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RADIONUC~~ ~’ PLANKTON AND TUNA
FROM THE CENTRAL PACIFIC

F.G.LOWMANl

Laboratory of Radiation BioloH. L’nimwityof Wadtin@m,

Setdt!e, Wmhingtm

INITiODUCTION

The uptake and retentionof radlonuclidesby
marine organismsare of practicalinterestto man
insofaras the radionuclidesconstitutea poten-
tial hazard in his food materialsobtained from the
sea. In addition to the practicalconsiderations,
informationmay be derived concerningthe processes
which control the cycling of stable elementsfrom
sea water through the various levelsof food chains.
If the amounts of radionuclidesin organismscom-
prisinga food chain are determinedat intervalsof
time followingcontaminationof the environment,
the interrelationsbetween a trophiclevel and the
physicalenvironmentand with other trophic levels
may be delineated,at least in regard to the move-
ments of mineral componentsthroughthe system.

Except for the light elements,marine organ-
isBs do not discriminatebetweendifferentisotopes
of a given element; thus, if the introducedradio-
nuclidehas the same chemicaland physicalform as
the correspondingstable element, the two are taken
up accordingto their ratio of abunddnce. However,
radioisotopesdo differ from their stable counter-
parts in that they are subjectto radioactivede-
cay. If the biologicalhalf-livesof a given ele-
ment, in severalorganismscomprisinga food chain,
are not taken into account,erroneousinterpreta-
tions may be made, especiallyif the radioisotope
has a relativelyshort physicalhalf-life. These
errors may be corrected if the average ratio of
radioactiveto stable isotope of an element is de-
terminedfor each level vithin the food chain.

The principalfactorswhich control the uptake
and retentionof radionuclidesby marine organisms
sre: (1) the amount of radionuclideintroducedin-
to the sea, (2) the site of introductioninte the
sea in relation to positionand depth, (3) the de-
gree of physicaldispersionby currentsand gravi-
ty, (4) the chemical and physical characteristics
of the rsdioelement,(5) the chemicaland physical
forms of non-radioactivematerialsassociatedwith
the radionuclide,(6) the degreeof isotopedilu-
tion of the radioelementby the corresponding
stable element (or chemicallysimilarelements) in
sea water, (7) the degree to which theradionuclicie
is adsorbed to the organisms, (8) the degree of
selectiveuptake, and (9) the biologicalhalf-life
of the element in the organisms.

Fallout areas near the sites of nuclear wea-
pons tests sre of value for investigationsof the
fate of radionuclidesin the marine environmentin
that large amounts of radiomaterials❑ay be intro-
duced into a given area in a short time and at ade-
quate levels to be detected for a relativelylong
time followingcontamination. Because the fallout
is usually depositedover large areas, most of the
animals collected
may be considered
rather than to an
materials.

over a period of time in the area
to have been exposed to a chronic
acute exposureof radioactive

HA~IALS AND ~

During the nuclearweapons test series in
1958 (OperationBARDTACK I) three oceanographic
surveyswere made by members of the Laboratoryof
BsdiationBiology (Lowmsn,1980; Lowman et al.,
1958; Pslumboet al., 1959). In the first survey,
measurementswere made and sampleswere collected
in a contaminatedbody of water for an intervalof
time startingless than one hour after detonation
of the nucleardevice and extendingover a period
of 48 hours. The samples includedplanktonand wa-
ter samples taken at depths to 300 meters. The
remainingtwo surveys includedareas which had been
contaminatedfor more than one week and for an av-
erage time of six weeks, respectively. During the
time of the above describedSurveys,samPlesof
tuna (1’bunnus~.), albacore (Thuhnuealalun a),
skipjack Euth nnue
sippurus)~&P*;&%p%ea , an-P%
shark caught in the vie- betok Prov-
ing Ground were collectedat uor s-of-landingin
Japan by Dr. Toshiharu&wabata.~ Ssmplesof the
organs and tissuesof tunas comprisedthe major
part of the collectionof more than 1,000 samples.
Wet weightswere taken, the samplesvere dried,
and then sent to the Laboratoryof RadiationBiol-
ogy by Dr. Kawsbata.

The samplesof sss water, plankton,and fish
were counted for total beta radioactivityand se-
lected sampleswere subjectedto radiochemical
separationand analysis. These techni~n~~~n
nthods have been describedelsewhere
et al., 1956; Kawabstaand Reid, 1959; Lowman,
1958; Laman et al., 1957; Pslumboand Lowman,
1958).

RKSDLT8

In the presentpaper the ratios of total
radioactivityand the percentageof total ra-
dioactivitycontributedby individualradio-
nuclidesare consideredwith respect to sea
water and in the food chain coaposedof plank-
ton, omnivorousfish, and carnivorousfish. In
most cases the averagesof severalsamples col-
lected within a contaminatedarea are used in order
to reduce the effect of individualvariability,a
factor which has been consideredelsewhere (Bon-
ham, 1958; Donaldsonet al., 1956;Lowman 1958,
1960; Welander,1958).

In studies.on the uptake of radioactivity
from sea water by planktonthe fractionationof
the radioactivitybetweenthe water and plankton
is usuallycompared on an equal volume or equal
weight basis and a concentrationfactor for t~
radioactivityby the planktonsay thus be de-
rived. However,uptake of radioactivityby plank-
ton from sea water may also be comparedon the
basis of the fractionof the total radioactivity
in the inter that is accumulatedby the con-
tained organis-.

The importanceof urine organismsin affec-
ting the movementand distributionof radioactive
contaminationin the sea has been emphasizedby
several authors (Ketchum,1957;Lowmanj 1958;
Revelle and Shaefer, 1957). In areae of the sea
where relativelylarge populationsof organisms
exist in relationto the total water volume the
organismsmay exert an effect of this type
(Ketchuta,1957).

~ueti>~~~nt address,PuertoRicoNuclear Center, Mayaguez.
‘Scientificnames from:Listofcommon andscientific

names offichesfromtheUnitedStatesandCanada,Zndedition.
Am. Fish.Sot.Spot. Publ.Z. Iozpp. (1960).
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~ Table 1. percentageof total radioactivity in sea Water and plankton contributed by fission products and neutron-
inducedradioisotopes at approximate times of 48 houre, one week, and six seeks after detonation.

~ Time after detonation

, Less than 48 hours Greater than one week Six weeks

Water Plankton Water Plankton Water Plankton

Molybdenum-~9;technetium-9% 5.9 12.0 5.0
144;praesodymium-141,144

0.0 0.02 0.0

C<,ri”m-141, 0.83 3.0 2.1 0.0 20.0 5.0

Ruthenium-103,105, 106; rhodium-103,105, 106 2.1 3.0
narium-140; lanthanum-140

2.2 5.0 16.0 1.4
2.6

Tellurium-132;iodine-132
2.0 6.8 23.0 18.0 0.0

6.2 8.0 5.6
zirconium-95;niobium-95

0.0 0.05 0.0
0.38 1.0 1.0 6.0 18.0 20.0

StrOntium-89,90 0.301 0.0 0.76 0.0 8.2 0.0
&sium- 137 0.01 0.0 0.05 0.0 0.08 0.0
Neptunium-239 54.0 69.0 33.0 2.0 0.02 0.0
Uranium-237 “ 24.0 3.0 43.0 2.0 18.0 0.0
Cobalt-47;%8, 60 0.02 0.0 0.05
Zinc-65

43.0 0.67 24.0
0.02 0.0 0.05 3.0 0.84 25.0

IrOn-55,59 0.02 0.0 0.05 16.0 0.93 24.0
Manganese-54 trace 0.0 0.01 0.0 0.12 0.6

\k.ess than 0.01 per cent.

However, in some tropicalareas, where the to-
tal mass of organismsis very small in comparison
to the volume of the water, the influenceon the
distributionof radionuclidesmay be small and in
the open seas surroundingthe Marshall Islands,at
least,appears to be insignificant.

In the sea at EniwetokProvingGround the ra-
tio of the volume of the sea water to contained
planktonis approximately100,000,000to 1
(Anonymous,1958). The ratio of total radioac- -
tivity in the water to radioactivityin the plank-
ton in the same area was approximately10,000 to 1
at one week and 30,000 to 1 at six weeks after
contamination. Thus at one week the plankton
showed an average concentrationfactorof 10,000
and at six weeks 3,000 for the introducedradio-
activity. The cause of the apparentdrop in con-
centrationfactor of the planktonwith increased
time is not known but has been observedto occur
consistentlyin samplescollectedin the open sea
at the Enlwetok ProvingGround (Lowman,1960;
Lowman et al., 1957; Seymouret al., 1957).

In view of the observationsthat the plankton
containedonly 1/10,000and 1/30,000of the total
/radioactivityin the contaminatedarea at one week
and six weeks, respectively,the organismscould
not have exerted a significantinfluenceupon over-
all movement and distributionof the introduced
radioactivity. However,the planktonmight be
expected to affect the distributionpatternsof
those radionuclidesconcentratedto the greatestde-
gree (iron,zinc, and cobalt). At six weeks the
ratios of total calculatedamountsof radioactive
iron, zinc, and cobalt in sea water to those in
the containedplanktonwere 1,000,900, and 700,
respectively. Thus, even for those radionuclides
for which the planktonexhibitedhigh concentra-
tion factors,the physicalfactorsof the environ-
ment such as gravity and water currentsprobably
exerted the major influenceupon their total
movementand distribution.

In Table 1 the percentagesof radioactivity
contributedby tbe differentradionuclidesin sea
water and in planktonare shown at times of less
than 48 hours, greater than one week, and greater
than six weeks after fallout. The values for
water are based on the theoreticalradionuclide
compositionof fallout3at the given times and are
subject to error because they are not correctedfor
fractionationand precipitationin the sea water.

3
Rat10OicObait-60tostrontium-90(StrometaI., 1958),

ratlOeOf.Obalt-bO tomanganese-54,ir.an-59,
uran,urn-237,

cobalt-58,
and neptunium-239 (Knapp, 1960),ratioof iron-55

‘0 ‘rOn-59(~0~man, 1960).

Because of the resultinguncertainty,the minor
differencesbetween the percentagesof radionu-
clides in planktonand water less than 48 hours
cannot be consideredto be significant. At less
than 48 hours the radionuclidesprobablywere taken
up by the planktonin an approximatelydirect
ratio to their occurrencein the water with the ex-
ception of strontiumand possiblycesium. Of all
the radionuclideslisted in Table 1 only radio-
active stontium and cesium are initallypresent in
solution in the water. Cesium-137has not been
found in any significantamount in any plankton
sample.

Experimentaldata taken in 1958 at the Eniwe-
tok Proving Ground showed that radioactivestron-
tium was activelydiscriminatedagainst by plank-
ton relative to other radionuclides(Lowman,1960).
38mplesof planktonand water were taken and the
amounts molybdenum-99,technetium-99m;cerium,
promethium-141;barium, lanthanum-140;tellurium,
iodine-132;zirconium-95and strontium-90were
determinedby radiochemicalanalysis. The ratio
of observedstronti.um-90to expectedstrontium-90,
based on the observed levels of the other radio-
nuclides,was calculatedfor various times after
detonation. The results were as follows:

Time Observedto expected

3 houre .43
21 hours .06
36 hours .03

At three hours approximately~ as much stron-
tium-90was associatedwith the planktonas was
expected. At 21 hours and 36 hours the observed
levels were approximately1/17 and 1/30 of those
expected. The discriminationagainst strontium-90
in relation to the uptake of the other radionu-
clides,therefore,Increasedwith time up to at least
36 hours. In samplesof planktoncollectedat
later times the levels of strontium-90in the
planktonwere too low to be measured.

Although the radionuclideswere taken up by
the plankton less than 4B hours in approximately
the same ratio as they were present in the water,
selective uptake at greater than one and six
weeks was evident. At approximatelyone week the
three radioelements,cobalt, zinc, and ironcontri-
buted only .15 per cent of the total radioactivity
in the water but accountedfor 62 per cent of the
radioactivityin the plankton. At approximately
six weeks the values were 2.44 per cent and 73 per
cent respectively. The accumulationof fission
productsby the planktonat one and six weeks was
variableand no marked pattern of active concen-
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trationof these radionuclidesby the organisms
was evident.

In the food chain under consideration,the
fed uvon by omnivorousfish. Carniv-

~~~~~t~~sfleinturn. feed upon the o~ivores and
probably,to a lesserdegree,on the plankton.
wring the 1958 surveyssamplesof plankton
and omnivorousflying fish were takenat the same
gamplingstation in an area which had been contami-
nated by falloutabout one week earlier.
(carnivores)sampleswere

The tuna
collectedsouth and west

of the samplingstation,describedabove,about
five weeks later.

The planktonand omnivorousfish may be as-
sumed to have remained in the contaminated body of
water during the week following fallout and the to-
tal radioactivity and the levels of individual
radionuclides contained in these organisms may be
directly compared. However, the total radioactivi-
ty in the tissues and organs of the tunas cannot be
directly compared with that IIIthe plankton or om-
nivorous fish. Tunas are pelagic fishes and are
capable of migrating great distances, in comparison
to the size of the main mass of the contaminated
area, in short periods of time. Thus the length of
time that the fish remained in the contaminated
area prior to being taken cannot be determined.
The levels of individual elements in the organs and
tissues of the tunas can be compared with those in
the other organisms,however, if the total time
spent in thecontaminatedarea by the tunas is rela-
tivelylong in comparisonto the biologicalhalf-
life of the elementsin these fish. The tunaswere
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 dispersedover an
area with a dLameterof severalhundredmiles al-
thougha centralarea of higher radioactivitystill
persisted. If one assumesa more or less random
movementof the tunas and if a similardistribution
of radionuclidesis found in the same organsof
differentfish, it is probablethat the tunas had
remained.Insome part of the contaminatedarea
sufficientlylong for the individualradionuclides
within the tissue and organs to have reacheda
state of equilibriumwith the radionuclidesin the
food items. The average level of radioactivityin
the food items would not necessarilybe the same,
however,as those of the food items taken at the
above described sampling station.

In Table 2 is shown the percentageof fetal
radioactivitycontributedby individualradionu-
clides in planktonand flying fish at one week and
in tunas and wateratsix weeks after contamination.

The total disintegrationrates for the radioactivity
in the biologicalsamplesare also given. Although
the fissionproductsplus uranium-237accounted
for 36 per cent of the radioactivityassociatedwith
the plankton,they were presentonly in trace amounts
in the white muscle and liver samplesof the omni-
vorous flyingfish. In the tuna tissuesand organs
the only fissionproductthat was detectedwas ce-
sluaI-137which was presentin one sampleof white
muscle. The cesium-137in this sample accounted
for only 1.1 per cent (36disintegrationsper mi-
nute per gram of dry weight)of the total radio-
activityand was presentat about the same pe~cen-
tage value of total radioactivityas that in the
water. Cesium-137is present in solution in sea
water and would be expectedto follow the
of naturallyoccurringpotassiumwhich is
trated in muscle tissue.

\-
“Rsdioisotopesof manganese,Iron, cobalt,and

zinc contributed62 per cent of the total radio-
activity in the planktonand almost 100 per cent
in the omnivorousand carnivorousfishes.

Metabolismis similar in all forms of life at
the cellularlevel in both plantsand animalsal-
though they may differ significantlyin form and
complexity. Marine plantsand animals tend to con-
centratethe stable transitionelementsmanganese,
iron, copper,cobalt,and zinc which become tightly
bound to the organisms(Krumholzet al., 1957).
The detailsof the processesInvolvedin the up-
take of these elementshave been discussedelse-
where (Lmman, 1960)and will not be reviewed
again. However,observationsby Korringa (1952)
and Lehninger (1951)indicatethat marine organisms
tend to concentratepositivepolyvalentions but
not positivemonovalentions althoughthe latter
may be present in the environmentin high amounts.

The abilityof the transitionelements to form
complexeswith biologicalmaterialsis usuallynot
affectedby the chemicalcompositionof the biolo-
gical sustrate,and the stabilityof the metal-
biologicalcomplexis usually in the following
biological order.

“Mn*<Fe*<Co*<Ni* <ti*l>Zn*

Uptake of the radioisotopesof these elementsfrom
sea water by the planktonprobablyreflectsthe
stabilityof the metal-biologicalsubstratede-
scribed above. In planktonsamples taken at approxi-
mately one.andsix weeks (Table1) the order of up-
take in relationto the levelsof radioisoto~s in

Table 2. Percentageof total radioactivitycontributedby fissionprnductaand by tbe neutron-
induced isotopes uranium-237, cobalt-57, 58, 60; iron-55, 59; zinc-65, and manganeae-
54 determined in plankton and fieh samples collected at tbe Eniwetok Proving Ground
in 1958. The total radioactivity per grem dry weight ie aleo shown.

Waterl Plankton Flying Fish Tuna

White White muscle Liver Dark EUSC1
muscle Liver A s c D A J

—.— — .—
Ruthenium, zirconium and uranium 52.0-’ 13’.0 ;~aie 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
cesium-137;bari~.137m

0.0 0.0
0.08 0.0

0.0 0.0
0.0

Cobalt-57,58, CO
0.0 a.o 0.0 0.0 0.0

0.67 43.0 10.0 ::; ::: 2.5
I~n-55, 59 . 0.93

0.0 2.3 1.1 2.1
16.0 31.3 81.3 5.a 8.1 25.5 15.0 12.4Zinc-65 0.84 3.0

Manganese-54
58.8 9.9 91.9 89.0 74.5 82.6 86.3 8;::

0.12 0.0 0.0 0.0 0.2 0.4 0.0 0.1 0.2 0.2

TOtal radioactivity “2.3 2.2 1.1
(disintegrations per minute 3.3 1.2 3.6 2.0 5.3 2.9

per sram dry weight) ‘610 X410 ‘610 X310 ‘410 X4 J510 X3 1:410

‘At eix Weeke.

+&Iples frem four different fish: A . big eye tuna (Thunnue obeus); .B - yellow fintuna(Thunnuaalbnc=’ed;
- yellowfintuna:n - bigeye tuna. — —
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the water Was

~anganese < iron < cobalt < zinc.

me order of accumulationis thereforein agreement
with the order of stabilityof the metal-biological
BuEItratecomPlex and suggests that the prlmar prw-

1ess of accumulationof the radioisotopesof t ese
elements by plankton is Probably that of surface
●dsorption although the Process of direct uptake
●nd assimilationmaY also occur. In higher animals,
at least,these ele~nts are intimatelyassociated
with oxygen transPort,electrOn transport,enzyme
function,and the structureof vitaminB12.

Although surface adsorptionmay be an impor-
tant mechanism in the uPtake of radionuclidesby
plankton,this process is of minor importancein
the accumulationof radionuclidesby omnivorous
and carnivorousmarine fishes. In the fishes the
radionuclidesconsideredhere are primaril~accumu-
lated by metabolicProcessesand the route of up-
take is mainlY through the food supply. Only those
radionuclideswhich are biologicallyimportantand
are subjectedto only limited isotopedilutionin
the sea are concentratedby the fishes. The radio-
isotopesof cobalt were concentratedmore than the
other radionuclidesby the planktonand contributed
43 per cent of the total radioactivity. In the om-
nivorous fish radioactivecobalt was discriminated
against, probably as a result of limitedbiological
demand,and accounted for only 10 per cent of the
total radioactivityin white muscle and 8.7 per
cent in the liver. In the tunas the percentagesof
radioactivitycontributedby the radioisotopesof
cobalt in the tissuesand organs were reduced furt-
her to values of 0.9 per cent to 2.5 per cent in
the liver. Thus, the percentageof radioactiveco-
balt in the tissues and organs decreasedprogres-
sively through the two higher trophic levelsof the
food chain. This decreasemay be attributed,in
part, to higher turnoverrates for cobalt In marine
fishes than for iron, zinc, and manganese.

The elements iron, zinc, and manganeseare
biologicallyimportant in enzyme systems and in
oxygen and electron transfer. Iron is a component
of hemoglobin,myoglobln, cytochromes,and cyto-
chrome oxidases and other enzymes associatedwith
oxidation. Zinc is found in the respiratorypro-
tein of the blood in some snails and In the enzyme
carbonicanhydrase. Manganese is associatedwith
peptidases,transphorases,dehydrogenases,decar-
boxylases,and oxygen disposal system in plants
(Eysteret al., 1958; Steward and Pollard,1957).

Of the three elements, the radioisotopesof
Iron and zinc were concentratedin the liver of
the omnivorousfish to a level In which the dis-
integrationrate per unit weight of tissuewas
approximatelydouble that In the plankton. On a
percentagebasis radioactiveIron contributed16
per cent of the total activity in the planktonand
approximately31 per cent and 81 per cent respect-
ively in the white muscle and liver of the omniv-
orous flying fish. In the carnivoroustunas iron-
55,59 accounted only for an average of 7 per cent
and 20 per cent respectivelyin the same organs.
Thus the percentse of total radioactivitycontrib-

8uted by iron-55,5 in planktonwas about ~ and 1/5
respectivelyof the percentageaccountedfor In
the white muscle and liver of the omnivoreand
radioactiveiron contributedonly 1/4 as much of
the total percentageor radioactivityin the ❑uscle
and liver of the carnivoroustunas as it did in the
correspondingtissues of the omnivore.

The reductionin percentage’compositionof
radioactiveiron in the tissuesof the tunas
comparedwith those in the flying fish is coqen-
sated by the increasedpercentagesof zinc-65.

Whereas radioactivezinc contributedonly 3 per cent
of the total radioactivityin the plankton it
accountedfor about 59 per cent in the white muscle
and 10 per cent in the liver of the omnivore. In
the tunas the percentageswere greater than those in
the flying fish, accountingfor approximately90
per cent and 78 per cent respectivelyin the mus-
cle and liver of these carnivorousfishes. The
high levels of zinc-65 in the tissuesof the tunas.
are probablyrelated to the biologicalrequirements
~or metabolismin these active fish.

Radioactivemanganesewas not detected in the
plankton or omnivorousfish. In the tuna samples
manganess-54accountedfor up to 0.4 per cent of
the total radioactivitywith an average percentage
in all organs approximatelyequal to the percent-
age of total radioactivityin the water contrib-
uted by that radioslemsnt.

SUHUARY

Three factorsappearedto control the selec-
tive uptake of radionuclidesfrom sea water by the
plankton,omnivorousfish, and carnivorousfish
studied. These were isotopedilutionby the cor-
respondingstable element or chemicallysimilar
elment In the sea water, the tendencyof divalent
cations to complex stronglywith biologicalsub-
strates,and the biologicalrequirementsfor cer-
tain elements in metabolicprocesses.

The uutake uatternsin the three trophiclev-
els were as follows:

During the first 48 hours followingfallout
the plankton in the contaminatedarea accumulated
radionuclidesin approximatelythe same ratio as
they occurred In sea water. After one week the
radioisotopesof the three elementscobalt, iron
and zinc were activelytaken up by the planktonin
comparisonto the other radionuclideswhich were
associatedwith the planktonat percentagessimilar
to those in sea water. Omnivorousfish which feed
on the plankton,almost completelyexcluded the
fission productsand, on a comparativebasis, con-
centratedzinc-65 and iron 55,59, but discrimi-
nated against cobalt-57,58,60.Carnivoroustunas,
which feed Drimsrflyon omnivorousfishes,discrim-
inated in favor of zinc and manganeseand against
iron and cobalt in comparisonto the relativeper-
centagesof these radionuclidesin their food
Supply.

This work was performedunder contract number
AT(45-1)540between the U. 8. Atomic Energy Com-
mission and the Universityof Washington.
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I RADIOf~IVI~ OF MARINEORGA~W
FROII GUAM, P.+LAU AND THE

GULF OF SIAM, 1958-1959

,ALLYNH.SEYMOUR

INTRODUCTION

Following the Operation Bardtack (Phase I)
~uclear test seriesat Bikini and EniwetokAtolls
in 1958. a study was made to meesure changeswith
time in the radioactivity in marine organisms col-
lected at stations located at distances of over one
thousand miles from the test site. The radionu-

clides of principalinterestwere those from local
Eardtack fallout that were transported hy ocean
currents from near the test site to the collect-
ing areas, rather than the fallout nuclides trans-
ported in the stratosphere. The study following
Nardtack supplemented a somewhatsimilar program
that was begun after the Redwing test series in
1956 (Thomaset al., 1958).

During the Bikini-Eniwetokphase of Hardtack
there were 24 barge, 2 tsurface,and 2 underwater
detonationsbetweenmy 5 and July 26, 1958. A
large portion of the 19 megatons of total fission
yield credited to nuclear tests by the United States
and the United Kingdom for 1957 and 1958 (Dunham,
1959) was produced by these detonation. Thirty to
eighty per cent of the radioactivity produced by
the barge and surface detonations could be expected
to occur as local fallout (Libby,1959) and to en-
ter the ocean within a day or two after detonation
and within a few hundredmiles of the test site.
Practicallyall of the radioactivityfrom the
underwaterdetonationswould remain in the ocean.

One objectiveof the study was to determine if
local fallout from Nardtackcould be detected in
ocean waters at distancesof 1,000 miles or more
from the test site (Guamand pelau are l,20fJand
1,950 miles, respectively,west of Eniwetok). If
80, then an estimatecould be made of the rate of

both the test site (Enlwstokand Bikini) and two
of the collectingaress (Guamand Palau) are within
the path of the westward-flowingpart of this cur-
rent system (see Figure 1). The collectingarea in
the Gulf of Siam Is 4,250 miles west of Eniwetok
but outside the North EquatorialCurrent.

The arrival of Bardtack fallout at the collect-
ing areas was determinedindirectlyrather than by
a direct measurementof the radioactivityin sea
water. The criterion was a significantincrease
in the gross beta activityof marine organisms.
There are two reasons for using this criterion:
first, small amounts of radionuclidesin sea water
are difficult to detect in the presenceof the
salts that are normallypresent;and,secondly,
biological organismsconcentratecertain fallout
nuclidesand thus the specificactivity for them is
higher than for sea water. For these reasons bio-
logicalsamples are easier to prepare for counting
and require less counting time than sea water
samples.

Other objectivesof the programwere to docu-
ment the level of radioactivityin marine organisms
from the western Pacific, to provide additionalin-
formationabout the biologicaldistributionof fall-
out nuclides,and to compare the results of this
study with the study followingthe Redwing teat
series of 1956.

SAMPLE CGLUCTION, PREPARATIONAND COONTIlfG

Sampleswere collectedat approximatelythree-
month intervalsbeginning in June 1958 and contin-
uing until November 1959, exce t in the Gulf of
Siam. i’There were four collect ons in the Gulf of
Siam and six each at Palau and Guam. Samples in-
cluded fish, crabs, lobsters,snails, clams, algae,
and plankton. In addition,72 weekly planktonsam-
ples were collectedat Palau, site of field head-
quartersfor the George VanderbiltFoundation.

Plankton samples were preserved in ten per
centformaltn, but all other sampleswere sent fresh-
frozen from the field etations to the laboratory.
The sampleswere held in a freezeruntil they were
processed,at which time they were thawed, dissec-
ted, weighed, dried at 950 centigrade,reweighed,
ashed at temperaturesUD to 5400 centigrade.and

movement of local falloutby ocean currents, in again reweighedprior tb counting.
this instancethe North EquatorialCurrent, since

O@ 137 *CF I@ .
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Figure 1, The major surface current nymtems in the north PacificOcean
(afterSeckelad WaldrO~, 1960),
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All of the samples were counted for gross beta
mctlvityand some for gamma-mitting nuclides.
Cenersily,gross beta counts are of limitedvalue
because they are neither quantitativenor qualita-
tive but have been useful here to indicatethe
orrivalat the collectingareas of water-borne
fallout nuclides. In other instancesbeta counts
~re useful for purposesof comparisonwhen it can
be assumed that the isotopiccompositionof the
samplesbeing compared is approximatelythe same.
In addition to the determinationof gross beta
~ctivity,specific nuclideswere identified,quali-
tatively,in a limitednumber of samplesby gamma
Dpectrumanalysis.

The beta-countingsystem was composedof the
Following units: a thin-window 1 3/4-inch, pancake-
type Geiger-Mueller detector, an automatic sample
:hanger with the lead shield modified to accommo-
date the detector, a decade scaler, and a printing
timer. The cups for the automaticsample changer
rereadapted to hold 1~-inchstainlesssteel
>lanchets.

The gamma-countin$system was a model of a
systemdescrlln?dby Heath (1957). The copper and
:admium-linedshield weighed five tons and was
milt with lead bricks into the form of a cube, 36
incheson a side and four inches thick. me detec-
:orhead consistedof a three-inchby three-inch
iodiumiodide crystal and a 12-stage,kbree-inch
)hotocathode that was placed in the center of the
;bield,a minimum distanceof 12+ inches from the
bides. The impulses from the detectorhead were
.ranemittedto a 256-channelanalyzer.

1 1

k

u
o

RESULTS

The resultsof gross beta counting are given
in Appendix Table A as average values. With few
exceptionsthe average is computed from the counts
of three samples,each from a differentspecimen.
The total number of samples counted was 825, but
in addition there were 495 recounts either to es-
tablish decay curves or to confirm the original
counts. The common and scientificnames of the
specimensare listed in AppendixTable B.

Some of the data from Appendix Table A have
been selectedfor graphicalpresentationin Figure
2. Since all of the data could not be presented
convenientlyin Figure 2, data representativeof
general results were selected.

Seventy-twoplankton samples,collectedweekly,
were obtainedfrom Palau in addition to six tri-
monthly samples from Guan and four trimonthlysam-
ples from the Gulf of Siam. The data for these
samples are presented in Appendix Table C and
Figure3.

Gamma spectrum analyseswere made of 17 sam-
ples to determinethe presenceof specificgamma-
emittlng nuclides. The sampleswere selectedfor
geographicallocationand high gross beta counts.
Results of analyses corrected to date of collection
are given in Table 1.

One of the limitationsin the interpretation
of the results is the fact that the gross beta
counts have not been correctedfor decay during the
intervalbetween times of collectingand of count-

I I
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Figure 2. Average gross beta activity of marine organismm from
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P!gwre 3. Gross beta activity of plankton from Guam, Palau, and the Gmlf
of Slam. 1958-1959, based on single observations.

ing the sample. This interval averaged 247 days
for the first collectl-n, 161 days for collection
II, and 38 to 78 days for the other four cOllt?Ct-
ions. Therefore.z1; reportedvalues are low and
by an amount tha! Is estimated to range from 12
to 35 per cent rw percentageerror was estimat-

; ed from decay curves tnat were arbitrarilysOlOC-
ted after inspec!totti :9 decay curves for these
data and also flecn;.~rves of Bonham (1959). On a
log-log plot the %J<JW* of the selectedcurves were
-1.5 for samples ~-,::P~ted prior to the arrival of
the Hardtack fallout ~nd -1.4 for later samples.

A reliablecorrectionfactor for decay was
difficultto derive either empiricallyfrom other
data or theoreticallyfrom considerationof the
compositionof falloutbecause the nuclidespresent
in the sampleswere a mixture of unknown nuclides
with different,unknown dates of origin. The best
source of informationabout decay rates that are
most like the Guam and Pslau samples is Bonham
(1959),who has determinedthe gross beta decay
rates for 106 types of samples from the Eniwetok
area for periodsup to seven years. However,be-
cause of within-sampleand between-samplevariation,

Table 1. Nuclide+ !dentified by gamma spectrcmetryin single samples from Guam, P81au and Oulf of Siam, 1956-
1959, (v. !,rnein terne of micrmmicrocuries per gram of wet weight and corrected to date of collection,)

Number of Potassium Manganese Cobalt Cobalt Zinc
Area

Zirconium Silver
Sample type Date collected specimens -40 -54 -57 -60 -65 -95 -1100

Guam (sur~eonfish) .
mike le October 6, 1959
liver April 4, 1959

(sp;f;~rsnail)
January 8, 19S9

liver July 29, 1959
liver October 7, 1959

(spiny lobster)
liver November 3. 1959

(Trldacna clam)
—,

October 21, 1959
(goat f%

muse le September 29, 1959
(Tridacna Clam)

kidney September 29, 1956
kidney April 14, 1959
kidney September 28, 1959

of Siam

6 4+1’
3 2s z 17

4’
6 79 + 11
7 54 T 13—

6 91*2

10

10 3f 1

7
1
3

t
2of a 2f 1 137212

2
180+ 8 59+ 5 4+2
3577 5 231; 3 19; 1
207~ 3 109~ 210: 1 632 5

? 25 ? 40 30 502

1003 ~ 31 2340 ~ 30 275 ~ 19 2z~I

12+2 16 + 157+1
5; 1 11 T 1 20: 1 30~ 6
85~20 294~20 50~ 7

#

No ga&a emitting ~“clide= ~ther tkn potasei”m-40 Identified in the six samples examined whichincluded: fish
.-. ‘uscle (E ine hel”s)

(Dicty~tfi~-n&~~~h liv.r
(Kstsuwonue), clam kidney (Tridacna), cla= soft Parts (Area),al-e

&
95 P@r cel1 error in net count; E - 1.96 (Ns/t~ + Nb/tb) 1/2
~aith l&ndbOOk, ~g60. 95 ; from U. S. Public Ssalth Service Radiological

‘pproXiMItP valUe based upon &caY ❑cheme fOr ~ilver-llom and efficiency factOr fOr cesium-137. Without a‘Iandard fOr silver-nom Compton ~orrect Ion factors not calculated and therefore estimates Oi Other radiOnuclidea
1. sampl~, also are approximate.
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IL~ha.’s decsy rates were of limitedusefulness.
~ theoreticaldecay curve for ❑ixed fissionpro-
~cts could not be used becaua the compositionof
~~ ❑uclides In the sampleswas not that of mixed
$la~ion products. Probably the best estimateof
~cay can be made from a decay curve thSt is deter-
●ined for each sample, but even then therewill be
~ degreeof uncertainty b0CaIM3Wof the need to
extrapolatefrom a decay curve that is not neces-
~ril~ linearon either a semi-logor a 10g-10g

plot

A limitation on the interpretation of the
plankton data resulted from the use of whole sam-
pleS including many species of organis8s rather
thanof samples which were sorted by species. The
composition of plankton catches varied a good deal
from catch to catch and the uptake of specific nu-
clides by variousspecies of planktonorganisms
could be expected to differmarkedly; therefore,
the variationin radioactivityof whole plankton
samplesmay reflect species differencesonly.
Eowever,separationof these planktoncatchesinto
speciesis entirely impracticalbecause,in addition
to the great effort required,the quantityob-
tainedof each specieswould provideonly a minute
.9ample.

Accuracyof the estimateof the rate of trans-
port of Hardtackfalloutby the North Equatorial
Currentwas limitedby lack of informationas to
the exact time and place of entry of the fallout
into the ocean. There may be an error up to 50
iays in estimatingtime and one to two hundredmiles
in estimatingplace of entry. Also, it was assumed
that the falloutwas transportedin a direct line
>etweenthe two points of reference,but Miyake et
il. (1955)have shown that there is considerable
ieviationin the flow of the North EquatorialCur-
rent near Bikini and Eniwetok. It is obvious that
the percentageerror in calculatingrate of trans-
port becomes less as time and distanceincrease.

CONCLUSIONS

The followingconclusionsare based upon data
presentedin AppendixTables A and C and Figures2
and 3.

(1) It appears reasonableto assume that sig-
nificant increasesin gross beta counts of some
marine biologicalsamples were a valid criterionof
the arrival of water-transported,local fallout
from Hardtack.

(2) One type of sample in which the presence
of Hardtack falloutwas not evident was fish mus-
cle, for which the counts remainedat essentially
backgroundlevel for all collectionsregardlessof
date or area of collection. For Guam the values
ranged fro 3.9 to 6.1 micromicrocuriesper gram
of wet weight; for Palau, from 3.5 to 5.6; and
for the Gulf of Siam, from 3.5 to 6.6.

(3) The counts of groinsbeta activity
differedgreatly for the three collectingareas.
The counts of Guam sampleswere considerably
higher than those from Palau, which in turn were
very much higher than the counts of the Gulf
of Siam samples< The levelsof radioactivityin
the Gulf of Siam samples were approximatelyback-
ground and did not change significantlywith date
of Collection.

(4) The arrival at Guam of Bardtackfallout
tr~nsPorted by the North EquatorialCurrentoccur-
‘ed ‘tween ~tober, 1958, and January,1959. The●rrival at Palau was approximately threemonths
later, betweenJanuaryand April, 1959, but was not~a ~~rnl= ‘nAi-qtedbecause the levelsof radio-,-., .-”.>.

activity were considerablylower than at Guam.
Variation in the counts of the weekly planktonsam-
ples from Palau partiallymasks the upward trend
of the counts during the first part of 1959. This
variation is believedto be due to differencesin
the species compositionof the plankton catches.

(5) The sampleswith the highest gross beta
counts were clam kidney (Tridacnasp.) and spider
snail liver (Lambislambis). The relativelylow
values for liver samplesof Palau spider snails
were an anomaly. The highestvalues for clam kid-
ney and for spider snail liverwere, respectively,
204 and 356 micromicrocuriesper gram of wet weight.

(6) Gross beta counts of some Guam and Palau
samples prior to the arrivalof Hardtack fallout
indicatedthe presenceof radionuclidesfrom prior
test series. Values were higherat Guam than at
Palau.

Two estimatesof the rate of westerly advance
of Bardtack falloutwere made: one, the rate from
Eniwetok to Guam; the other, from Eniwetok to
Palau. The estimateswere based on the assumption
that the falloutoccurredat Eniwetokon June 15
(mid-pointof test series),traveled in a straight
line to Guam and to Pslau and arrived at Guam on
?iovember15, 1960 (mid-pointbetween the October,
1958, and January, 1959, collections)and at Palau
on Febusry 15, 1959 (mid-pointbetween the January
and April, 1959, collections). The calculated
rates were 8.0 and 8.1 nauticalmiles per day, re-
spectively. The closenessof the values is fortui-
tous but they are in reasonableagreementwith
previousestimatesof the rate of transportby the
North.EquatorialCurrent of fallout from other
test series. From data publishedby Miyake et al.
(1955),Harley (1956),Seymour et al. (1957),and
Lowman (1960)the calculatedrate for periods
from one month to one year ranged from seven to ten
nauticalmiles per day.

In Table 1 the amounts of specificgamma-emit-
ting nuclidesas determinedby gamma spectrometry
are tabulated. sampleswere selected for type,
area of collection,and high gross beta count. In
addition to naturallyoccurringpotassium-40,the
radionuclidespresent,in order of abundance,were
cobalt-57,cobalt-60,manganese-54,cerium-144,
zinc-65, zirconium-95,and silver-llOm. The great-
est value was 2,300 mlcromicrocuriesof cobalt-57
per gram of wet weight of clam kidney (Tridacna).

It is to be noted that silver-nom was reported
as cesium-137and manganese-54at the time this paper
was presentedat the Symposium. The nuclideshad
been identifiedby gamma spectrometryand the two
principalgamma peaks for silver-llOm,0.67 Mev
(millionelectronvolts) and 0.89 Mev, were mis-
taken for the 0.66 Mev gamma peak of cssium-137
and the 0.84 Mev gamma peak of manganese-54.
Further investigationsby Palumboand other co-’
workers in our Laboratorysuggested the presence
of silver-llOm,which was verifiedby chemical
separationof silver from the sample and by gamma
spectrometryof the separatedcomponent. The
identificationof Silver-nom is of special inter-
est because it ie a falloutnuclide which has not
been reportedpreviously,and so far it has been
detectedonly in the “liver” of the spiny lobster.
At the time that silver-lIOmwas Identifiedin the
sample of spiny lobster,collectedat Guam in
November,,1959,Palumboalso identifiedas silver-
llom an unknown”nuclide in spiny lobster liver
collectedat Eniwetok in March 1961.

Gamma-emittingnuclidesother than those listed
in Table 1 ❑ay have been present in the samplesbut
were not identifiedbecause their radioactivitywas
below the levelof detec~ability,or their photopeak

$
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bidden by the photopeak
of a more abundant nuclide

~lth camma raYs of approximately the same energy.
~uc.IItks In the lattercategory that might have
~en .,xp,.ctedin the samples analyzedincludedCO-
bait-37 and cerim-144

as well as cobalt-60 and
when two nuclides that emit gamma rays ofzinc-65.

●pprOximatelY the same energy are present in a sam-
ple, often one nuclide can be identified by scan-

oing the gamma spectrw
for other photopeaks from

the same nuclideor from assocated nuclides, with-
out resorting to radiochemical methods. The nu-

clides listed in Table 1 were identified solely by

Scannln!ithe gamma spectr~ except for silver-llOm,
ss mentioned above.

Further analysiS of the samples from Guam,
~lau. and the Gulf of Siam for specificradionu-
ciides was nvt attempted bec?use of the extensive
work done by the HanfordLaboratorieson radionu-
clide compositionof similar SamPleS collectedaf-
ter the Redwing test series in 1956 (Thomas et al.,
1958). TO the extent that the 1956-1957samples
could be compared with the 1958-1959 samplesthere
were no gross differencesin resultsbetween the
two groups of data.

BUMMARY

Following the ~rdtack weapons test series at
Bikiniand Eniwetokin 1958, samplesof fish, crabs,
lobsters,snails,clams, algae, and planktonwere
collectedat Guam, Palau, and in the Gulf of Siam
by the GeorgeVanderbiltFoundationfor radiologi-
cal analysesat the Laboratoryof ftadiationBio-
logy The collectingareas were 1,200,1,950,and
4,250 miles, respectively,west of the test site.
The gross beta activity was determinedfor all sam-
ples and tbe gamma-emittingnuclideswere identi-
fied in selectedsamples.

The rate of westward transportof local fall-
out from the Sardtackseries by the North Equator-
ial Currentwas estimated at eight miles per day
between the test site ●nd Guam and Palau. The
criterionfor the a:”r~valof the falloutat the
collectingarea was a significantincreasein the
gross beta count of certain biologicalsamples.
The levelsof radioac!tvitywere considerablydif-
ferent for samples from the three collectingareas:
the countsof samples from Guar were notablyhigher
than those from Pelau. which in turn were very much
higher than those from the Gulf of Siam, which were
essentiallyat background level for all collections
The gross beta counts of fish ❑uscle from all areas
from all collectionswere constantand less than
seven micromicrocuriesper gram of wet weight. The
sampleswith the highestgross beta countswere
clam kidney and spider snail liver, with maximums
of 204 and 356 micr~icrocwies per gram, respec-
tively. Gross beta counts of some Guam and Palau
samplesprior to the arrival of tbe Hardtackfall-
out indicatethe presenceof radionuclidesfrom
Prior test series. Gamma-emittingnuclidesother
than naturallyoccurringpotassi~-40 included,in
order of abundance,cobalt-57,cobalt-60,mangan-
ese-54,cerium-144jzinc-65,and sxlver-llOm. The
Kreatestvalue was 2,300 micromicrocuriesper gram
of wet weight for clam kidney (Tridacna).

The oc-c~]rrenceof silver-llOm in the liver of the spiny
lobsterwas of special interest because it is a
Prf’v~[Juslyunreported fallout nucllde and so far

has been detectedOnly in spiny lobster “liver.”
Additional informationon radionuclidesto be ex-
pected in marine organismsfrom the western pacific
can be found in the report of the BansfordLabora-
tories on the radionuclideanalysesof samples col-
lected after the 1956 Redwingtest series.
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~ ●ll organismsat Rongelap but that the levels
~ which they occur are extremelylow and so escape

passingfrom the soil to the soil solution,
be term being used here to mean leachatescollec-
d in [he field from lysimeters,strontium-90,
olum-137.and antimony-125are the PrlnciPal nu-
IIdeS found. althGuii2~G1’’6-Rh106,cerlum-144,
~d ~,uropim-155 are also detectable (Cole et al.,

61). Here differencesexist with respectto soil
~ In [hat the leachatesfrom ImmatureSO1l,
lsi~tin~almost exclusivelyofparent material,
,n~a~nedonly antimony-lzs and strontium-90.

I

,Iercis to US no evident explanationfor this
iflerence.

The ground water probably contains these nu-
Iides since their IIIOVement has been detected in
eachates to depths of 30 inches,but the levels
re so low In ground water that special techniques
ould have to be developedto detect them.

I
The land plantS COntain principallycesium-137

and strontium-90. Manganese-54and zinc-65have
en found in plants from the more heavilycontami-

natedIslets but are present in relatively insig-
nificantamounts. In general, cesium-137 accounts I

for 90 per cent or more of the radioactivity in the
land plants and strontium-90 for the remainder.
This is unlike the situation usually found on con-
tinental soils and is a consequenceof thm low
potassiumcontentof Rongelap soil. Amendmentsof
potassium to Rongelapsoil reducethe uptake of
cesium-137by plants (Walkeret al., 1961),and
affect the distributionof cesium-137within the
plant. There are, of course, differencesbetween
plant species and plant parts with respect to the
relative amounts of cesium-137and strontium. For
example, copra containsvery little strontium-90
as comparedwith Psndanus fruit,and the basal
leaves of various plants containmore strontium-90

i

relative to cesium-137than do the terminalleaves.
This variationis related to differencesin mobil-
ity between cesium and potassium,and strontium
and calcium.

! The rats contain cesium-137 and strontium-90,
~reflecting the radionuclides present in the plants
~on which they feed, The coconutcrab and the land
$hermitcrab (Coenobitaperlatus)contain the same
inuclidesbut concentratestrontium-90,as has been
treportedfor Ccenobitafrom EniwetokAtoll (Held,
~1960)

I
I

The occurrence of radionuclides in man at
Rongelap has been summarized by Cohn et al. (1960).
In 1958 these nuclides were cesium-137 and stron-

1tium-90 coming form the food plants,and zinc-65
coming to man from marine products.

/

The birds, which feed almost exclusively on
‘ marine organisms, contain primarily zinc-65 and
occasionally small amounts of manganese-54 and [
cobalt-60. Strontium-90 is also found in small
amounts in bird bone and may reflect direct uptake
from the inRestion of soil, although there is no
direct evidence that this occurs.

Radionuclide.; in fish are limited to manganese-CA .–.-,.
60, and zinc-ij5,

dominant the latter being pre-
On a dry-weightbasis for a sample Of

goat flsl:(Mulloidichth s s-amoensis) testes have the
“uh’st ‘e~~~r , gastro~ntest~na~tract,
●nd ~YeS arc lower by about an order of magnitude,
●nd the ❑uscle ?-a bone lower by still another
order (Ifataunit~u=,

If the total amount of radio-SI:lV!CY hy IISSUC 1S considered,
prln~:paldOpOSlt{,ro then bone is tne

:::’:::; ;c::’;:!at:ie ‘;:r::e”:;:::;:: !:: [
inc-65 (Joyner, 1961, per-1

“,,”

>,A,,

vertebratescontainingzinc-65are known to be con-
sumed by fish found to containzinc-65, but, in
general, no definitesourcesof zinc-65 are known II
to exist five years after fallout. It is possible
that there is concentrationof undetectablelevels
from the sea water or algae. The possibilitythat
❑ost of the zinc-65 radioactivityin fish is resid-
ual appears to be ruled out by the fact that young
fish contain relativelyhigh levels.

The marine invertebratestaken as a whole con-
tain a wider spectrumof radionuclidesthan ti he
fish.

T

These are manganeme-54,cobalt-57,60,zith
f;~ strontium-90,cerium-144,and probablye opiw

The corals containcobalt-60and are thd
only invertebratesin which strontium-90has bees \

consistentlydetected. Rom limited data avail-
able thus faritappears that these nuclideswere
deposited in tbe skeletslmaterial soon after fall- “
out and have remainedlocalizedin portionsof the
coral colony activelygrowing at that time. The
clams containmostly zinc-65.cobalt-57and cobalt-
60. Weiss and Shipman (1957)originallyreported
the concentrationof cobalt-60in the kidney of
Tridacnidclams collectedat Rongelap in 1956.
Animals such as the sea cucumber (Holothuria,
Sticho us) and spider snail (Lsmbis,
hgest large afnountsof=om ~%&%;;
contain ruthenium-106,cerium-144,and probably
europium-155.

Of several speciesof algae sampled in 1959
the only radionuclidesdetectedwere ruthenium-106,
cerium-144and europium-155. In general, the
levels of radioactivityin the algae are lower
than in the fish or invertebrates.

The planktoncontainmanganese-54,cobalt-
57,60, zinc-65,zirconium-95,ruthenium-106,and
cerium-144,but all in minute amounts. In 1959
plankton samples collectedby pumping a total of
two and a half million gallonsof water were
pooled for gamma-rayspectrumanalysisand were
found to contain only enough of these nuclides
for qualitativeanalysiswithout resortingto
chemical separations. Further analysishas been
deferred until other studieswith the individual
samples can be completed.

The lagoonsedimentscontain strontium-90,
ruthenium-106,cerium-144,and europium-155. The
radioactivityis associatedmainly with the fines
and is concentratedin the top two to four inches,
dropping off rapidlywith depth.

Rsdionuclidesother than naturallyoccurring
potassium-40were not detected in sea water al-
though larger samplesand more sensitive techniques
undoubtedlywould have revealed their presence.

In sum, on land the present distributionof
long-livedfissionproducts,strontium-90and
cesium-137,can be expected to remain very much
as it is now. The levels of radioactivitywill be
reduced primarilyby physicaldecay of the radic-
nuclides so long as other factorssuch as changed
agriculturalpracticesor a catastrophicstorm
do not occur. In the lagoon, the levels of radio-
activitywill declinemore rapidly than on land
because of the presenceof shorter-livedradionu-
clides, with the exceptionof strontium-90. The
latter does not enter the mmrine food web to any
significantextent and may remain as a label use-
fui in evaluatingthe long-termeffects of physical
forces in tbe lagoon.

SUMMARY

The qualitativedistributionof radionuclides
at Rongelap.4to11os determinedapproximatelyfive

I
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r. after contaminationby falloutfrom a thermo-
Iear device indicatemdistinctdifferencesbe-
n the terrestrialandmarine environments. The

-la of radioactivity ●re low, the concentrations
ing lees than the max-m permissibleconcentra-
00 for radlonuclidesin food or drinkingwater of

Of the wide spectrum of radionuclidesconcen-
ted in the surface layers of the soil, stron-

lum-90, ●ntimony-125, ●nd cesium-137are the prin-
~pal nuclidesentering into the soil solution.

principainuclides in the land plantsand plant-
ting Animals such as coconut crabs and the
digenous rats are cesium-137and, to a lesser

8trontiuD-90. Sottom sedimentscontain
inly strontium-~ and europium-155. The radio-
clidea in the lagoonwater have not been detected
t are probablypresent lItminute amounts. Plank-
nic organismscontain traces of manganese-54,

57,60, zinc-65,zirconium-95,ruthenium-106
ad cerium-144. The principalnuclidefound in the
rine algae is cerium-144. In the marine inverte-
ates cobalt-60and zinc-65 occur most commonly.
rals and corallinea16ae contain some strontium-
, while the fish and sea birds are found to con-
in mostly zinc-65. The presenceof zinc-65,
sium-137,and strontim-90 in the body of the na-
ives reflectsa diet of both mmrine and terres-

!
rial origin.
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INTRODUCTION

k

F{.+;~apers~’xlst‘Jnthe radloresistance of ‘he
* ,Jfll..h{sat various developmental stages.
.ndcr (1!)54)showed the resistance of rainbow

put lg~s to Increase with advancing age of embryo,

f:

as did Rugh and Clugston (1955)for mndulus hetero-
clitus. 8elyaevaand Pokrovskaya(1957,1958-
ported on severalstages of developmentof the eggs
of the loach,Misuurnusfossilisthroughlate blas-
tula. Golvinskaiaand Romashov’suseful review of
the literatureappearedin 1958. Rugh (1954)gave
pertinentdata fqr amphibiandevelopment. Interpre-
tationof the findingsof all of these authors dis-
closes a relationship of radioresistance to stages of
embryonic development, that is common to fish and to
at least some other organisms. Thus it is our ob-
jcctlve to determine the rate of increase in radio-
resistance of fish eggs with advancing embryologi-
cal development, to compare this rate with some
other type of organism, and to quantify the re-
lationship if possible. We present one block of
Welander’s heretofore unpublished data on irradiated
silver salmon eggs and refer to published litera-
ture for the rest of the data.
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I. Sov@&r sod December 1951 the silver salmon,
~rhy(’hUSkisutch which had honed to the rearing

OdS at the Universityof Washingtonin,seattle
re spasned artificially and incubated In screen

skcls in hatchery troughs.
Methods of irradiat-

sc~~~da;~ ~Zl~~~~~i?~9~~gspan~2~?~v~~dw~~~eas
icfly as follo~s.

Fertilized eggs were irradiated at each of 23
tagc’sof development from zygote to late-eyed
tage. About 50 to 100 eggs, barely covered by
tcr. rested in a single layer on a flat SCreen,

ad were confined by a low plastic collar. A
~~kc.r deep therapy x-ray machine operating at
@OO kilovolt peak and 20 milllamw, with \un&sten

1
~ Srget znd filters of one millimeter alumlnum and

millimeter copper plus an approximately equal
[Inherent filtration. delivered about 100 roentgens
~r minuteat a distanceto the eggs af 39 to 40
*entlmelerS. DUSe rate was determinedwith a Vic-
~oreen ~~o-roentgen medium energ} chamber and
#eter. Doses ranged from 12 to 2.400 roentgens,
:tnrrementedby a factor of approximately two. &?v-
~en doses distributed to embrace the anticipated

g~~~~l ‘iose-soWere
used at each embryological

Eggs were returned to the incubating bas-
kets in the hatchery troughs immediately after ir-
radiation. Dead eggs (at least Partiallyopaque)
were removedonce or twice daily and preservedin
formalin.

RESULTS

Figure 1 shows post-irradiation mortality re-
lated to time for each of 23 experiments. The
stage of developmentand the percentageof the in-
cubationperiodattainedat the time of irradiation
Sre inserted at the upper left in each graph. 8e-
low the abscissathe day of x-rayingis indicated
by an X, and the maximumrange of the hatchingpe-
riod, by a solid horizontal line at about 60 days.
After about 80 days most of the mortalities re-
rnalnedfairly constant to the end of the observa-
tion period at 150 days, as seen in the last graph
(23) where this later period is shown for an exam-
ple.

The lethaldose-50’sat hatchingwere calcula-
ted for each experimentexcept numbers i’,19, and
23 using the method of @’rber (1931; p. 481) as
modified by Irwin and Cheeseman (1939; p. 574),
nfter adjusting for control mortalities as shown
by Finney’s (1944; P. 68) use of Abbott’sformula.
Lethaldose-50’sat 150 days were simila~~~ ~;;-
Culated omitting experiments 7 and 19.
(less than 0.1 per cent) accidental deaths were
simply subtractedfrom the original totals when
computing percentage mortalities.

In order to utilizethe data of the experi-
knts omitted in calculating lethaldose-5Cf’s,andto serve as a uniformbasis for comparisonwith
other orKanismsreportedin the literature,

ii
sub-ectivv(’stlmateswere made from the graphs of

guru 1 at hatching,and from extensions of these
IIraphsto 150 days as exemplified in Figure 1 by
e~vrlment 23, Graphs for experiments 1 through22 were arbitrarily shown to only 80 days,

althoughth~lr ~’xlc’nsionsto 150 days were available for
referenrc Table 1 gives the resulting evaluations
of Ie!hal dose-50. Graphs of these relationships
Sro tih(,mnin Figure 2.

Por relating lethal dose-50 to Stage of embry-
~~~ ‘r larval development at the time of irradia-

te stage of.development was expressed aS
percentage of developmental period from ferti-

Table 1. 143tbal doee-50 of silver salmon ir-
radiated at 23 stages of incubation,
50 to 100 eggs per calculation.

Per cent of Lethal dose-50 in roentgens
incubation

when At hatching At 1501days
irradiated calculatedlest imatedz calculated estlmatedz

.088 66 80 25 20

.170 30 50 16 20

.224 373 450 277 300

.250 177 400 26 80

.295 249 600 S4 150

.331 471 600 309 400

.413 800 400

.493 114 400 97 200

.57 108 170 120

.97 268 350 2: 300
1.18 350 400 300 400
1.42 264 400 211 300
1.66 298 350 296 300
1.9s 98 120 93 100
6.5 586 800 465 400
8.4 669 800 88 800
14.6 702 800 635 700
17.4 757 1,200 138 800
36.5 1,600 Soo
40.4 921 1,600 115 600
48.8 1,423 2,400 607 700
71.6 1,871 3,000 488 700
77.7 3,000 874 1,000

lCaJ.culatedlethaldose-50’s.
2Lethaldose-50’sestimatedfrom graphs.
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Figure 2. Relationship of lethal dose-50
to per cent of incubation attained at time of
irradiation of eggs of silver salmon. Upper,
lethal dose-50 at hatching. Lower, lethal dose-
50 at 150 days. Circles and 601id lineS,
calculated lethal dose-50’s: crosses and.,
broken lines, estimated lethal dose-50*s from
graphs.
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llxstionto hatching
for fish, or to metamorphosis

for aspttlbi~.
~greaBion~ were calculated(Snede-

cor. 1956)ualn~ ~ogarithlc ‘ransformation”‘e
au-r of observations,

the regressioncoefficients,
sn~ the probabilitiesdeterminedfrOm the VSIUe of
-t appear in a summarizing table (Table 6).

ANALYSIS OF PUSLIS~ RESULTS

welander (1954)irradiatedthe eggs of rainbow
trout (%1= Kalrdnerii)in variousstages from
one-cellto late-eyedstage. From his Table 1
●nd 2 It 1s possibleto relatelethaldose-50as
deter~lnedboth at hatchingand about two months
Ister at the completionof yolk absorptionto per-
cenLage.ofIncubationreachedat the time of irra-
dlallon. ~tllal dose-S)’s were also estimatedfrom
Welander’s (1954, page 235) graphs, and both cal-
culated and estimated !ethal dose-50’s are used in
Table 2 and Figure 3.

Table 2. Lethal dose-50 of rainbow trout
at six stages of incubation.

I)ercent of Lethal dose-50 in roentgens
lnclt>a~ion

WI).*11 At hatching At end of olk stage
irradi~ted calculatedl estimated 1calculated estimated

.28 78 80 70
2..54 468 600 3E 400
17.3 524 700 461 600
25. 735 1,000 454 500
67. 3,000 415 600
89. 4,000 904 1,000

1Lethal dose-50’s calculated by Welander (1954, page
233)
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?l~ure 3, 6elati0nship of lethal dose-50
{,JWIF COnt Of incubation of rainbow trout
“t~a ‘h*n irradiated (Welander, 1954) ~thal
~<,.e-~o”~ ‘Ictl.rminedat hatching (upper) ,

and● ! end ,,fyolk stdKe (lower),
*.,114 11,,..”, circles andba~,-dOn calculated lethal dose-:.o’~,<rO$tU”U .indLrtiken li”~s, based c)”
e.!lu ted I..lhal do~e-50,s.

Rugh and Clugston (1955)describedthe effects
of x-radiationupon variousstages in the embryonic
developmentof F%ndUIUS heteroclituq Althoughthe
lethaldose-50 is not stated.their descriptionsof–=–—_—_
results ermitted our estimating the lethal dose-50

Y(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 Figu:e4
give the trendof embryonicradioresistanceof
Funduluswhich closelyresemblesthe preceding
trends.

Table 3. R&sponses of embryos of ?undulusheterOclitKS.
to x-irradiation,fromRughandClugmton,
(1955),withsubjectiveestimates of lethal
dose-50 bssed upon their description.

Stage irradiated Estimated
lethal

Name Per cent dose-50
or of incu- at hatching

number bation Effect (rnentgens)

1- to 1.14 -300 to 400 rowntgens resul-
2-cell ted in stunted, but other-

wise normal development ;600
roentgens ,25 per cent hatche~
stunted; reachsd stage 15
when controls at stage 22. ... 400

2- to 1.90 -Only slightly leas sensitive
8-cell tbsn 1- to 2-cell; 500

roentgens permitted quite
normal development ........... 600

ll;ex- 5.30 -1,000 roentgens permitted
panding only afew to hatch... ....... Soo
blastula
8-day 72.S -Tolerated up to 3,000
embryo romntgens without a marked

decrease in the number de-
veloping normal ly............ 3,000

0 y’-’’”
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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. .

Selyaevaand Pokrouskaya(1957,1958)reported
for the loach, ismrnus fossilis,that anaphase-

most sensitvemitotic phase,20
times as sensitiveas interphase,and that radio-
resistancerose with advancingembryologicalde-
velopment. From their descriptionof results,le-
thal dose 50’s may be roughlyestimatedfor four
stages (Table4), but, because of the high resist-
ance at last blastula, variability is tuo 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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c~,ltitc.Or Icttialdme-50’s of Misgurnus
fiss~. embryos based upon descriptions
,If..lrrsdlat ion oxporlments by SSlyaeva
●nd PokrovmkAym ( 1957, 1958) at four s;~~8s
f developwn~ (rOferrOd tO SOlberg’s

~i~ table for Funduluti fOr quantifying) .

Estimated
lethal

‘Ont dose-50

*r’<,,- at hatching

Itatc’d,,.ti(li,Y.. ar SCJUrce description (roentgens)

I
,s’

Am -
IophamoO 5? 1958 Figures
Imt la and lb

14

2-3
E...l”

200 rosntgcns,
hatching,but
abnormal forms
found;500 roent-
gens ,some larvae
hatch, abnormal .

500 roentgens,
all hatch ;l,000
roentgens ,
majority hatch.

100

300

300

1,200

0 metamorphosis, a Period of 90 days. Some of
is descriptionspertainingto the lower doses, and
ur own estimates from these descriptions of the
esulting lethal dose-50’s at metamorphosis appear

The relationship of lethal dose-50’s
o percentage of the period from fertilization to
tamorphosis at the time or irradiation is plot-

ed in Figure 4 along with the relationship for
For amphibiantwo trends are evident, a

low increase in radioresistance in the early sta-

1

es up to the time of neurulation (two per cent of
he premetamorphic perio ) ex~ressed by the logari-
thmicequation Y = 8229 x .0712 followed after

a more rapid increase in resistance,
‘~~&t&.’6$~ Hatching, at 5.4 per cent of the
remetamorphic period, appears not to affect the
ate of increase in radioresistance.

1 Table 6. Regression of lethal-dose-50 upon
of tbe egg to batching, for fish,

Table 5. Rmiponses of amphibian embryos and larvae to
X-rays, modified from dataof Rugh (1954) .
Subjective eStiMMteS Of lethal dOSe-50 are
based on Sugh ‘a description of effects.

Estimated
lethal

Per dose-50
Days cent at meta -
Of of 90 morphosls

No. age days Osscription and results (roentgens)

00 0 -Newly fertilized egg(sperm
enters egg) :150 rmentgens, 50
per cent deve loped normally ....150

1 .013 0144-Polar body extrusion (19 min-

2 .042 .047

3 .15 .167

6-8 .4 .44

11 1.47 1.63

12 1.75 1.94

13 2.1 2.33

19 4.6 5.4

21 6.8 7.6

23 9.0 10.0

40 60 67

utes) :300 ruentgens, developed
only to yolk plug stage. .....,.1S0
-Zygote: 300 roentgmns, 18 per
cent gastrulated, then died. ...200
-2-cell, 2~ hours: 300 roent -
gens, reached late gastrula
54 per cent neurulated. ........200

-Blastula, 16-many-ce 11:180
roentgens, lived indefinitely;
360 roentgens, 70 per cent
had nerve cord .................250
-Gastrula :300 roentgens, de-
veloped to external gill
larvae ,but with ventral tail
flexurm ........................250

-Yolk plug stage: 300 roent -
gens, died at 9 days ...........2OO
-Neurula: 300 roentgens, some
outlived duration of experi-
merit...........................300
-Satching: 300 roentgmns, no
effect; 600 roentgens, 54
per cent lived 5 days ..........500
-Early external gill stage: 500
rosntgens ,survived 3 months
to metamorphosis; 1,000 roent-
gens, survived 7 days ..........700
Absorbing external, and
growing internal, gills: 1,000
roentgmns, indefinite survival;
2,000 roentgens ,20 per cent
died in 8 days; 15,000 roent-
gens, 50 per cent died in 9
days .........................1.500
-Premetamorphos is.. ...........3.000

per cent of development from fertilization
or to metamorphosis, for aatphibla.

I Latbal dose-50 (Y) in terms of per cent development (x) when irradiated

[ Using calculated lethal dose-50 Using estimsted lethal dose-50

State
when l~thal ~ ~ ‘w ~;Cbn ;Cs

-.
hwln

-;Z< ;:

‘Oruanlx. dose-50 was E @
Authority determined ~ < c?!8: ;!: ‘.:5’b t p ! ~ 1:: iig t .05sb t P

-r (present) hatching-- l-on 20 240 .421 .194 4.56 <.001 23 393 .398 .137 5.83 <.001
mlhh.. - wela&lder

150 days 21 125 .331 .18S 3.6S <.005 23 1s7 .390 ,135 6.46 <.001
hatching.,,,”, 4 179 .457 .547 3.59 <.043 6 198 .612 .245 6.92 <.005

%.qu, ”m Uuuh ~nd end of yolk 6
hatching

131 .390 .231 4.68 <.01 6 163 .390 .214 5.04 <.01
Cl””m,n,. 4 394 .469 .149 13.7 <.01.

t

. ..---- -,

-“.- . . . .

~lYmOVa and hatching
Pokrov”kaya 4 214 .925 1.62 2.33 <.2
Rugh

me ta=orphosis . (preneurulation) 7 241 .0896 .0794 2.90 <.05
(postneurulation) 5 185 .698 .415 5.35 <.02

“~a,am la lhm tlttod logarithmic equation,

Ad4ttic,el.~ Y - axb.
.---.”” “x c .Ossb frOm b give tbe .05 confidence interval .
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-,L.;.at!~,rns of embryonic radioresistance Of

~~ !:~h,.$ snd amphlbla under consideration may be

gpr,.+’.(’~:-3!h(>m~~lC~~ly ‘ith ‘air cOrresWndence
p~,<.,.:l.p<.<lt,s. T3ble 6 shows the available re-

~=,.,l !:.s,,[ ;c,~hal dose-50 determined either at
mt, ,.,:,:L,,r s~~mt~what later upon Percenta& devel;g~

,nt ‘ ) h~tchin~ for fish, or to metamorphosis

r

p!)l!l.. wh(.,]Irradla[ed.

uisrt,tiard;n~ the data for Misgurnus which
lacks ~(a[,~llcal sl~nlflcance, and considering
~yii.. and [he tour pairs of values for salmon

Dd [1’{,ut!]ast’don both
calculated and estimated

~fhal dOSt,-50”S the data of Table 6 show a

pan irnd standgrd error lethal dose-50 for the one
er c(,rrt(lo~arlthlc Y-intercept) level of incu-
Itlon. of 223 f 34 roentgens. The nine correspond-
,K ~oufflclents of regression averaged 0.431 and
lnged from 0.331 to 0.611’ ‘ith prObability ~~?,ues

~t or beyond tbe 0.08 level when tested with
w preneuruiation and postneurulation regressions
jr amphtbla are of comparable statistical
Irnlficance.

Redioresistance

1
For salmon and trout a comparison was made be-

wecn calculated and estimated values of the lethal
ose-50 given by the regressions. Figures 2 and
and Table 6 show the value of the estimated,

tendin~ !O exceed that of the calculated. lethal
~80se-50. The slopes of the lines do not differ
$Jignificantly, however, when regression coeffi-
cients are compared by the method of Fisher (1946,
p. 140).

I#ffectSince time is required for radiation to take
the apparent increase in radioresistance

~with advancing stage of development of an organ-

[

Ism, is in part a futrctionof the decreasing time
Interval between irradiation and the stipulated
ytime of determination of the lethal dose-50. The
ishortening of this interval loses importance, how-
~gver, when the lethal dose-50 is determined at an
@appreciably later stage for doses administered be-
$fore hatching. Secause of the decreased mortality
irate between hatching and either yolk sac absorp-
tion (trout) or 150 days post-fertilization (salmon),
!the lethal dose-50’s at the later stages were only
~slightly lower than at hatching (Figure 1, experi-
ment 23). Thus , the increased resistance In the. . . . .
later stages Is real ratner tttanapparent.

Although variability in early radioresistanc’e
is apparently only slightly species dependent,
variation in radioresistance is neverthelessbeliev-
ed to occur as a result of difference due to s“tage
of development, especially in the early ~bryonic
sta~es Fitting of straight lines to our observa-
tions representingrandom samplingof stagesis not
●eant to preclude the existenceof great deviations
caused by developmental processes within this
Bencral trend. Henshaw (L94tI, p. 919) showed for
the sea urchin Arbacia that the resistance fluctua-
ted by factors or two to three in a cyclic manner
from fer[llization, through the second cleavage.
IItlfakh and Rot[ (1958, Figure 3, curve 1) indicat-
.d Ih~I the synchronous early cleavages are accomp-
•nl~’~!JY 11 cycles of oscillation involving abou~
● fl~~.-f,>ldfluctuation in the radioresistance to
@o ll,(.ntti{ins{Jfthe egg of Misuurnus fosSillS
during thr !Irst SIX hours after fertilization. In
the ,.arly ,iesvages of the silver salmon we have
trl~-d~J dl~,’,.rnany possible relationship between
109 \a14es ,! lt.rhal dose-50 and known or suspected
~rI,,,In ,f ~ufi~iptthility, for example
pharle f alt,s,h the ana-

Although an a&socia~ion of
radll,srnm:!lwt!) mllh phase of mitosis or other
dotrl ,pxn!A: +lai~s undoubtedly exists. it iS not
Sflo9r.b! .il,rdata,

q{~r~ study of the early cleav-
●Ce ~rl<d Is needed.
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SUMMARY

Experimental data and analysis of published
results indicate that the radioresistance of the
embryos of fishes and amphibia increases with ad-
vancing development in a way that.may be expressed
mathematically. Eggs of silver salmon were x-
irradiated in 23 stages of development randomly
selected from one-cell to late-eyed stage, at each
stage using seven dosages incremented by a factor
of about two. Lethal dose-50’s at hatching and at
150 days post-fertilization were both calculated
and estimated from graphs. The regression of log
lethal dose-50 in roentgens upon log percentage
of incubation attained at time of irradiation was
computed at both hatching (Y = 240 X0,42) and at
150 days (Y = 125 Xo.33). These t=gresslonco~f-
ficients (the exponents of X) had confidence Ilmlts
determined by t .05sb = 0.194 and 0.188, with 18 and
19 degrees of freedom respectively. The regressions
represent general trends rather than the most sensitive
stage. Estimatesfrom the literaturegive similarre-
lationshipsfor rainbow trout,Fundulusand Mis urnus,

+-although the regressionfor Misgurnuswas non-signl
cant Amphibianradioresistanceincreasedvery slowly
from fertilizationto neurulation,and then sharply
from neurulat,iomalmost to metamorphosis.
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) INTRODUCTION

~ ~h~.~3rc earths include the elements in the
i~r [~ble from lanthanum to luteti~ (atomic

.- .W ~~ through 71) and, because of their s2Ml-
,t ~h,.m~{.~1beh3vlor, yttrium (atomic number39)
,4.,.ar,~lm(a[omic number 21) usually are in-

!“ a discussion of the rare earths. This

---- IL grouP of elements, often !eferred to
~ ~h~,’!an,hanides or lanthanons, received llttle

It(,ntiun untii radionuclides of the group became
/z~Iat)Icfor study. Under normal conditions the
,re ,.ar~hsexist in aqueous solutions only as the
rlvnlenl Lens. This constancy of oxidation state
Fist’sfrom the fact that beyond lanthanum added
lectr[)~senter an inner shell (~f) where space
r [4 ,[cutrons exists. The filling of the 4r’
‘ill ieads to the rare earth series and causes the
UStIaI properties of the members of this series

The availability of radiolantha-
ides and recent improvements in ion exchange and
olvent extraction techniques have made feasible
he previously difficult separation of these ele-
‘ents from one another. A comprehensive review of
he radlochernistryof the rare earths has been pre-
ared recently by Stevenson and Nervik (1961).
cause of their special characteristics and their

bundance in radioactive fallout, these nuclides
serve detailed consideration from the standpoint
f their distribution in the environment and their
ptake by living organisms.

There is little information regarding the
resenceof the rare earth elements in nature. In
inogradov’s (1953) compilation of the chemical
opposition of marine organisms only a few data are
iven for the rare earths. Trace amounts of
raseodymlum, neodymium. samarium, cerium, lantha-
M, and yttrium have been found in the coralline

Lithothamnion Yttrium has been found in
adloiarlans, globigerina silts and gorgonaceans
nd samarium has been found in two species of cor-

In the land environment small amounts of
are earths have been found in soils and in crops
nu native plalits (Robinson, 1943).

The rare earths occur usually in insoluble
orm and thus are not readily available for uptake

s. The lactors which control the
are earth nuclides in the environment and in the
iota can be divided for the sake of COnVt?ni.enCe
nto two Kroups, the physico-chemical and the bio-

‘Thebiological factors relate to the
btlltyor ]nabillty of the organisms to absorb
~cli~es Illtll~particulate state, and these fac-
Orh dvpend in turn on the types of organisms and
~. m,.t!,[.,ishy which

nutrients enter them.

Th’ phy~lco-chemical factors govern the dis-
rlbutlun and availability of the nuclldes and in-

‘t’ radioactive haLf-iife, the physical

Jn~ Lht? chemical behavior of the element
r+d,cr”.11:1Oth.f:rfOrCes in nature which Will be

A4!h,uxh many radioactive lanthanides are
:’ lh~ pr,)ductlonof nuclear energy, only a

‘f‘k~”~,.!laVCbSerlstudied i“ relationto their
in the environment and their fate in

%* ,,.

living organisms. This discussionwill be concern-
ed primarilywith Ce144-Pr144,lanthanum-140,Pro-
methium-147,and yttrium-90,91.

PRYSICO-C!EEMICALFA(TTORS

The physical half-life in combination with fis-
sion yield affects the abundance of the rare earth
nuclides produced during nuclear detonations. Thus
as shown in Table 1 cerium-141and lanthanum-140,
the rare earth daughterof barium-140,are present
fo~ ~ relativelyshort time after fission,whereas
Ce 4 -Pr144and promethium-147persist for some
time. The resultsof radiochemicalanalysesof
planktonsamples illustratethe fact that the com-
positionof rare earth nuclideschangeswith time.
Planktonsamplescollectedone week after a series
of nuclear tests in 1958 in the Pacificcontained
23 er cent Ba140-La140and no detectableCe144-
Prl~4. Samplescollectedatsixweeks, however,
containedno 8a140-La140while Ce144-Pr144contrib-
uted five per cent of the total activity (Lowman,
1960). About a year after the 1954 test series
Harley (1956)found that 80 to 90 per cent of the
radioactivityin the planktonwas due to Ce144-
I%144; no other rare earth nuclideswere reported.

Table 1. Percentage abundance and physical half-
life of some rare earth fission products.

Percentage abundance at: -

10 30 1 10 Physical 2

Nuclide days days year years half-life

lanthanum-140 12.0 12.5 40.2 hours”
Cerium-141 6.3 11.2 33.1 days
Cerium- 144 2.0 26.5 285 days
Praseodymium-144 2.0 26.5 17.3 minutes
Promethium-147 5.7 15.8 2.64 years
Yttrium-90 1.8 21.8 64.2 hours
Yttrium-91 3.4 7.6 3.9 57’.5days
lJeodymium-147 4.8 4.1 11.1 days
Praseodymium-143 10.0 11.2 13.8 days
Samarium-151 2.5 approx. 93

years

‘From Hunter, H.F., and N.E. Ballou(1951).

2From Strominger, D., J.M. Hollander,and G.T. Seaborg,
(1958).

The physicalstate of the rare earth nuclides
is a most importantfactor in determiningtheir up-
take and distributionin the environment. When the
rare earth nuclidesare formed in the high tent-
peraturesassociatedwith nucleardetonations,
they exist probablyas oxides;and upon contact
with other matter and with the sea or with fresh
water, they retain theirparticulatenature,pri-
marily as the hydroxidesof the type R(OH)3.
Greendaleand Ballou (1954)determinedthe phys-
ical states of various fissionproductsfollow-
ing their vaporizationin sea water and distilled
water and found that the majorportion of the
cerium and yttriumwas in the particulatestate
(Table2).

Table 2. Physical state of cerium and yttrium
following an undenfater vaporization.l

Physical state (per cent)
Element Solution ionic colloidal particulate

Cerium sea water 1 4 95
2.7 4 94

distilled water O 0.5 99.5
0 2 98

Yttrium sea water 0.4 2.2 98
;.;” 6.6

distilled water 13 =
1:3 19 80

1
From: Greendale, A.E., and N.E. 8allou (1954).
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*, dtf?rrvnt ●xiea ‘f ~~g~~r~~~~~”~~~~rent
)tri- * ●nd cerl--l44in ~act, s~ner (1949) found that one
~-•

*he yttriUM-90b~Y~~’g’ ‘
~@CY ~}f&gu~, vesl U1OSU8, J sessile
~~ia!ed nearly ●1
Ml-

.Mr=as ●nothar variety accumulated very

Ittl@ AImo. Boeen and Rubinson (1951) found
~~ o yrant selected lanthanufO-140from the ❑ed-

m. lHCY suugested that lanthanw uptake might be

~>n property of yeast growth.
Later investi-

~tl,)ns,hOwevcr. showed that this apparent selec-

Ivltyw~~ in reslit,ya surface adsorption phenOm-
~0 ~lh,wcn.personal communication). Since a

~lQil~.aI requirement for the rare earth elements
~ not twcn demonstrated positively, the selectiv-
~y dcncrlbd in the examples above is probably .
w t,, differences in the external surfaces of the
~anlsms. Chipman (1958) and ~vis et al. (1958)
Bgrm[ed that the extent of accumulation of the
re earth nuclides by.aquatic organisms Is at
set partly related to the surface area of the
ganiwa.

SUMMARY

Many radioactive lanthanides are made avail-
~e in the production of nuclear energy; however?
udlcs of their distribution in the environment
d their uptake by living
nod primarily to Ce144-pr?$$an~~$nz-~? ~;~

thium-14’1,and yttrium-90, 9i.

Ecologicalfactorsgoverningthe distribution
the rare earths are physico-chemical and bio-

gical. The first are concerned with the proper-
es of the nuclide and the nature of the environ-
nt, and the second with the selectivity and re-
ntion of the nuclide by the organism.

Secause the rare earth nuclides -usually
ist in the particulate state, they are not read-
y available to and are poorly abso~bed by terres-
lal or aquatic organisms. They are accumulated
incipallyby surfaceadsorption,and the degree
accumulation can be related to surface area and
species differences.

Laboratory studies indicate that animals, in-
uding man, are unable to absorb the rare earths
any extent from the gastrointestinal tract and
at elimination of them is rapid. The principal
tes of deposition are L.hebone and the liver.

This work was conducted under contract number
(45-1)1385 between the U. S. Atomic Energy Com-
Esion and the University of Washington.
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k Tbe lnterrvlatl-hlpe betweenorganismsand
~,r .avtro=nts are uually assumedto be recip-
~sl cbe environment controls the conditions un-

~r ●blch tb@ orK*als- exlst and the organisms, in

~o . smy influence the state of the environment.

Th@ effects of the organismsupon the envi-
~~n! arc usuallymore subtle than the recipro-
,1 ~latloahip, primarilyas a resuItof’tbe
Phtivvly small totalmass of the organisms.
~vcr,one of the salient characteristics of the
l~phere is its chemical reactivity and, although
~ gvocratlonof organlaemmay producean almcst
~~t[.~tablealteration,SlgniflCantchanges in
~ environmentM8Y be broughtabout by the organ-
)- over ● period of many generations.

On the other hand, many effectsof the en-
lrottment upon the organisms are easily observed
Icauec they are USUallY effectiveduring the
ifetimoof any one organismand may be detected
ring a reasonableperiod of observation.

Thu daittant environmental factors often pro-
tceimmvdiateeff=ts uPon the organismthat are
wtimcs comwideredto be of the greatestimpor-
mco . However, within the environment, some
ysical factors may cause minor changes which
e cumulative over a long Periodof time,result-
g in greatly altered environmental conditions
om those which would have existed had these
ocesses not been in operation.

The environmentis the result of the inter-
ay betweenmatter and energy. In the material
ase of the environment,low availabilityof a
ven chemicalelementmay exert a limitingeffect
on localorganisms. Thus, a low Ievelof

phcsphatein marinewaters may exert a limiting
effect upon phytoplankton production, and defi-
ciencies of cobalt or copper in pasture lands may
prodwe anemia (wastingdisease)in grazingstcck
(Underwood,1956).

In additionto the immediateeff4?CtS,the
characteristicsand availabilityof a chemical
element tbrough~t the hist~y of the biosphere
MSY have resulted in detectable Mtterns of u’Sili-
zation or non-utilizaticmwithin organismsnow
living. ‘hese patternsmay not be easilydis-
cerned unlessa largevarietyof organism from
different environments are compared.

A given chemicalelementmay also exert sec-
ondary effects. A few elementshave produced
significantalterationsin the availabilityof
other chemicalelementsto the organismsduring
the historyof the bicsphere. If some of these
alterationsbad not been effected,severalecologi-
cal relationshipswould now be differentfrog
thcee that are okserved.

Iron and, to a lesserdegree,cobalt are
elements which have exerted primary and secondary
effects upon the environments, and thus upon the
organisms. Some of these mechanis~ have extend-
ed back to times earlier than the origin of the
bicsphere.

The roles of iron and cobalt in eccs stems ‘
iare primarilydependentupon their availa ilities

to the organisms. The availabilityof theseele-
ments is determinedby their distributionand
chemical forms in the lithcephereand hydrosphere.
the presentelementalccwopasitionof these en-
vironmentalsphereshas been determined by:
(a) the amounts of individualelementsproduced
by the reactionswhich formed the originalmater-
ial of the earth, (b) fractionationwhich oc--
curred early in the formationof the earth, and
(c) fractionation which has occurredand is
occurringas the result of geochemicalprocesses.

In Table 1 are shown the abundancesof sev-
eral elementsin the solar atmosphere,the total

blo 1. Abunftanoos of elemente in tb ●olsr atmosphere, total earth, crust of the earth, and in sea water.
The amounts of the elements supplied to the aea and the percentages of the amounts supplied now in
solution. Plue (+) signifies trace aaounts.

Total
Solar

Percentage of
Total Crust of

Atmosphere
supp 1ied Total Element

earth
(grams per
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.0024 0.14
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0:014
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lorine 2.7 0.05

0.01
00s 0.03 300.0

taaulum 0.02 190 0.019
lCI,,m

10,000.00:00033 0:07
,.0036

2.6 0.04
0.61

1.55 2.6
Mal l,,. .000031

3.6 0,04 2.1s
i::02auane~o

‘on .00086
0.02 0,0000002 0.009

167
0:09 0.10 0.0000002

halt
0.06 0.0003

:00034
35.0 5.0 0.000001

Ckel 0.20
3.0 0.00003

.0029 0.002 0.00000005
?1-r 2.7

0.0014 0.004
.000058 0.01 0.0000002 0.005 0.004

*C
.00021 + 0.01 0.0000003 0.004 0.007

lvt,,l*n,,m ‘+ +
dlna

0.01 0.000001
+

0.00s 0.01
0,0015

—. . 0.000001
+

0.0009 0.11
0,00003 0.000006 0.00001s 33.0
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●*A’., J .D personal communication , after Goldberg,

“’1-* ‘r* ~ld*Chidt, in &nkama and sahama
1961

, 1950.

‘$’;o.*rLt●ddr08a: Puerto Rico Nuclear Center, Mayaguez,
-no R,,.
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id pesent Organism in the sea. Sufficient
arsenic, copper, selenium, moIyMenum,,-,,UD(Sof

been suppliedto marinewater during#cdleadhave
~,,,,lwlcalhistorYto have resultedin a poisoned

had they not been scavenged~J[.lne environment
~r,~ the water (M=on~ 1958).

The chemical characteristics of iron and co-
~alt wblch influence their distribution in tbe
!lth~phere and hydr=phere are a~o i=mtant in
~~,,,ir utilization by organisms. Iron and cobalt
~r,, transition elementsand exhibittbe cbarac-
t(,rlstiCs of variablevalence,e~y ~idatim and
~cduction, and a strong tendencyto form complexes
Wl[horganicmaterial.

Thus, they are potentially useful in physlo-
IOgicalprocesses in both animals and plante, in
which these chemical characteristics are required.

Although the amount of iron required by
plants iS low, It is nevertheless essential for
growth. It is a constituent of several enzymes
and carr~ers which operate in the cell respiratory
Hhanism of which catala-se,peroxidase,cyto-
chromes,and cytnchrome oxidaseare examples
(Miller,1957). It is physiologicallyactive in
theferrousstate and when takenin as the ferric
ion,is rapidlyreduced in the cells. It is one
of the mcst immobileof all elementsin plants
(Biddulph,1951;Meyer et al., 1960),and often
cannot be absorbed from tbe soil although it may
be plentiful. With low pH and la internal phoe-
phate, iron is readily absorbed by roots or leaves
and rapidlybeccinesdistributedin the plant.
However,at neutralityand high levelsof ph~phate,
iron,applied to leaves,is precipitatedin the
veinsof the leaves (Rediskeand Biddulph,1953).
Iron is toxic to plants only in the case of low
soil pH, lack of aeration, or combinations of these
conditloos (Meyeret al, 1960).

Cobalt has not been proven to be essential
for higherplantsalthoughit is requiredb lower

!plantssuch as algae and fungi (Miller,1957.
Cobaltdoes aid in tbe accumulationof chlorophyll
in the leaves of some bigber plants. It decreases
the dec~p~ition of chlorophyllin tbe dark
~Soloveraand Makorova,1961),and activatessome
plant enzymes includingcarboxylaaeeand peptidases
(Meyer et al., 1960).

In animals, iron can he ingestedonly in the
ferrous state. It is an active component of
hemoglobinand myoglobinand is associatedwith
theactivityof cytocbromee,cytochromeoxldases,
andcatal=e. Thus, it is importantin animals
in oxidativeprocesses,transportof oxygen,
storageof oxygenin muscle,and in intermediate
cell~tabolism. It is usuallystronglybound in
theanimalbody and, therefore,bas a lW turn-
overrate (underwood,1956).

Cobalt in animalsis active in vitaminB12.
~eitberhigher plants nor animalscan synthe-
sizethe vitaminwhlcb is formed primaril hy
bacteriaand actlnmycetes (Sherman,1957;. Cobalt
is poorly retained by mcst animal ti.wsuesand is
rapidly elimimted by many animalspecleS (Under-
wo~, 1956).

Thus the functio~ of iron and cobalt in
Plants and ani~le are at least partly knuwn and
the geochemical characteristics of these elements
have been dete~i=d.

‘hservations
Eowever, these types of

do not neceesarlly provide the in-
formation requiredto determinethe mechanism
-hlchcontrol the uptake of theseelementsby
organism fra their ent’irotIMents* Even if the
amounts of iron and cobalt were measuredin re-
~resentat~ve s~ples of the organismsand their
‘!nVlro~ents, only the static conditionat the~lmeof samplingwould be determined.

The biologicalfactorswhich control the
levelsof iron and cobalt in various trophic
levelsare itEOMpletelyknown and experimental
data are needed on the mmements of theseelements
throughgiven ecosystems. Some of these factors
include: (a) populationsizes, (b) population
biomasses,(c) ratios of populationsurfaceareas
to biomassee,(d)chemicalcharacteristicsof SUP

face areas of differentspecies, (e) averagemove-
ments of pOpulatiOIkS,(f) movementsof individ-,
uals, (g) feedinghabits, (h) physiologicalse-
lectivity (i) turnwer rates, (j) reproductive
rates, (k} growth rates, and (1) average life
spans.

The characteristicsof the biota in a given
environmentare usuallycomplex and subject to
continuedchanges in balance. The interaction
of the great number of variablesupon each other
result in an over-allproblem of such complexity
that the solutionprobablycannot be achievedby
tbe determinationof the variablesand applying
them to mathematicalmodels.

A simplifiedapproachto the ccmtplexproblem
of iron and cobalt metabolismin a given eco-
system is that of producinga perturbationin the
system and studyingtbe resultingfluctuation
throughthe system. Tb introductionof one or
mme radioisotopesof the element into the system
at one a more trophiclevelswill simultaneously
producethe perturbationand tbe marker by which
the fluctuationmay be followed, An approxima-
tion of mass transferwitbln the system may also
be achievedif the amountof isotopedilutionin
samples frm all trophic levels is determined
with increased time after tbe introductionof
the radionuclide.

The interrelatiomhipeof the environment
and the various trophic levelsmay be more ac-
curatelydetermined,hmever, if tracerexperi-
ments in an ec~ystem are correlatedwith select-
ed investigationsin the laboratoryto determine
accuratelysome of the above mentisnedcharacter-
istics of the organisnmi.

The use of radionuclides as tracersdepends
on tb premisesthat: (a) tbe chemicalproper-
ties of all isotopesof a given elementare
identicaland that the introducedradioelemnt is
in the same chemicaland physicalform as the
naturallyoccurringelement, (b) tbe added radio-
nuclidedoes not result in sufficientradiation
damage to alter tbe viabilityof tbe organisms,
and, (c) the added radionuclidedoes not signifi-
cantly increasethe total amount of the eleaient
under co=ideration.

lkxt of the otmervationson the cycling of
radionuclideshave been made in areas of fallout
from nuclearweapons tests, at sites contaminated
by reactor i=idents, in areas receivingcooling
water from large reactors,or downstreamand
dowuulrtdfrom installationsin which radioactive
materialsare processed.

In the coolingwaters from reactorsseveral
neutron-iochxedradionuclideshave been identi-
fied, includingiron-59,Cobalt-58,and cobalt-
60 (Beath,1956;Moeller, 1957;Conley, 1954;
Fater and Roetenbach,1954;Rebeck et al., 1954).
In falloutfrom nuclear tests the nuclides
iron-55,iron-59, cobalt-57,cobalt 58 and
cobalt-60,have been reported (Kawabata,1954;
South and Lmman, 1955; Rinehartet al., 1955;
Yamadaet al., 1955; Saiki et al., 1955;Mori
and Saiki, 1956; Yoebli, 1956;Nagasawaet al.,
1956;Seymouret al., 1957; Lowman,et al., 1957;
Luuman,1958;Palumbo and Lowman, 1958;Welander,
1958; tin, 1960).

Only a limitednumber of olmervatiommba’ve

<
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Men made concerning the levelsof radioactive
ironand cobalt in areas contaminatedby reactor
effluents,primarilybecauserelativelysmall
amountsof these radionuclidesare produced.

Krumholz and Foster (1957)reportedthe con-
centrationfactors for iron-59 in several organ-
ismscollected in the Columbia River. The con-
centrationfactorswere as follons:

phytoplankton 200,000,
filamentous algae 100,000,
insect larvae 100,000, and
fish 10,000.

The primary producers,the phYtoPIanktonati
filamentousalgae, concentratedradioironto a
high degree. The co=entration factor for zoo-
planktonwas not reportedbut probablywas about
the same ss that of the primary producers since
the concentration factor for insect larvaewas
of the same order of magnitude. In the fish, how-
ever, which accumulateradionuclidesprincipally
by ingestion,the concentrationfactorwas about
one-tenththat of the other organisms.

Several observationshave been made in the
tropicaloceanic and terrestrialareas of the
Central Pacific Ocean regardingthe amounts of
radioactiveiron and cobalt within organismsand
their environmentsand have been reviewedby
Lowman (1960). In these studies the levelsof
radioactivityin solution,in colloidalform, and
associatedwith small particlesin sea water have
been compared with the radioactivityin plankton,
sessile invertebrates,filter feedingand carniv-
orous fishes, and birds whose sourceof food is
marine organisms. On land the amount of radio-
activityhave been measured in soils, plants, and
herbivorousanimals. In addition,analyses of
soils under the nestingareas of birds have been
made in which the radionuclidecontent has been
altered by the excrementof the birds which feed
upon marine organisms.

Iron and cobalt are microconstituentsof
livingmaterial and, althoughpresent in small
amounts,are importantin the normal metabolism
of most organisms (Table2). All of the micro-

,constituentsexcept boron and silicon have high
specificgravitiesand atomic numbersin compari-
son with the primary and secondaryconstituents.

In sea water, iron and cobalt are also mi-
crcconstituents,contributingonly 0.000001and
0.00000005percent respectivelyof the total
mass. The radioactiveforms of these elements
introducedin fallout are thereforesubject to
limitedisotopedilution by the corresponding
stableelement in the water. A comparisonof the

Table 2. The invariable primary constituents of
living matter according to percentage of
body weight (Webb and Fearon, 1937; Mason,
1958) .

Primary Secondary Microconstituents

(1 to ( 0.05 to (less than
60 per cent) 1 per cent) 0.05 per cent)

Hydrogen Sodium Boran
Carbon Magnes iurn Iron
Nitrogen Sulfur Silicon
Oxygen Chlorine Manganese
Phosphorus CalCium Copper

Iodine
Cobalt
Molybdenum
Zinc

amount of isotopedilution in sea water for
radioisotopesof biologicallyimportantelements
is as follows (cobaltisotopedilutionevaluated
to one):

Micro-
Primary Secondary constituents

Hydrogen 2.2 x 10~ Sodium 2.1 x 10~ Manganese 4.0
Carbon 5.6 x 102 Sulfur 1.S x 107 Iron 20.0
phosphorus 1.4 x 10 Chlorine 3.S x 105 Cobalt 1.0

Calcium 8.0 x 10 Copper 6.0
Zinc 20.0
Molybdenum 20.0

Radioisotopesof all of the microconstitu-
ents of biologicalmaterialare subject to less
isotopedilution in sea water than are the prim-
ary and secondaryconstituents. Thus, for equal
amounts of radionuclidesadded to sea water an
organismwould have to concentrate2.2 x 1 8

8times as much stable hydrogenand 8.0 x 10 times
as ❑uch stable calcium as it wculd stable cobalt
to contain an equal amount of each of the three
radionuclides.

Marine organismsdo exhibit the abilityto
concentratemany elements from sea water (Donald-
son et al., 1956; Soroughset al..,1957; Krumholz
et al., 1957; Imwman et al., 1957, 1959;Seymour
et al., 1957; Urwman 1958; Palumbo et al., 1959),
and it is usually assumed that the organismsrapid-
ly acquire a major fraction of the radioisotopes
of these elements introducedin fallout. At the
EniwetokProving Ground this does not recur,
probablyas a result of the planktoncontributing
only one part per miIlion of the total volume of
sea water plus organisms. Although planktonex-
hibit high co=entration factors for some elements
the relativelysmall amount of these organismsin
the tropicalwaters resulted in their containing
only 1/10,000of the total radioactivityat one
week and 1/30,000at six weeks after the water in

Table 3, Percent of total radioactivity in sea water a.d..-—. —-- plankton contributed by fission products and neutron-
induced radionuclides at appm-ximate times of 48 hours, one week and mix weeks (Xnapp, 1960; Lowman,
1960) . The percents of total ●re underlined.

Less than Greater than
4S hours One week Six weeks

Water Plankton Water Plankton Water Plankton

MOlybden~ - 99, Technetium - 99m
Cerium -

5.9 12.0 5.0
141,144, Praesodymium - 141,144

0 0.02 0
0.83

Ruthenium - 103, 105,1O6, Rhodium - 103,105,106
3.0 2.1 0

2.1
20.0 5.0

3.0 2.2 5.0 16.0 1.4
8ari”m - 140, Lanthanum - 140
Tellurium - 132, Iodine . 132

2.6 2.0 6.S 23.0 18.0 0

‘irconium -
6.2 S.o

95, Niobium - 95
5.6 0 0.05 0

‘trontium - 59,90
o.3a 1.0 1.0 6.0 18.0 20.0

Cesium - 137
0.30 0 0.76 0 8.2 0

~eptun~”m - 239
W.ol o 0.05 0 0.08 0

uranium _ 237
54.0 69.0 33.0 2.0 0.02 0

cobalt - 57,58,60
24.0 3.0 43.0 2.0 1s.0 o

‘Z1OC- 65
0.02 0 0.05 43.0 0.67 24.0

Iron 0.02 0 0.05 3.0 0.84 25.0
- 55,59

‘anganesg - 54
0.02 0 0,05 16.0 0.93 24.0
trace o 0.01 0 0.12 0.6

~OR fmdl”~t’”i”is
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which they were taken bad been cont~i~ted.

The planktoncontainedonly a s~ll fraction
of the total radioactivity,however,the amounts
of radioactivityper unit volume,includi~
radiOSctlveiron aMd cobalt,were much greater in
planktonthan water. In Table 3 the averageper-
centageOf total radioactivitycontributedby the
principalradionuclidesin sea water and plankton
at times less than 48 hours, one week, and six
weeksafter contaminationare shown. At 48 hOllrS
thePerCefftagecofnposltioosof water and plankton
were similar, indicatinglittleor no selectivity.
However,at one week cobalt-57,58,60,and
iron-55,59contributed43 percentand 16 percent,
respectively,of the total radioactivityin
planktonand 0.05 percenteach of the total ra-
dioactivityin the water. Therefore,at one week
the radioisotopesof iron and cobaltaccounted
for 59 percent of the radioactivityin the plank-
ton but only 0.1 percent in the water.

At six weeks, radioactiveiron and cobalt
were presentin planktonat a levelwhich ac-
countedfor 48 percent of the total radimctivity,
each elementcontributing24 percentof the total
radioactivity. In the water, iron and cobalt ac-
countedfor 0.93 and 0.67 percent respectivelyof
the total.

The concentrationfactorsexhibitedby the
planktonat six weeks after contaminationwere ap-
proximately90,000 for iron and 100,000for c&
bait. The iron value is approximatelyone half
of that reportedby Krumholzand Fester (1957),
for freshwaterphytoplanktonwhich have a much
largersurface to volume ratio than do the zoo-
plankton.

The planktonconsideredabove c~ise
primarilytwo trophic levels In the food chain,
the phytoplanktonor primaryproducersand the
zooplankton.The zooplankton are eaten by omniv-
orous fishes (flying fishes) which are in turn
eaten by the carnivorousfishes (tunas). The
radionuclidecnmpmition of the two types of
fisheshave been discussedin anotherpaper of
thisseries (Imman, 1962),and will not be con-
sideredin detail, however, the distributionpat-
tern of cobalt-57,58,60,and iron-55,59,in the
threetrophic levelsare as follows:

Percentof totalRadioactivity
Tine Total radioactiv -
after ity (disintregra-

cOntam- tions per minute
ination Cobalt-
(weeks)

Iron- per gram of dry
57,58,60 55,59 weight)

planktan 1 43 16 2.3 x 106
~nivorous
fish
Muse la 1 10 31 2-2 x 10:
Liver 1 9 81 1.1X 10

carnivorous
fish
MUSCle 6 0.9 6 3.3 x 103

to to to .

Liver 6
2.5 8 1.2 x 10:
0.0 15 3.6 X 10
to to
2.3 2; 2.0 x 105

On a dry weight basis the total radioactivity
10 the planktonwss approximatelytwo and 100 times
thatin the liver and muscle respectively of the
omnivoro~ fish, The levels of radioactivity in
‘he plankton and omnivorous fish cannot he com-
pared directly with those in the carnivwous fish
‘tuna) because the latter fishes are capable of
migrating great distance in short periods Of time
and tbe length of time they had keen in the area of
contamination before they were taken CanOot ~
‘eterminede

If the per cent of total radioactivity con-
tributed by cobalt-57,58,60, and iron-55,59 are
compared in the plankton, the omnivorous fish, and
the carnivorous fish, however, a pattern of ac-
cumulation may be seen. Whereas in the plankton
radiocobalt contributed 43 per cent of the total
radi-tivity, in tissues of the omnivores it con-
tributed only nine to ten per cent and in tbe
carnivores zero to 2.5 per cent. Radloiron ac-
counted for 16 per cent of the total radioactivity
in the plankton, 31 to 81 per cent in the omniv-
ores, and siz to 25 per cent in the carnivores.

The reductionin the percentageof total
radioactivitycontributedby radioironin the
carnivorousfish was caused by a high concentra-
tion factorfor zinc-65in the tissuesof these
fishes.

Thus, the percentage of total radioactivity
contributed by radiocobalt decreased through the
two higher trophic levels. Radioactive iron, hcw-
ever, increased in percentage of total radio-
activity in the muscleand liver of the canivor-
oue fish wer that in planktonand was concen-
tratedin the liverat an atsoluteleveldouble
that found in the plankton.

In additionto the food chain representedby
the plankton,omnivorousfishes,and carnivorous
fishes,anotherfoodchain is comprisedprimarily
of the plankton,omnivorousfishes,and sea
birds. Among the birds at Eniwetokare the terns
or sea swallows (fairytern,G-s alba. ccwmton
noddy tern,_ ~toliduq) which ~’primarily
upon small fish and to a lesserdegree upon
squid. Analysesfor iron-55,59have not been
made on the tissuesof theseanimals,andin gamma
spectra of the liver,gut, kidney,muscle,and
lung tissuesof the terns,only the gamma peak of
zinc-65was detected (Lowman,et al., 1957).
Iron-55is probablypresent In the tissuesof the
terns in largeamounts,hfnvever.Indirectevi-
dence has been found that this is the case in
analysesof soil samples from areas in which
these birds nest (Palumboand Lowman, 1958). A
comparisonis shown below of soil samplestaken
in bird nestingareas and from an islandwhere
nests were not present.

Per cent of Total Radioactivity in Soil
Non-nesting area Nesting area
(Lmnuan,et al., (Paluabo and

owman . 1958)
~e 144-P= 144 43.6 41.7
Iron - 55,59 0 40.6
Cobalt - 57,58,60 lt02 0.4
Manganese - 54 0 0.8
Zinc - 65 0 0

In the nom-nestingarea the soil did not
contain the radioisotopesof iron, manganese,or
zinc, but did contain one to two per cent of
radiccobalt. In the nesting area, zinc-65was
not found In the soil, which containedexcretory
prcducts from birds although it was present In
high amount in the tissues of the birds. H5f-
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
animalsexcretedhigh amounts of iron-55,59,al-
most all of the cobalt-57,58,60,and manganese-
54, and retainedthe zinc-65. The fact that the
gamma peaks of cobalt-57,58,60,and manganese-54
were not found in the bird tissuesand that
these radionuclideswere present in low amounts
in the soil, indicatesthat the birds ingested
relativelylmv amounts of radioactivecobaltand
manganeseand large amounts of iron-55,59and
zinc-65and retainedthe radiomircto a
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greaterdegree than the radioiron,cobalt,or
manganese.

slmnARY

The roles of iron and cobalt in ecologyare
dependentupon their physicaland chemicalchar-
acteristicsin the environmentand upon the bio-
logicaldemand for these elements. Iron and, to
a leseerdegree,cobalt are importantelementsin
the physiologyof planta and animals.

The introductionof radioisotopesof iron and
cobalt may be used to determinethe roles of these
elesentsin the metabolicpatter= ati mass trane-
fers within a given ecasysteu. Most investiga-
tions of this type have been done in marineenvir-~
onmentsnear nuclearweapons teet sites.

PIankton,collectedfrom an area of sea water
which had been contaminatedwith radioactivityfor
a period of six weeks, exhibitedaverageconcen-
trationfactorsfor radioactiveiron and cobalt of
90,000and 100,000,respectively,and contained
the stablecounterpartsof 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 beetrinvestigated in.tbe marine
environment in the Central pacific. These
include:

Water~plankton ~omnivoroue dcarnivoroua
fish fish

and

water+ pla?kton~aanivoroue fishh~irds

In the first food chain, discrimination
againstcobalt-57,58,60,wasprogressivethroughout
the trophiclevels. Iron-55,59was activelycon-
centratedin the Oatnivoro=fish, ad It accounted
for a reducedpercentageof the total radicactlvlty
in the carnivorousfish due to the presenceof
largeamountsof zinc-65.

In the second food chain the birds, which
feed primarilyupon omnivorousfish and seccmdari-
ly upon squid, did not retain significantamounte
of the radioisotopesof cobalt or iron but re-
tzineda major part of the ingestedzirE-65.
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SOME ASPECI13OF THE BIOLOGY
OF ZIRCONIUM-95

EDWARD E.HELD

Lnbortiory of Rndintion Iiiolouv..

LJnitwrsityof U’ashington,S+WIIC1,.,JI mhinyt,,n

ZXrconium-95 with a sixty-fiveday half Iife
has become of biologicalinterestprimarilybe-
cause of its relativelyhigh yield in nuclear fis-
sion, 15 per cent of the total radioactivity 90
days after fission and 7.3 per cent one year after
fission (Hunter and Ballou, 1951).1 Stable zircon-
ium has no known biologicalfunctionalthoughit
has been found in trace amounts in plants (Rankama
and Sahama, 1950). Vinogradov(1959),states that
there have been very few quantitativedetermina-
tions of zirconium in soils; on the basis of about
500 determinations the average content is at ❑mt
0.04 per cent. Two thirds of the zirconium is
found as zircon (zirconium oxide), a stable min-
eral (Rankama and Sahama, 1950). It does not seem
likely, therefore, that isotopic dilution need be
of any great concernwhen consideringthe uptake
of zirconium-95by organismsunder ordinarycondi-
tions.

The only publishedreview of the radicchemis-
try of zirconiumis that by SteinberK,(1960).
Confusionexists as to the behaviorof zirconium
in solutionsbecauseof the formationof colloids
and extensivehydrolysisand polymerizationof
zirconiumions. Zirconiumtracer is stronglyco-
precipitatedwith m-t precipitatesin the absence
of complex-formingiorc$. In evaluatingbiologi-
cal uptake, particularlyin aqueous media,an im-
portant point made by Steinbergshould be kept in
mind, i.e., zirconium is easilycarried on
foreignmatter and adheres to glassware. Thus,
in studies of the uptake of zirconium-95by or-
ganisms it .ismore than usually importantto know
the chemicalstate of the zirconiumboth at the
time of administrationand at the comlueion of
the experiment. It sh~uld also be especiallyper-
tinent to establisha balancesheet,’’forthe
total system, includingsuch portionsas the sides
of containersused. Unfortunately,such informa-
tion is not always availablein the literature.

(iofman(1949)has describedthe preparation
of colloids of zirconiumisotopesfor use in the
selectivelocalizationof radioisotopesin tis-
sues. Dobson et al., (1949),using these prepara-
tions in the mouse and rabbit by intravenousin-
jection, found that colloidsof zirconiumof rela-
tively large particlesize (“Sedirnentiblein large
part with ordimry centrifuges...) rapidlyd@ap-
peared from the blood (half time was 30 seconds to
one minute) and were depositedmainly in the liver
and spleen. Colloids of smaller particlesize
disappearedfrom the blood more s1-lY (halftime
was 30 to 80 minutes)and were depositedmainly in
the bone marrow and spleen and secondarilyin the
liver. Once deposited,both typ?s of colloidsre-
tained their distributionpatternsfor the dura-
tion of the experiments,two to four weeks. The
objectiveof these experimentswas to establish
methods for radiotherapy. Similar preparations
could also be useful in studies of the uptake of
colloids by various organismsand in studies of

1.
Sincethe readingofthispaper Collinsetal.have report-

ed thatzirconium-95 in accumulated falloutduring 1958 and 1959
in New York Cityproduced gamma doses coxnparabletodoses
from cesium-137. (Collins,W. R., Jr.: G.A. Welford, and
R.S. Morse, 1961. FaUout from 1957 and 1958nuclear test
series. Science~(3484}: 980-984.)

the filteringcapacity of appropriateUJUtitlC
organisms.

Followin intramuscularadministration of
7zirronium-95 state not given) to eels kept in

both fresh and sea water, Tomiyamaand Kobayashi
(1957)found a differentdistributionof the nu-
clide than has just been describedfol the mouse
and rabbit. Twenty-fivehours after administra-
tion the nuclldewas widely distributedamong the
tissuesand organs but found in the largestamount
in the blood, kidney,and spleen. It is stated
that the excretionwas very slow. When ZirCOnium-
95 was added to the water shout 70 per cent of
that in the eel was found in the gills and most of
the remainderin exterml portionssuch as the
surface mucus. The authors interpretthe high
level in the gills as indicatinguptake through
the gills.

Various organicacids influencethe distribu-
tion of zirconium-95in the rat regardlessof the
route of entry (Ramilton,1949). Zirconium
citrate was first used to replaceplutoniumand
yttrium in skeletonby Schubert (1949). This and
subsequentwork of this kind has been reviewedby
Rosenthal (1960). These metals are concentrated
in the oeteoidmatrix rather than being deposited
in the mineralstructureas are the alkaline
earths.

fangham (1960)has reviewedthe significance
of the portalsof entry of fissionproducts.
Gastrointestinalabsorptionof zirconium-95is
very low, 0.01 per cent. Pulmonarydepositionof
the oxide is similar to that of other oxidesand
nitrates. Materialremaining in the lungs re-
mains in the pulmonarylymph nodes. Under mcst
clrcmtances ingestionis probablythe primary
portal of entry.

In plants zirconium-95is found mainly in
the roots if suppliedin the soil or in aqueous
solution (Klechkwskii and Gulyakin,1958;
Nishita et al., 1960). If foliarapplicationis
made the zirconiumremains near the site of ap-
plication.

In experimentswith the alga porphvrasp.,
Foreman and Templeton (1958)have reportedcon-
centrationfactors between200 and 470 and com-
parativelyrapid less of the zirconium-95,50
per cent in six days, 96 per cent in 65 days.
Only the abstractwas availableand the authors’
conclusionswere not given but it seem most
likely that a surface adsorptionphenomenonis
involved.

Timofeeva-Resovskayaand Timofeeva-Resovskii
(1958)have reporteda concentrationfactor for
zirconium-95of 315 by the snail, Limnea
Sta~nali~. Again only the abstractwas avail-
able and experimentaldetails were not given.

Zirconium-95in environmentalcontamina-
tion has been found in a wide varietyof organ-
isra32but always appears to be associatedwith
adsorption,surfacecontamimtion, or the inges-
tion of particulatematter. Althoughstill de-
tectablein soil severalyears after contamina-
tion by local fallout from nucleartests,zir-
conium-95does not appear in the food web in
significantamounts after less than a year.

Summing up, the biologicalhalf-lifeof
zirconium-95is much longerthan its 65-day physi-
cal half-life. Uptake from environmentalcontami-
nation is mainly by the oral route in animalsand

2A largenurnher ofreports have appeared andwi13 notbe
citedindividually.Those availableatthiswritingare included
inthe reference-citedand can be identifiedby the~rtitles.
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probably by foliar contamination in plants, and
the fr2Ct10n absorbed is very small. Surface cOn-
ta~lrmtion of plants is probably the main source
to n-is. In aquatic system adsorption and
the ingestion of particulate =tter are of major
Importance. Due to Its availability, half-life,
and ability to form cmplexes and colloide, zir-
conium-95 should be particularly meful SE a tracer
in biological studies of aquatic systems.
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