, 2 X10~13 gm/liter;
taking the product gives 300 grams per
year leached. Since the total Ra in the
top 600 meters of the U.S. is 1.3 X 1010

gram, the average probability of leach-
ing is 300/1.3 X 1010 = 2.3 X 10~8 per
year; that is, the average life of rock in
the top 600 meters is 43 million years.

The water ingested annually by peo-
ple in the US is 1.6 X 1011 liters or 10"4

of the run-off, but flocculation and
water-softening processes remove the
bulk of the radium so that only
1.5 X 10"5 of the Ra in the run-off is in-
gested with water, corresponding to
4 X 10~13 of the radium in the top 600
meters of earth per year. This calcula-
tion does not include ingestion with
food, or the digestibility of the material,
but it gives the same result as our previ-
ous calculation and is perhaps more
transparent.

When figure 1 is considered using the
right-side scale, the hazard seems much
less awesome. Moreover, even this es-
timate is probably grossly exaggerated,
since nearly all erosion takes place near
the surface of the earth where vegeta-
tion and freeze-thaw cycles break up
the rock, where water from rainfall pen-
etrates readily, and where river currents
and winds exert large mechanical forc-
es; material at 600-meter depth is thus
much less likely to be eroded than an
average equal volume of material above
it which includes material near the sur-
face. We therefore conclude that our
model gives an upper limit estimate on
deaths caused.

The total number of deaths that may
be expected from one year of all nuclear
power in the model can be obtained by
integrating the curve in figure 1 using
the scale on the right. This integration
is, of course, sensitive to its upper and
lower limits. Figure 2 gives the integra-
tion for the first million years as a func-
tion of its lower limit, N\, the number
of years before waste first begins to
reach Man.

In view of our previous discussion of
time delays, it would be almost impossi-
ble for much of the waste to reach the
surface in less than 100 years, so there
would not be more than 0.4 deaths in
the first million years. Since a typical
value for N\ for the long half-life iso-
topes is millions of years, it seems prob-
able that not more than 10% of the
waste has N\ less than 3 X 105 years,
which would reduce the net number of
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deaths by another order of magnitude.
This again indicates that our estimate is
probably much too high.

In addition to the lower limit we have
been discussing, the integration in fig-
ure 2 may also have an upper limit,
based on a cure being found for cancer.
Of course, if this cure is found in a num-
ber of years less than N\, there will be
no deaths from the wastes. If it is
found in 105 years, the number of
deaths is reduced by about one order of
magnitude. The question of a cure for
cancer was investigated by asking sever-
al cancer-research workers for their
opinion. In most cases, they replied
that a cure for cancer is quite probable
within a thousand years, although some
said that there is no way to estimate
such a probability at this time. None
said that it was highly improbable.

In discussing effects over very long
time periods, account should be taken
of the fact that uranium, which is the
source of a great deal of radioactivity in
our environment, is consumed in gener-
ating nuclear power; the exposure from •
uranium and its daughters is reduced
by about one part in 108 for each year of
all-nuclear power from light-water reac-
tors. Natural radon, a uranium daugh-
ter, administers an average annual dose
of 150 mrem/year to the tracheobron-
chial tree; from the BEIR Report such
radiation causes 39 X 10~6 cancer
deaths per man-rem, so the effect is
0.15 X 2 X 108 X 39 X 10"6 = 1200
deaths per year in the US. According
to this calculation, one year of all nu-
clear power would save 10~8 of this or
12 lives per million years, but if the
burn-up of U234 in reactors is taken into
account, there is an additional saving of
300 lives during the first million years,
almost three orders of magnitude more
than the 0.4 fatalities caused by the
waste. If considerations are extended
beyond the first million years, the ratio
of lives saved to lives lost is 120/1.2 =
100 in the next ten million years, 1200/4
= 300 in the next 100 million years, and
so. On any long time scale, nuclear
power is clearly a device for cleansing
the Earth of radioactivity.

Of course, the actual plans are to
handle wastes with much more care
than our random burial scenario. The
most widely discussed plans involve
concentrating all wastes into one, or
perhaps a few, small areas; in view of
the linearity hypothesis in calculating
radiation effects, there is no reason why
this, per se, should increase the average
risk, although it would, of course, great-
ly increase the potential for fluctuation.
Since the areas are carefully chosen to
minimize the geological risks, the aver-
age effects would be considerably re-
duced. It is, of course possible that
there will be a release causing 1000 fa-

talities, but the probability must be
much less than 0.4/1000 that it will
occur within a million years.

We now turn to the question of how
carefully a repository should be
watched. It should be recognized at
the outset that our model was based on
the assumption of no watching. Thus,
the purpose of watching would be es-
sentially to reduce the toll below the es-
timates we have given. A realistic sur-
veillance program would probably con-
sist of periodic inspections to assure
against mining and drilling in the area
of the repository, plus sample collec-
tions from nearby wells and rivers to
measure their radioactivity. A program
of this type could maintain surveillance
over a thousand years of waste (cov-
ering an area of 500 square kilometers)
with the service of a single employee.
Of course, more intense and active at-
tention would be appropriate during
the first hundred years or so, especially
until the technology becomes firmly es-
tablished.

It is often said that watching our
wastes will impose a great burden on
our progeny. Surely the burden we
have described is minuscule, and indeed
it could be dispensed with entirely. As
our distant progeny look back on the

.late twentieth century, they will never
notice the tiny amount (one part in 1010

in our model for each year of all-nucle-
ar power) by which we will have in-
creased the radioactivity in their envi-
ronment. We will rather be remem-
bered as the ones who consumed all the
high-grade mineral ores—all of the cop-
per, nickel, zinc, tin, lead, mercury and
so on—and worse than that, literally
burned up at a rate of millions of tons
per day those once plentiful hydrocar-
bons—coal, oil and gas—that are valu-
able as feedstocks for producing petro-
chemicals. The only thing that might
save us in their eyes would be supplying
them with a technology that will allow
them to live in reasonable comfort with-
out those resources; if we fail to do this,
we are indeed deserving of their curses.
The key to such a technology is, clearly,
cheap and abundant energy, and unless
great economies can be achieved in har-
nessing the radiation from the sun, the
only source we have for this is nuclear
energy.

References
1. This letter is based on a much more com-

plete article being submitted for publica-
tion in Reviews of Modern Physics.
Quantitative estimates given here are jus-
tified therein. Preprints of that paper,
and of a more complete version of this let-
ter (including quantitative justifications)
are available from the author.

2. J. J. Bell, ORIGEN, ORNL 4628 (1973),
unpublished. The author is greatly in-
debted to Charles Kee (Oak Ridge Na-
tional Laboratory) for making the pro-

EMI GENCOM PMT
HOUSINGS FOR
: Broadband Photon Counting

: General Lab Use

: O£JV1. Applications

EMI Gencom PMT Housings are
unsurpassed for flexibility, ease of
use, litetite construction, and RFI
shielding. They are designed by en-
gineers with years of Photomultiplier
Application experience.

The "B" type shown above uses the
unique Bayonet Lock, is available in
STD and RFI versions, with and with-
out flange and provides space for AC-
DC Power Supply if required. It ac-
commodates all EMI 2" tubes and
some competitive types.

The QL-30 is similar in design and
fits all EMI 1-1/8'' tubes. When sup-
plied less flange, the slim line design
allows compact packaging for OEM
use. RFI shielded version available.

The new "S" Housing for side look-
ing (squirrel cage) PMTs fits all tubes
of this type, EMI or others. STD orRFI
shielded versions available.

All of these new designs give im-
proved performance at lower cost.
Available from Stock.

Detailed
data
from:

EMI GENCOM INC.
80 Express St

Plainview, New York 11803
Tel (516) 433-5900
TWX 510-221-1889

Booth #43, Physics Show
Circle No. 34 on Reader Service Card
PHYSICS TODAY/JANUARY 1976 "| 3



Familiarity breeds content
In 1975, laboratories in the U.S., England, Italy,
and Jordan purchased our large Van de Graaff
accelerator systems, once again demonstrating
unparalleled confidence in our products. These
labs wil l use the versatile Van de Graaff accel-
erators for a variety of. studies ranging from
basic nuclear physics to biological effects of
radiation.

When reliability, proven performance, and on-
going product development count, the choice
is the familiar HVE Van de Graaff. To join
the contented, contact Science Division, High
Voltage Engineering Corporation, P.O. Box 416,
South Bedford Street, Burlington, Mass. 01803,
Telephone: (617) 272-1313.

HIGH VOLTAGE ENGINEERING

Booth #4-5, Physics Show
Circle No. 35 on Reader Service Card

14 PHYSICS TODAY/JANUARY 1976



letters
gram available and for assistance in using
it.

B E R N A R D L. C O H E N
University of Pittsburgh

Pittsburgh, Penn.

Developing countries ignored

It is regrettable though not surprising
that, in your 1300-word report on Dixie
Lee Ray and her assignment to formu-
late international science policy in the
State Department, not one of those
words pertained to the three-quarters of
the world's population living in less de-
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Critical comments on fusion
The fusion reactor should not only pro-
vide a very large and probably cheap
energy source with new possibilities of
application, but should also possess fa-
vorable properties "in respect to safety
and environmental problems. It is rec-
ognized that, with the present limited
resources of fusion research, the fission
breeder is likely to come into practical
operation before the fusion reactor has
been realized on full scale. Neverthe-
less the potentialties of fusion energy
and the future needs of new energy
sources are important enough to justify
itensified fusion research along broad
lines, regardless of the existence of the
fission breeder and other possible alter-
natives of energy production.

Important general progress has so far
been made in fusion research and tech-
nology. With special devices such as
Tokamaks, Stellarators, theta pinches,
magnetic mirrors, laser fusion schemes,
and some other systems, considerable
further steps have been taken on the
way to high plasma temperatures and
large products of plasma density and
confinement time. However, the gener-
al development of fusion physics is at
this stage as important as maximum ex-
perimental-parameter data obtained by
means of individual devices, because
none of the present specific confine-
ment schemes has, for certain, provided
a final solution of the fusion-reactor
problems.

A considerable part of the interna-

tional fusion-research program is now
devoted to large experiments with mag-
netic bottles having a main toroidal
field component, as well as to a number
of large laser-fusion devices. In partic-
ular, for these bottles that now are
widely considered to represent one of
the most promising lines, attention
should be drawn to the following full-
scale reactor problems:

So far only small total beta values
have been reached in Tokamaks and
Stellarators, leading to large required
magnetic field strengths and associated
cyclotron radiation losses, considerable
mechanical coil stresses, and a slightly
screw-shaped field line structure having
long magnetic connection lengths be-
tween "bad" and "good" regions and
being sensitive to disturbances that af-
fect the field and plasma symmetry.

The complicated transport processes
prevailing under normal experimental
operation are not yet fully understood,
but appear to be consistent with anom-
alous phenomena due to weakly pro-
nounced instabilities.

Violent and so far unexplained "dis-
ruptive" instabilities arise when certain
parameter values are exceeded. In par-
ticular, there is a density limit that has
not yet been exceeded in hot Tokamak
plasmas. This limit is possibly associ-
ated with the critical ion density divid-
ing "permeable" plasmas from those
being "impermeable" to neutral gas.
Thus, high-temperature experiments
have so far been conducted under con-
ditions not necessarily representing
those of full-scale Tokamak reactors,
which have to operate far inside the
"impermeable" ion density range.

Tokamak operation by means of a
"boot-strap" mechanism has not yet
been demonstrated. If the impurity
problem cannot be solved, pulsed oper-
ation should in any case become neces-
sary, but this reduces the chances of
achieving a practically useful reactor.

The magnetic-field windings intro-
duce complications in the replacement
and repair of construction details.

The present concentration of the
main activities and resources of fusion
research to rather narrow lines and to a
few large projects at the expense of
basic investigations is not reconcilable
with a corresponding necessary knowl-
edge in fusion physics and technology.
In the case that none of these projects is
able to keep the promise of being a solu-
tion of the reactor problem, fusion re-
search as a whole may end up in a diffi-
cult dilemma. The situation is partly a
result of attempts to accelerate this re-
search towards its final goal under the
contemporary constraints of.limited re-
sources.

Needless to say, a substantial in-
crease in available funds is strongly
needed for the fusion reactor to come in
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