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I. Introduction 

X-rays and radium, mainly used for medicinal treatment, constituted 
the only important radiation hazard to man prior to 1945. With the sub
sequent vastly expanded use of radioactive material, primarily for mili
tary purposes and industry, not only has the potential radiation danger 
increased many times, but so has the danger from fallout. Oceans 
covering large proportions of the earth naturally are major recipients 
of man-induced stratospheric and atmospheric radionuclides. It there
fore seems appropriate to survey to what degree such radioactive matter 
can enter the aquatic food harvests and if they might influence in any 
detrimental way the normal productivity of the oceans. 

Radioactivity is measured in terms of the number of disintegrations 
per unit of time. The disintegration rate of radium has arbitrarily been 
selected as a standard. The unit is called curie and is defined as the 
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quantity of any radioactive material having associated with it 3.7 X 1010 

disintegrations per second (or 2.2 X 1012 disintegrations per minute). 
One gram of radium has an activity of one curie. Other radioisotopes 
disintegrate at different rates; therefore, the number of curies per gram 
varies from isotope to isotope in proportion to the half-life and the 
number of atoms per unit weight. One gram of strontium-90 (Sr90), which 
has a half-life of about 28 years, has an activity of 147 curies. A radi-
oisotope with a shorter half-life and/or a lesser atomic weight would 
have an even greater specific activity. It is important to note that the 
radioactivity per gram is large and that the amount of radioisotope neces
sary to be of concern as a potential health hazard is extremely minute, 
usually too small to be determined by gravimetric methods. It can only 
be measured by special instruments. The total amount of Sr90 that 
has fallen onto the continental United States has been less than 1.5 lbs., 
i.e., one gram per 5000 square miles, rendering on the average 30 milli-
curies per square mile. Strontium-90 from this 1.5-lb. source can be traced 
to milk, wheat, plant, and bone samples. 

As to other characteristics of radioactivity, reference is made to 
readily available textbooks in this field. Depending upon the type of 
cell absorbing the radiation, the character of the danger varies. As to 
somatic cells the effect naturally is limited to the irradiated individual, 
whereas genetic effects may be passed on to the progeny. In general, the 
more complex the organism, the more vulnerable it is. The lethal dose, 
50% at 30 days (LD5 0) , is about 400 roentgens for man but is two or 
three times greater for fish. 

Opinions vary as to the hazards of radioactive fallout. Evidently all 
ionizing radiations are damaging but at a varying degree, depending 
on dosage. Some repair of damage caused by ionizing radiations may, 
furthermore, take place. Thus if the radiation dose does not result in 
observable changes, a hazard may nevertheless exist, as subsequent gen
erations may show molecular disturbances including genetical aberra
tions. The concept of a threshold level of radiation consequently implies 
that changes within certain ranges are limited in scope and any ensuing 
damage is of a magnitude that can be tolerated. This reasoning is more 
readily accepted for effects upon the somatic, rather than on the repro
ductive tissue. When radiation is administered over unequal periods of 
time the effect is less for the lower dose at a longer exposure. Some repair 
of a damage, once incurred, evidently does take place, but in a recent 
experiment by Russell and Russell (1958) with mice, ". . . low dose rates 
of radiation turned out to be only one-fourth as effective in producing 
mutations as the same dose given at high dose rates." (Joint Committee 
on Atomic Energy, 1959). 
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II. Recent Changes in Oceanic Radioactivity 

Most food commodities have shown an increased total radioactivity 
when compared with conditions prior to 1945. Primary plant products 
exhibit marked increases above "natural" figures, as the plant ever is the 
prime recipient of fallout either directly landing on plants or indirectly 
entering their tissues in the primary production. Animal products may 
become contaminated basically in two ways, directly or indirectly. Di
rectly this happens through drinking water, inhalation, or when origin
ating from aquatic organisms via gills and integuments. Indirectly it 
takes place through consuming contaminated food, unless the animal 
has a selective mechanism whereby one or another radionuclide is selec
tively screened and does not enter into the metabolic pathways or is 
absorbed as particle. The situation may conversely be aggravated by 
radionuclides being selectively received and thereby the risk prevails 
that they become accumulated in the living organism if not rejected at 
a similar rate. This selective screening is obviously only relative and 
rarely absolute. 

Pertinent to this analysis is the fact that several food commodities 
exhibiting no measurable radioactivity prior to 1945 have gradually 
increased their radiation by 1957 to the values shown in the accompa
nying tabulation (Lang and Wallace, 1959). 

Commodity 
Fish 
Shellfish 
Dairy products 
Tea (whole leaves) 

No. analyzed 
pies prior to 

sam-
1945 

with no measura
ble radiation 

25 
15 
26 
36 

No. of 
samples 
in 1957 

26 
32 
46 
88 

Radiation 
in 1957 

(d./m./g.)« 
0.32 
0.36 
0.55 

31.40 
α Disintegrations per minute per gram. 

Several reviews and critical analyses have been published on the 
likely effect of an increased radioactivity on world fisheries (Revelle et 
al., 1956; Finn, 1957; Anonymous, 1958; Kreps, 1959). This seems jus
tified since the seas are the recipients of the major portion of the direct 
fallout due to the fact that they cover an area twice that of the land 
area. In addition the run-off from the continents carries additional loads 
to the seas. 

III. Uptake and Accumulation by Marine Organisms 

Most of the increased radioactivity in commodities is due to fallout 
from nuclear devices and disposal of atomic wastes. Numerous studies 
have shown that various aquatic organisms are capable of taking up 
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radionuelides but unfortunately also accumulate considerable quantities 
of certain such nuclides. Considerable work has been done on the uptake 
of organisms in White Oak Lake and Columbia River near Hanford, 
Washington. Foster and Davis (1956) found that the minnow (Richard-
sonius balteatus) could accumulate P32 150,000 times that of the sur
rounding water, wrhile in the gaddis fly larvae, Hydropsyche cockerelli, 
the concentration factor could be as high as 350,000. They also found 
that the gross radioactivity of plankton (mainly diatoms) was about 
2000 times that of the surrounding water. Krumholz and Foster (1957) 
estimated the concentration factors for various organisms and radio-
nuclides. These are given in Table I. The high values for P32 

TABLE I 
ESTIMATED CONCENTRATION FACTORS FOR VARIOUS RADIONUCLIDES IN AQUATIC 

ORGANISMS AS OBSERVED FROM FIELD STUDIES0 

Concentration factors (1000 times concentration) 

Radio-
nuclide 

Na24 
Cu64 

Rare earths 
F e 5 9 
p32 
p32 

Sr90-Y90 

Site0 

I. 
I. 
I. 
I. 
I. 

II. 
II. 

Phyto-
plankton 

0.5 
2. 
1. 

200 
200 
150 

75 

Filamentous 
Algae 

0.5 
0.5 
0.5 

100 
100 
850 
500 

Insect 
Larvae 

0.1 
0.5 
0.2 

100 
100 
100 
100 

Fish 

0.1 
0.0 
0.10 

10 
100 
30-70 
20-30 

a Source: Krumholz and Foster (1957) . 
& I ._Columbia River; II.—White Oak Lake. 

are partly due to the fact that the phosphate concentration is abnormally 
low (about 0.03 ppm) in the Columbia River water. These results point 
to an obvious complication introduced by the effect of the concentration 
of each element in the sea water, relative to that of the organisms. This 
has been underlined by Odum et al. (1958) in their studies on phos
phate. When S35 was substituted for P32 no uptake could be detected. 
Sulfate in contrast to phosphate is abundant in sea water in terms of 
the requirements of the organisms, and in algae sulfur is concentrated 
only ten times as against several hundred for phosphorus. 

During the summer some radiophosphorus is taken up by organisms 
in the waters of the Canadian Ottawa River in which limited discharge 
of fission products takes place. By the autumn this acquired radioactivity 
disappears owing to the lowered metabolism of the organisms and the 
short half-life of radiophosphorus. Traces of Sr90 have occasionally been 
found in the bones, but none in the flesh (Ophel, 1960). 

The uptake is most likely to be a normal feature for aquatic organisms 
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and as far as is known is not influenced by radioactivity. Therefore it 
is noteworthy that long before any fallout, the enrichment factors 
shown in the accompanying tabulation were reported for marine animals 
on the basis of wet weights compared to sea water (Noddack and 
Noddack, 1939). 

Enrichment Enrichment 
Element factor Element factor 

Zn 
Ag 
Ge 
Mo 

3250 
2000 

760 
600 

Cd 
As 
Sn 
Sb 

4.50 
330 
270 

30 

Black and Mitchell (1952) found the following concentration effects 
for marine algae: Mo, 2^15; Sr, 8-90; and Zn, 400-1400. In both field 
and laboratory observations it was found that zinc and cobalt are taken 
up rapidly and in high concentrations by plankton (Chipman, 1959). 

Goldberg (1957) and Chipman et al. (1958) demonstrated that some 
marine organisms such as mollusks concentrate metabolic ions at levels 
many times higher than those found in surrounding waters. 

TABLE II 
APPROXIMATE CONCENTRATION FACTORS IN MARINE ORGANISMS*1 

Element 

Na 
Cs 
P 
Sr 
Zn 

Phytoplankton 

1 
1 

10,000 
20 

100 

Invertebrates 

Soft tissue 

0.5 
10 

10,000 
10 

5,000 

Skeleton 

0 
— 

10,000 
1,000 
1,000 

Vertebrates 

Sott tissue 

0.07 
10 

40,000 
1 

1,000 

Skeleton 

1 
— 

2,000,000 
200 

30,000 

« Krumholz and Foster (1957) . 

The elements which enter biological systems most freely—for ex
ample, phosphate, strontium, and zinc—generally show high accumu
lation factors, presumably in excess of 10,000. The highest values are in 
phytoplankton, constituting the first stage in the food chain, but this 
is not invariably so. The magnitude of the enrichment may be greatly 
influenced by the concentration of salts in the water. Factors of 1000-
3000 were reported for phytoplankton by Setter and Golden (1956) in 
U.S. and Ruf and Müller (1960) in West Germany. A factor of 73 was 
established for the Boden See (Fast, 1961). 

Most of these organisms occur in the food links of aquatic animals. 
Consequently, it is this ability to concentrate specific ions and thus also 
the corresponding radionuclides that causes concern, plus the fact that 
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lower animals can usually survive dosages that may be lethal for man. 
Many findings also point to the alternative possibility that besides 
accumulation due to normal physiological activities in plants and animals, 
there may take place an uptake governed chiefly by physical factors, 
such as pH, ion exchange, concentration differentials, etc. This has been 
shown largely to determine zinc uptake by Ulva lactuca (Gutknecht, 
1961). It should be pointed out that aquatic organisms are difficult to 
study as to the channels of the food chain. Most of them are capable of 
absorbing nutrients and particularly mineral ions directly from the water 
via the skin and other integuments. In other words, diet is not the sole 
source of many compounds. In fish the gills constitute another obvious 
port of entry. For instance, studies have shown that non-feeding Tilapia 
fish took up no less than 60% of the absorbed Ca45 directly from the 
water, meaning that in effect they would not need a dietary source of 
this element. This makes aquatic media particularly hazardous as to the 
ingestion of radionuclides. To what degree this happens with algae is 
not sufficiently known. As a whole this entire field is in need of extensive 
investigation. Earlier theories, such as that of Pütter, may need increased 
attention. 

Gileva (1960) established that three fresh water algae—Scenedesmus, 
Chdophora, and Spirogyra—showed strong affinity for Fe59, Ζη6δ, and 
Zr95; lesser affinity for RB86 and Ca45; and weak affinity for S35 and Co60. 
Rice (1956) studied twelve marine planktonic algae and found a very 
strong affinity for Y90 but less so for Sr90, although this latter showed a 
high degree of accumulation in most species. 

A study of the uptake by clams of three neutron-induced radio
nuclides (Ζη6δ, Fe59, and Co60) and a 2-month-old mixture of fission 
products demonstrated the ability of this marine animal to rapidly 
concentrate significant quantities of these radionuclides in both the 
shell and soft tissue (Gong et al., 1957). The uptake of radioactive 
material in the soft tissue is a metabolic incorporation, while the higher 
uptake by the shell appears to be a surface adsorption phenomenon. 
Rate of incorporation by the soft tissues was constant and was highest 
for the rare earth group of fission products. Uptake of CoG0, Zn65, and 
Fe59 was also constant but occurred at a much lower rate. Sr89 and 
Ru103"106 were taken up only in equilibrium with the radioactive medium 
in the experimental interval studies (Gong et ah, 1957). The ability of 
the clam to concentrate radioelements to a high degree makes it valuable 
as a biological indicator of radioactivity. It may be particularly useful in 
assessing contamination of marine areas with low levels of radioactivity. 
Also essential to an appraisal of the risks involved in contamination of 
radionuclides is desorption, namely the rate in which absorbed or in-
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corporated radioactive elements are discharged from the body and 
whether any selectivity pertains to this process, resulting in certain nu-
clides being retained longer than others. Appreciable differences in this 
respect both with regard to rate of desorption in different species and 
with individual radionuclides were observed by Soviet scientists. The 
amount finally retained after lengthy periods in clean water differs de
pending on element and organism (Getsova, 1960). 

Great importance must be attached to the role of living organisms 
in the general problem of the spreading of fission products in ocean 
waters. This ability of different marine animals and plant life to accu
mulate important radioactive substances (Spooner, 1949; Boroughs 
et αΖ., 1957; Polikarpov, 1961) is evidently instrumental to a concentration 
of such radionuclides. As to active transportation, see Section IV, below. 

Both field observations (Lowman et ah, 1957; Schaefer, 1958) and 
laboratory experiments (Chipman, 1959) show that Zooplankton rapidly 
accumulates radioactive particles. Chipman states that when such parti
cles are no longer available, the Zooplankton soon loses its radioactivity. 
Oysters, clams, and scallops, like Zooplankton, readily accumulate radio
nuclides, but many of those that reach the digestive tract are never 
absorbed by the organism. 

The highest concentration of radioactivity in Pacific Ocean fish from 
1954 was, as indicated below (Section V), found in viscera, with less 
in bone, skin, and muscle (Saiki et al.y 1955). An essential factor in fish is 
the difference in the rate of uptake directly from water via the gills and 
the skin and the uptake indirectly via the intake of food. Tomiyama 
et al. (1956) reported that fish took most of its calcium directly from 
the surrounding water. Goldfish took 50 times more calcium in this way 
than via a worm diet. Strontium is absorbed 10 times faster from water 
than from food (Schiffman, 1959). 

The coefficients of accumulation of Sr90, Cs137, and Ce144 in seaweeds, 
eelgrass, actinia, mollusks, and crustaceans have been established (Poli
karpov, 1961). A certain discharge of Sr90 into sea water from decom
posing seaweed and the retention and additional absorption of Cs137 

and Ce144 onto organic debris takes place. The ability of these elements 
to diffuse into sea water is also a decisive factor when appraising the 
hazard to man from Sr90 and Ce144 in marine life. Despite the propor
tionately low coefficients of accumulation of Sr90 in marine organisms 
which are used as food, this radionuclide is nevertheless more dangerous 
to man (about 100 to 1000 times) than Ce144, which has high coefficients 
of accumulation, when both are present in the same concentration in 
sea water. The same is apparently true for all other mammals which feed 
on sea organisms (Polikarpov, 1961). A very comprehensive study 
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resulting in the establishment of enrichment factors for a great number 
of fish, invertebrates, and seaweeds used as food in Japan was published 
by Ichikawa, in 1961. Cesium-137 occupies, as to risks for humans, an 
intermediate position. There is nevertheless the possibility of Ce144 

being retained in the upper layers of the ocean by plankton (Harley, 
1956). Strontium-90 is a constant source of Y90, which has high coeffi
cients of accumulation in marine organisms (Polikarpov, 1960). Iron-55 
(Fe55) and Fe59 are produced by neutron irradiation of the corrosion 
products in reactor coastal systems. Almost every marine animal and 
plant of economic importance considerably concentrates ions from sur
rounding water (Ichikawa, 1961). Radioactive ions in nuclear wastes 
poured into coastal waters would therefore be cause for the organisms 
living there to accumulate these radionuclides 1000-10,000 times. 

Manganese-54 (Mn54) is another radioactive corrosion product found 
in coastal water and in concentrations as high as 100-10,000 in almost 
every marine organism. The cephalopods have the highest concentration 
factor and fishes the lowest (Ichikawa, 1961). 

Cobalt-60 (Co60) shows the lowest rate of enrichment among radio
active corrosion products (Ichikawa, 1961). Invertebrates concentrate 
cobalt more effectively than fishes. Cephalopods have lower values than 
mussels (Ichikawa, 1961). 

The final pattern of accumulation is dependent on a great number of 
other factors, such as currents, temperatures, the composition of flora 
and fauna, space distribution, and ecological relationships. All these 
variables must be taken into consideration when disposing of highly 
radioactive wastes of the nuclear industry into the depths of the sea. 
According to the latest data (Vodjanitzhij, 1958; Skopintsev, 1959), the 
time interval for the rise of bottom waters to the surface in the Black 
Sea is from 60 to 130 years. In the course of this period Sr90 radioactivity 
would diminish 5 to 30 times. 

The half-life of radioisotopes must, however, also be taken into ac
count. Some products may be dangerous to use if eaten fresh but be 
perfectly harmless after storage, either canned or frozen. Phosphorus-32 
for example, has a radiological half-life of 14.3 days. Strontium-90 on the 
other hand has a half-life of 28 years. Cesium-137, with 27 years half-
life, is one of the most dangerous fission elements encountered in fallout 
and nuclear. 

In summary it could be stated that fish and shellfish may be affected 
by radioactive waste in their environment through (1) direct radiation 
from the disposed radioactive material, (2) ingestion of food organisms 
containing concentrated radioisotopes, (3) irradiation by water con-
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taining radioactive ions and particles; and (4) contamination by bottom 
materials rich in precipitated radioisotopes. 

IV. Distribution and Movement of Radionuclides 

In any analysis of the movements of radioactive fallout material it 
is necessary to consider not only* the fission products as such but also 
the nuclides which might be created through induced activity or cleavage. 
Whatever the origin, such radionuclides may naturally (1) remain in 
solution, (2) be absorbed on the external surface of living organisms or 
non-living matter, or (3) be accumulated inside various living organisms. 

In an extensive study of the distribution of radioisotopes among ma
rine organisms in the western Central Pacific region it was found that 
specific isotopes are associated with particular organisms and tissues. 
Of the long-lived fission products Sr90, Cs137, and Ce144, the latter was 
present in marine organisms in significant amounts; of the induced radio
isotopes, Fe55 ·59, Zn65, Co57· 58>60, and Mn54 contribute up to 100% of 
the radioactivity in marine animals but practically nothing to marine 
algae. Oceanic fish differ from reef fish in that Zn65 ranks first in the 
ocean fish and Fe55 in the reef fish. In comparison, plankton organisms 
have greater amounts of Co60 and lesser of Fe55. The distribution of 
radioisotopes in terrestrial plants and animals from the same geograph
ical area is greatly different from that of the marine organisms (Seymour, 
1959). 

The amount and distribution of radioisotopes in the North Pacific a 
year and one half after the last test series at Bikini-Eniwetok were de
termined on the basis of analyses of seawater and plankton in samples 
collected by Operation Troll. These analyses clearly show that the radio
activity in the water from other than naturally occurring radioisotopes 
ranged from 0 to 570 d./m./L, and in plankton from 3 to 140 d./m./l. per 
gram of wet sample. At the station with the highest value, 12 samples 
were taken between the surface and a depth of 653 meters, and the aver
age of the samples was 190 d./m./l. By comparison, the radioactivity in 
sea water from naturally occurring K40 is 736 d./m./l.* 

As to the spreading, it has been estimated that in 24 to 48 hrs. the 
largest fraction of the fallout materials moved through the stirred or 
mixed water layer, the water above the thermocline, at a rate of about 
8 ft. per hr. (Lowman, 1960). In three other surveys during 1956 and 
1958, in which samples were collected up to 6 weeks after detonation, 
the radioactivity turned out not to be homogeneously distributed in 

* In this chapter the following abbreviations for units of radioactivity are used: 
d./m./L, disintegrations per minute per liter; d./m./g., disintegrations per minute 
per gram; c./m./l., counts per minute per liter. 
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the mixed top layer. Nevertheless, one year after the 1954 test series, 
the radioactivity in the water above the thermocline was well mixed, 
from which it is concluded that the time required for fallout material 
in the surface waters of the ocean to blend thoroughly is greater than 
6 weeks and less than a year. Some doubt, however, may be expressed 
as to whether all oceanic waters above the thermoclines really mix thor
oughly within a year particularly in areas where no persistent currents 
prevail. 

The deep-sea trenches of the world's oceans have been considered 
as safe "dumps," but evidence is accumulating that they are less reliable 
(Bogorov and Kreps, 1958). The assumption that they were stagnant 
regions within the water mass of the oceans is not true. A mixing of 
such upper and lower waters can take place in less than 5 years. The 
Soviet Union has investigated 12 of these trenches and contended that 
they were unsuitable for disposal of radioactive waste. Particularly de
tailed studies in this respect were made in the Tonga trench, which 
runs southward 800 miles from the Samoan Islands. This problem was 
discussed in detail at the second Geneva Conference on Atomic Energy 
(Anonymous, 1958). 

The part played by migrating fishes and other mobile higher organ
isms capable of accumulating radionuclides still is very obscure. Not
withstanding, if one assumes that fission products from waste effluents 
or bombs are not evenly distributed but may be concentrated in relatively 
local areas of the oceans or of bodies of fresh water, a different situation 
may be created. It is quite conceivable that migratory fishes such as 
salmon, tuna, and others may accumulate sufficient radioactivity in one 
area and transport this to another quite some distance away, but in 
itself devoid of any added radioactivity other than current fallout. 
Kawabata (1955a, b) made radiological surveys mapping the migration 
of contaminated fish. In spite of such spreading by living organisms 
there has developed on the whole a definite depth gradient in radio
activity (Hiyama and Ichikawa, 1957a, b ) . 

There are considerable gaps in present-day knowledge about the 
spreading of radioactive material in the seas as presented by most re
searchers in this field. It is now generally recognized that oceans are not 
typically simple dilution tanks and that free-ranging animal life is quite 
instrumental in the transporting of radioactive material. 

V. Radionuclides in Marine Organisms 

A. GENERAL FEATURES 
The lack of information on the natural frequency of those elements 

which frequently appear as radioactive in fission products, in a 
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compilation by Vinogradov (1953) of data on the chemical compo
sition of fish, is a good indication that little work up to that point had 
been done in this respect. Fukai and Meinke (1959), in a more recent 
publication, have reviewed the literature for data relative to the occur
rence of trace elements in sea water and marine organisms, including 
the soft parts of fishes (see also Chapter 5, by Causeret). The infor
mation about trace elements in 10 species of marine Zooplankton, based 
upon spectrographic analyses, has been published by Nicholls et ah 
(1959). Nitzschia sp. turned out to be capable of concentrating Zn65 to 
a remarkable degree (Chipman et ah, 1958). From these studies it 
appears that ". . . for any given chemical element there will eventually 
be found at least one plankton species capable of spectacularly con
centrating it" (Nicholls et ah, 1959). This is of significance to the con
sideration of trace elements in fish because many plankton organisms are 
preyed upon by fishes, and therefore, the fish may have available to 
them trace elements in a concentrated form. 

The number of radionuclides that have been found in fish has been 
reviewed by Mori and Saiki (1957). Previous workers have found Sr89, 
Sr90, Y90, Cs137, and Ru10e in bones and scales, and Cs137, Ru10e, Ce144, 
Zr95, and Nb95 in muscles and viscera. Mori and Saiki also found Zn*5, 
Cd113m·115, Fe55·59, Mn54, Ba140, and La140 in muscle and viscera, between 
1954 and 1957. Cd113m was studied by Shirai et ah (1957). Further stud
ies indicated that Cd113ra and Cd115m were found to be the largest con
taminants in bigeyed tuna contaminated in the Bikini tests. Next in im
portance were Zn65, Sr90, and Y90 (Shirai, 1957-1958). Cadmium com
bines in a specific way with the protein of the blood (Shirai and Mori, 
1959). 

A good discussion of the radioactivity in marine organisms is to be 
found in Aten's paper (1958) at the second Geneva Conference. The 
urgent need for further research in this field was stressed by Revelle 
and Schaefer (1958) on this occasion. 

In general, liver, kidney, gall bladder, and heart were found as the 
most contaminated parts in the tissues of the animal. Pyloric coeca, 
stomach, and intestine were weaker in their radioactivity than the above 
organs; furthermore, the least activity was observed for skin, bone, and 
muscle. The order of intensity in radioactive radiation in these tissues is 
not always the same. Different kinds of fish may show different reactions 
in this respect, e.g., the most radioactive parts detected in dolphin were 
the liver, gall bladder, and heart, while in the albacore the heart showed 
no higher radioactivity than other organs (Amano et ah, 1955). Dark 
muscle always held much higher radioactivity than white muscle of 
the same fish, sometimes in excess of 10 times (Amano et ah, 1955). 
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Fixed in the osseous tissues of fish are Ca45, C14, and Sr90; they re
main there a long time (Rosenthal, 1956). 

One of two groups of goldfish, Carassius auratus, each measuring 
2 cm. in length, was reared for periods from 1 to 264 hr. in water 
containing one of the following isotopes at various concentrations: P32, 
S35, Ca45, or Sr89. The other group of fish, left without food for 10 days, 
was reared for the same length of time in the presence of algae of the 
genus Spirogyra, contaminated with the above-listed isotopes (Yoshii 
et al, 1956-1957). In the first group the intake of Ca45 and Sr89 was 
stronger than that of P32 and S35, showing the highest counts. In the group 
feeding on radioactive algae, the results were the reverse. This might be 
explained by the fact that P32 and S35 were built into larger organic 
molecules in the algae while the two others chiefly appeared in an ionic 
form (Yoshii et al, 1956-1957). 

B. CALCIUM-45 

Calcium has a varied mobility in goldfish (Dumeste et al., 1960). 
Insoluble Ca45 concentrates in the viscera and to a lesser degree in the 
scales, fins, and gills. Upon transferral to water that did not contain 
Ca45, the radioisotope disappeared in a few hours from the scales, fins, 
and gills, but was still present in the viscera after 15 days in non-
contaminated water. When soluble Ca45 was used, no radionuclides 
were, however, found in muscle after 48 hours in water. The muscle 
concentration rose from 4 to 18 days, and when the fish were transferred 
to fresh water this higher concentration persisted during 2 to 3 additional 
days and was still apparent after 7 days. The level in the viscera 
decreased rapidly for 2 days after the fish was put in fresh water, but 
was still discernible after 7 days. The rate of absorption of radiocalcium 
also is intimately related to the swimming activities of the particular fish 
(Tomiyama et al, 1956b). 

In laboratory experiments with guppies it was established by Rosen-
thai (1956) that the natural decay of Ca45 removes 75% of the radio
activity in a year. 

C. ZINC-65 

Japanese workers have made numerous observations of the Zn65 

level in marine organisms (Yamada, 1954). 
Radioactive zinc present in the surrounding water is rapidly taken 

up in great amounts by molluscan shellfish, probably due to the great 
difference between the zinc content of the water and that in the tissues 
(see further the section on zinc in Chapter 5). Much of the zinc in the 
mollusks is exchangeable with that of the water. The greatest accumu-
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lation is performed by oysters, less by hard-shell clams, and least by 
bay scallops (Chipman et al., 1958). Several values for the degree of 
accumulation of this radionuclide in several marine organisms utilized 
as food have been reported by Ichikawa (1961). 

The marine diatom Nitzchia closterium takes up large amounts of 
Zn65 when it is present in the sea water. Although the greater part of 
the zinc of the cells is exchangeable with that of the water, very little 
accumulated Zn65 leaves the cell when the organism is resuspended in 
nonradioactive sea water (Chipman et al., 1958). This species of marine 
phytoplankton appears to accumulate considerable amounts of zinc. 
When it is used as forage by fish, either directly or indirectly, the zinc 
might inadvertently accumulate in certain fishes. This underlines the 
importance of extensive studies of major foods—plankton, invertebrates, 
or fishes—on which food fish depend for their development. 

In samples from the western Pacific Ocean and from the United 
States, Zn65 was identified in tuna muscle (Yamada et al., 1955b; Kawa-
bata, 1956; Hiyama, 1957; Saiki et al, 1957) and was found in trace 
quantities in foods analyzed by Murthy et al. (1959). The values 
reported by Murthy et al. were higher for oysters and clams than for 
land crops, and in terms of micromicrocuries per kilogram were as 
follows: Chesapeake Bay oysters in Jan., 1959: 178, and in March, 1958: 
124; East Coast hard-shelled clams in May, 1958: 50. These high values 
are readily explained by the finding that oysters, clams, and scallops 
concentrate large amounts of zinc, frequently thousands of times above 
its level in sea water (Chipman, 1959). Coefficients of accumulation— 
i.e., ratio of radioisotope concentration in the organisms to that in water 
16-32 days after the beginning of the experiments—of Sr90, Ru106, Cs137, 
and Ce144 from water solutions with low concentrations of these isotopes 
(of the order of 106 to 105 curies/1.) were determined in laboratory ex
periments for 30 species of fresh-water plants and for 18 species of fresh
water animals. On the average, plants showed higher coefficients of 
accumulation than animals; different species have very different co
efficients of accumulation of different elements. For strontium and 
cesium coefficients of accumulation are lower on the average than for 
ruthenium, and especially cerium. Coefficients of accumulation of dif
ferent elements by different species may widely differ (from about 10 
to more than 50,000). 

When the common carp was cultivated in water containing Zn65 

at 45,000 c./m./l., this isotope was deposited chiefly in the gills and 
kidney. Most other tissues contained minor amounts. When injected, 
it accumulated chiefly in the kidney, followed by the hepato-pancreas, 
heart, intestines, gill, scale, caudal fin, gall bladder, skin, vertebrae, and 
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muscle in the mentioned order (Saiki et ah, 1955). In goldfish experi
ments it was established that Ζηβ5 enters the fish body through metabolic 
pathways. It is not directly absorbed from the water (Minura and 
Tsunashima, 1956). 

Marine fish quickly take zinc into the body from the digestive tract. 
Much of it is excreted rather promptly. High blood concentrations of 
Zn65 from feeding of the nuclide to fish were quickly followed by rapid 
uptake by the kidney, liver, and other internal organs. The Zn65 concen
trations of these and the blood very quickly declined after reaching 
this early peak. The liver had the greatest accumulation. A slow and 
long-continued accumulation took place in bone, integument, and muscle 
tissues (Chipman et ah, 1958). 

Although there was an immediate loss of accumulated Zn65 when 
marine fish, having been exposed to the zinc-nuclide in sea water, were 
returned to flowing nonradioactive water, a small percentage remains, 
with only very slight loss, over periods of many days. 

When the clam Meretrix meretrix luzoria was immersed in the sea 
water containing Zn65, this element" accumulated chiefly in the gills, 
mantle, viscera, and other soft tissues. Only little radioactivity was 
found in the hard tissue (shell), and about 40% of it was lost in 
2 days after returning the clams to normal sea water (Saiki et ah, 1955). 

West Coast oysters contain many times higher quantities of Zn65 

(Perkins et ah, 1960) than those of the Chesapeake Bay. This is presently 
explained by the greater fallout in the former area, chiefly due to the 
Bikini tests. 

D. STRONTIUM-90 

Gobioid fishes were reared in sea water to which had been added 
various amounts of Sr90 and calcium. The higher the concentration of 
strontium in the environmental water, the greater the uptake by fish 
tissues—in contrast to calcium, which was not taken up in large quantities 
as the concentration rose (Ichikawa and Hiyama, 1957). This is an 
important finding. If applicable to all fishes, it would mean that calcium 
is not able to block the free flow of any amount of Sr90 into the fish body 
and the bone tissues. (In contrast, the cow is able to screen strontium 
when sufficient calcium is present.) This was confirmed by Rosenthal 
(1957, 1960), at any rate to the degree that in several fresh water fishes 
he found the Sr/Ca ratio to be almost one. Contrary to this, Boroughs 
et ah (1957) found that marine Ttlapia discriminate against strontium 
relative to calcium. This basic difference between fresh water and 
marine fishes had recently been substantiated by Ichikawa and Oguri 
(1961), comparing eels from fresh water with those from marine sources. 
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The discrimination against strontium was greater in marine eels. These 
authors relate this difference to the higher concentration of both calcium 
and strontium in sea water. Soviet studies (Kirpicnikov et al., 1956) also 
confirm that marine fish discriminate against strontium in favor of cal
cium either by excreting it faster or by absorbing less. 

An important observation made by Tomiyama et al. (1956b) was that 
there exists a remarkable difference between fresh-water and salt-water 
fish as to the radioactivity encountered in the gastrointestinal tract after 
exposure to such compounds; very high values were found in the intes
tines of marine fish and very low values in fresh-water fish. This is not 
yet explained. 

Nonetheless, Japanese findings report that the Sr/Ca ratio in marine 
fish and shellfish was the same as in the surrounding sea water (Hiyama 
and Ichikawa, 1957a). Sr90 first replaces the strontium in the muscles 
and only gradually moves into the bones. When gobioid fishes were 
reared in Sr90 concentrations ten times higher than a control series the 
accumulation increased in the same ratio (Hiyama and Ichikawa, 1957b). 

Tuna fish caught after hydrogen bomb tests showed 0.2% Sr90 in 
the muscle (Nagasawa et al., 1956). This was not the case when 87 tuna 
and swordfish livers were examined subsequently (Nagasawa et ah, 
1957). 

In laboratory experiments, strontium radioisotopes are taken up and 
deposited in the shells of oysters, clams, and scallops but not in the 
soft tissues (Chipman, 1959). 

In both field and laboratory tests (Chipman et al, 1958) it was 
found that marine fish absorb few of the fission products from the 
digestive tract and do not concentrate strontium radioisotopes in muscle, 
but do absorb Zn65 very rapidly (see p. 622). As a whole the enrichment 
factor of strontium is very small, with the exception of that for brown 
algae, which is 8-40. This group of algae accumulate strontium more 
than red algae (Ichikawa, 1961), which follow the general pattern for 
other marine organisms. 

E. CESIUM-137 

Although little Cs137 has been found in the marine organisms from 
the Bikini-Eniwetok area, this radionuclide has been taken up and 
concentrated in the muscle of fish and shellfish in laboratory experiments, 
and, therefore, is regarded as the fission product with the greatest 
potential hazard. The conditions that make for a higher concentration 
of Cs137 in the laboratory than in the field are not known. Analysis of 
coconut crab (Birgus latro) muscle collected at Rongelap Atoll at three 

different dates in 1958 and 1959 showed no correlation between K and 
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Cs137 and no difference in the time of collection. The dry weight Cs137 

readings varied from 173 d./m./g. to 28 d./m./g. (Chakravarti and Held, 
1960). In the field, the concentration of cesium in four types of plankton 
was less than in sea water, as determined by Ketchum and Bowen 
(1958), which indicates that there is not a great demand for cesium, at 
least by some types of plankton. 

Pendleton and Hanson (1958) report that carp may concentrate 
Cs137 by a factor of no less than 3000. Twenty grams of this flesh 
contains the maximum dose considered permissible for man. 

When Sr90 and Cs137 were injected directly into the carp muscle, 
they accumulated chiefly in the skeleton, whereas Cs137 was largely 
retained in the heart and kidney but was found in both soft and hard 
tissues. 

The extensive accumulation studies by Ichikawa (1961) established 
that the concentration factor for Cs137 is around 10 in fishes and about 
1 in seaweeds. 

F. CERIUM-144 

The predominant fission product contributing to total radioactivity 
0.85 to 3 years after detonation is Ce144. Because Ce144 is so abundant 
in fallout, it is reasonable to expect that food will be contaminated by 
this radionuclide. 

A high level of radioactivity was detected in clams of the Corbicura 
sp. at Ibaraki in Japan (see Table I I I ) . This was due to small amounts 

TABLE III 
C E 1 4 4 AND S R 9 0 IN SAMPLES FROM THE IBARAKI REGION, JAPAN 0 

Sample 

Clams, muscle 
Cuttlefish (total) 
Crucian carp bone 
Mixed cattle bones 

(cattle and horse) 

Date of 
sample 

June 1960 
Feb. 1960 
Apr. 1960 
Jan. 1960 

irnic./kg. ( 

Ce*44 

68.0-3.6 
77-9.0 
31-10 

932-24 

wet weight) 
Sr»o 

2.8-0.8 
1.6-0.6 

705.8-8.1 
9293-60 

rrmc./g 

Ce 1 4 4 

15.4-0.8 
4.67-0.56 
0.30-0.10 
3.10-0.80 

. of ash 

Sr9<> 

0.65-0.19 
0.10-0.038 
6.94-0.081 

30.98-0.20 

a Source: Nezu et al. (1961) . 

of Ce144. The concentration of this radionuclide in the sediment of the 
set was 1 n^c. /g . of dried sample (Nezu et al., 1961). This amount 
corresponded to that found in 5 liters of surrounding sea water. The 
concentration of Ce144 in sediment was about 100 times higher than 
that of Sr90. As this clam lives in brackish waters, it is encountered in 
marsh sediments. The radioactive contamination of such marsh beds 
has its origin in fallout (Nezu et al., 1961). It may therefore be safely 
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assumed that Ce144 was deposited in the marsh bed by fallout and then 
absorbed by the clams. 

The higher levels of Ce144 in clams, as compared with levels in the 
other biological samples, are consequently not unexpected. Clam flesh, 
on a dry matter basis, is an even more potent source than bones of carp 
and terrestrial animals. The concentration of Ce144 in clams in April, 
1959, was about 700 μμα/kg. of clam muscle wet weight, and decreased 
to 70 μμα by July of the same year. 

G. LEAD-210 

The distribution of Pb210, which enters the oceans subsequent to its 
production in the atmosphere by radon-222 decay, shows an increase 
with depth in sea water. It is suggested that the marine biosphere is 
responsible for the conveyance of lead from surface to deeper waters 
(Rama et al, 1961). 

The residence time of lead in the deep oceans before precipitation to 
the sediments is of the order of 10,000 years. The markedly shorter 
residence time in surface waters emphasizes the distinction between the 
mechanisms of transport of lead from the mixed to the deep waters and 
from the deep waters to the sea floor. 

Observations on the distribution of barium in the oceans have 
indicated the importance of biological activity in the conveyance of 
heavy metals from the mixed to deeper waters (Chow and Goldberg, 
1958). 

H. MISCELLANEOUS RADIONUCLIDES 

In skipjacks caught after the 1956 tests, several additional radio
nuclides, besides those mentioned above, were identified by Japanese 
scientists (Tozawa et ah, 1957). The alkali-earth metals were represented 
by Ba140 and La140. Noteworthy was the finding that substantial residual 
activity could be attributed to Cd113 (Amano et ah, 1956), but also to 
Fe55 (Saiki et al, 1957). Weak activity was also found as tied to the 
Sn-fraction. The liver was in all cases a major seat of activity. Several of 
these radionuclides have not been identified so far. Shirai et al (1957) 
proved one to be a cadmium nuclide, namely Cd113m. Manganese 54 was 
found for the first time in 1958 as a radioactive contaminant in the liver 
of big-eyed tuna (Shirai and Saiki, 1958b). Furthermore, Y90 and Sr90 

were confirmed (Shirai and Saiki, 1958b, c) . In a study of skipjack from 
the Bikini area, soon after the explosion, two iron nuclides, Fe55 and 
Fe59 (Amano et al, 1956), were confronted beside Zn65. This was 
confirmed by Shirai and Saiki (1958a, b, c) , and in addition Cd115m was 
identified. 
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VI. Carbon-14 
In the testing of nuclear weapons to date, large amounts of radio

carbon have been synthesized and injected into the earth's carbon cycle, 
specifically into the atmosphere. From this reservoir, such radiocarbon 
makes its way into other carbon reservoirs through numerous mixing 
processes, with the result that its concentration at various places in the 
carbon cycle is rising, and consequently also in the oceans. The amount 
of bomb-produced C14 stored in living organic materials was in 1960 
calculated to be 0.3 X 1027 atoms (Broecker and Olson, 1960). This in 
effect is a minor part of the total inventory. That amount of bomb-
produced C14 which has entered was also computed by these research 
workers. If all of this oceanic C14 had remained in the upper 100 meters 
of water, the C14/C12 ratio of the surface layer should have risen 30 per 
mill between March 1, 1955 and July 1, 1959. Ocean-water measure
ments available to date showed an increase of this order. The C14 load 
of the atmosphere is expected to reach its peak C14/C12 level before 
1963, and the surface of the ocean will reach its top value between 1970 
and 1975. The ratio for the atmosphere will have dropped to one-half 
the peak value between 1975 and 1980, and the ratio for the surface 
ocean will have dropped proportionately by 1990. In about 50 years 
the C14/C12 level in the atmosphere will have returned to the pre-bomb 
level. This means that this factor has to be recognized as an interfering 
agent in ocean life for quite some time. To what degree is difficult to 
establish. The very fast increase in the C14 activity in the atmosphere 
due to atomic bombs was reported in a special study by de Vries (1958). 

It should be noted that there is a shortcut for carbon, directly from 
the surrounding sea water into the basic metabolism of fishes. After 24-, 
48-, and 72-hour exposure of fish to a radioactive medium Na2C1 403 
added to the aquarium water, great amounts of labelled carbon were 
found in blood serum, liver, bones, intestine, brain, scale, eyes, and 
kidneys, and a lesser amount in the muscles, bile, and erythrocytes of 
the blood (Sorvachev and Belokorytov 1960). Inorganic carbon while 
entering the organism takes part in the metabolism, being transformed 
into organic carbon containing compounds such as glycogen, proteins, 
fats, and some amino acids of the extractive substances of the liver, 
muscles, and intestines. 

VII. Radioactive Pollution and Hazards 
A. GENERAL 

Surveys made of the Marshall Islands one and two years after their 
accidental contamination by fallout, presumably from the Bikini tests, 
revealed the presence of readily detectable radioactivity in clams. The 
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level was significantly higher per unit body weight than in most marine 
specimens analyzed. The extraordinary ability to concentrate radio-
nuclides dispersed in sea water was evident from the fact that the gamma 
activity in clams collected off the Eniwetok Proving Ground was about 
2000 times greater than that of sea water. The concentrating ability of 
the clam probably involves filtration of large volumes of water. It is 
estimated that in one year a 3-in. clam filters about 2.3 X 104 1. of 
water (Gong et al, 1957). 

The occurrence of radioisotopes in aquatic organisms exposed to 
reactor effluent water was studied by Davis et al. (1958) and reported 
to the second Geneva Conference. A special conference on the disposal 
of radioactive wastes was held the following year in Monaco. The 
proceedings are published and contain a great deal of pertinent 
information on these matters (International Atomic Energy Agency, 
1960). 

An area where radioactivity is being added continually is in the 
Pacific Ocean at the mouth of the Columbia River, which receives low-
level liquid from the Hanford plutonium production reactors. The 
total radioactivity entering the ocean at this point everyday is about 
1000 curies (U.S. Atomic Energy Commission [AEC], 1960). The fillets 
of plaice caught in these waters polluted by nuclear wastes have in
creased their radioactivity only to a minor degree, from 3.6 to 9.0 τημο./ξ. 
On the other hand, it has been reported that during the fall of 1957, 
2.7 lbs. per week of Columbia River whitefish would attain the maximum 
permissible dose (Watson and Davis, 1958). The major long-lived 
radioisotope Ζη6δ, being introduced by effluent water, is encountered in 
seafood harvested near the mouth of the Columbia River (Murthy et al., 
1959). Tsivoglov et al. (1958) reported studies on the radium concentra
tions in algae, bottom animals, and fish, resulting from the discharge of 
radioactive waste material into different streams from fourteen plants 
then in operation for the refining of uranium ore. Some concentrations 
were in excess of permissible minima. The radium content of algae 
samples taken from the stream below such a plant had 1500 times more 
radium as compared to samples taken from the stream above the plant. 
These findings have particular public health significance as this radio-
nuclide has a long half-life. 

According to findings about the discharges from the Windscale 
reactor in Britain the closest watch is required for ruthenium-106 
(Ru l o e ) . This radionuclide accumulates in the red algae Porphyra 
umbilicata. This actually is consumed as food by the local residents as a 
chief ingredient in laver bread. Its content of Ru106 went up to 181 
n^c. /g . from 2.2 πιμο./ξ. after wastes from this reactor spread around. 
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The quantity of low-level wastes dumped to date in the Atlantic 
and Pacific is infinitesimal, compared to the amount the British are 
piping into the Irish Sea. The amount of Sr90 that can be dumped at 
each site is according to NAS reports recommended to be restricted 
to 250 curies annually. The atomic waste entering into shallow waters 
near Cape Cod consists largely of one of the less dangerous radioactive 
elements. 

In the United Kingdom 1000 curies were originally piped into the 
Irish Sea each month. As operations expanded this figure rose to 8500 
curies—based on the calculation that the consumer of 2-1/2 oz. of laver 
bread daily should not ingest more than the maximum permissible limit 
of Ru106. It is anticipated this figure will be reduced when new plants for 
concentrating wastes comes into operation and alternative waste disposal 
methods are introduced (New Scientist, 1962). 

B. ZINC-65 

From March 1961, Zn65 counts in Thames River (Connecticut) 
oysters were as much as 10 times those reported for Chesapeake Bay 
oysters, but only about 1/40 of the Zn65 content of West Coast oysters. 
The highest levels of radioactivity were in oysters from a bed situated 
opposite the United States submarine base, in March, 1961 (1637 μμα/kg. 
of moist tissue). Notwithstanding, none of the samples assayed showed 
sufficient amounts of radioactivity to represent a health hazard (Fitz
gerald et al, 1962). 

The data show that in March 1960, there was a peak in the concen
tration of Zn65, with a marked reduction for April and a continued 
decline in May. Total zinc did not increase in a corresponding fashion, 
which points to a rise in available radioactive zinc. 

Oysters in the Willappa bay, affected by nuclear pollution from the 
Hanford reactor, showed a 2 X 105 concentration. All other seafoods 
were lower in this nuclide, as were samples of canned oysters from 
Japan (Perkins et al., 1960). Zn65 was found in all samples of terrestrial 
food and feed when Columbia River water, receiving the effluents from 
this reactor, had been used for irrigation. All humans who had drunk 
this water also carried this radionuclide, but in all cases in submaximal 
quantities. It can therefore be concluded that most aquatic organisms 
also were affected and incorporated Ζη6δ (Perkins and Nielsen, 1957). 

Special precautions will in the future be required to dispose of 
radioactive wastes from nuclear-powered ships (NAS-NRC, 1959). 
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VIII. The Bikini Tests and the "Dragon" Incident 

In order that shipping should not be endangered, a prohibited area 
of some hundred kilometers in all directions was proclaimed around 
the Bikini testing place. Thus immediate and acute radiation damages 
were supposed to be avoided. Nevertheless these tests caused the 
unfortunate "Dragon" incident, when a Japanese fishing boat was caught 
in the direct fallout from this explosion and its crew became contami
nated. Furthermore, the fallout absorbed by the sea water in the test 
area was carried by currents to water outside the prohibited area. Due 
to this, Japanese fishermen who were at considerable distances from 
the test area had to destroy their catch, as it was found to be contami
nated. It was reported that altogether 80,000 tons of landed fish were 
discarded due to excessive radioactivity. For data on the radioactivity 
of these tuna catches see Kiba et al. (1954). Besides tuna the valuable 
marlins were also seriously contaminated (Ichikawa and Hiyama, 1957). 
The Sr90 concentration in tuna-like fishes in the south Pacific showed an 
increasing gradient, counted from the test site (Hiyama and Ichikawa, 
1957a, b ) . 

A great number of research reports covering various aspects of this 
incident have been published by several Japanese research workers and 
their respective collaborators (see list of references under the following: 
Kawabata, Nagasawa, Shirai, Tozawa, and Yamada). 

Intense studies and monitoring of radioactivity in the Pacific fol
lowed. Water which had become radioactive as a result of the Bikini 
tests was carried in a northwesterly direction. It took a whole year for 
this water to reach the south coast of Japan. Radioactivity increased in 
waters covering a large area between Hawaii, the Philippines, and Japan, 
and reached levels about 10 times as high as in the Atlantic ocean. 
Exhaustive tests reveal very little decrease in subsequent years. 

IX. Sea as against Land 

The natural radioactivity of the oceans is much less than that of land. 
But the major portion of the ocean harvests come from coastal waters, 
where the runoff from the land area reaches the oceans and radioactive 
pollutants may add to the local concentration of radionuclides. 

Present knowledge about the oceans currents or the mixing rates of 
the deepest layers of water with the surface does not allow safe predic
tions as to dilution and spread of such contaminants. It is well estab
lished that the oceans, like rivers and lakes, are not a simple dilution 
tank. This is furthermore complicated by the fact that so many micro
scopic organisms, plankton and shellfish, concentrate radioactivity by 
many thousands or even millions of times the level in the surrounding 
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water. Fish range freely between deep ocean and continental shelf. 
Shrimp, squid, and other organisms help to spread radioactive elements 

The true effect of a permanent increase in the radioactivity of the 
from the depths to the surface, 
seas cannot yet be anticipated. 

REFERENCES 

Amano, K., Yamada, K., Bito, M., Takase, A., and Tanaka, Sh. (1955) . Studies 
on the radioactivity in certain pelagic fish. I. Distribution of radioactivity in 
various tissues of fish. (In Japanese with English summary.) Bull. Japan. Soc. 
Sei. Fisheries 20( 10), 907-915. 

Amano, K., Tozawa, H., and Takase, A. (1956) . Studies on the radioactivity of 
certain pelagic fish. IV. Separation and confirmation of radioactive iron in 
skipjack. ( In Japanese with English summary.) Bull. Japan. Soc. Set. Fisheries 
21(12) , 1261-1268. 

Anonymous (1958) . Nuclear energy developments and oceanography. Nature 
181, 1685-1686. 

Aten, A. H. W., Jr. (1958) . Radioactivity in marine organisms. Proc. 2nd Intern. 
Conf. Peaceful Uses Atomic Energy, Geneva, 1958 18, 414-418. 

Black, W. A. P., and Mitchell, R. L. (1952) . Trace elements in common brown 
algae and in sea weeds. / . Marine Biol. Assoc. United Kingdom 30, 575-584. 

Bogorov, V. G., and Kreps, E. M. (1958) . Concerning the possibility of disposing 
of radioactive waste in ocean trenches. Proc. 2nd Intern. Conf. Peaceful Uses 
Atomic Energy, Geneva, 1958 18, 371-375. 

Boroughs, H., Townsley, S. J., and Hiatt, R. W. (1957) . The metabolism of 
radionuclides by marine organisms. III. The uptake of calcium-45 in solution 
by marine fish. Limnol. Oceanog. 2, 28-32. 

Broecker, W. S., and Olson, S. D. (1960) . Radio-carbon from nuclear tests. II. 
Science 132, 712-721. 

Chakravarti, D., and Held, E. E. (1960) . Potassium and Caesium-137 in Birgus 
latro (coconut crab) muscle collected at Rongelap Atoll. 14 pp. (Contract AT 
(45-D-540) Nuclear Sei. Abstr. 14-21268. 

Chipman, W. A. (1959) . Accumulation of radioactive materials by fishery 
organisms. Proc. Gulf and Caribbean Inst. Vol. 11, 97-110. 

Chipman, W. A., Rice, T. R., and Price, T. J. (1958) . Uptake and accumulation 
of radioactive zinc by marine plankton, fish, and shellfish. U.S. Fish Wildlife 
Serv. Fishery Bull. No. 58, 279-291. 

Chow, T., and Goldberg, E. D. (1958) . Geochim. et Cosmochim. Ada 20, 192-
197. 

Davis, J. J., Perkins, R. W., Palmer, R. F., Hanson, W. C , and Cine, J. F. (1958) . 
Radioactive materials in aquatic and terrestrial organisms exposed to reactor 
effluent water. Proc. 2nd Intern. Conf. Peaceful Uses Atomic Energy, Geneva, 
1958 18, 423-428. 

de Vries, H. (1958) . Atomic bomb effect: variation of radiocarbon in plants, 
shells, and snails in the past four years. Science 128, 250-251. 

Dumeste, M., Gardel, R., and Delafolie, P. (1960) . Contamination des poissons 
par les corps radioactifs et decontamination. 2. Etude sur la repartition 
physiologique du Ca 4 5 insoluble chez Carassius auratus. 3. Etude sur la 



18. RADIOACTIVITY AND SEAFOOD 631 

repartition physiologique du Ca 4 5 soluble chez Carassius auratus. Bull. acad. vet. 
France 33, 163-173. 

Fast,. H. (1961) . Neuere Untersuchungsergebnisse über den Zustand des Bo
densees. Vom Wasser 27 (1960) , 11-32. 

Finn, D. B. (1957) . Radioactivity and world fisheries. Bull. Intern. Oceanog. 
Foundation 3, 180-186. 

Fitzgerald, B. W., Ranke, J. S., and Skaup, D. M. (1962) . Zinc-65 levels in 
oysters in the Thames River (Connecticut) . Science 135, 926. 

Foster, R. F., and Davis, J. J. (1956) . The accumulation of radioactive substances 
in aquatic forms. Proc. Intern. Conf. Peaceful Uses Atomic Energy, Geneva, 1955 
13, 364-367. 

Fukai, R., and Meinke, W. W. (1959) . Trace analysis of marine organisms: A 
comparison of activation analysis and conventional methods. Limnol. Oceanog. 
4 ( 4 ) , 399-408. 

Getsova, A. B. (1960) . On the desorption of radioactive isotopes of certain repre
sentatives of aquatic invertebrates. Doklady Akad. Nauk U.S.S.R. 133, 459-461. 

Gileva, E. A. (1960) . Accumulation coefficients pi seven radioisotopes by three 
fresh water algae. ( In Russian.) Doklady Akad. Nauk U.S.S.R. 132, 948-949. 

Goldberg, E. D. (1957) . Biogeochemistry of trace metals. Geol. Soc. Am. Mem. 
No. 67, 345-357. 

Gong, J. K., Shipman, W. H., Weiss, H. V., and Cohn, S. H. (1957) . Uptake of 
fission products and neutron-induced radionuclides by the clam. Proc. Soc. 
Exptl. Biol. Med. 95(3) , 451-454. 

Gutknecht, J. (1961) . Mechanism of radioactive zinc uptake by Ulva lactuca. 
Limnol. Oceanog. 6, 426-431. 

Harley, J. H. (1956) . Operation Troll. U.S. Atomic Energy Comm. Rept. NYO-
4656, 37 pp. 

Hiyama, Y. (1957) . Concentrations of Sr90, Cs 1 3 7 , Pu 2 3 9 , and others in various 
materials on earth's surface. In "Radiological Data in Japan," Vol. II, 17 pp. 
Government of Japan, Tokyo. 

Hiyama, Y., and Ichikawa, R. (1957a) . Determination of strontium-90 concen
tration in sea water around Japan at the end of 1956. Records Oceanog. Works 
Japan [N.S.] 4 (1957) , 49-54. 

Hiyama, Y., and Ichikawa, R. (1957b) . Uptake of strontium by marine fish from 
the environment. Records Oceanog. Works Japan [N.S.] 3 ( 1 ) , 78-84. 

Ichikawa, R. (1961) . On the concentration factors of some important radio
nuclides in the marine food organisms. Bull. Japan. Soc. Set. Fisheries 27 (1 ) , 
66-74. 

Ichikawa, R., and Hiyama, Y. (1957) . The uptake of strontium by marine fish 
from various concentrations of calcium and strontium in the environment. 
Records Oceanog. Works Japan 4, 55-66. 

Ichikawa, R., and Oguri, M. (1961) . Metabolism of radionuclides in fish. I. 
Strontium-calcium discrimination in gill absorption. Bull. Japan. Soc. Sei. 
Fisheries 27(4) , 351-356. 

Intern. Atomic Energy Agency, Vienna (1960) . "Disposal of Radioactive Wastes," 
Vol. I, 607 pp. Conference Proceedings, Monaco, November 1959. Intern. 
Publications, New York. 

Kawabata, T. (1955a) . Radiologie contamination of fish. I. Distribution and 
migration of contaminated fish on basis of the compiled data of radiological 
surveys. ( In Japanese with English summary.) Japan J. Med. Sei. Biol. 8, 
337-346. 



632 GEORG BORGSTROM AND C. PARIS 

Kawabata, T. (1955b) . Radiologie contamination of fish. II. Actual state of radio-
logic contamination in fish and its possible routes on the basis of the findings 
of the "Bikini Expedition." ( In Japanese with English summary.) Japan. J. 
Med. Sei. Biol 8, 347-358. 

Kawabata, T. (1956) . Radiochemical studies of contaminated fish. In "Research 
in the Effects and Influences of the Nuclear Bomb Test Explosions," Vol. II. 
pp. 861-873. Japan. Soc. Promotion Sei., Ueno, Tokyo. 

Ketchum, B. H., and Bowen, V. T. (1958) . Biological factors determining the 
distribution of radioisotopes in the sea. Proc. 2nd Intern. Conf. Peaceful Uses 
Atomic Energy, Geneva, 1958 18, 429-433. 

Kiba, T., Ohashi, S., Shibata, M., and Mizube, T. (1954) . Radioactive substances 
found on the contaminated fish. Japan Analyst 3, 361-363. 

Kirpicnikov, V. S., Svetovidov, A. N., and Trosin, A. S. (1956) . Absorption and 
output of radioactive calcium by Daphnia, Cyclops, and guppies. (In Russian.) 
Compt. rend. acad. sei. (USSR) 110, 1122-1125. 

Kreps, E. M. (1959) . The problem of radioactive contamination of oceans and 
marine organisms. Izvest. Akad. Nauk, U.S.S.R. Ser. Biol. 3, 321-334. 

Krumholz, L. A., and Foster, R. F. (1957) . Accumulation and retention of 
radioactivity from fission products and other radiomaterials by fresh-water 
organisms. In "The Effect of Atomic Radiation on Oceanography and Fisheries," 
Natl. Acad. Sei. Natl. Research Council, Publ. No. 551, 88-95. 

Laug, E. P., and Wallace, W. C. (1959) . A survey of radioactive residues in food 
before and after 1945: Evidence of possible fallout contamination. / . Assoc. 
Offic. Agr. Chemists 42, 431-436. 

Lowman, F . G. (1960) . Marine biological investigations at the Eniwetok Test 
Site. ( In press.) Proc. Sei. Conf. Disposal Radioactive Wastes, Monaco, 
November, 1959, 2, 105-138. 

Lowman, F . G., Palumbo, R. F., and South, D. J. (1957) . Occurrence and 
distribution of radioactive nonfission products in plants and animals of the 
Pacific proving ground. U.S. Atomic Energy Comm. UWFL-51, 61 pp. 

Minura, Y., and Tsunashima, S. (1956) . Incorporation of zinc-65 into goldfish. 
(In Japanese with English summary.) Kagaku (Tokyo) 26, 314-315. 

Mori, T., and Saiki, M. (1957) . Radioactivity of fishes contaminated by nuclear-
bomb test explosions with special reference to the nuclides. ( In Japanese.) 
Nippon Nogei-kagaku Kaishi 31, A79-A86. 

Murthy, G. K., Goldin, A. S., and Campbell, J. E. (1959) . Zinc-65 in foods and 
people. Science 130, 1255-1256. 

Nagasawa, K., Kawashiro, I., Nakayama, G., Kashima, T., Enomoto, M., Serizawa, 
J., Ohkuma, S., Kawamura, S., and Nishizawa, S. (1956) . Radioactivity 
contamination in foodstuffs effected by atomic- and hydrogen-bomb explosion. 
V. The radioactive contamination in marine fishes and its radiochemical analysis. 
(In Japanese.) Eiset Shikenjo Hokoku 74, 213-219. 

Nagasawa, K., Nakayama, G., Enomoto, M., Kametani, K., and Kido, Y. (1957) . 
Radioactive contamination of foods effected by the atomic- or hydrogen-bomb 
explosions. VII. Radioactive contamination of sea fishes and some radiochemical 
analyses. (In Japanese.) Eisei Shikenjo Hokoku 75, 393-402. 

NAS (1959) . Maximum permissible body burdens and maximum permissible 
concentrations of radionuclides in air and in water for occupational exposure. 
Handbook No. 69, 95 pp. Dept. Commerce, Washington, D.C. 



18. RADIOACTIVITY AND SEAFOOD 633 

NAS-NRC (1959) . Radioactive waste disposal from nuclear-powered ships. Natl. 
Acad. Set.—Natl. Research Council Publ. No. 658, 52 pp. 

New Scientist (1962) . Reducing discharge of radioactivity in the sea. New 
Scientist 13(279), 670-671. 

Nezu, N., Asano, M., and Ouchi, S. (1961) . Cerium-144 in food. Science 135, 
102-103. 

Nicholls, G. D., Curl, H., Jr., and Bowen, V. T. (1959) . Spectrographic analysis 
of marine plankton. Limnol. Oceanog. 4 ( 4 ) , 472-478. 

Noddack, I., and Noddack, W. (1939) . Heavy metals in marine animals. Arkiv. 
Zool. 32A, 1-35. 

Odum, E. P., Kuenzler, E. J., and Blunt, M. X. (1958) . Uptake of P 3 2 and pri
mary productivity in marine benthic algae. Limnol. Oceanog. 3, 340-345. 

Ophel, I. L. (1960) . Investigation of the effects of radioactive materials on 
aquatic life in Canada. Biological problems in water pollution. Trans. 2nd 
Seminar, Robert A. Taft Sanit. Eng. Center, Cincinnati, April 20-24, 1960, p. 21 . 

Pendleton, R. C , and Hanson, W. C. (1958) . Absorption of cesium-137 by 
components of an aquatic community. Proc. 2nd Intern. Conf. Peaceful Uses 
Atomic Energy, Geneva, 1958 18, 419-422. 

Perkins, R. W., and Nielsen, J. M. (1959) . Ζη-6 δ in foods and people. Science 
129, 94-95. 

Perkins, R. W., Nielsen, J. M., Roesch, W. C , and McCall, R. C. (1960) . Zinc-65 
and chromium-51 in foods and people. Science 132, 1895-1897. 

Polikarpov, G. G. (1960) . Absorption of short-lived radioactivity by sea organisms. 
(In Russian.) Priroda 49, 105-107. 

Polikarpov, G. G. (1961) . Ability of some Black Sea organisms to accumulate 
fission products. Science 133, 1127-1128. 

Rama, Koidi, M., and Goldberg, E. D. (1961) . Lead-210 in natural waters. 
Science 134, 98-99. 

Revelle, R., and Schaefer, M. B. (1958) . Oceanic research needed for safe 
disposal of radioactive wastes at sea. Proc. 2nd Intern. Conf. Peaceful Uses 
Atomic Energy, Geneva, 1958 18, 364-370. 

Revelle, R. et al. (1956) . Oceanography, fisheries, and atomic radiation. Science 
124, 13-16. 

Rice, T. R. (1956) . Accumulation and exchange of strontium by marine plank-
tonic algae. Limnol. Oceanog. 1, 123-138. 

Rosenthal, H. L. (1956) . Uptake and turnover of calcium-45 by the guppy. 
Science 124, 571-574. 

Rosenthal, H. L. (1957) . Uptake of calcium-45 and strontium-90 from wastes 
by fresh water fishes. Science 126, 699-700. 

Rosenthal, H. L. (1960) . Accumulation of strontium-90 and calcium-45 by fresh
water fishes. Proc. Soc. Exptl. Riol. Med. 104, 88-91. 

Ruf, M., and Müller, E. (1960) . Beitrag zur Radioaktivät in Oberflächengewäs-
sern Gas- u. Wasserfach 101, 92-97. 

Russell, W. L., and Russell, L. B. (1958) . Radiation-induced genetic damage in 
mice. Proc. 2nd Intern. Conf. Peaceful Uses Atomic Energy, Geneva 22, 360-
365. 

Saiki, M., and Mori, T. (1955) . Studies on the distribution of administered 
radioactive zinc in the tissues of fishes. ( In Japanese with English summary.) I. 
Bull. Japan. Soc. Set. Fisheries 21, 945-949. 



634 GEORG BORGSTROM AND C. PARIS 

Saiki, M., Okano, Sh., and Mori, T. (1955) . Studies on the radioactive material 
in the radiologically contaminated fishes caught at the Pacific Ocean in 1954. 
Bull. Japan. Soc. Sei. Fisheries 20(10) , 902-906. 

Saiki, M., Shirai, K., Ohno, S., and Mori, T. (1957) . Studies on the radioelements 
in the contaminating radioactive fish. II. On skipjacks caught at the Pacific 
Ocean in 1956. Part 1. Bull. Japan. Soc. Set. Fisheries 22(10) , 645-650. 

Schaefer, M. B. (1958) . Radioactivity and the sea fisheries. Paper for the Natl. 
Canners Conv., Atlantic City, 1958, 16 pp. 

SchifiFman, R. N. (1959) . Annual Rept., 1958. Hanford Biol. Research, Document 
HW-59500, 16-19. 

Setter, S. R., and Goldin, A. S. (1956) . Radioactive fallout in surface waters. Ind. 
Eng. Chem. 48, 251-255. 

Seymour, A. H. (1959) . The distribution of radioisotopes among marine organ
isms in the western central Pacific. Pubbl. staz. zool. Napoli 3 (1959) , Suppl., 
25-33. 

Shirai, K. (1957-1958). Radioelements in radioactive fish. IV. Group separa
tion analysis of the radioelements in a radiologically contaminated Parathunnus 
mebachi. Bull Japan. Soc. Sei. Fisheries 23, 723-728. 

Shirai, K., and Mori, T. (1959) . On the combination of cadmium and protein in 
fish blood. 3rd Japan Conf. on Radioisotopes, Paper No. 78, 1 p . 

Shirai, K., and Saiki, M. (1958a). Studies of the radioactive materials in the 
radiologically contaminated fishes. IV. Group separation analysis of the radio-
elements in a contaminated big-eyed tuna, Parathunnus mebachi. Bull Japan. 
Soc. Sei. Fisheries 23(11) , 723-728. 

Shirai, K., and Saiki, M. (1958b). Studies of the radioactive materials in the 
radiologically contaminated fishes. V. Column chromatography of the radio-
elements in the liver of a big-eyed tuna, Parathunnus mebachi. Bull Japan. Soc. 
Set. Fisheries 23(11) , 729-734. 

Shirai, K., and Saiki, M. (1958c). Studies of the radioactive materials in the 
radiologically contaminated fishes. VI. Column chromatography of the radio-
elements in the pyloric caeca of a big-eyed tuna. Parathunnus mebachi, with 
an ion exchange resin. Bull. Japan. Soc. Sei. Fisheries 23(11) , 735-737. 

Shirai, K., Saiki, M., and Ohno, S. (1957) . Studies on the radioelements in the 
contaminating radioactive fish. III. On skipjacks caught at the Pacific Ocean 
in 1956. (Part 2.) On the presence of Cd1 1 3 m . Bull. Japan. Soc. Set. Fisheries 
22(10) , 651-653. 

Skopintsev, B. A. (1959) . Content and distribution of salts in the waters of the 
Black Sea. (In Russian.) Priroda 48, 87-96. 

Sorvachev, K. F., and Belokorytova, S. (1960) . The uptake of inorganic carbon 
( N a 2 C 1 4 0 3 ) from the surrounding medium by fishes and its participation in the 
metabolism. Biochemistry (U.S.S.R.) 25(3) , 464-470. 

Spooner, G. M. (1949) . Observations on the absorption of radioactive strontium 
and ythrium by marine algae. / . Marine Biol Assoc. (U.K.) 28, 587-625. 

Tomiyama, T., Tshiv, S., and Kobayashi, K. (1956a). Research on the effects and 
influences of the nuclear bomb test explosion. Japan. Soc. Promotion of Science 
pp. 1157-1162. 

Tomiyama, T., Ishio, S., and Kobayashi, K. (1956b). Research on the effects 
and influences of the nuclear bomb test explosions. Japan. Soc. Promotion of 
Science, Vol. II, pp. 1163-1167. 



18. RADIOACTIVITY AND SEAFOOD 635 

Tozawa, H., Tokue, Y., and Amano, K. (1957). Studies on the radioactivity 
in certain pelagic fish. V. Confirmation and determination of radioactive elements 
in contaminated fishes caught in 1956. (Part 1.) Bull. Japan. Soc. Set. Fisheries 
23(6), 335-341. 

Tsivoglov, E. C , Bartsch, A. F., Rusking, D. E., and Holaday, D. A. (1958). 
Effects of uranium ore refinery wastes on receiving waters. Nuclear Eng. and 
Sei. Conf., Chicago, March, 1958, Prepr. 40, Session 18, 32 pp. 

Vinogradov, A. P. (1953). Elementary composition of pisces. In "The Elementary 
Chemical Composition of Marine Organisms," pp. 463-566. Yale University, New 
Haven, Connecticut. 

Vodjanitskij, V. A. (1958). Should we allow the disposal of atomic wastes in the 
Black Sea? (In Russian.) Priroda 47, 46-50. 

Watson, D. G., and Davis, J. J. (1958). Concentration of radioisotopes in 
Columbia River white fish in the vicinity of the Hanford Atomic Products 
operation. 138 pp. (Contract W-31-109-Eng-52) Nuclear Set. Abstr. 13-1266. 

Yamada, K. (1954). Studies on the radioactivity of certain pelagic fish. I. 
Record Oceanog. Works of Japan [N.S.] 4, 84-88. 

Yamada, K., Tozawa, H., Amano, K., and Takase, A. (1955a). Studies on the 
radioactivity in certain palagic fish. II. Group separation of radioactive elements 
in fish tissue. (In Japanese with English summary.) Bull. Japan. Soc. Sei. 
Fisheries 20(10), 916-920. 

Yamada, K., Tozawa, H., Amano, K., and Takase, A. (1955b). Studies on the 
radioactivity of certain pelagic fish. III. Separation and confirmation of Zn65 

in the muscle tissue of skipjack. (In Japanese with English summary.) Bull. 
Japan. Soc. Sei. Fisheries 20(10), 921-926. 

Yoshii, G., Watabe, N., and Okada, Y. (1956-1957). Studies on the uptake of 
p32? s35, Ca45, and Sr89 in the tissues of fish. (In Japanese.) Bull. Japan. Soc. 
Sei. Fisheries 22, 240-243. 




