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ism8 do not discriminate between different isotopes
of a given element; thus, if the introduced radio-
nuclide has the same chemical and physical form as
the corresponding stable element, the two are taken
up according to their ratio of abunddnce. However,
radioisotopes do differ from their stable counter-
parts in that they are subject to radiocactive de-
cay. If the biological half-lives of a given ele-
ment, in several organisms comprising a food chain,
are not taken into account, erroneous interpreta-
tions may be made, especially if the radioisotope
has a relatively short physical half-life, These
errors may be corrected if the average ratio of"’
radioactive to stable isotope of an element is de-
termined for each level within the food chain.

The principal factors which control the uptake
and retention of radionuclides by marine organisms
are: (1) the smount of radionuclide introduced in-
to the sea, (2) the site of introduction inte the
sea in relation to position and depth, (3) the de-
gree of physical dispersion by currents and gravi-
ty, (4) the chemical and physical characteristics
of the radioelement, (5) the chemical and physical
forms of non-radioactive materials associated with
the radionuclide, (6) the degree of isotope dilu-
tion of the radioelement by the corresponding
stable element (or chemically similar elements) in
sea water, (7) the degree to which the radionuclide
is adsorbed to the organisms, (8) the degree of
selective uptake, and (9) the biological half-life
of the element in the organisms.

Fallout areas near the sites of nuclear wea-
pons tests are of value for investigations of the
fate of radionuclides in the marine environment in
that large amounts of radiomaterials may be intro-
duced into a given area in a short time and at ade-
quate levels to be detected for a relatively long
time following contamination. Because the fallout
is usually deposited over large areas, most of the
animals collected over a period of time in the area
may be considered to have been exposed to a chronic
rather than to an acute exposure of radioactive

materials.

H’reuent address, Puerto Rico Nuclear Center, Mayaguez,
Puerto Rico.
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were counfed for total beta radioactivity and sé- —

lected samples were subjected to radiochemical
separation and analysis. These techniques and
methods have been described elsewhere (Donaldson
et al., 1956; Kawabata and Held, 1959; Lowman,
1958; Lowman et al., 1957; Palumbo and Lowman,
1958) .

RESULTS

In the present paper the ratios of total
radioactivity and the percentage of total ra-
dioactivity contributed by individual radio-
nuclides are considered with respect to sea
water and in the food chain composed of plank- -
ton, omnivorous fish, and carnivorous fish. In
most cases the averages of several samples col-
lected within a contaminated area are used in order
to reduce the effect of individual variability, a
factor which has been considered elsewhere (Bon-
ham, 1958; Donaldson et al., 1956; Lowman 1958,
1960; Welander, 1958).

In studies on the uptake of radioactivity
from sea water by plankton the fractionation of
the radioactivity between the water and plankton
is usually compared on an equal volume or equal
welght basis and a concentration factor for the
radioactivity by the plankton may thus be de-
rived. However, uptake of radioactivity by plank-
ton from sea water may also be compared on the
basis of the fraction of the total radioactivity
in the water that is accumulated by the con-~
tained organisss.

The importance of marine organisms in affec-
ting the movement and distribution of radioactive
contamination in the sea has been emphasized by
several authors (Ketchum, 1957; Lowman, 1958;
Revelle and Shaefer, 1957). 1In areas of the sea
where relatively large populations of organisms
exist in relation to the total water volume the
organisms may exert an effect of this type
(Eetchum, 1957).

zScientific names from: List of common and scientific
names of fishes from the United States and Canada, 2nd edition.
Am, Fish, Soc. Spec. Publ, 2. 102 pp. (1960).
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taken in a mass of water that had been contaminated
for about six weeks. During this time the contam-
inated body of water had been dispersed over an
area with a diameter of several hundred miles al-
though a central area of higher radioactivity still
persisted. If one assumes a more or less random
movement of the tunas and if a similar distribution
of radionuclides is found in the same organs of
different fish, it is probable that the tunas had
remained in some part of the contaminated area
sufficiently long for the individual radionuclides
within the tissue and organs to have reached a
state of equilibrium with the radionuclides in the
food items. The average level of radioactivity in
the food items would not necessarily be the same,
however, as those of the food items taken at the
above described sampling station.

In Table 2 is shown the percentage of fotal
radioactivity contributed by individual radionu-

.clides in plankton and flying fish at one week and

in tunas and water at six weeks after contamination.

tend to concentrate positive polyvalent ions but
not positive monovalent ions although the latter
may be present in the environment in high amounts.

The ability of the transition elements to form
complexes with biological materials is usually not
affected by the chemical composition of the biolo-
gical sustrate, and the stability of the metal-
biological complex is usually in the following

‘biological order.

=+

"Mn -

< Fe oottt < cu*t | > 2ot

< Co

Uptake of the radioisotopes of these elements from
sea water by the plankton probably reflects the
stability of the metal-biological substrate de-
scribed above. In plankton samples taken at approxi-
mately one- and six weeks (Table 1) the order of up-
take in relation to the levels of radioisotopes in

Table 2. Percentage of total radioactivity contribated by fission products and by the neutron-
induced isotopes uranium-237, cobalt-57, 58, 60; iron-55, 58; zinc-65, and manganese-
54 determined in plankton and fish samples collected at the Eniwetok Proving Ground
in 1958. The total radioactivity per gram dry weight is also shown.
Water1 Plankton Flying Fish Tuna
White ¥Yhite muscle Liver Dark lusclg
muscle Liver A B
Ruthenium, zirconium and uranium 52.0 13.0 trace trace 0.0 0.0 0.0 0.0 0.0 0.0
Barium-140; lanthanum-140 18.0 23.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cesium-137; barium-137m 0.08 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0
Cobalt-57, 58, 60 0.67 43.0 10.0 8.7 0.9 2.5 0.0 2.3 1.1 2.1
Iron-55, 59 . 0.93 16.0 31.3 81.3 5.8 8.1 25.5 15.0 12.4 9.7
Zinc-65 0.84 3.0 58.8 9.9 91.9 89.0 74.5 82.6 86.3 88.0
Manganese-54 0.12 0.0 0.0 0.0 0.2 0.4 0.0 0.1 0.2 0.2
Total radiocactivity - ‘2.3 2.2 1.1 3.3 1.2 3.6 2.0 5.3 2.9
(disintegrations per minute - X X X X X X b'e X X
per gram dry weight) - 108 10% 10° 10% 104 108 10° 108 10t

’&At s8ix weeks.

amples from four different fish:
C = yellow fin tuna; D = big eye tuna.

A = big eye tuna (Thunnus obeus);.B = yellow fin tuna (Thunnus albacares);
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and Lehninger (1951) indicate that marine organisms
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Radioactivity of Marine Organisms

Page 157

Common and scientific names and collecting areas of samples as recorded in "Field Data

Appendix Table B. Record" of the George Vanderbilt Foundation.
4 Group Common name Scientific name Guam Palau Gulf of Thailand1
surgeonfish. . . . . . . . .Acanthurus lineatus x x
Fiob. goatfish . . . . . . . . . .Mulloidichthys samoensis x x
grouper, sea bass. . . . . .Cephalopholis argus x x
grouper, sea bass, . . . . .Epinephelus merra x x
grouper, sea bass. . . . .Epinephelus hexagonatus x x x
tuna, bonito . . PR .Katsuwonus pelamys x
anchovy. . . . . . . . . .Engraulis spp. x
anchovy. . . . . . . . . .§to[egﬁorus spp. x
; leiognathid; . .. .Gerres argyreus x
Crabs hemit crab, . . . . . . . b ) x x
coconut crab . . . . . . . » x
swimming crab. . . . . . . . * X
l 8piny lobster lobsters, x x
4 *langoustre,” langusta . . . » x
} Bnatls. . . . sea spails . . . . . . .Lambis lambis x x
' Clams . . . . . . . clam . . . . . . . . . .Tridacna x x
9 clam ., . . . . . . . . . . .Tridacna elongata x x
clam ., . . . . . A YT x
f Oyster. . . . . . . oyster . . . . .« « . .Pinna x
Plankton. P piankton - e e e x x . x
. Algae . . . . . . . alga . . . . . . . . . .Caulerpa x x
7 E alga . . . . D YaTimeds x

31Re(erred to as Gulf of Siam in tex-
®Not given.

Appendix Table ¢ Gross beta activity of plankton from Guam, Palau, and the Gulf of Siam,

e

SR

Radtological Health Handbook, 1960 .

.958-1959. Single determinations (micromicrocuries per gram of wet weight).
Guam Palau Gulf of Siam
Sample date  Activity Sample date  Activity Sample date Activity Sample date Activity Sample date Activity
- 1958 1958 1959 1959 1958
July June January July July
13 344+3.7 22 11+2.0 4 3+1.0 5 4+1.1 4 27+3.1
October 29 12¥3.6 11 2+0.7 12 1+0.7 October
4 5 42+3.4 July - . - 3 0.5+.35
1959 - 6 10+1.5 18 6+1.0 19 2+1.0 1959
. January 13 1+0.8 25 8+0.6 26 3+0.8 January
9 130+4.3 20 6+0.9 February - August - 5 3+0.8
April 27 31+3.0 1 1+0.8 2 . 0.5+0.8 April
' 6 50+4.0 August - 8 2+1.5 9 2+0.7 2 11+2.3
August 3 0.6+074 15 130.9 16 1+0.6
18 6+0.8 10 8+1.5 22 4+0.9 23 0.6+0.9
October 17 6+1.5 March - 30 0.9+0.7
8 4+0.8 24 1+0.6 1 5+1.2 September -
31 240.6 8 11+1.8 6 1+0.6
September 15 14+2.2 13 1+0.7
7 1+0.5 22 3+0.9 20 6+1.0
14 0.5+0.6 29 3+1.0 28 4+1.2
21 3%0.9 April - October
28 351.0 5 7+1.2 4 2+0.7
October - 13 4+1.0 11 2+0.8
5 2+1.0 19 6+1.4 18 2+1.0
12 0.8+1.0 20 14+1.7 25 0.5+0.4
19 1+1.3 26 5+2.0 November -
28 2+2.5 May - 1 14+0.7
November - 3 4+1.5 X -
2 1+1.0 10 3+1.3
9 2%2.1 17 27¥1.3
16 3+1.8 24 3+1.4
23 1+0.6 31 8+2.1
30 0.940.4 June -
December 6+2.2
7 2+40.7 14 2+1.5
14 0.8+1.0 21 4+1.2
21 0.6+0.8 28 9+2.7
28 0.8+0.6 -
- YA iuwn ATO ‘h\ .
Meaith Seryice ¢ 95 per cent errors in the net count; Eg. - 1.96 (Ns/ts + Nb/tb)l/2 from U.S. Public
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QUALITATIVE DISTRIBUTION OF
RADIONUCLIDES AT RONGELAP ATOLL

E. F. HELD

1 aborate .y of Radiation Biotozy |l niversity of B ashington.

Seattie, I ashington .

arct 958, a radivecological study of
q:{t?i ias instituted at the request qf the
Pivis:on of Biology and Mediqine, U. §. Atomic
[Eneryy Commissl n (AEC): This repprt will be con-
Beerned with generalizations regarding the distribu-
tion of radionuclides at the atoll in t@e fa}l of

1 y549, wome five vears after contamination with

Eyndlon«rix( failout.

In
onxela,:

E Rongelap Atoll was accidentally contaminated
¥on March 1. 1954, with radioactive §a}lqut from a
Feher-onuclear device detonated at Bikini Atoll some
#80 mi1les to the wesl. Gamma radiation dose rates
#at Rongelap or D + 1 f{detonation + vne day) ranged
f¢rom 3.5 roentgens per hour at the southern islets
bf the atoll to 35 roentgens per hour at the north-
‘Brn islets (Dunning, 1957). Eighty-two natives re-
Siding on Rongelap Island, 1n the south, were evac-
hiated and did not return until June, 1957. At that
t ime the returning population approached 300 in
pumber but since appears to have stabilized at 230.

Several radiological and biological surveys,
Pprimarily of a monitoring nature., were conducted
rom the time of the first contamination until
958 (Dunning, 1957). DUDuring this time the gamma
adiatiou dose rates over land areas declined at
pproximately the rate predicted for mixed fission
roducts by Miller and ..eb (1958). Slight rises
n gamma dose rate were observed in 1956 and 1958,
esulting from tests conducted during these years.
owever, the total contribution of radionuclides
rom these subsequent fallouts amounted to a frac-
inn of one per cent of the amount from the 1954
allout.
b3
% Rongelap Atoll is located in the Marshall Is-
Rands, in the Central Pacific Ocean, at about 11°
orth. It is a typical atoll with a lagoon area of
{188 square miles and rbout 1BO-fcot average depth.
Ihe emergent land area is about three square miles
and is made up of 61 small islets rangiug in size
2rom a fract <n of an acre to the largest island,
Rcngelap, which is about four miles long and one-
palf mile acruss at its widest point.

% There is one small islzt on the western reef
and the remaincer are strung along the northern,
eastern. and southern reefs. The islets on the
horthern reef are not as well developed as those to
ke enst and south. The waters of the lagoon are
gssentially isothermal (Robinson. 1954). The cir-
“lition, generated by the northeast trade winds,
gs 1rom east to west at the surface with a return-
1ne bottoum current (Von Arx. 1954). The estimated

‘fﬁ‘ ‘or renewal of water in the lagoon is about
) Ay

]

b g&:_pafent material ol both soiis and the la-
5 L "M 1s primarily calcium - arbonats origi-
) mﬁiﬂiy from corallirc algae. corals and
ﬁumx(} lfrrf - There .= also some accumulatior of
! ‘n 'he sGi.s

v% H{lxve; Jf the aree 2re Microne -iuns.
'u«an}“l:T{i.'s Limited .. varisty .f products
e Sl ttieart wrport is copra About
L“VF{gyd consuned at the nrosen. time is
~»3:2 ?"d_“ther mirine organisms are
el oLy sources are not exploited as much
- The ‘ongelapese are almost en-

stolidus an

tirely dependent on cisterns as a source of water.

Rainfall in this area is comparatively low and the

islets small, so that there is not a well-developed
fresh water lens. There is, however, some potab!le

water in wells at Rongelap and Eniwetok Islets.

The native style wattle and palm frond build-
ings have been repluced by plywood and aluminum
structures built to Rongelapese specifications by
the AEC. Sanitation habits have been altered by
the advent of pit toilets.

The terrestrial fauna is limited in variety.
The only mammal present is the small field rat,
Rattus exulans. The most common birds are the
fairy tern, G*gis alba, and the noddy terns, Anous

A. tenulrostris, which nest in large

numbers on some of the uninhabited islets. The
reptiles are represented by skinks, geckos, and a
blind snake. Land crabs are common, the most spec-
tacular being Birgus latro, the coconut or robber
crab. Insects are few, both in number of species
and individuals. The most severe pest appears to
be the beetle, Brontispa sp., which attacks the
coconut palm.

In contrast to the land areas there is a tre-
mendous proliferation of both numbers and variety
of organisms on the reefs and in the lagoon. For
example, there are over 700 species of fish.
Plankton, however, is extremely sparse and as a
consequence the water is so clear that green algae
are found growing at depths of 180 feet.

Since the question of the effects of radiation
on the organisms inevitably arises, it might be
well to consider it briefly before going on to the
main subject. There is no doubt that the levels
of radiation were of sufficient intensity to affect
living organisms, However, under actual field con-
ditions and without benefit of study before the
addition of radiation as an ecological factor, it
is difficult to do more than speculate concerning
the cause of the sracific anomalies observed.
Fosberg (1959) has accurately described the poor
condition of the plants at the northern islets of
Rongelap Atoll and has suggested that the primary
cause of this condition is radiation. In our opin-
ion, however, other factors, particularly edaphic
factors, have probably been more important than
radiation. The fact that the nitrogen content of
the soils of the northern islets is lower than that
of the rest of the atoll is at least circumstantial
evidence that for some time there have been
differences between these areas with respect to
plant growth. Stone et al. (1957) have concluded
from studies of Drososhila populations at Bikini,
Eniwetok. Rongelap, and uncontaminated atolls that
while there is evidence of genetic changes caused
by radiation other factors mask the radiation
effects. In short, it is not likely that such
questions will be resolved without controlled ex-
perimentation with the species involved, under
varying conditions, and with an eye toward the
possibility of synergistic effects.

Approximately five years after fallout the
long-lived fission products cesium-137 and stron-
tium-90 are the principal radionuclides found in
the land organisms, while the neutron-induced
radionuclides zinc-65, cobalt-60 and manganese-54
are found primarily in the marine organisms.

Still detectable in the soil are manganese-54,
ir0i:-55. cobalt-57, cobalt-60, zinc-65, strontium-
90. zirconium-95, ruthenium-106, antimony-125,
~es1um~-137, cerium-144, and europium-155. which
remain .oncentrated in the upper one to two inches.
Wherc higher levels of radionuclides have been
present these nuclides have been reported in a wide
variety or organisms. It is likely that most of
these radionuclides are actually present in most if

167
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Qualitattve Distribution of Radionuclides

Page 169

: ontamination by fallout from a thermo-
'{:l:f;::Age ipdicates distinct differences be-
sn the terrestrial and marine environments. The
vels of radiosctivity are low, the concentrations
ing less than the maximum permissible concentra-
on for radionuclides in food or drinking water of
n. Of the wide spectrum of radionuclides concen-
Brated in the surface layers of the soil, stron-
B{us-50, sntimony-125, and cesium-137 are the prin-
Bipal nuclides entering into the soil solution.
Whe principai nuclides in the land plants and plant-
dbating animals such as coconut crabs and the
digenous rats are cesium-137 and, to a lesser
gree, strontium-90. Bottom sediments contain
Bainly strontium-90 and europium-155. The radio-
wclides in the lagoon water have not been detected
But are probably present in minute amounts. Plank-
Sonic organisms contain traces of manganese-54,
Bobalt-57,60, zinc-65, zirconium-95, ruthenium-106

90, while the fish and sea birds are found to con-
$ain mostly zinc-65. The presence of zinc-65,
bosium-137, and strontium-90 in the body of the na-
ives reflects a diet of both marine and terres-
risl origin.
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or fish, or to metamorphosis
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transformation. The
the regression coefficients,
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sumparizing table (Table 6).
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ANALYSIS OF PUBLISHED RESULTS

welander (1954) iigagiated_the gggzegff::;nbow
mo gairdneri n various

trout (SQ{E_late—eyed stage. From his Table 1
is possible to relate lethal dose-50 as
deter-ined both at hatching and about two months
later at the completion of yolk absorption to per-
pbation reached at the time of irra-
Letnal dose-50's were also estimated from
welander's (1954, page 235) graphs, and both cal-
culated and estimated 'ethal dose-50's are used in

" Table 2 and Figure 3.

Lethal dose-50 of raimbow trout
at six stages of incubation.

Table 2.

lethal dose-50 in roentgens

At hatching

k when At end of yolk stage
1i‘lrrnduted calculatedlestimated calculatedlestimated

.28 78 80 58 70

2.54 468 600 313 400

17.3 524 700 461 600

25, 735 1,000 454 500

67. - 3,000 415 600

89. - 4,000 904 1,000

Liethal dose-50's calculated by Welander (1954, page

233) .
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. p of lethal -
e:‘:a:h:enl of incubation of rainbow :g:5t5°
N irradiated (Yelander, 1954)
rmi .
:‘lzgdl“’ ser ned at hatchingiizgzer),dand
“ ine . ala
o e%, based on calculated lethal dose-

CTON4oN and
catimated lotha) do::fzglilnes, based on

Rugh and Clugston (1955) described the effects
of x-radiation upon various stages in the embryonic
development of Fundulus heterocljitus. Although the
lethal dose-50 is not stated, their descriptions of
results permitted our estimating the lethal dose-50
(Table 3) at four stages which can be converted to
percentage of the total incubation period (11 days)
using the time-table of embryonic development con-
tributed by Solberg (1938). Table 3 and Figure 4
give the trend of embryonic radioresistance of

Fundulus which closely resembles the preceding

trends.

Table 3. Responses of embryos of Fundulus heteroclitus
to x-irradiation, from Rugh and Clugston,
(1955), with subjective estimates of lethal

dose~50 based upon their descriptions.

Stage irradiated Estimated
—_— lethal
Name Per cent dose-50
or of incu-~ at hatching
number bation Effect (roentgens)
1- to 1.14 -300 to 400 roentgens resul-
2-cell ted in stunted, but other-
wise normal development ;600
roentgens ,25 per cent hatched,
stunted; reached stage 15
when controls at stage 22.... 400
2- to 1.90 -Only slightly less sensitive
8-cell than 1- to 2-cell; 500
roentgens permitted quite
normal development........... 600
11;ex- 5.30 -1,000 roentgens permitted
panding only a few to hatch.......... 800
blastula
8-day 72.8 -Tolerated up to 3,000
embryo roentgens without a marked
decrease in the number de-
veloping normally............ 3,000
4,000 Y v

©
b3
s}

LETHAL DOSE-50 IN ROENTGENS
&\

100}

10 +

.0l A I 10 100
PER CENT OF DEVELOPMENT WHEN IRRADIATED
Figure 4. Relationships of lethal dose-50

to per cent of incubation of the eggs of

Fundulus (Rugh and Clugston, 1955), crosses

and broken line; and of lethal dose-50 to per

cent of time from fertilization to meta-

morphosis of amphibia (Rugh, 1954), circles

and solid lines. N

Belyaeva and Pokrouskaya (1957, 1958) reported
for the loach, Eiggurnus fossilis, that anaphase-
telophase was the most sensitve mitotic phase, 20
times as sensitive as interphase, and that radio-
resistance rose with advancing embryological de-
velopment. From their description of results, le-
thal dose 50's may be roughly estimated for four
stages (Table 4), but, because of the high resist-
ance at last blastula, variability is too great for
statistically significant regression (Table 6).

Rugh (1954) described the results of irradiat-
ing amphibia at various stages from the uterine egg
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JUNDIE

“se ~rircipal source of rare earth quclldes
'-Q: ;;; t:ﬁrvslrxnl animals, also, is thj fgod
‘:~grnt The physical state of the nucli efinh
-.~1 coverns LUs fate in the organism. In 4s
r; appears to be some absorption of cerlum-l‘ti1 i,

traestion, indicating that at least a por o
sueilde (s in the soluble form. Chipman
f.r vxample, found that cerium-144 was
in small amounts by the bone and liver
1'{ cr axcrs.  In additi?g4 Rudakov (1958) reported
¥hat -:.n soounts of Celdd-prld4d vere absorbed by
1ngs after a one-hour immersion in a

¥

it :
dioac ive solution, and that with the passage of
“nepre was a redistribution of the nucl}des in
t1ssues At one day they were found mainly in

he (10T At one month the radioactivity in the
ane »as twice as high as that in the liver.
ther results, including those obtained from

amp s rullescd at the Eniwetok Proving Ground
how that Ce -prl44 is incorporated in small

bmounts tn muscle, liver. kidney, lung, gills,
nd skeletal tissues of fish (Thomas et al., 19585
orouphs et al., 1956; Seymour et al., 1957; Uni-
! washington, 1955; Rinehart et al.,

In terrestrial animals there appears to be

ry little absorption of the rare earth nuclides
rom the digestive tract. The results of Durbin et
1. (1956) showed that cerium-144, europium-152 and
puroptum-154, terbium-160, and thulium-170 adminis-
tercd oraily to rats were not absorbed significantly.
Bowever, parenteral injection of several radiolan-
tharides, complexed with an organic acid to increase
their solubility, showed that absorption from the
#ite of injection was almost complete within four
8ays. The primary sites of deposition initially
were the liver and skeleton. After ten months.
bowever, the site of greatest concentration was the
ponv; other tissues contained only very small
pmounts of the rare earth nuclides (see also Kyker
and Anderson, 1956). Similarly, in samples of rats
gollected at Eniwetok Atoll shortly after a nuclear
detonation, the rare earth activity was highest in
he skeleton and liver (Thomas et al., 1958). Sam-
les of rat tissues collected approximately two and
one-half years after the last test series in 1958
#Operation HARDTACK I) contained no detectable rare
earth radioactivity although there was some in the

;
§

Table 4.

soil and plants (Lowman and Palumbo, unpublished
data). These data indicate that very little of

the rare earth nuclides ingested under natural con-
ditions is retained in the tissues of terrestrial
animals.

The inhalation of particulate matter is also
a factor to be considered. This process could be
important, especially during periods of .heavy fall-
out from nuclear tests and accidental discharge of
radioactive materials from reactor stacks. Experi-
ments have shown that rats subjected to aerosols
containing lanthanum-140 (Cohn et al., 1957) and
cerium-144 (Hennacy, 1961) had a relatively high
initial concentration of these nuclides in their
gastrointestinal tracts and low concentrations in
other tissues. Cerium-144 was eliminated rapidly
from the gastrointestinal tract but increased in
the liver. The relatively rapid uptake by the
liver suggested that some of the cerium was in the
soluble form.

As in other animals, the rare earth elements
enter man during the ingestion of food and the in-
halation of air and dust. Based on the data of J.
G. Hamilton and co-workers, Morgan (1960) estimated
that less than 0.0l per cent of the rare earth ele-
ments pass from the gastrointestinal tract to the
blood. It was found also that only a small frac-
tion of the longer-lived rare earth nuclides taken
in by inhalation reaches the critical organs for
these nuclides.

These and similar data have been considered in
establishing for man the maximum permissible con-
centrations in air, water, and food. The values
for some of the rare earth nuclides are presented
in Table 4.

The last biological factor to be considered
here is the selectivity and concentration of the
rare earths by different species. Organisms in the
lower trophic levels concentrate them to a greater
degree than do organisms in the higher trophic
levels. For example, Krumholz and Foster (1957)
estimated that the concentration factor was 1,000
for phytoplankton, 500 for filamentous algae, and
100 for fish. Also, it has been shown by Spooner
(1949), Rice (1956), and Rice and Willis (1959)

Maximum permissible concentrations of some rare earth radionuclides in
air and in water for occupational exposure (From: K.Z. Morgan, 1860).

i

Maximum Maximum permissible concentration fraction reaching
Half-1life (days) burden in for .40-hour week organ
Bio- Effec- Criticil total body microcuries per cubic centimeter) By By
Nucltde  Physical logical tive organ* (microcuries) Water Alr ingestion inhalation
»Llnlh?num—l40 1.68 GI -(s) 7 x 10:3 2 x 10:;
BCorium- 4. GI-(i) 7 x 10 10_ _
, um- g 290 1500 243  Bone-(s) 5 0.2 _, 1078 3x107°  0.075
290 GI-(s) 3 x 10 8 x 10_8
293 146 Liver-(s) 6 0.3 10_g
: Lung-(1i) _4 6 x 10_g
Prometny.. 7 GI-(1) 3 x 10 6 x 10
w0 GI-(s) 6 x 103 lo-g 5
1 2 1500 570  Bone-(s) 60 1.0 6 x 10‘7 3 x 10° 0.09
Lung- (1) 3 10-6
F8aea. . GI-(1) 6 x 10~ 1072
o GI-(s) 100 0.01 2 x 10°
i 7x10 - -
1500 1442  Bone-(s) 2.0 6 x 105 3.5x10%  0.00
) &uug-(l) 10
Bur . ) gr-(1) 0.01 _, 2 x 1075
x 4 7x10 s 2 x 10 5 x 10 _ _
; 7 1480 1125  Kidney-(s) 20 0.3 1078 3x10% 7.5x 1073
; Lung-(1) 2 x 10‘8
bo— GI-(1) 2 x 1073 4 x 1077
£ L - antioany
2 : tntinaj tract, lower large intesti H
A Tl . lew the water i1n food . s s SOIUble' t = insoluble.
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Uil Cunipd'ed Willl toe ragioa y 1D pliankton,
sessile invertebrates, filter feeding and carniv-
orous fishes, and birds whose source of food is
marine organisms, On land the amount of radio-
activity have been measured in soils, plants, and
herbivorous animals, In addition, analyses of
soils under the nesting areas of birds have been
made in which the radionuclide content has been
altered by the excrement of the birds which feed
upon marine organisms,

Iron and cobalt are microconstituents of
living material and, although present in small
amounts, are important in the normal metabolism
of most organisms (Table 2), All of the micro-
constituents except boron and silicorn have high
specific gravities and atomic numbers in compari-
son with the primary and secondary constituents.

In sea water, iron and cobalt are also mi-
croconstituents, contributing only 0.000001 and
0.00000005 percent respectively of the total
mass, The radioactive forms of these elements
lntroduced in fallout are therefore subject to
limited isotope dilution by the corresponding
stable element in the water. A comparison of the

T vEU o St al®I r.¥ n [ lﬁ -
ary and secondary constituents, Thus, for equal
amounts of radionuclides added to sea water an
organism would have to concentrate 2.2 x 12
times as much stable hydrogen and 8.0 x 10° times
as much stable calcium as it wculd stable cobalt
to contain an equal amount of each of the three
radionuclides,

Marine organisms do exhibit the ability to
concentrate many elements from sea water (Donald-
son et al., 1956; Boroughs et al,, 1957; Krumholz
et al,, 1957; Lowman et al., 1957, 1959; Seymour
et al., 1957; Lowman 1958; Palumbo et al,, 1959),
and it is usually assumed that the organisms rapid-
1y acquire a major fraction of the radioisotopes
of these elements introduced in fallout. At the
Eniwetok Proving Ground this does not occur,
probably as a result of the plankton contributing
only one part per million of the total volume of
sea water plus organisms, Although plankton ex-
hibit high concentration factors for some elements
the relatively small amount of these organisms in
the tropical waters resulted in their containing
only 1/10,000 of the total radiocactivity at one
week and 1/30,000 at six weeks after the water in

Table 3, Percent of total radiocactivity in sea water and plankton contributed by fission products and neutron-
induced radionuclides at approximate times of 48 hours, one week and six weeks (Knapp, 1960; Lowman,

1860) . The percents of total are underlined.

Less than Greater than
48 hours One week Six weeks
Water Plankton Water Plankton Water Plankton
¥olybdenum - 99, Technetium - 99m 5.9 12.0 5.0 0 0.02 0
Cerium - 141,144, Praesodymium - 141,144 0.83 3.0 2.1 0 20.0 5.0
Ruthenijum - 103,105,106, Rhodium - 103,105,106 2.1 3.0 2.2 5.0 16.0 1.4
Barium - 140, Lanthanum - 140 2.6 2.0 6.8 23.0 18.0 0
Tellurium - 132, Iodine - 132 6.2 8.0 5.6 0 0.05 0
Zirconium - 95, Niobium - 95 0.38 1.0 1.0 6.0 18.0 20.0
Strontium - 89,90 0.30 0 0.76 0 8.2 0
Cesium - 137 <0.01 0 0.05 0 0.08 o
¥eptunium - 239 54.0 69.0 33.0 2.0 0.02 0
Uranjum - 237 24.0 3.0 43.0 2.0 18.0 0
Cobalt - 57,58,60 0.02 0 0.05 43.0 0.67 24.0
Zine - g5 0.02 0 0.05 3.0 0.84 25.0
Iron - 55 59 0.02 0 0.05 16.0 0.93 24.0
Yanganese - 54 trace 0 0.01 0 0.12 0.6
\ B2
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Tor ireshwater phytoplankton which have a much
larger surface to volume ratio than do the zoo-
plankton.

The plankton considered above comprise
primarily two trophic levels in the food chain,
the phytoplankton or primary producers and the
zooplankton. The zooplankton are eatem by omniv-
orous fishes (flying fishes) which are in turn
eaten by the carnivorous fishes (tunas), The
radionuclide composition of the two types of
fishes have been discussed in another paper of
this series (Lowman, 1962), and will not be con-
sidered in detail, however, the distribution pat-
tern of cobalt-57,58,60, and iron-55,59, in the
three trophic levels are as follows:

Per cent of total Radioactivity

Time Total radioactiv-
after ity (disintregra-
contam- tions per minute
ination Cobalt- Iron- per gram of dry
(weeks) 57,58,60 55,59 weight)
Plankton 1 43 16 2.3 x 10°
Omnivorous
fish
Muscle 1 10 31 2.2 x 10}
Liver 1 9 81 1.1 x 108
Carnivorous
fish
Muscle 6 0.9 6 3.3 x 10°
to to to 4
2.5 8 1.2 x 104
Liver 6 0.0 15 3.6 x 10
to to to 5
2.3 25 2.0 x 10

On a dry weight basis the total radioactivity
in the plankton was approximately two and 100 times
that in the liver and muscle respectively of the
?mnivorous fish, The levels of radioactivity in

he plankton and omnivorous fish cannot be com-
?ared directly with those in the carnivorous fish
tuna) because the latter fishes are capable of
Mgrating great distance in short periods of time
:ﬂd the length of time they had been in the area of
Obtamination before they were taken camnot be
etermined,

upon small Iish and to a lesser degree upon
squid. Analyses for iron-55,59 have not been
made on the tissues of these animals,and in gamma
spectra of the liver, gut, kidney, muscle, and
lung tissues of the terns, only the gamma peak of
zinc-65 was detected (Lowman, et al., 1957).
Iron-55 is probably present in the tissues of the
terns in large amounts, however, Indirect evi-
dence has been found that this is the case in
analyses of soil samples from areas in which
these birds nest (Palumbo and Lowman, 1958), A
comparison is shown below of soil samples taken
in bird nesting areas and from an island where
nests were not present,

Per cent of Total Radioactivity in Soil
Non-nesting area Nesting area
(Lowman, et al,, (Palumbo and

19572 Lowman, 1958)
ce 144_p 144 . 43.86 41.7
Iron - 55,59 0 40.6
Cobalt - 57,58,60 1l to 2 0.4
Manganese - 54 o 0.8
2inc - 65 o 0

In the non-nesting area the soil did not
contain the radioisotopes of iron, manganese, or
zinc, but did contain one to two per cent of
radiocobalt, In the nesting area, zinc-65 was
not found in the soill, which contained éxcretory
products from birds although it was present in
high amount in the tissues of the birds, Haov~
ever, approximately 41 per cent of the total
radioactivity in the soil was contributed by
iron-55,59 with only trace amounts of radiocobalt
and manganese, On the basis of the soils data
and the gamma spectrum data on the birds, these
animals excreted high amounts of iron-55,59, al-
most all of the cobalt-57,58,60, and manganese-
54, and retained the zinc-65, The fact that the
gamma peaks of cobalt-57,58,60, and manganese-54
were not found in the bird tissues and that
these radionuclides were present in low amounts
in the soil, indicates that the birds ingested
relatively low amounts of radicactive cobalt and
manganese and large amounts of iron-55,59 and
zinc-65 and retained the radiozinc to a
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Plankton, collected from an area of sea water
which had been contaminated with radiocactivity for
a period of six weeks, exhibited average concen-
tration factors for radioactive iron and cobalt of
90,000 and 100,000, respectively, and contained
the stable counterparts of these elements in about
the same ratio as they were present in the water.

The roles of iron and cobalt in two food
chains have beerr investigated in_the marinme
environment in the Central Pacific. These
include:

Water—— plankton — omnivorous —3carnivorous
fish fish
and

Water — pla{xkton —-— omnivorous fish ——:girds

In the first food chain, discrimination
against cobalt-57,58,60,was progressive throughout
the trophic levels. Iron-55,59 was actively con-
centrated in the ompivorous fish, and 1t accounted
for a reduced percentage of the total radiocactivity
in the carnivorous fish due to the presence of
large amounts of zinc-65.

In the second food chain the birds, which
feed primarily upon omnivorous fish and secomdari-
1y upon squid, did not retain significant amounts
of the radioisotopes of cobalt or iron but re-
tained a major part of the ingested zinc-65.
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