
can synthesize chalcopyrite by sintering 
or solid-phase reaction, but quite prob- 
ably it cannot be grown from the melt 
since it melts incongruently. 
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Oceanography, Fisheries, 
and Atomic Radiation 

In writing this report we have had four 
groups in mind-research administrators, 
statesmen, scientists, and the public. For 
those who have responsibility for the sup- 
port of research, we have attempted to 
outline the scientific questions that need 
to be answered as a basis for intelligent 
policy, the means by which they can be 
attacked by classical research methods at 
the outset, and the broader problems of 
the oceans that can be hopefully attacked 
by the use of radioactive tracers. For the 
statesmen who have responsibility for 
national and international policy, we 
have attempted to formulate recommen- 
dations, based on our present small body 
of knowledge and our awareness of our 
larger area of ignorance, concerning the 
national and international actions and 
agreements that are necessary for the 
happy exploitation of the oceans in the 
new atomic age. For the scientists, we 
have attempted to summarize what is 
known about the actual and potential 
effects of radioactive materials in the 
oceanic realm and the interest of marine 
scientists in these substances. For the 
public, to which we all belong when we 
are outside our own specialties, we have 
summarized the levels of calculated risk 
that must be balanced against the won- 
derful promise of atomic energy for the 
welfare of mankind. 

How Does the Atomic Energy 

Program Affect the Oceans? 

FVe have considered three aspects of 
the atomic energy program that directly 

involve the oceans and, therefore, the 
marine sciences: weapons tests over or 
in the sea, disposal of radioactive wastes 
from nuclear power plants, and the use 
of radioactive substances in increasing 
our understanding of the oceans and of 
the creatures that live in the sea. These 
different aspects cannot easily be sepa- 
rated. Weapons tests and the disposal of 
radioactive wastes present great oppor-
tunities for studying the oceans. On the 
other hand, increased knowledge of the 
oceans is essential to avoid or minimize 
the destruction of marine resources in the 
development of atomic energy. 

The continuing development of atomic 
enrrgy will produce progressively greater 
amounts of radioisotopes, and with them 
greater amounts of radioactive waste 
material. Since the oceans cover 71 per-
cent of the earth, and ultimately receive 
the drainage from the land, they are the 
principal reservoir where radioisotopes 
~vill  finally accumulate. Relatively small 
quantities are now being added to the 
surface waters of the ocean as fallout 
from weapons-testing programs, and in 
a few places as waste materials. 

When nuclear reactors for the produc- 
tion of power are put into large-scale 
operation, as they certainly will be in the 
foreseeable future, the oceans will be 
seriously considered for the disposal of 
large quantities of wastes. Even if direct 
and intentional disposal at sea is not prac- 
ticed, reactors may be built along sea 
coasts or on rivers near large population 
centers, and accidental pollution may 
occur. 

The problem of disposal of radioac-
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tive wastes is similar in character to, 
though potentially far greater in scope 
than, other problems of pollution. An ob- 
ject lesson can be drawn from our ex-
perience with the disposal of human and 
industrial wastes in inland water bodies 
and coastal waters and with the smog 
problem that afflicts many of our large 
cities. During the early stages of the 
growth of industries and populations in 
cities, wastes were added to nearby lakes 
or bays, and to the air, in what seemed 
at the time to be innocuous quantities. 
As a matter of fact, the quantities were 
small enough to be purified by natural 
processes. In  the course of time, however, 
the quantities increased insidiously so 
that today many natural waters cannot 
purify themselves and without expensive 
treatment are dangerous to human beings. 

I n  almost every case the problem was 
ignored until it had become formidable 
in magnitude. Short-range solutions were 
employed, based on inadequate knowl-
edge, special interest, and what we now 
know was an unfounded confidence in 
the capacity of the atmosphere and the 
waters to absorb noxious substances. As 
a result, unnecessary damage was done 
to human beings and their environment. 
Much of this could have been avoided if 
an adequate program of scientific inves- 
tigation had been started sufficiently far 
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in advance and if scientifically based 
policies had been followed. 

I t  is imperative that the nature of the 
wastes associated with the develoament 
of atomic energy be evaluated in ad-
vance. We know that purification of 
waters receiving radioisotope waste will 
proceed only by dilution, by precipita- 
tion and settling on the bottoms, and by 
the decay of radioactivity. Nothing could 
be done to reverse an undesirable accu- 
mulation that might result from ill-con- 
sidered disposal of this type of waste. 

There is no question of trying to keep 
all of this material out of the sea. I t  is 
certain that some of it can be safely 
added. Tolerability of materials must be 
determined, and the locations where they 
should be put must be wisely selected in 
terms of the quantity and character of 
the radioactivity. I t  is not possible today 
to see clearly the problems of the future; 
we can only define the studies that must 
be made to provide a scientific basis for 
wise evaluation and urge that these stud- 
ies be begun without delay. The costs of 
such studies may seem large, but they are 
actually negligible in terms of the poten- 
tial benefits. They are also very small 
when compared with the total present 
expenditures for the development of 
atomic energy. We cannot wait to begin 
these studies until radioisotope pollution 
becomes serious, for it is irreversible. 

Radioactivity in the Sea 

Is there naturally occurring radioac- 
tivity in the sea? Yes, but one of the re- 
markzble characteristics of the ocean is 
the extremely low level of the natural 
radioactivity. Marine animals and plants 
living more than a few hundred feet be- 
neath the surface are bombarded by 
much less natural radiation (radioactiv-
ity plus cosmic rays) than is received by 
terrestrial plants and animals. 

For example, although radiopotassium 
accounts for about 90 percent of the ac- 
tivity in the sea, it is present in most 
igneous rocks at about 100 times the con- 
centration found in the ocean. Uranium, 
radium, and thorium are 3000 to 1 mil-
lion times more concentrated in rocks 
than in the sea. This raises an interesting 
scientific question concerning the char-
acter of genetic change and evolution in 
many marine creatures. I t  emphasizes the 
need for basic biological studies on ma- 
rine organisms. Because of their experi- 
mental difficulty, such studies have been 
comparatively neglected during the past 
few decades. 

I-Iave weapons tests added measurable 
amounts of radioactivity to the sea? Yes, 
though in terms of the total radioactivity 
of the sea, the amount is negligible. Ra- 
dioactivity in the waters of the test area 

is of course very greatly increased at the 
time of tests, and even after diffusion over 
thousands of miles, concentrations re-
main that are readily detectable. Two 
days after the 1954 tests in the Pacific, 
the radioactivity of the surface waters 
near Bikini was observed to be 1 million 
times greater than the naturally occurring 
radioactivity. This material was trans-
ported and diluted by ocean currents, 
and 4 months later concentrations 3 times 
the natural radiation were found 1500 
miles from the test area; 13 months later, 
the contaminated water mass had spread 
over 1 million square miles. Artificial ac- 
tivity had been reduced to about one-
fifth the natural activity, but could be 
detected 3500 miles from the source. 

I n  what other ways will radioactive 
materials be added to the oceans? I n  
England radioactive wastes are being 
piped into the Irish Sea from an atomic 
installation. In  the United States. wastes 
from laboratories and hospitals are being 
carried to sea in containers and dumped. 
At Oak Ridge, some of the fission prod- 
ucts are discharged into the Tennessee 
River system. At Hanford, water from 
the Columbia River is used for cooling 
and returned to the river with some in- 
duced short-lived radioactivitv. IVaste 
products from the uranium fuel process- 
ing plants are now being confined, some 
in containers, others in pits in the 
ground. When the power reactors and 
fuel-processing plants reach their ex-
pected development, many rivers will 
have to be used. I t  will not everywhere 
be practical to confine the wastes locally. 
Transporting them to sea in barges or 
by other means may then be necessary in 
many cases. Although we may be sure the 
atomic installations will be carefullv en- 
gineered and maintained, accidental dis- 
charge of waste may occasionally occur. 
On those occasions, intense radioactivity 
may reach the sea. 

Damage to  Marine Life 

Has the atomic energy program as yet 
resulted in serious damage to marine life? 
Probably no. We know that radioactive 
radiation is damaging to living things 
and that marine organisms tend to con-
centrate many fission-product elements. 
But there is no evidence that any lasting 
damage has been done to the animal or 
plant populations of the sea or of large 
inland water bodies by the release of 
radioactive substances. 

Certainly in the weapons test area ter- 
restrial forms were killed or injured by 
the tests. The evidence concerning ma-
rine life is not conclusive, but biologists 
feel certain that deleterious effects oc-
curred in the near vicinity. There is, 
however, no evidence that populations 

habe bcen affected after the dilution and 
transport mentioned above. This is a sub- 
ject on lvhich intensive studies are essen- 
tial before a definite answer can be given. 
We know that "high" levels are lethal, 
and that "low" levels may have no direct 
effect, but we cannot give quantitatice 
values for "high" and "low" except in a 
few cases. Low levels, which producr ne 
measurable effect in the organism itself. 
may produce genetic effects and thus in- 
fluence the marine populations in the 
future, but there is no conclusivr cvi-
dence that this will be undesirable. 

Do living things take up radioactive 
materials into their bodies? Yes. Radio-
active materials added to the sea can re- 
main in solution, precipitate and settle 
on the bottom, or be taken up by the 
plants and animals that live in the water 
Thc plants of the sea are mainly micro- 
scopic in size, but they can concentrate 
many thousandfold those elements that 
are necessary to them. Radioactive sub- 
stances are also absorbed on the body 
surfaces of living things. Small plants and 
animals serve as food for the larger forms, 
and the radioactive materials are pissed 
on from one to another. The amount of 
each element accumulated in each form 
depends upon the rate at which it is 
taken up, either directly or as food, and 
the rate it is excreted. Some of the radio- 
active materials remain in the bod) for 
relatively long periods of time and may 
accumulate to a considerable degree. 
Others may be lost rapidly and very little 
will accumulate. 

This statement is a great oversimplifi- 
cation. Different plants and anin:-lls re-
quire and accumulate different elements. 
Shell fish, for example, concentrate cal- 
cium and strontium in their calcareous 
shells; fish concentrate zinc. I t  will be 
necessary to know among other things 
both the composition of the waste, and 
the populations in the area, before any 
particular disposal operation can be 
evaluated. 

Are all the radioactive elements 
equally harmful? No. Those elements 
that living organisms naturally accumu-
late and that have long radioactive half- 
lives are more harmful than others. Ra- 
dioactive strontium, and to a lesser 
extent, cesium and its daughter barium, 
cerium, praesodymium, and promethium 
represent particular hazards to human 
beings from ocean disposal. 

Radioactive Waste 

I-Iow much radioactive waste will be 
produced by nuclear power reactors in 
the future? The  answer to this depends 
upon how optimistic one is concerning 
the development of nuclear power. One 
estimate assumes that within about 50 
years nuclear fission will be producing 
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about half as much oower annuallv as the 
peoples of the world are using today 
from all sources. 

Accumulations year after year will 
eventually result in a constant quantity 
of radioactivity, such that the rate of 
radioactive decay will balance the rate 
of production of fission products to give 
what has been called the steady state. 
This should be approached within a few 
decades after full production is reached. 
The waste radioisotopes at this point 
would equal between 1 and 2 times the 
total natural radioactivity in the world 
oceans. This is roughly 1000 times the 
amount produced so far in weapons tests. 

\\'hat means are being considered for 
disposing of radioactive wastes? The 
methods being considered fall into two 
categories, isolation and dispersal. I t  is 
probable that a judicious combination of 
the two methods for different types of 
wastes or for different countries will be 
essential. Chemical treatment of the 
wastes to isolate usable fractions. or those. 
like strontium and cesium, that decay 
most slowly, offers promise in simplifying 
the problem. For isolation, permanent 
storage in tanks or introduction into geo- 
logic structures such as salt domes are 
being studied by other committees. The  
only place on earth where dispersal can 
be considered practical is in the ocean. 
Because it is large and fluid, the ocean 
could provide immense dilution. Because 
of its depth, and the stratification of 
water masses with differing densities, 
various degrees of isolation may be pos- 
sible. I t  is a prime purpose of this report 
to emphasize the need for investigation 
as to whether this possible isolation is 
adequate. 

Will it be safe to introduce very large 
quantities of radioactive wastes from 
atomic power indiscriminately into the 
sea? he answer is certainly no, but the 
strongest negative must be given for 
coastal waters and for the upper water 
layers everywhere that are the home of 
commercially important fishes. These 
surface waters interconnect and are in 
continuous motion. Anything added in 
one spot will, in the course of a few 
decades at most, be carried to all parts 
of the world. There is no place in the sea 
where very large amounts of radioactive 
materials can be introduced into the sur- 
face waters without the probability of 
their eventually appearing in another 
region where human activities might be 
endangered. 

I t  should not be forgotten that the 
coastal waters enter the harbors and 
estuaries and would carry any waste ma- 
terials there with them; and that many 
of the major fishery resources of the 
world are concentrated over banks and 
near coasts, and would become contami- 
nated. 

\Ve must also remember that all plants 
and animals in the sea, from the smallest 
bacteria to the largest whale, play a part 
in concentrating, transporting, and dis-
persing radioactive and other dissolved 
and suspended materials. 

Does this mean that large quantities of 
radioactive wastes should never be 
dumped in the sea? No, not necessarily, 
but it does mean that the length of life 
of the radioactive material, its role in 
biological processes, and the mixing rate 
of the ocean should be carefully studied 
before large quantities of wastes are in- 
troduced into the sea. Unfortunately, al- 
though we know the decay time of most 
radioactive substances, we know very 
little about the exchange processes in or- 
ganisms and in the water. We do know 
that even the bottom waters of the deep 
ocean basins slowly exchange with those 
of the surface, but the rate of this ex-
change is uncertain. 

From what is known, where would be 
the safest place to dump radioactive 
wastes in the sea? At the present time 
it is only possible to give rough engineer- 
ing estimates, based on order-of-magni-
tude calculations. 

Remembering the importance both of 
isolation (to allow time for radioactive 
decay) and dispersal ( to  reduce the 
amount of radioactivity per unit volume) 
the problem is to find places in the ocean 
where the rate of transfer of radioactive 
materials to the surface waters would be 
slow, or where great dilution would oc-
cur before radioactive materials came in 
contact with marine food products or 
human beings, and preferably where both 
conditions would prevail. 

There are some places where a con-
taminant could be isolated for long 
periods. For example, it is estimated that 
in the deepest parts of the Black Sea the 
"flushing time" is about 2500 years. This 
is the time required for most of the deep 
water to move near to the surface and be 
replaced with new water mixing down- 
ward. In  this respect the Black Sea is 
unique. Elsewhere the "age" of the deep 
water indicates that exchange with the 
near surface waters goes on less slowly. 
Thus in the deeps of the Atlantic and 
Caribbean the time required for replace- 
ment of the water with new water from 
near the surface is probably only a few 
hundred years. Some oceanographers be- 
licve that the Atlantic deep water sank 
from the surface in high northern lati- 
tudes about 150 years ago. 

We are fairly certain that substantial 
amounts of long-lived radioactive mate- 
rials, dumped on the bottom in the deep 
sea, would remain isolated for more than 
100 years and that during this period 
they would become diluted by mixing 
through an enormous volume of deep 
water. We do not understand the nature 

of the physical and biological exchange 
processes between the deep and surface 
waters well enough to be able to say 
whether in the steady state, after decades 
of nuclear power production, deep-sea 
disposal would give adequate protection 
of the commercial fisheries from long-
lived fission products such as strontium. 
Large quantities of short-lived fission 
products could certainly be disposed of 
safely in this way. 

Use of Radioactive Materials to 

Study the Ocean and Fisheries 

Can radioactive materials be used to 
learn about the oceans and to increase the 
harvest from the sea? Yes. For example, 
an understanding of the flow of material 
through food chains is essential to the 
effective use and conservation of the food 
resources of the sea. The natural ele-
ments used by the marine plants and 
their transfer to the commercially valu- 
able fish and shellfish can be studied on 
a large scale, using radioactive isotopes. 
As these readily detectable substances 
are traced through the various steps of 
the food chain-plants, animal plankton, 
small fish, large fish-the efficiencies and 
interrelationship of the various levels 
should become much better known. This 
knowledge is of fundamental importance 
for the evaluation of the potential of 
the living resources of the sea as a aource 
of food and other marine products, and 
as a basis for their full utilization and 
conservation. 

Radioactive materials, both natural 
and man-made, can also be used in the 
study of oceanic mixing processes and 
circulation. These processes serve to sup- 
ply marine plants with the fertilizers they 
need from deeper waters, as well as to 
dilute and disperse radioactive wastes 
dumped in the sea. At present we cannot 
measure, but can only estimate, the mix- 
ing rates. The ability to trace radioactive 
materials, even though present in great 
dilution, will permit us to obtain quan- 
titative information. Improved knowledge 
of the mixing processes and of currents 
will help man to locate and evaluate un- 
exploited resources of fish and other food 
organisms. 

For example, 13 months after radio- 
active materials were introduced into the 
sea by fallout from weapons tests in the 
Marshall Islands, a research vessel traced 
their distribution in the Western Pacific. 
The extent to which radioactivity was 
taken up by plankton and fish was meas- 
ured, as well as the extent to which 
activity was mixed downward and trans- 
ported westward in the western limb of 
the great North Pacific eddy. These 
measurements showed the average speed 
at which materials were carried away 



from the test area, giving convincing 
proof of the transport and mixing of 
material over a vast region. 

Large amounts of radioactive tracers" 

ranging in magnitude from curies to 
megacuries can be used at sea in studying 
oceanographic problems, including the 
problems of fisheries, and thus laying the 
groundwork for increasing our harvest 
from the ocean. Smaller amounts are 
needed in the laboratory. We are here 
concerned not with the general problems 
of physiology and biochemistry but with 
specific ecological studies, including in- 
vestigations of the efficiency of transfer 
of energy along the food chain, rates of 
filtration, concentration of elements and 
compounds in various tissues, the rates of 
accumulation and excretion of elements 
and compounds, the passage of substances 
across biological membranes, the concen- 
tration and role of biotic and antibiotic 
substances in the sea, the dynamics of 
marine populations, including the mass 
of living material in a given volume of 
Ivater, the flux of organic substances from 
one organism to the other and between 
the organism and the sea water, and the 
interrelationships between animal and 
plant communities. In  both field and 
laboratory experiments, fission products 
are useful, but some problems require the 
use of artificially radioactive substances 
produced -by other means. An outstand- 
ing example is the use of carbon-14 to 
study the efficiency of various steps in 
the food chain. Large quantities of this 
material are needed for field studies in 
restricted water bodies. Although the 
cost would be high, the value of the 
results would more than justify the ex-
penditure. 

Conclusions and Recommendations 

1)  Tests of atomic weapons can be 
carried out over or in the sea in selected 
localities without serious loss to fisheries 
if the planning and execution of the tests 
is based on adequate knowledge of the 
biological regime. The same thing is true 
of experimental introduction of fission 
products into the sea for scientific and 
engineering purposes. 

2 )  Within the foreseeable future, the 
problem of disposal of atomic wastes 
from nuclear fission power plants will 
greatly overshadow the present problems 
posed by the dispersal of radioactive ma- 
terials from weapons tests. I t  may be 
conveninent and perhaps necessary to dis- 
pose of some of these industrial wastes 
in the oceans. Sufficient knowledge is not 
now available to predict the effects of 
such disposal on man's use of other re-
sources of the sea. 

3 )  Jire are confident that the necessary 
knowledge can be obtained through an 
adequate and long-range program of re- 
search on the physics, chemistry, and 
geology of the sea and on the biology of 
marine organisms. Such a program would 
involve both field and laboratory experi- 
ments with radioactive material as well 
as the use of other techniques for oceano- 
graphic research. Although some research 
is already underway, the level of effort 
is too low. Far more important, much of 
the present research is too short-range in 
character, directed toward ad hoc solu-
tions of immediate engineering problems, 
and as a result produces limited knowl- 
edge rather than the broad understand-
ing upon which lasting solutions can be 
based. 

4 )  We recommend that in future 
weapons tests there should be a serious 
effort to obtain the maximum of purely 
scientific information about the ocean. 
the atmosphere, and marine organisms. 
This requires, in our opinion, the follow- 
ing steps: ( i )  in the planning stage com- 
mittees of disinterested scientists should 
be consulted and their recommendations 
followed, ( i i )  funds should be made 
available for scientific studies unrelated 
to the character of the weapons them- 
selves, and (iii) the recommended sci- 
entific program should be supported and 
carried out independently of the military 
program rather than on a "not to inter- 
fere" basis. 

5 )  Ignorance and emotionalism char- 
acterize much of the discussion of the 
effects of large amounts of radioactivity 
on the oceans and the fisheries. Our  pres- 
ent knowledge should be sufficient to dis- 
pel much of the overconfidence on the 
one hand and the fear on the other that 
have characterized discussion both within 
the Government and among the general 
public. In  our opinion, benefits would re- 
sult from a considerable relaxation of 
secrecy in a serious attempt to spread 
knowledge and understanding through-
out the population. 

6 )  Sea disposal of radioactive waste 
materials, if carried out in a limited, ex- 
perimental, controlled fashion, can pro- 
vide some of the information required to 
evaluate the possibilities of, and limita- 
tions on, this method of disposal. Very 
careful regulation and evaluation of such 
operations will, however, be required. 
We, therefore, recommend that a na-
tional agency, with adequate authority, 
financial support, and technical staff, 
regulate and maintain records of such 
disposal, and that continuing scientific 
and engineering studies be made of the 
resulting effects in the sea. 

7 )  We recommend that a National 
Academy of Sciences-National Research 

Council committee on atomic radiation 
in rclation to oceanography and fisheries 
be established on a continuing basis to 
collect and evaluate information and to 
plan and coordinate scientific research. 

8)  Studies of the ocean and the at-
mosphere are more costly in time than 
in money and time is already late to be- 
gin certain important studies. The prob- 
lems involved cannot be attacked quickly 
or even in many cases, directly. The pol- 
lution problems of the past and present, 
though serious, are not irremediable. The 
atomic waste problem, if allowed to get 
out of hand, might result in a profound, 
irrecoverable loss. We, therefore, plead 
with all urgency for immediate intensifi- 
cation and redirection of scientific effort 
on a world-wide basis toward building the 
structure of understanding that will be 
necessary in the future. This structure 
cannot be completed in a few years; dec- 
ades of effort will be necessary and man- 
kind will be fortunate if the required 
knowledge is available at the time when 
the practical engineering problems have 
to be faced. 

9 )  The world-girdling oceans cannot 
be separated into isolated parts. M'hat 
happens at any one point in the sea ulti- 
matelv affects the waters evervwhere. 
Moreover, the oceans are international. 
No man and no nation can claim the ex- 
clusive ownership of the resources of the 
sea. The problem of the disposal of radio- 
active wastes, with its potential hazard 
to human use of marine resources, is thus 
an international one. In  certain countries 
with small land areas and large popu- 
lations, marine disposal of fission prod- 
ucts may be essential to the economic 
development of atomic energy. We, there- 
fore, recommend: ( i )  that cognizant in- 
ternational agencies formulate as soon 
as possible ~ ~ n v e n t i o n s  for the safe dis- 
posal of atomic wastes a t  sea, based on 
existing scientific knowledge; and ( i i )  
that the nations be u r ~ e d  to collaborate u 


in studies of the oceans and their con-
tained organisms, with the objective of 
developing comparatively safe means of 
oceanic disposal of the very large quan- 
tities of radioactive wastes that may be 
expected in the future. 

10) Because of the increasing radio- 
active contamination of the sea and the 
atmosphere, many of the necessary ex-
periments will not be possible after an- 
other 10 or 20 years. The recommended 
international scientific effort should be 
developed on an urgent basis. 

11) The broader problems concerned 
with full utilization of the food and other 
resources of the sea for the benefit of 
mankind also require intensive interna- 
tional collaboration in the scientific use 
of radioactive material. 
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