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The concentrations of 210Pb have been determined in a variety of

marine organisms. The specimens analyzed were taken during dif-

ferent times of the year and consequently during different hydrographic

regimes which afforded the opportunity to compare 210Pb concentra-

tions in organisms living in upwelled water further from shore. Less

extensive measurements of 210Po in the same species permitted an

estimate of the radiation dose rate to which these organisms may be

subject from this internally deposited isotope, in ddition to that which

results from cosmic rays and the 40K which is ubiquitous in ocean

waters.

The concentrations of 210Pb in marine organisms from trophic

level II and III were generally well correlated with inshore and off-

shore stations. This can be explained if one considers the input of

this isotope from rainfall and the offshore transport of isotope

enriched water due to upwelling. During the conditions of high coastal

rainfall inshore organisms residing in the surface layers of the ocean
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(upper 100 meters) displayed higher 210Pb concentrations than did

the same species offshore (> 45 nautical miles). Under conditions

of low rainfall and offshore transport of surface water, the organisms

at more than 45 nautical miles offshore generally showed higher 210Pb

concentrations than did those inshore.

Lead210 concentrations in lanternfish, which have been shown

to reside at different depths in the water column, displayed decreas-

ing concentrations of 210Pb as their depth of residence increased.

Similar results reported for stable lead measured in waters off the

California coast would suggest that perhaps inorganic processes

regulate the amount of lead in surface waters rather than biological

ones.

210 210Ratios of PoI Pb in oceanic organisms exceeded 1 in all

cases, showing preferential uptake of 210Po even though the ratio of

these isotopes in rain water, the major input source, has been

measured at "-' 0. 1. Although the interpretation of this result requires

clarification, it is postulated that changes in chemical form of the

isotopes as they enter the marine environment, coupled with dif-

ferences in the effective half life exhibited by each isotope in the

organisms, combine to produce higher 210Po levels than those

210observed for Pb.

The radiation dose rate for fishes residing near the surface is

shown to increase some 6 fold as a result of internal 210Po



concentrations, yet this figure would be expected to show variation

depending upon 210Po input to surface waters, and turnover times

in the organisms. Benthonic polychetes, which receive high dose

rates from 226Ra incorporated in marine sediments showed an

increase in dose rate of some 2 fold, giving possible total dose rates

approaching 1.4 rad/year.
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LEAD-210 IN SELECTED MARINE ORGANISMS

INTRODUCTION

With the advent of nuclear weapons in 1945 and their subsequent

testing over the succeeding two decades, scientists of many disci-

plines have engaged in research aimed at better understanding the

impact of radioactivity on man and his environment. Many have been

concerned with the effects of radiation on plants and animals, while

more recently others have concentrated their efforts in using the ra-

dioisotopes as titracersit for the physical, chemical andbiological

process which occur in nature. The last decade has seen an increased

interest in the natural radiation environment to which man is exposed

and in the use of naturally occurring radioisotopes a s t r a ce r s in

environmental prOcesses. This interest stems in part from the dis-

covery of radioisotopes which are constantly being produced by

cosmic-ray interactions with atoms of the earths atmosphere (Lal

and Peters, 1962) coupled with new developments in radiation detec-

tion instrumentation which allows their determination at extremely

low concentrations (Perkins, 1965).

This dissertation deals, in the main, with the measurement of

the naturally occurring radioisotope 210Pb in selected marine organ-

isms, and is generally exploratory since little has been written about

the levels of this isotope in marine biota. Indeed, Mauchline and
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Templeton (1964) in reviewing the literature up to 1963 reported that

21 0Pb had not been determined quantitatively in either algae, inverte-

brates, or fish flesh. Research since that time, which will be dis-

cussed later, has contributed some knowledge to the distribution of this

isotope in the marine environment, yet systematic sampling in time

and geography coupled with a variety of organisms in such measure-

ments have been lacking. Polikarpov (1966) has concluded:

It also follows that naturally occurring radionuclides should
also form the subject of intense radioecological investigation
in seas and oceans. The general theoretical importance of
establishing the part played by the natural radioecological
factor in the developing and functioning of marine organisms
and groups of organisms is so obvious as to be indisputable.
Thorough study of the artificial radioecological factor is
moreover impossible in the absence of comparison with the
natural radioecological factor.

Finally, as the world populations turn to the sea as a source of food,

it seems prudent that we have a firm idea concerning the concentra-

tions of both artificially produced and naturally occurring radioiso-

topes that might ultimately find their way into the diet of man. It is

hoped that the data presented here will contribute some understanding

towards these problems.
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GENERAL STATEMENTS CONCERNING 210Pb
IN THE ENVIRONMENT

Lead-210 in Surface Air and Rainwater

238Lead-210 is derived from the decay of U and has as its pre-

cursor in the decay chain an isotope of the gas radon, namely, 222Rn.

The decay chain, along with some appropriate decay characteristics

is shown below (Goldberg, 1963).

Z38. 4.5xlO9yr 234Th 24d 234 6.7 hr 234 Z.5xlO5yr__2Th
a a

8.0x104 a
yr

3.lm 218 3.8d 222 l600yrl 226214 19.7m 214 .268th.1214pb Po Rn RaPo< Bi a a a

a 1.64x104S

210p 21.4 yr 210 5.Od 210 138.4d
>Po . . . Stable Pb

a

222The escape of Rn from the lithosphere and hydrosphere and

its dispersal by winds both vertically and horizontally serve to distri-

bute 210Pb into the troposphere and stratosphere with its subsequent

return to the earth's surface during precipitation or deposition of par-

ticles to which the 210Pb has become attached (Blifford etal. , 1952).

210 210The concentrations of Pb and Po have been measured in

both air and rain water and generally show average values in surface

air and rain water approaching 0. 02 disintegrations per minute: (dpm)
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per cubic meter (m3) and 5. 0 dpm/liter respectively, (Blifford,

Hockhardt and Resenstock, 1952; Patterson and Lockhardt, 1964;

Burton and Stewart, 1960; Lambert etal., 1966; Bhandari, Lal and

Rama, 1966; Peirson, Cambray and Spicer, 1966). The ratio of
2.10 210Po/ Pb measured by both Burton and Stewart (bc. cit.) and by

Peirson, et al., (bc. cit) in rain water approaches 0. 10-0. 20, from

which the above authors calculate a residence time for 210Pb in the

stratosphere of some 20-40 days. Lambert and Nezami (1965) have

also estimated the residence time of 210Pb in the troposphere to be

between 33-42 days. Peirson, etal., (bc. cit.) estimate that the an-

nual global deposition of 21 °Pb by rain is of the order of one mega-

curie, and hence (vida infra) for 21 °Po between 0. 1 -0. 2 megacurie.

It has been suggested that 210Pb was produced during the weap-

ons testing period of 1961-1962, possibly as an activation product by
208 210the reaction Pb(2n,y) Pb (Peirson, et al., (bc. cit.); Jaworow-

ski, 1966). Peirson, etal. , (bc. cit. ) inferred this possibility as a

result of a change in the 210Po/210Pb ratios previously quoted for

ground level air. Jaworowski (bc. cit. ) measured the 210Pb concen-

trations of both lichens and deer antlers on the European continent

and noticed increased levels in 1958-1959 and 1962-1963. Unfortun-

ately, other authors have measured the concentration of 21 °Pb and

fission products in glaciers (Crozaz, 1967) and in air (Bhandari,etaL,

bc. cit.) and have observed no evidence for increased production of
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this isotope through weapons testing. Even though this problem is un-

resolved, it is interesting to note that in considering the radioisotopes

which would be produced in the proposed sea-level canal construction,

James and Fleming (1966) consider 210Pb as one of the major isotopes

of interest from the standpoint of environmental contamination.

Lead-ZlO in Biota and Man

The occurrence of 21 0Pb in natural waters and biota currently

form an area of active research around the world. The arctic eco-

system is one which has received much attention during the last few

years because of the high levels of artificial radioactivity that have

been shown to be transferred through the rather simplified food chain,

lichen-caribou-Eskimo (Lidn, 1961; Palmer, etal., 1963; Hanson,

etal., 1964; Palmer etal., 1964). The high levels of artificial ra-

dioactivity that result from the accumulation of this radioactivity on

long-lived lichens and sedges further re sult in accumulation of
210 210 210the naturally occurring radioisotopes Pb- Bi- Po (Holtzman,

1963a; Hill, 1965; Holtzman, 1966; Beasley and Palmer, 1966;

Blanchard, 1967; Kaukanen and Miettinen, 1967). The resulting ra-

diation dose to caribou and eskimos as a consequence of the elevated

concentrations of the naturally occurring radionuclides in their food

is, consequently, significantly higher than for animals and humans liv-

ing in more temperate zones. While the ingestion of 2-4 picocuries
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(pci) of 210Pb have been estimated by Holtzman (1963a) and Gloebel,

Muth and Oberhauser (1966) as constituting a normal dietary intake of

this isotope, Alaskan Eskimos and Finnish Laplanders may ingest as

much as 8 pCi/day of 0Pb (Holtzman, 1966). Dudley (as cited by

Holtzman, 1966) believes the total skeletal radiation dose to mid-

western United States residents to be about 100 mrads/year.. Of this

210 210total, Holtzman (1966) attributes some 6 mrads/ year to Po-. Pb.

Furthermore he estimates that the skeletal burden of these isotopes

results from a total intake (ingestion and inhalation) of some 4 pci

210Pb/day. Hill (1965) has reported 210Pb concentrations in Canadi-

an Eskimo bone as high as 710 pCi./kg of wet bone, resulting in a skel-

etal dose of some 70 mrads/year just from these isotopes. It be-

comes quite clear that for certain residents in the arctic and persons

elsewhere (Marsden, 1964), these isotopes play a major role in the

natural background radiation to which they are exposed.

should be noted that the dose rates calculated here are based
only on the energy deposited by 210Po in its decay, namely 5. 30 mil-
lion electron volts (MeV) per disintegration. If in fact secular equili-
brium between 210Pb-210Bi and 210Po is achieved in the bone, an-
other 0. 40 Mev should be included in the calculations as the average
energy of the beta particle emitted by 21°Bi in its decay, which re-
sults in an increase of some 7% in the radiation dose estimates quot-
ed. The energy deposited by the beta particles in the decay of 20Pb
is small by comparison and can generally be neglected.
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Lead.-21O in Terrestrial and Oceanic Waters

Measurements of 210Pb in natural waters have not been ex-

tensive. Holtzman (1964) concluded that average potable surface Wa-

ters contained approximately 0. 042 ± 0. 026 dpm/liter ' °Pb while

untreated water had average values of 0. 28 ± 0. 12 dpm /liter. Well

water taken from depths of 0-100 meters showed an average 21 °Pb of

0. 11 ± 0. 09 dpm/liter, (The error here is assumed to be that due to

counting statistics at the 68% confidence level. ) Rama, Koide and

Goldberg (1961) reported concentrations of 210Pb in oceanic waters

off California ranging from 0. 10 dpm /liter at the surface to approxi-

mately 0. 30 dpm/liter at depths of 2000 meters. Goldberg (1962)

extended these measurements to include several sampling stations in

the Northeastern Pacific and measured values ranging from 0. 07-

0. 15 dpm /liter at the surface with a slight increase in concentration

to depths of 2500-3 000 meters followed by a decrease near the ocean

floor. The observation of an increase in 210Pb concentration with

depth is somewhat at variance with the measurements of stable lead

made by Tatsumoto and Patterson (1963) who showed that stable lead

decreases with depth somewhat rapidly in the upper 1000 meters and

thereafter approaches a rather constant value at depth. Equally inter-

esting was the observation that the concentrations of stable lead in-

creased rather than decreased as one moves off shore. This is
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somewhat unexpected since their measurements were made near the

San Diego-Los Angeles, California, industrial complex where above

normal amounts of stable lead might be expected to be present in the

atmosphere. Furthermore, the prevailing winds at the time of their

sampling (January 1-10, 1962) would most generally be southerly

causing a net onshore transport of surface waters at that latitude.

Data in this thesis, moreover generally supports this finding by show-

ing that not only does the 210Pb per unit dry weight of the same organ-

ism increase as one moves offshore, but that organisms of the same

species, i.e. lanternfish which presumably share common food webs

but reside at different depths in the water column show decreased

concentrations of 210Pb with depth of residence in the ocean.

21 0The Chemical and Physical Form of Pb in Seawater

The speciation of lead in the marine environment is not one

which has been evaluated experimentally. Rather, based upon the pH

of seawater. and the concentrations of complexing ligands such as OH,

Cl and SO4 various authors have employed thermodynamic equili-

brium constants to calculate the most probable species existing under

the prevailing environmental conditions. The reader is referred to

the works of Garrels and Christ (1965) and of Sil1n (1961) for a more

comprehensive treatment of the methods involved, for only general

conclusions will be presented here.



Sillen (bc. cit.) has indicated that the main dissolved species

of lead in sea water are likely to be Pb++, PbOH+ and PbCl+. Qf

++ +these species, Pb and PbOH would be present at about equal con-

centrations whereas PbCl+ could be two to six times the molar con-

++ . .,
centration of Pb . The solid phase, according to Sillen, which is

stable under typical oceanic conditions is Pb02, while Garrels and

Christ (bc. cit. ) as well as Krauskopf (1956) suggest the presence of

PbCO3 as a stable form in sea water.

None of the authors ventures an estimate of the amount of or-

ganically bound lead with its subsequent effect on speciation. The

fact that speciation strongly influences the uptake and retention of

radionuclides and stable elements has been ably demonstrated by a

number of workers (Mauchline and Templeton, 1964). Since this the-

sis does not deal specifically with identifying the lead species present,

it should only be remembered that both soluble (organic and inorganic)

and particulate lead are probably available to the organisms both in

the surface waters and at depth. The fractionation of lead between

these divisions, and the rates at which they proceed are, to the au-

thorts knowledge, unknown.
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SAMPLE COLLECTION AND EXPERIMENTAL TECHNIQUE

Sampling Techniques

The samples which have been analyzed for this research were

in large part those collected by Laurs (1967) and by the author. Laurs'

specimens were ideal in this respect in that 1) they included organ-

isms from different tropic levels, 2) they consisted of the same or-

ganisms caught at the same geographic location but at different times

of the year and during different hydrographic regimes, i. e. during

and in the absence of upwelling, and 3) the samples had not been dry

ashed so that no lead had been lost through volatilization at high tern-

peratures. Furthermore, the samples had been collected from 196 2-

1964 which allowed some four to six years (10. 5-16. 0 210Po half-

lives) for unsupported 210Po to decay. It was therefore possible to

'analyze the samples for 210Po as an initial estimate of 210Pb, sepa-

rate the 21 0Pb from the resulting sample chemically, and allow the

210 210
Po to hlgrowu back into the solution. Remeasurement of Po

from this solution gives an unequivocal measure of 210Pb, since it

removes any uncertainty as to the existence of residual °Po activ-

ity from extremely high levels of unsupported 21 °Po in the sample,

210 210 226
along with any ingrowth of both Po and Pb from Ra in the

sample.

Laurs' samples were collected during eight cruises of the
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Oregon State University oceanographic research vessel ACONA and

from one cruise of the United States Coast Guard Cutter MODOC

(Laurs, bc. cit.). The sampling was conducted off Brookings, Ore-

gon between June 1962 and April 1964. Starting at 5 nautical miles

offshore, stations were occupied every lU-nautical miles from 5 to

45 nautical miles and subsequently at 20-nautical mile intervals to

165 nautical miles offshore. Marine organisms were collected with

plankton nets and a six-foot Isaac s-Kidd mid water trawL All sam-

ples were preserved at sea in 10% buffered sea water formalin,. In

order to determine whether or not 210Pb or 210Po would be leached

from the samples in such a solution, a sample of copepods, contain-

ing mostly Acartia clausii, was collected from Yaquina Bay, Newport,

Oregon, half of the sample being analyzed immediately for 210Po and

half being preserved for one month in a 10% buffered sea water form-

aim. Analysis of the preserved sample at that time showed no differ-

ence in the 210Po or subsequently the 210Pb concentrations from those

measured in the fresh specimens. Moreover, supernate solutions

from euphausiid samples which had been stored for more than five

years showed 210Po activity levels equal only to background. Since

these organisms represent the physically smallest and hence the

largest surface to volume ratio organisms analyzed, it is very doubt-

ful that any 210Pb was lost by preserving the samples for short

periods of time. Furthermore, as will be shown, 210Pb is seen to

concentrate in the skeletal mass and internal organs of the organisms

which make it less likely to come in intimate contact with the
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preserving solution. Samples collected by the author were treated in

the same manner. Although far less extensive, specimens were col-

lected 65-nautical miles off Newport, Oregon during April 1968 and

May 1968 for the purposes of measuring both 210Po aid 210Pb in the

same organisms. Figure 1 shows the collection sites for the organ-

isms analyzed in this research.

Counting Techniques and Chemical Separation

210The direct measurement of Pb is difficult since the energies

of the emitted particles are extremely low. The maximum energy of

the emitted beta particle is 18 kilo electron volts (keV) which occurs

in 100% of the transitions (Nuclear data sheets, 1960). The beta

transition is followed by the emission of a coincident gamma ray whose

energy is 47 keV. The internal conversion for this transition is high

(8 1%) which leads to the emission of 47 keV monoenergetic internal

conversion electrons. Classically, the second or third daughter prod-

uctsinthe decay of 210Pb, i. e. 210Bi or 210Po, have been measured

following attainment of total or partial equilibrium as a means of deter-

mining Pb. From the decay chain presented earlier, one sees that

210Bi has a half life of 5. 0 days which allows near attainment of secu-

lar equilibrium after some 50 days. The maximum beta particle en-

ergy in the decay of 210Bi is 1. 16 MeV and occurs in 100% of the de-

cays (Nuclear data sheets, bc. cit.). The higher energy beta parti-

cles emitted make problems associated with absorption much less
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Figure 1. Sampling sites.



14

pronounced. Alternatively, one can separate 210Po from and,

following a reasonable time for ingrowth of 210Po activity (3-6

months), the 210Po can be redetermined and related to the 210Pb con-

centration using standard equations for growth of daughter activities

from initially pure parent isotopes (Friedlander, Kennedy and Miller,

1964). Since 210Po decays by emission of a 5.30 MeVaipha particle

in 100% of its transitions, care must be exercised in preparing the

sample mounts in order to avoid absorption,but, as will be shown,

this presents no difficulty. The 21°Po technique has the advantage of

lower backgrounds being associated with the radiation detectors and

therefore is an inherently more sensitive method for analysis. The

latter is particularly true as will be seen, since polonium chemistry

is both simple and quantitative. Since the 210Pb concentrations were

expected to be low, this latter technique was the one employed.

Several excellent reviews on the chemistry of polonium and lead

have been written which detail the procedures used in this research

(Bagnall, 1957; Bagnall, 1962; Gibson, 1961). Specifically, a slight-

ly modified procedure reported by Millard (1963) was used in the sep-

aration and measurement of 21
0Po, while separation of 21 °Pb from

the specimens was accomplished by the method of Sill and Willis

(1965a). Initially it was hoped that 208Po could be used as a yield de-

terminant for 21 °Po in the analyses following the method used by the

author in measuring the concentrations of this isotope in biological
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samples from Alaska (Beasley and Palmer, l966) It soon became

evident however, that because of the activity levels encountered and

because of the large number of samples to be analyzed, alpha energy

analysis with silicon diode detectors would not be feasible. The re-

quired number of detectors for such a project were simply not avail-

able. Alternatively, quantitative chemical deposition of 210Po onto

silver foils followed by total alpha counting was employed. Here,

self absorption of the alpha particles presents no problems and the

sample is in an easily handled and transportable form.

The procedure involved the dissolution of the biological mater-

ials in a mixture of reagent grade concentrated nitric and perchloric

aöids in a 250 milliliter pyrex beaker until all the organic matter had

been oxidized and the resulting solution evaporated to fumes of per-

chioric acid. Typically, 50 milliliters of reagent grade concentrated

nitric acid would be added to the sample and the resulting mixture

boiled to low volume. Ten milliliters of a 1: 1 mixture of reagent grade

nitric and perchloric acid was added, and the sample carefully re-

duced to fumes of perchloric acid with frequent additions of concen-

trated nitric acid to control the rate of oxidation. Even with extreme

care, the fats and oils present in some samples ignited causing the

loss of the sample, It was not uncommon for a ten gram sample of

whole fish to require two days for complete wet ashing.

Following oxidation of the organic material, the resulting solution



was then cooled, 10 ml of 6N Rd was added and the solution reheated

to fumes of perchioric acid. This latter step was repeated until no

visible evidence of nitrate was present as evidenced by the evolution of

the dark gas, NO2. Traces of nitrate have been shown to interfere

with the spontaneous chemical deposition of 210Po onto silver (Black,

1961). Once the nitrate had been removed, the solution was diluted to

approximately 200 milliliters with 0. 3N HC1, 200 milligrams of

ascorbic acid were added to reduce any trivalent iron to the ferrous

state (another interference in 210Po deposition) and the solution was

heated on a stirring hot plate to 50° centigrade. Stirring of the solu-

tion was accomplished by a teflon covered stirring bar whiih turned at

approximately 200 r. p. m. A silver foil, cut from 99. 9% pure silver

sheet (Englehard Industries, Inc. Newark, New Jersey) measuring

1. 30 inches in diameter and 0. 010 inches in thickness with a 0. 02

inch diameter hole punched near the top was suspended, by means of

a glass rod attached to a watch glass, into the solution (Figure 2).

One side of the disc was coated with Glyptal (General Electric Co.

Schenectady, New York) to prevent plating on this surface. The

samples were allowed to plate overnight (16 hours), the foils were then

removed, rinsed with distilled water and allowed to air dry. They

were then carefully packaged and transported to Battelle-Northwest,

Richland, Washington and to the National Reactor Testing Station,

Idaho Falls, Idaho for counting.

The reagents used in the analyses were made up in large
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Ag Foil

Slirring Bar

Figure 2. Chemical deposition apparatus.
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quantities so that reagent blank analysis was only repeated when one

of the constitutents had to be replaced. In no instance was the alpha

counting rate of the reagent blanks significantly above background.
21 0Recovery of Po by this procedure was determined by adding known

amounts of radiochemically pure 21
0Po to samples of tissue and bone

and recovering the 210Po by the method as outlined. The recoveries

were essentially quantitative (> 98%) which is in good agreement with

the results of other investigators using similar techniques (Millard,

bc. cit.; Blanchard, 1966).

Lead-2l0 was separated from the plating solution by the method of

Sill and Willis (1965b). The procedure consists of a diethyl dithio

carbamate extraction of the lead from a reducing solution iN in HC1.

Following ashing of the organic phase with concentrated nitric and

perchloric acids, the lead fraction is further purified by a dithizone

extraction. Lead-2l2 was used as a yield determinant in this separation

and was purified by the method described above following separation

from 200g of reagent grade Th(NO3)4 4H20 (Sill and Willis, 1965a).

The plating solutions were reduced to fumes of perchioric acid with

the yield determinant added, so that the 210Pb and 212Pb would be in

the same chemical form prior to extraction. The grand average of

the 212Pb recoveries was 98.42 3.70%, showing uniformly high re-

210covery of Pb.

At Battelle-Northwest, the samples were counted on a
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scintillation detector consisting of a ZnS(Ag) phosphor coupled to the

face of a multiplier phototube, both of which were mounted inside a

light-tight container. The multiplier phototube was connected to a

conventional electronic scaler and power supply. Typical backgrounds

for four such counters ranged from 0. 050-0. 100 cpm. with an overall

efficiency for alpha detection of 43%. At the National Reactor Testing

Station, the alpha counting technique proposed by Haliden and Harley

(1960) is currently in use and employs individual die-cut phosphor

discs which lie in contact with the alpha source. The phosphor disc

and source are covered with 0. 0005-inch mylar, and the resulting

sample is held together with a 2-inch nylon ring. This assembly is

then rotated into a light-tight compartment where the phosphor rests

against the face of a 2-inch multiplier phototube, connected to a pow-

er supply and scaler. Once again, backgrounds counted for 1000

minutes with the phosphors in place gave values ranging from 0. 050-

0. 100 cpm, with an overall efficiency for alpha detection of 46%.

Rather than replace each phosphor disc with each new sample, one

phosphor disc was used with many samples. No increase in back-

ground was observed when the phosphor discs themselves were re-

counted for 1000 minutes. Eight such instruments are in place at the

Health Services Laboratory at the National Reactor Testing Station,

and all were used in this research to determine 210Po in some 200

samples. Figure 3 shows the alpha energy spectrum of a silver fi1
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obtained from the plating of a sample reported in this research. As

is evident, only a single peak occurs at 5. 30 Mev, the energy of the

alpha particle resulting from the decay of 210Po.

Since the backgrounds of both types of instruments are compar-

able, it is possible to make some predictions concerning the amounts

of 210Po that can be determined. If we choose the upper count rate

of the measured backgrounds, i.e. 0. 100 cpm and a counting time of

1000 minutes it is possible to define a Tipositivel? sample, at the 99%

confidence level, as one which gives a net count of some 126 total

counts. More useful for the purposes of this research, however, is

the more restrictive definition of a detection limit as that quantity of

210Po which, if actually present would give a positive result above

the 99% confidence level of the blank distribution 99% of the time.

(Nielsen and Beasley, 1964). This quantity is calculated as 0. 14

dpm or 0. O64pCi using the higher background figures. It is instruc-

tive to note that less than 3% of all samples analyzed failed to meet

this rather stringent detection limit. If one were to accept the same

definition but at the 68% confidence level, all the samples analyzed

would have been positive.

Loss of 210Pb During Plating

A series of supplemental measurements were made to deter-

mine whether or notr 210Pb spontaneously deposits on silver foils



under the conditions where 210Po deposition is quantitative. This is

obviously of prime importance in the technique employed here, since

replating of the 210Po following ingrowth assumes no loss of 210Pb

during plating.

Bagnall (1 957), in reviewing the chemistry of polonium and spe-

cifically the spontaneous deposition of 210Po onto noble metals, cites

the work of Erbacher and Phillip (1928) in which these authors ob-

tamed quantitative recovery of 21°Po on silver foils by plating from

0. 5 N HC1 solutions at elevated temperatures. However, trace

amounts of 210Pb and 21°Bi also appeared in the deposit. These

same authors measured the deposition of 210Bi and 210Pb on nickel

and found that 210Bi is essentially quantitatively deposited from 0. 2-

0. 5 N HC1 solutions at elevated temperatures and that small amounts

of 210Pb also deposit depending upon deposition time, size of foil,

etc. Percent depositions of 210Pb ranged from 0. 01-0. 26%. Millard
212 212(bc. cit. ) observed that only 0. 5% or less of Pb or Bi deposits

on silver foils under the plating conditions described for this re-

search, and even less (< 0. 2%)if 10 milligrams of Pb is present as a

carriers It is interesting to note here that both Erbacher and Phillips'

plating solutions and those of Millard contained no inorganic resi-

dues from the dissolution of organic material. Blanchard (1966) how-

ever has reported 20Pb depositions on nickel averaging 13 * 2% us-

ing plating conditions similar to those described here. Furthermore,
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the higher depositions occurred from plating solutions which contained

inorganic residues of digested organic matter. The possibility existed

then, at least in the mind of the author, that some 210Pb might be

spontaneously deposited on the silver foils from such solutions.

Lead-212 tracer was again used in these experiments following

separation from the stock Th(NO3)4 solution. An aliquot of this pun-

fied tracer was then added to varying amounts of organic matter which

contained varying amounts of added stable lead. The organic matter

used was principally tissue (beef) and bone (beef). The resulting

mixture was wet ashed with concentrated nitric and perchlonic acids

until all organic matter was destroyed, and then the silver foils were
210plated under the same conditions used for plating Po. Following

the plating, the foils were dried and counted on either a 3-inch by 5-

inch or a 3-inch by 3-inch NaI(Tl) crystal which was coupled to a 512

channel multi channel analyzer. Lead-212 deposition was evaluated

by the presence or absence of the 0. 240 MeV gamma ray as compared

with an identical aliquot of the tracer counted in the same geometry.

Figure 4 shows a gamma ray spectrum of the 212Pb-212Bi tracer

along with the spectrum derived from gamma-counting a silver foil

(1.30 inches in diameter) which had been plated from an organic

digest. Clearly, the deposition of 212Pb was insignificant. More-

over, the activity which did plate onto the disc decayed with a half-

life characteristic of 212Bi as shown in the inset, These experiments

were repeated using nickel foils with somewhat similar results. Lead-

212 under these conditions was not found to deposit upon nickel foils to
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any extent greater than 0. 5%. Table 1 summarizes the results of

these measurements. It is evident that neither the amounts of organ-

ic matter digested, its type, or the amount of stable lead present

either enhances or detracts from the deposition of 210Pb on the foils.

Table 1. 212Pb deposition experiments.

Sample weight ig stable % deposition
type (g) Pb added (Ag) (Ni)

Tissue 68.3 0 <0.1% <0.5%
Tissue 60. 0 0 < 0. 1% < 0.5%
Tissue 67.7 10 < 0. 1% < 0.5%
Tissue 75.0 10 < 0.1% < 0.5%
Tissue 88.9 100 <0.1% <0.5%
Tissue 87.4 100 <0.1% <0.5%
Bone Ash 10. 0 0 < 0. 1% < 0.5%
Bone Ash 10. 0 0 < 0. 1% < 0.5%
Bone Ash 5.0 10 <0.1% <0.5%
Bone Ash 5.0 10 <0.1% <0.5%
Bone Ash 5.0 100 <0.1% <0.5%
Bone Ash 5.0 100 < 0.1% < 0.5%
HC1-HC1O4 200 ml solution 0 < 0. 1% < 0.5%

HC1-HClO4 200 ml solution 0 < 0. 1% < 0. 5%

HC1HClO4 200 ml solution 10 < 0. 1% < 0.5%

HC1-HC1O4 200 ml solution 10 < 0.1% < 0.5%

HC1-HC1O4 200 ml solution 100 < 0. 1% < 0.5%

HC1-HC1O4 200 ml solution 100 < 0.1% < 0.5%

It is difficult to account for the discrepancy found here with

those reported by Blanchard. The extent of deposition determined by

Blanchard was made through the analysis of the decay curves of the
210deposited Bi. Deviations from the 5.0 day half life, i.e. buildup

of activity, was attributed to 210Pb in the sample. Such an analysis
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is inherently less accurate than the use of 212Pb which has the advan-

tage of spectrometry. The chemical form of the tracer and stable

lead are the same in the present measurements since both an oxida-

tion step (fuming perchioric acid) and a reduction step (i-ascorbic

acid addition) preceded the plating. One cannot discount the possi-

bility of differences resulting due to the purity of the nickel employed

(99% pure in these experiments and unknown in Blanchard's work).

Whatever the reason for the difference observed, the present experi-

ments showed that no large amounts of lead deposited upon the silver

foils used in this research, and therefore the technique of estimating

210Pb from 210Po ingrowth is a valid one.

Specific activities of 210Pb were not determined in this research

since no particular care was exercised in protecting the specimens

from contamination of the samples with stable lead. The extensive

use of lead based compounds on board ship, and the presence of lead

in the environment from the burning of leaded gas require extreme

precautions to prevent inadvertant contamination at the microgram

level. By contrast, the specific activity of contemporary lead is rel-

atively low, Z5nCi/kg, such that addition of 100 ig of lead would re-

sult in a 210Pb activity of only 0. 006 dpm (Weller, Anderson, and

Barker, 1965). Therefore, radioactive contamination of the speci-

mens analyzed in this research resulting from stable lead contamina-

tion is believed to be negligible.
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RESULTS

The marine organisms which were analyzed for 0Pb exclusive-

ly have been grouped below according to trophic levels. Unhappily,

phytoplankton samples were not available from previous cruises, so

no analyses are recorded for trophic level I. Trophic level II is rep-

resented by the analyses of euphausiids, while trophic level III is

represented by cephalopods, amphipods.D shrimps, and lantern fishes.

The reader is reminded that a complete suite of samples for a given

organism at all stations at various times of the year is an ideality.

Abundances of the organisms vary depending upon distance from shore

and the season, and many trawls will simply not contain the organism

of interest. Similarly, some specimens which would have helped in

clarifying the distribution of 21 0Pb in zooplankton were used in other

research prior to this work. Nevertheless, the results are extensive

enough to provide some initial insight into the concentrations of
21 °Pb

in marine biota, and how they vary in time and distance from shore.

Where possible, fresh specimens of the organisms listed above

were collected in order to measure 21 °Po, and to thereby get some

idea regarding the relative uptake of these two isotopes, and an mdi-

cation of the radiation dose rate which results from 21 °Po.

By far the majority of samples analyzed here consisted of or-

ganisms living in the upper waters of the ocean. Once again, sample
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availability rather than intentional bias accounts for this apparent dis-.

crepancy.

Finally, the analysis of commercial seafoods and fish protein
210 210concentrates for Pb, Po and other isotopes are included as an

indication of the amounts of these isotopes which are now and may

soon be available in the diets of humans.

210 Pb in Oceanic Surface Waters

As was pointed out in earlier discussions, 210Pb is derived in

the atmosphere from the decay of 222Rn, and is subsequently removed

from the stratosphere by precipitation and by adsorption onto fine

particulate matter which ultimately reaches the earth's surface.

Rama, Koide and Goldberg (bc. cit. ) have shown that this input of

210Pb is the most important one for the surface layers of the ocean.

Since the majority of the organisms analyzed here reside in the oceanic

surface waters, it seems prudent to briefly review their conclusions.

The only natural source of 210Pb other than that obtained from

the decay of 222Rn in the atmosphere is the generation of this isotope

by 226Ra which is present in the waters. An average value for the
226 -14

concentration of Ra might be taken as 3 x 10 g/liter which would

210 222
produce Pb at the rate of 0. 002 dpm/liter/year provided all the Rn

precursor was retained. By contrast, if we assume a mixed layer of

some 100 meters, as did Rama, et al. , and an annual precipitation of
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approximately one meter over the surface of the earth (McLellan,

1965) containing 5 dpm/literthenthe resulting concentration of
21 °Pb in-

troduced into the mixed layer from atmospheric sources would be ap-
210

proximately 0. 05 dpm/liter of mixed water/year. Thus the Pb

from atmospheric sources would be some 25 times greater than that

derived from the decay of 226Ra in the surface layers. Since radon

undoubtedly escapes across the sea surface before decaying to 210Pb,

the ratio of atmospheric to in situ generation of 21 °Pb is likely to ex-

ceed 25. If, however, one considers the entire oceans and assumes

a total 226Ra concentration estimated at 2. 42 x 1 021 dpm (Carritt

and Harley, l957),then the atmospheric contribution of 210Pb to the

world oceans is only some 26% of that coming from the decay of all

the 226Ra in these waters per year.

From these considerations it seemed reasonable, with some

reservation, to t r y to relate the 21 0Pb concentrations which were

measured in the surface organisms to the amount of rainfall which had

occurred just prior to the collection date. Furthermore, in the ab-

sence of high rainfall, one might be able to observe the effects of up-

welled subsurface water upon the concentrations of 21 °Pb in the or-

ganisms. While the conditions of upwelling are reasonably easy to

delineate by measuring the concentration of dissolved oxygen, inor-

ganic phosphate, and salinity, the correlation of rainfall data on shore

to that which occurs at sea is at best hazardous. Only order of
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magnitude agreements can be expected since local storms at sea and

the generally higher coastal rainfall versus that observed offshore

make precise comparisons impossible (Quinn, 1968). Nevertheless,

for the purposes of this research, rainfall data recorded at Brookings,

Oregon, prior to each cruise, have been tabulated (U. S. Weather

Bureau, 1962-1965). Figure 5 shows these rainfall data along with

the hydrographic regimes which occurred at the time of sampling.

The months of June and August, 1962 were months of reasonably low

rainfall but ones where upwelling was active and then subsided.

Similarly September, 1963 and April, 1964 represent low precipitation

months where upwelling had first subsided and then was active.

Months of high rainfall occurred just after or at the beginning of up-

welling, as shown in the data for October 1962 and May 1963.

210Pb in Euphausiids (Euphausia pacifica)

Some 116 species of euphausiids were taken in the trawis off

Brookings, Oregon, but the most abundant was Euphausia pacifica.

Osterberg, Pearcy and Curl (1964) have shown that E. pacifica is

primarily a filter-feeding herbivore which occasionally may consume

copepods. The 210Pb concentrations of the euphausiids are shown in

Table 2. The errors shown here and in subsequent tabulations are

standard errors derived from the count rate data of both samples and

background.

Since the number of euphausiid samples was limited, the data

have been grouped into onshore (5-45 nautical mile) and offshore
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Table 2. 210Pb concentrations in euphausiids (Euphausia pacifica).

Hydrographic Rainfall at Brookings Inshore stations Offshore stations
conditions in month precediñgcruise 5-45 nautical miles 65-165 nautical miles

Date (upwelling) (inches) (dpm/g dry wt.) (dpm/g dry wt.)

August 62 late 0. 10 0. 14± 0. 01 0. 52 ± 0. 06

October 62 post 10.81 0.23± 0.02 0. 220. 04

March 63 pre 0. 36 0. 20± 0. 02 0. 36 ± 0. 05

May63 early 14.11 0.18±0.01 0.16±0.01

July 63 active 1. 18 0. 13 0.01 --

April 64 active 0.61 0. 23± 0.01 --
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(65-165 nautical mile) categories. During late upwelling and low rain-

fall, the offshore concentrations of 210Pb in the euphausiids was sig

nificantly higher than those inshore. During periods of high rainfall

but prior to or just following upwelling the concentrations of the iso-

tope in inshore and offshore specimens were approximately equal.

Oddly enough, there does not seem to be a large response in the

measured 0Pb concentrations to the more pronounced changes in

rainfall that occurred. However, the euphausiids were not unique in

this respect, and data soon to be presented for the shrimp, Sergestes

similis, showed similar trends.

Since no offshore specimens were available for analysis during

active upwelling, it is not possible to see what effects this phenome-

non has upon either decreasing or increasing the 210Pb concentra-

tions in these organisms. That effect is more pronounced in trophic

level III, and is shown next in the 21 0Pb concentrations which were

measured in amphipods.

210Pb Concentrations in Hyperid Amphipods
(Parathemisto pacifica)

P. pacifica (Hyperiidae) was the most abundant pelagic amphi-

pod collected in the trawls off Brookings, Oregon. Lebour, Bigelow,
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and Kane (as cited by Laurs, 1967) found a variety of organisms in

the stomach content of these organisms including copepods and other

amphip od s.

Because of the small amount of material that was available for

analysis (0. 1-0.3 g dry weight) the samples were grouped again into

onshore (5-45 nautical i-nile) and offshore (65-165 nautical mile) cate-

gories. In this way it was hoped that enough 21 0Pb would be present

so that a meaningful measurement could be made. Table 3 shows that

such a grouping was not necessary. The data show generally low in-

shore values during low rainfall which increase when the rains be-

come heavy. The July 1963 values obtained during active upwelling

and moderate rainfall can be contrasted to those of June 1962 where

rainfall was less and offshore 210Pb values were much higher than

those inshore. Clearly, upwelled water whose 210Pb concentrations

are equal to or slightly larger than the surface waters is not very ef-

fective in increasing 20Pb concentrations in amphipods.

210 . .Pb in Shrimp (Sergestes similis)

Of the shrimp collected in the trawis off Brookings, Oregon

only two species were present in any abundance, Sergestes similis

(Penaeidea) and Pandalas jordani (Caridea). Of these two species,

S. similis dominated nearly all catches (Laurs, bc. cit.). Oster-

berg, etal. (1964) found that the stomachs of S. similis contained not



Table 3. 210Pb concentrations in hyperid amphipods (Parathemisto pacifica).

Hydrographic Rainfall at Brookings Inshore stations Offshore stations
conditions in month preceding cruise 5-45 nautical miles 65-165 nautical miles

Date (upwelling) (inches) (dpmlg dry wt.) (dpmlg dry wt.)

June 62

August 62

October 62

March 63

May 63

July 63

September 63

April 64

active

late

post

pr e

early

active

post

active

0. 38

0. 10

10.81

0. 36

14. 11

1. 18

0. 04

0.61

0.83 :E 0. 18

0. 95 ± 0. 08

6. 68 ± 0. 26

46.09 ±0.81

3.78 ± 0. 36

1,02±0.16

0. 95 ± 0. 60

52.40 ± 1. 30

61. 35 ± 1.48

14. 53 ± 0. 37

4. 52±0. 23

26. 07 ± 0. 7 1

1.01±0.16

Ui
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only copepods, but euphausiids, segments of other shrimp and some

fish scales.
210Table 4 shows that the Pb concentrations of the shrimp are

rather low compared to amphipods. The general trend toward higher

0Fb concentrations in the organisms taken offshore (> 45 nautical

f.ailes) during low rainfall is less apparent but nevertheless does seem

to persist.

210Pb Concentrations inCephalopods(Abrailiopsis, sp,

The dominant cephalopodfound off Brookings by Laurs was

Abrailiopsis, sp. (Enoplotenthiade). Marshall and Pearcy (as cited

by Laurs, bc. cit.) believe that the primary diet of cephabopods con-

sist of fishes, crustacea and other squids.
210 . .Table S shows that the Pb values are ignificantly higher

than those reported for shrimp, but lower than those observed in am-

phipods. Unfortunately the number of samples available for analysis

210 .was limited and the Pb concentration trends with distance offshore

is evident only during May, 1963.

°Pb Concentrations in Mesopelagic Fishes
(Myctophidae and Melanostomiatidae)

Of the pelagic fishes taken off Brookings, Oregon, four species

of myctophids and one species of stomiatoid were caught in greatest
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Table 4. concentrations in Sergestes similis (Penaeidea) collected off Brookings, Oregon.

(dpm/g dry weight)

Rainfall at
Brookings in

Hydrographic month pre
Distance Offshore (Nautical Miles)

conditions ceding cruise
Date (upwelling) (inches) 25 35 45 65 85 105 125 145 165

August62 late 0. 10 - 0.32±0.01 0 14±0.01 - 0.78±0.02 - 0.42±0.02 - -

October62 post 10.81 0.12±0.01 0.03±0.01 0.04±0.01 0.06±0.01 0.27±0.01 0.18±0.02 0.06±0.01 0.27±0.01 0.35±0.01

March63 pre 0.36 - 0.09±0.02 - 0.12±0.02 0.14±0.01 - 0.24±0.01 - -

May 63 early 14. 11 0. 15±0.01 - 0.08±0.01 - 0.09±0.01 - 0. 16±0.03 - -

July63 active 1. 18 0.16±0.02 - 0 17±0.01 - 0. 15±0.02 - 0. 18±0.03 - -

September63 post 0.04 0.08±0.01 0.07±0.01 - 0.18±0.02 - 0.13±0.01 - - -

April 64 active 0.61 0. 18±0.01 - - - - 0. 86±0.02 - - -

I-..)

1



Table 5. concentrations in cephalopods (brafliois sp.) collected off Brookings, Oregon.
(dpm/g dry weight)

Rainfall at
Brookings in

Hydrographic month pre- Distance Offshore (Nautical Miles)
conditions cednig cruise

Date (upwelling) (inches) 25 35 45 65 85 105 125 145 165

August 62 late 0. 10 - 0. 46±0.03 0.33±0.02 - - 0.65±0.05 - - -

October 62 post 10.81 0.55±0.09 0. 18±0.02 0.31±0.01 0.41±0.03 0.27±0.02 0. 46±0.04 0.42±0.05 0. 88±0.02 -

March 63 pre 0. 36 0. 77±0.04 0. 13±0.03 0. 95±0.05 - - - - - -

May63 early 14.11 0.67±0.05 - 0.96±0.06 1.01±0.03 0.21±0.01 1.46±0.02 - - 2.10±0.05

July 63 active 1. 18 0 33±0.06 - - - - - - - -

September 63 post 0.04 0.01±0.01 0. 19±0. 02 - - - - - - -

April 64 active 0. 61 - - - - - - - - -
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abundance. Lampanyctus leucopsarus, Lampanyctus ritteri, Diaphus

theta and Tarletonbeania crenularis (Myctophidae) and Tactostoma

marcopus (Melanos tomiatidae) comprised the majority of some 40

species of pelagic fishes taken in the collections (Laurs, bc. cit.).

The myctophids were of interest in this research since Pearcy (1964)

has shown that these fish tend to reside at different depths in the water

column as determined by catch frequencies, yet all seemingly share

common food webs. The myctophids feed primarily on euphausiids,

calanoid copepods aid amphipods, while analysis of stomach contents

of T. macropus has shown that they feed on lanternfish, euphausilds

and sergestid prawns (Osterberg et al.., bc. cit.).
210Tables 6 through 10 show the Pb concentrations which were

measured in these fishes. The first apparent difference between fish

that one observes is the rather highvalues of 210Pb in crenularis

with a decrease in concentrations as one moves through the series

T. crenularis--D. theta- -L. leucopsarus-. -L. ritteri. The de-

creasing levels of 210Pb exactly parallel the depths of residence of

these species as shown by Pearcy (1964). Pearcyfound thatT.

crenularis was collected in greatest abundance after dark at 0-10

meters depth, while D. .theta.was most abundant in tows to 10-25

meters andL. leucopsarus in tows to 25-30 meters. L. ritteri is

taken most frequently at depths comparable to or lower than those

observed for L. leucpsarus.
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Table 6. Pb concentrations in Tarletonbeania crenularis (Myctophidae) collected off Brookings, Oregon.

(dpm/g dry weight)

Rainfall at
Brookings in

Hydrographic month pre- Distance Offshore (Nautical Miles)
conditions ceding cruise

Date (upwelling) (inches) 25 35 45 65 85 105 125 145 165

August 62 late 0. 10 - 0. 25±0,03 - - - - 0. 64±0. 09 - -

October 62 post 10. 81 - 0.37±0.01 0. 58±0. 01 - 0.80±0.02 1. 55±0. 12 0.68±0.03 0. 37±0.02 0.33±0.01

March63 pre 0.36 0.75±0.07 0.46±0.03 0.35±0.04 1.51±0.04 1.44±0.05 0.92±0.02 0.80±0.08 0.64±0.03 -

May 63 early 14. 11 0. 48±0.03 0, 97±0.06 1.02±0.02 1.31±0.06 0. 75±0.03 0. 94±0.03 0. 98±0.05

July 63 active 1. 18 0. 43±0.04 - - - -

September63 post 0.04 0.41±0.03 0.35±0.02 0.45±0.01 - - -

April 64 active 0.61 0.33±0.02 1.32±0.04 - - - - - -

0



Table 7.
210 concentrations in Diaphus theta (Myctophidae) collected off Brookings, Oregon.

(dpm/g dry weight)

Rainfall at
Brookings in

Hydrographic month pre-
Distance Offshore (Nautical Miles)

conditions ceding cruise
Date (upwelling) (inches) 25 35 45 65 85 105 125 145 165

August 62 late 0. 10 - 0. 25±0.01 0.27±0.01 0. 33±0.02 - 0. 29±0.03 - - -

October 62 post 10. 81 - 0.26±0.01 0.31±0.01 0.58±0.01 - 0. 54±0.02 - - 0. t4f0. 01

March 63 pre 0. 36 - 0.27±0.03 0. 41±0.03 0. 14±0.01 0. 97±0.08 - 0.41±0.01 0.30±0.01 0. 42±0.01

May 63 early 14. 11 0. 16±0.01 0.63±0.02 0.64±0.02 0. 24±0.01 0. 44±0.02 0. 48±0.02 0. 35±0.03 - -

July63 active 1.18 0.29±0.01 0.22±0.04 - - 031±0.02 0.29±0.02 0.41±0.04 - -

September63 poSt 0.04 0.19±0.01 0.20±0.01 0.23±0.01 0.22±0.01 - - - - -

April 64 active 0. 61 - - - - - - - - -



Table 8. 210Pb concentrations in Lampanyctus leucopsams (Myctophidae) collected off Brookings, Oregon.
(dpm/g dry weight)

Rainfall at
Brookings in

Hydrographic month pre- Distance Offshore (Nautical Miles)
conditions ceding cruise

Date (upwelling) (inches) 25 35 45 65 85 105 125 145 165

August62 late 0.10 0.12±0.01 - - 0.11±0.01 - 0.16±0.01 0.15±0.01 0.08±0.01 -

October62 post 10.81 - 0.11±0.01 - 0.22±0.01 0.31±0.01 0.65±0.06 0.17±0.01 0.14±0.01 0.07±0.01

March 63 pre 0. 36 - 0. 19±0.01 0.07±0.01 0. 52±0. 01 - 0.21±0.01 - 0. 22±0.01 0. 40±0.02

May 63 early 14. 11 0.08±0.01 0. 38±0.01 0. 31±0.01 0. 24±0.01 - 0. 46±0.01 0. 23±0.01 - -

July63 active 1.18 0.16±0.01 0.20±0.01 0.16±0.01 0.25±0.01 - 0.11±0.01 - - -

September63 post 0.04 0.09±0.01 0.10±0.01 0.15±0.01 - 0.49±0.06 - - 0.14±0.01 0.72±0.03

April 64 active 0. 61 0. 19±0.01 0.20±0.01 - 6.52±0.05 - 0. 39±0.02 - - 1.64±0.03

N)



Table 9. 210Pb concentrations in Lampanyctus ritteri (Myctophidae) collected off Brookings, Oregon.
(dpm/g dry weight)

Rainfall at
Brookings in

Hydrographic month p1e- Distance Ofhore (Nautical Miles)
conditions ceding cru]se

Date (upwelling) (inches) 25 35 45 65 85 105 125 14S 165

August62 late 0.10 - 0.03±0.01 0.15±0.03 0.09±0.01 - 0.12±0.01 0.06±0.01 0.11±0.01 -

October 62 post 10. 81 - - 0. 16±0.01 0. 17±0.01 0.22±0.01 0. 18±0.01 0. 18±0.01 - -

March 63 pre 0. 36 0.27±0.02 - 0. 11±0.01 0. 50±0.02 - 0. 10±0.01 - 0. 15±0.01 0. 21±0.01

May 63 early 14. 11 - 0.29±0.02 - 0. 29±0.02 - 0.41±0.02 0. 30±0.01 - -

July 63 active 1. 18 0. 10±0.01 0. 11±0.01 0. 11±0.01 0. 20±0.01 0.07±0.01 - 0. 11±0.01 0. 20±0.01 -

September63 post 0.04 0.14±0.02 0.04±0.01 0.11±0.01 0.18±0.02 - - 0.43±0.01 - 0.69±0.03

April 64 active 0.61 0. 12±0.01 - - - - - 2. 12±0. 10



Table 10.
210,

concentrations in Tactostoma macropus (Melanostomiatidae) collected off Brookings, Oregon.
(dpm/g dry weight)

Rainfall at
Brookings in

Hydrographic month pm-
Distance Offshore (Nautical Miles)

conditions ceding cruise.
Date (upwelling) (inches) 25 35 45 65 85 105 125 145 165

August62 late 0.10 0. 06±0.02 - - 0. 22±0. 01 - - 0.24±0.03 - -

October 62 post 10. 81 0.30±0.03 - 0.30±0.01 0. 54±0.02 0.20±0.03 0. 83±0.05 0. 40±0.01 0. 29±0.03 0. 14±0.01

March63 pre 0.36 - 0.32±0.03 0.29±0.01 0.60±0.02 - 0.24±0.05 0.71±0.02 0.40±0.02 0.24±0.01

May 63 early 14. 11 - - 0. 48±0.03 0.43±0.01 - - 0. 57±0.02 - -

July 63 active 1. 18 0. 17±0.02 0.20±0.08 0.27±0.02 0.23±0.01 0.20±0.04 - 0. 17±0.01 0. 40±0.01 -

September63 post 0.04 0.11±0.01 - 0.11±0.03 - 0. 08±0. 01 - - - -

April 64 active 0. 61 - 0.64±0.03 - 17.00±0. 14 - - - - -
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Another interesting trend which is most apparent is that as the

depth in the water column increases, the changes in °Pb concen-

tration in the fish become much less dependent upon rainfall and dis-

tance from shore. Again, the biggest contrast here is between T.

crenularis and L. ritteri. Figure 6 points out these particular points

somewhat more dramatically than do the tabulations. Furthermore,

the 0Pb concentrations in T. crenularis show higher offshore values

than inshore ones. Thus, the concentrations of °Pbin organisms

residing in the upper layers of the ocean would seem to parallel the

general concentration profile of stable lead found by Tatsumoto and

Patterson (bc. cit.), that is, increased levels of stable lead offshore

and decreasing levels with depth. If the food webs of the lanternfish

are similar, these results would suggest that direct uptake of

from water is the major deposition mechanism for the isotope in

these mesopelagic fishes.

210 210Pb and Po Concentrations in Benthonic Fish

Since samples of benthonic fish were not taken by Laurs during

the 1962 and 1963- 64 cruises, no comparisons between organisms re-

siding at the surface and near surface with those on the ocean floor

can be made. Data to be presented shortly will, however, show that

benthonic organisms do contain rather high concentrations of both
210 210Pb and Po

In order to have some idea concerning both the concentrations
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of °Pb and Po in benthonic fish and also the internal distribution

of these isotopes within the fish, two bottom feeding species, Glypto-

cephalus zachirus, (Rex sole) and Sebastodes rubirrimus, (rockfish)

were obtained from the New England Fish Company, Newport, Oregon,

while another bottom feeding species, Merluccius productus (Hake)

was kindly supplied by Mr. Norman Kujala of Oregon Ocean Supply,

Astoria, Oregon, for analysis. These fish were taken commercially

off the Oregon coast but the exact location is not known. Not only are

these fish of interest because they feed on bottom dwelling organisms
210 210which might tend to have high concentrations of Pb and Po but

the first two fish mentioned above serve as foodstuffs for humans,

while the latter fish is being intensively investigated as the starting

material for fish protein concentrates.
210 210Table 11 shows the concentrations of Pb and Po in the

various organs of the benthonic fish and the dose rate each organ re-
210 210ceives from the Po deposited there. In the case of Po, the

liver seems to be the major site of deposition, while bone appears to
210 . 210be the major deposition site for Pb. Flesh has very little Pb,

and therefore fillets from both the rex sole and rockfish contribute

little to the presence of 20Pb in the human diet. One interesting

210 210point to note is the ratio of Po to Pb, especially in bone. In

this latter instance one is led to the conclusion that 21 °Po is concen-

trated in the skeletal tissue independent of ingrowth from 210Pb.



Table 11. 2 0Pb and 2 °Po concentrations in benthonic fishes.

210 Approximate dose210 210 PoSpecific Po Pb rate from 210Po
Sample organ (dpm/g wet weight) (dpm/g wet weight) 210Pb (mrad/yr)

RexSole Flesh(2) 0.05±0.01 0.005± 0.003 10 2
(Glyptocephalus Roe (2) 0.47 O. 02 0. 22 ± 0.02 2 21zachirus)

Liver (2) 1.15±0.049 0. 031± 0.001 40 51

Stomach (2) 5.76 ± 0. 13 1.89 ± 0.03 3 260

Bone (2) 0.48 ± 0.02 0. 290± 0.023 1.7 24

Rockfish Flesh (2) 0.08 ± 0.01 0.004± 0.001 20 4
(Sebastode
rub ir r imu s) Stomach(1) 0.40±0. 01 0.038± 0.001 5 9

Bone (2) 0. 05±0.01 0. 020± 0.005 2.5 2

Hake Flesh (4) 0. 10 ±0 00 0. 004± 0. 001 25 5
(Merluccius Liver (3) 1.68 0. 14 0.054± 0.001 31 85productus)

Bone (4) 0. 15 ±0.02 0.099± 0.013 1. 5 7
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This is somewhat different than has been observed for terrestrial
210 210animals, although Holtzman has reported Po/ Pb values > 1 for

some caribou bone (Holtzman, 1966). In human bone, the measured
210 210 210

P0/ Pb ratio is very close to 1.0 suggesting Pb deposition

with subsequent 210Po ingrowth (Holtzman, l963b).

It is difficult to compare these results with those obtained for

lanternfish, although the internal distribution of the isotope should be
210somewhat similar. Thus, the Pb measured in the lanternfish was

most probably localized in the liver and bone.

Miscellaneous Samples

Table 12 contains the results of the analysis of fresh specimens

of marine organisms for both 210Pb and 210Po. Two samples of

oceanic copepods have been included so that comparison of the 210Pb

concentrations might be made between these and the estuarine cope-

pods. The mixed plankton samples were taken from surface hauls for

the purpose of comparing such a mixture with that reported recently

by Shannon and Cherry (bc. cit.) for mixed plankton samples taken

off the Cape of Good Hope. The 210Po value of 0.55 dpm/g wet weight

compares rather favorably with the value of 0. 44 dpm/g wet weight

measured by Shannon and Cherry, even though the planktonic mixture

most certainly was different in each instance.

The highest 2Po values in the organisms listedwere those
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210 210
Table 12. Pb and Po concentrations in fresh marine organisms.

210 210 210Pb
Date Depth Specific Po Pb Approximate Dose Rate

Sample Location collected (meters) Organ (dpm/g wet weight) (dpm/g wet weight) 210 from 210Po (mrad/yr)

Sea cucumbers whole minus

LPaleopatides, sp.) NH-65 1-14-68 2800 gut 0.81±0.05 0.090±0.003 9 36

Mixed Plankton
(Zooplankton) NH-65 4-8-68 Stc. whole 0.55±0.02 0.090±0.03 6 25

Polychete worms
(Benthic-unidentified) NH-24 4-4-68 200 whole 17. 83±0.07 10.40 ±1.07 2 800

Lepas Barnacles
LLepas anatifera) Nl-I66 5-11-68 Stc. whole 3 49±0. 02 1.71 ±0.05 2 156

Copepods
LCalanus pacificus) NH-SO 4-64 Stc. whole - 0.060±0.001 - -

Copepods
LCalanus pacifiç) NH-iS 4-65 Stc. whole - 0. 045±0. 002 - -

Copepods
(Acartia clausii) Yaquina Bay 3-28 0-10 whole 1. 25±0.03 0.550±0.010 2 56

Copepods
LAcartia clausii) Yaquina Bay 5-1-68 0-10 whole 0. 89±0. 05 0.060±0. 001 15 40

Copepods
(cartia clausii) Yaquina Bay 5-23-68 0-10 whole 2. 49±0.02 0.46 ±0.02 5 111

Polychaetes
LTomopteri, spp.) NH-65 5-16-68 50-100 whole 2. 26±0.07 0. 19 ±0. 13 12 101

Chaetognaths
LSagitta elegps) NH-65 5-16-68 50-100 whole 1.66±0.01 0. 031±0. 012 54 74

Shrimp
LSergestes similis) NH-65 5-16-68 0-200 whole 3. 22±0.02 0. 123 ±0. 013 27 148

Medusae
(Atolla bai NH-65 5-16-68 400-600 whole 0. 50±0.01 0.252±0.012 2 22

Euphausiids
LEuphausia pacifica) NH-65 5-16-68 50-100 whole 0. 64±0.02 0. 114±0.049 6 27

Amphipods
LParathemisto pacifica) NH-65 5-16-68 50-100 whole 3. 54±0. 06 - - 158

Heteropods
(-iyper1idae) NH-65 5-14-68 50-100 whole 0. 84±0. 01 - - 38

Lantemfjsh
(. crenularis) NH-65 5-11-68 0-200 whole 7.03±0.08 - - 314

Lanternfjsh

(I. macropus) NH-65 5-13-68 100-200 whole 0.46±0.01 0.351±0.019 1 21

(j. leucopsarus) Nl-I-65 5-10-68 800 whole 2.46±0.02 0.195±0.018 13 110

(. ritteri) NH-65 5-11-68 400-600 whole 0. 60±3. 01 0. 428±0. 027 1 27
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measured in polychetes living in the ocean sediments. These high

levels undoubtedly result from the ingestion of 210Po rich detrital

material and, of course, sediment. The lepas barnacles were ob-

tained from a Japanese glass float and consequently resided in the

upper few inches of the surface waters. The analysis of both stocks

and shells of the barnacles showed that greater than 75% of the °Po

activity was localized in the stocks.

The copepods taken from Yaquina Bay show an approximately

3.0 fold variation in °Po concentrations and can be explained, in

large measure, by the fact that the copepods of lower concentration

were collected when no significant rainfall had preceded collection.

The copepods of higher concentration were taken just after significant

amounts of rain had fallen on the Oregon coast (>1 inch). A sample

of oceanic copepods taken at the same time as the samples appearing
210below in this table (May, 1968) showed a Po concentration some-

what intermediate to those observed at Yaquina Bay, Oregon, namely,

1.50 ± 0.08 dpm/g wet weight. The species collected was mainly .

pacificus, taken at depths between 50-100 meters. Therefore a dose

rate from 210Po for these organisms can be generally fixed at between

50-100 mrad/year.

It is clear from the ratios of 210Po/210Pb that the 210Po is, in

most cases, unsupported by its parent 210Pb and is therefore taken up

independently of 210Pb, and has a larger accumulation factor than does
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210Pb. Shannon and Cherry (bc. cit.) quote accumulation factors for

of some 4000 for planktonic organisms. However, in view of

the variations observed here in both time and geography, there seems

little point to repeat such a calculation for 210Pb, even if one were to

assume a 210Pb water concentration approaching 0. 1 dpm/liter as

measured by Rama, Koide and Goldberg (bc. cit.).

The final point of interest to be seen from Table 12 is the varia-

tion in the 210Po concentration of the lanternfish. The decreasing

210Po concentration as one proceeds through the series T. crenularis

--L. leucopsarus- -L. ritteri, closely parallels that observed for

210Pb, and most probably again reflects residence times in the rela-

tively richer 210Po waters. The radiation dose rate quoted for the

individual organisms is at best approximate since the 210Po levels

undoubtedly fluctuate much as do those for 210Pb. Even so, the data

is useful as a first approximation to the radiation dose experienced
210 210

by these organisms as a result of ingestion of Pb- Po. It must

be emphasized that, generally speaking, the internal organs of the

organisms (especially in the case of fishes) are the recipient of the

highest dose rate and that the dose rate quoted is for the entire

organism, not individual organs. As such, the dose rate estimates

are minimum ones.
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210Pbin Seafoods

The current emphasis being placed on the world oceans as a

source of food for the world populations prompted the author to ana-

lyze a limited number of commercial seafoods for 210Pb and 210Po.

Of particular importance here are the fish protein concentrates cur-

rently under investigation as a source of dietary protein supplements

for large segments of the world populations (Ayres, 1966). In these

products, whole organisms are processed to make a palatable supple-

ment consisting of some 80% protein. From the data presented thus

far it seems reasonable to conclude that reasonably high levels of

210Pb and 210Po might result in the final product, depending upon

processing techniques and whether or not bone is removed from the

product,

Table 13 shows the results of the analysis of a number of corn-
210 210mercial seafoods for both Pb and Po. It is customary in these

types of products for only the musculature of the organisms to be pro-.

cessed, and since the concentrations represent the amounts retained

following a variety of cleaning and processing steps, they should not

be compared directly with the values quoted for other organisms in

this research, for examplehake, sole or rockfish musculature. Since

the time of sampling is not known, it is obvious that the 210Pb/210Po

ratios are not those which existed in the live animals at the time of



Table 13. 210Pb in seafoods.

Sample

210 Po
(dpmlg wet weight)

210Pb
(dpm/g wet weight)

210 Po

210Pb

Cocktail Shrimp (2) 0.303±0.011 0.022±0.004 14

Lobster Tail (2) 0.013 ± 0.002 0. 005 ± 0.002 3

Pink Salmon(2) 0. 021± 0.001 0.005±0.003 4

Tuna Fish (2) 0. 055± 0.003 0.025±0.003 2

Dungeness Crab (2) 0.020± 0.001 0.017 ± 0.002 1

Oysters (2) 1.040±0.004 0. 22 ± 0.01 5

Sardines (2) 0. 042± 0.003 0. 044±0. 005 1

Kipper Snacks (2) 0. 017± 0.003 0.014±0.005 1

Bay Clams (2) 0. 638±0. 025 0. 024±0. 002 27

Minced Clams (1) 0. 050±0.001 0. 047±0. 003 1

Codfish(2) 0.005±0.001 Not measured --

Ui
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210slaughter. The Pb values are probably accurate to within 3-7%

if one considers a reasonable decay time of one to two years between

processing and analysis.

Hill (1965) has reported the concentrations of 210Po and to a

lesser extent, those of 210Pb in a variety of foods and it is instructive

to compare his results with those presented in Table 13. Hill's meas-

ured values of the 210Po concentrations in vegetables and grains

ranged from 0. 002 to 0. 015 dpm/g wet weight. Beef and lamb muscle

were comparable and contained 0. 007 dpm/g wet weight whereas the

liver and kidneys of these animals had much higher values, up to 4. 0

dpm/g wet weight. Cockles and crab contained high values of 210Po

ranging from 0. 90 to 1. 98 and 2. 9 to 3. 1 dpm/g wet weight respec-
210tively. The Pb concentrations in the cockles were 0. 09-0. 20

210 210dpm/g wet weight giving a Pb/ Po ratio of 0. 1-0. 2.

The values reported above show that the concentrations of

210Pb and 210Po in seafoods are significantly higher than those in

beef muscle or vegetable products. The molluscs are of particular

interest since they are now commercially "farmed" and may be one of

the first species to experience increased attention in regard to large

scale aquaculture. Diatoms, a phytoplankton, form the chief diet of

the adult molluscs which are reported above, and the food chain phyto-

plankton- -mollusc.is one that can be managed in large embayments if

hydrographic conditions are suitable or can be made so. It is
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interesting to note that the values for oysters and bay clams analyzed

here are in general agreement with the values for cockles reported by

Hill, while those reported for crab are more divergent. It is quite

possible that this difference is due to differences in the tine of

analysis following collection plus the uncertainties associated with

processing.

Tables 14 and 15 contain the results of the analysis of several

fish protein concentrates currently under investigation by the Seafoods

Laboratory, Astoria, Oregon, as possible food supplements for hu-

man consumption and the results from the analysis of other concen-

trates obtained from the Bureau of Commercial Fisheries and Viobin

Corporation, Monticello, Illinois, while the author was at Battelle-

Northwest, Richland, Washington (Jones and Beasley, 1967), The

values reported for 226Ra, ZZ8Th and the gamma-emitting radioiso-
60 54 137topes Co, Mn, and Cs in the Bureau of Commerical Fisheries

samples were determined by gamma counting techniques using multi-

dimensional gamma ray spectrometry (Perkins, bc. cit.). Iron-55

was determined by counting the 6 keV x-ray in an anticoincidence

shielded proportional counter (Palmer and Beasley, 1965). The Sea-

foods Laboratory samples were gamma counted in a 5-inch by 5-inch

NaI( Ti) well crystal coupled to a 512 channel multichannel analyzer.

The sensitivity of this instrument for resolving and detecting small

quantities of radioactivity is much less than that of the



Table 14. Radionuclide concentrations in fish protein concentrates obtained from the Seafoods Laboratory, Astoria, Oregon.

Radionuclide concentration
(dpm/g dry weight)

Processing Catch 210 210 65 40
Sample Technique date Location Po Pb Zn K

Not

Whole Hake + whole ground 2-10-68 Oregon Coast 0.20±0.01 0.11±0.06 measurable 28. 00±3. 78

3% Tuna Viscera hydrolyzed 2-10-68 Oregon Coast 2.22±0.02 0. 77±0.06 1. 74±0. 41 22. 99±2.48
(Merluccius produç)

hydrolyzed and screened 2-10-68 Oregon Coast 1. 96±0.01 0.61±0.04 0.89±0. 22 14.70±1.44

English Sole Frames whole ground 5-14-68 Oregon Coast 4.87±0.08 5.80±0. 10 8.08±0.31 13.62±1.82

(Fillts Removed) hydrolyzed 2-28-68 Oregon Coast 0. 45±0.01 1. 30±0.06 12. 90±0. 41 21. 40±2. 34
(!!'ophWs vetulus)

hydrolyzed and screened 2-28-68 Oregon. Coast 0. 39±0.01 0. 43±0.07 16. 10±0. 31 22.05±1.76

Whole Dogfish whole ground 2-28-68 Oregon Coast 0. 53±0.01 0. 11±0.02 3.83±0.21 10.75±1.25

(Lus acanthias) hydrolyzed 2-28-68 Oregon Coast 0. 59±0.01 0. 16±0. 03 5. 78±0. 26 17. 80 ±1. 53

hydrolyzed and screened 2-28-68 Oregon Coast 0. 48±0.01 0.08±0.02 4. 35±0. 23 13. 90±1. 82

u-I

-.1



Table 15. Radionuclide concentrations in fish protein concentrates obtained from the Bureau of Commercial Fisheries, Maryland.

Rad jonuclide Concentrations
(dpm/g dry weight)

Processing Catch
210 226 228 54 137 55 60

Sample technique date Location Pb Ra Th Mn Cs Fe Co

Yellowtail Flounder unknown 3-65 Rhode Island Coast 0. 29 0.06 0.03 1. 14 0. 24 0.26 -

Adult Red Hake unknown 1-65 Rhode Island Coast 0. 42 0.04 0.05 0.61 0. 13 0.44 0.003

Immature Red Hake unknown 8-66 Rhode Island Coast 0. 37 0.09 0.07 0.06 0. 09 0. 65 0.004

Flounder unknown 2-65 Rhode Island Coast 0. 25 - - - - - -

Unspecified Species unknown -- Rhode Island Coast 0. 38 0.06 0.21 0.62 0. 11 10.6 0.005

Unspecified Species unknown 5-65 Rhode Island Coast 0.63

whole
Unspecified Species 4-66 Rhode Island Coast 0. 72

freeze -dried

whole
Unspecified Species 7-66 Rhode Island Coast 0. 66

freeze-dried



multidimensional spectrometer and explains the absence of reported

values for gamma emitters other than 40K and 6Zn. Furthermore,

there was not sufficient sample available for 55Fe analysis in these

specimens

Species identification was not included in the data forwarded for

the Bureau of Commercial Fisheries specimens, so only common

names are listed. The errors associated with the measurements of

the gamma emitting radioisotopes are probably good to ± 10%, while

the errors for the °Pb measurements made at Battelle-.Northwest

approach those reported for the Seafoods Laboratory samples.

The processing techniques listed for the specimens obtained

from the Seafoods Laboratory consist of grinding the raw fish either

before or after freeze drying, subjecting the ground material to

hydrolysis by proteolytic enzymes which removes the flesh from the

bone, and then ultimately passing the hydrolysate through a 200 mesh

wire screen to remove bone particles and sediment. The specimens

from the Seafoods Laboratory, if processed for human consumption,

would require additional processing steps to remove lipids and other

possibly toxic organic materials. What effect this further processing

would have on the concentrations of the radionuclides contained in

Table 14 is not known. The samples from the Bureau of Commercial

Fisheries which were processed by an unspecified technique may

have already been subjected to further processing to remove lipids



and oils, for the samples were odorless and very finely ground.

Unhappily, further information to clarify these points is not available

for these particular samples.
210It is interesting to observe the increase in Po concentration

as a result of the hydrolytic process and the subsequent decrease

when the bone is removed. This is consistent with the internal dis-

tribution of this isotope in the benthonic fishes which were listed in
210

Table 11. The decrease in the concentrations of Pb. is decidedly

more pronounced when bone is removed and again is consistent with

its localization in this tissue. The changes which occur in the 6Zn

and 40K .concentrations with processing techniques are not entirely

consistent and may be du.e in part to changes in counting geometry for

different samples. In order to count the samples in the well crystals

described above, it was necessary to.reduce the organic digests to

volumes of 5 milliliters in order to transfer the samples to standard

counting tubes holding 12 milliliters. At th.ese low volumes, morgan-

ic salts precipitated from solution and settled to the bottom of the
65 40counting tubes. If Zn and K were concentrated by these salts by

adsorption the counting geometry is thereby altered and the determi-

nation is not a precise one. The maximum error which is likely to

result from this geometry change however approaches only 20%.

Since variations larger than this occur, th.ere is a possibility that the

samples obtained from the Seafoods Laboratory were not entirely
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homogeneous. The same possibility therefore exists for thesamples

obtained fromthe Bureau of Commercial Fisheries and therefore the

results for both series are at best approximations. Nevertheless

some conclusions can be drawn from these data.

First, the 210Po concentrations in the hydrolyzed and screened

products from the Seafoods Laboratory are about an order of magni-

tude higher (neglecting oysters and bay clams) than the common sea

foods shown in Table 13, even when correction is made for the differ-

ences between wet and dry weights of the samples. The 210Pb values

from the Seafoods Laboratory, as measured in hake and sole, are of

the same order of magnitude as those reported for the Bureau of

Commercial Fisheries samples. It is tempting, therefore, to use an

average value of 0.45 dpm 210Pb/g dry weight as a representative con-

centration of this isotope in the concentrates and to see how ingestion

210
of these products might alter the present Pb contribution to the

skeletal radiation dose of humans. A similar calculation for 10Po

has not been made because of the uncertainties associated with the

time lapses between processing and ingestion of the products. Such

time lapses efect the °Po concentrations much more than those of

210Pb because of the differences in their decay rates.

We can consider the data of Holtzman (1963a) in which he esti-

mates a daily 210Pb intake of approximately 4 pCi (2 pCi from

inhalation and 2 pCi from ingestion) which gives riseto some 50% of
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the skeletal radiation dose derived from internally deposited radionu-

clides. If we now assume that as a protein supplement, individuals

consume some 30 grams of fish concentration daily(a very reasonable as-

sumption), their 210Pb intake frornthis source alone would be some

6 pCi/day and if another 2 pci/day comes from inhalation, the total

210Pb intake would be twice that estimated by Holtzman. Thus, the

use of such concentrates overa life time would make 10Pb and

daughters the major contributor to the skeletal radiation dose exper-

ienced by humans, from internally deposited radionuclides.

As mentioned earlier, processing techniques could alter the

concentrations of 2Pb in these products even further, but the cal-

culations do illustrate the potential involved. It should be emphasized

that no mention of a radiological hazard has been made here, for the

effects of low dose rates from high L. E. T. radiation is still an

unresolved problem. What is emphasized is the apparent change

which could occur in the source of the human skeletal radiation dose

and the magnitude of this change.
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DISC tJSSION

From the results presented so far, and as suggested earlier, it

is convenient to discuss the 21°Pb and 210Po concentrations that have

been reported here in terms of their origin and variation, the subse-

quent radiation dose rate which results to the organisms from their

ingestion, and finally what effect these isotopes might have on man as

he turns to the oceans for more and more of his food.

From the arguments of Rama, Koide and Goldberg (bc. cit.)

concerning the relative importance of atmospheric fallout of
21 °Pb

and 210Po versus the in situ generation of these isotopes in surface

waters by decay of 226Ra, and from the measurements of both 21 0Pb

and 210Po in rainwater as reported by other authors (Peirson, etal.

bc. cit. and Burton and Stewart, bc, cit. ), it seems reasonable to

attribute the observed variations of 21°Pb in the organisms measured

here as being due tochanges in isotope input and upwelling with sub-

sequent offshore transport of isotope enriched water.

Shannon and Cherry (bc, cit.) in measuring 21 °Po concentra-

tions in both phytoplankton and zooplankton noted higher concentrations

of this isotope in the organisms collected 70 miles offshore (presum-

ably nautical miles) than those collected inshore. The similarities

between their findings and those reported here are striking. Under

the influence of southerly winds in the southei'n hemisphere, water
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is transported offshore and subsurface water is upwelled along the

coast, much as occurs along the western TJnited States. Although

these authors did not record rainfall data, they attributed the lower

concentrations of 0Po in inshore plankton samples to the fact that

the upwelled water had been away from the surface for some period

of time thus reducing the °Po concentration by both input from at-

mospheric sources and by radioactive decay. Such a mechanism

would also explain the 21°Pb concentrations measured here with the

added considerations of rainfall and offshore transport of inshore wa-

ters somewhat enriched with °Pb. The concentrations of 21 °Pb in

amphipods (Table 3) seems to depict this proposed model more clear-

ly than other data obtained from this research. During periods of ac-

tive and late upwelling but of low rainfall, the offshore concentrations

of 210Pb in this organism is much higher than in those measured in-

shore. Undoubtedly the 210Pb input is greatest in the coastal waters

due to the higher radon concentration over terrestrial versus oceanic

realms, but this surface water is moved offshore during northerly

summer winds and very likely these planktonic forms are carried with

such water. As a consequence, they spend more time in 21 0Pb en-

riched waters than do those in upwelled water where we must assume

210Pb concentrations are somewhat lower. The latter assumption

would be based on Tatsumoto and Patterso&s (bc. cit.) finding of

higher surface concentrations of stable lead offshore which decrease
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with depth, and are somewhat at variance with the ' °Pb concentra-

tions measured in these waters by Goldberg (bc. cit.). This is a

puzzling point, which might have been resolved if 21 °Pb water analy-

ses had been included as part of the sampling program on these

cruises. However, since the specimens were collected for an entire-

by different purpose, such samples must be reserved for future work.

Furthermore, it is not unreasonable to suppose that as rainfall begins,

the 21 °Pb concentrations are highest in the initial precipitation and

decrease as precipitation continues. This would give rise to surface

waters having rather inhomogeneous concentrations of 210Pb, and

while under wind stress, turbulence would tend to mix these waters

both vertically an4, horizontally, iiihornogenéitiès in the surface wa-

ters might still persist.

As upwelling subsides and the winds become southerly, and as

rainfall increases, inshore concentrations of 21 °Pb in the amphipods

was seen to increase, and would appear to be most pronounced in this

work by the values recorded during May 1963 just as upwelling began.
210 . .During July, 1963, input of Pb by rain seemingly influenced the

concentrations of the isotope in amphipods rather than hydrographic

conditions.

The horizontal transport of surface waters under the influence

of winds which gives rise to upwelling has been estimated by Smith,

Pattulbo and Lane (1966) to have maximum velocities in the upper 25
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meters of water approaching 3 nautical miles/day. Lower value of

some 1 nautical mile/day were observed at depths of 50 to 75 meters.

Thus, surface water enriched with Pb from either coastal rains or

terrigenous air at distances of 25, 35 or 45 nautical miles from shore

could be transported beyond 45 nautical miles under a five day north-

erly wind stress. It is interesting to note that these transport obser-

vations were performed during May; 1963, a month of reasonably high

rainfall on the Oregon coast. Figure 6 shows that the values of 20Pb

in T. crenularis and L. ritteri during May, 1963 are somewhat more

uniform than those for the previous sampling period, March 1963, a

period prior to upwelling and of low rainfall, It is worth noting that

April, 1963 was also a month of high rainfall and it is possible that

under these conditions, coupled with offshore transport of somewhat

enriched surface waters, the lanternfish had become more uniformly

labelled owing to longer residence times in more homogeneously la-

belled 210Pb surface waters, It should be stressed that these latter

organisms migrate vertically in and out of surface waters daily

whereas the free floating planktonic species are more or less con-

fined to the same water mass,

It seems appropriate in concluding this general topic to comment

on one point made by Shannon and Cherry (bc. cit. ) while discussing

the 21 0Po concentrations in plankton. They observed:

We are not aware of any published data giving both lead-
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210 and polonium- 210 activities in seawater, but it
would be surprising if the lead-210 to polonium- 210
activity ratio was not greater than unity in accordance
with the general fallout pattern.

The author too is unaware of any measurements of both 210Pb and

210Po in the same sample of seawater, but recent data has been ob-

tamed concerning the concentration of 210Po in seawater which is of

interest here.

The author, in cooperation with Dr. T. Folsom of Scripps In-

stitute of Oceanography, determined the 21 0p concentration of a

sample of surface seawater collected at LaJolla, California in 1966,

and found a value of 0. 03 ±0.003pCi/liter..This concentration was con-

firmed in duplicate analysis by a commercial firip in southern Cali.-

fornia who reported a Po value of 0.037 pCi/liter. .This concentra-.

tion aorresponds to -0. 07-0. 08 dpm/liter which is very nearly equal

to the 0. 1 dpm/liter reported by Rama, Koide and Goldberg for 210Pb

in surface waters. More recently, Kaufman (1967) has reported

measurements of 210Po in surface waters from stations in the Atlan-

tic collected aboard the R/V CONRAD during December, 1966-1

November 1967. The stations occupied ranged in latitude from 20°N

to 20 S. The average value of Po measured was 0.042 pCi/liter, or

0. 09 dpm/l1lith.r and showed no general 'decrease as .one moves south

across the equator. The agreement between these values and that

measured by the author is surprisingly good. One is led to the



tentative conclusion that,whereas the 21 °Po/ 21 °Pb ratio in rainwater

approaches 0. 1, this ratio in seawater might well approach 1. 0. Here

we are faced with the problem of explaining the preferential uptake of
21 °Po over °Pb, and while the complete elucidation of this problem

probably rests with sophisticated laboratory experiments, one can

suggest several possibilities.

The first explanation that comes to mind is that the chemical

changes which occur when the isotopes enter the marine environment

make 210Po biologically preferable for uptake by the organisms, ei-

ther through direct removal from the water or as the isotope is trans-

ferred through the trophic levels in predator-prey relationships. tSp-

take experiments in laboratory animals suggests that absorption of
210 210Po and Pb following ingestion are nearly equal, 6% and 8% re-

spectively (International Committee on Radiation Protection, 1960).

Admittedly, the marine environment and the organisms in it are not

directly comparable, physiologically, to terre strial organisms and

yet it is difficult to envisage changes in the absorption of 21°Po over

210Pb which approach orders of magnitude differences without postu-

lating chemical changes in the elements which would make such a dif-

ferentiation 05 sible.

Another consideration which comes to mind is one concerning

the effective half-lives which these isotopes display in the organisms

residing in the ocean. If we consider the simple case of an isotope



taken into an organism at the rate of P }.LCj/day and that the elimi-

nation of the isotope from the critical organ follows a simple exponen-

tial law, we can write a differential equation expressing the body bur-

den of the isotope at any time as being:

where

d (B)
dt + X(B) = P (1)

B = amount of isotope in the body

P = rate of intake of the isotope into the body

effective elimination constant.

Equation (1) simply states that the amount present at any time will be

a function of the intake rate minus the elimination rate (International

Commission on Radiological Protection, bc. cit.). If one integrates

this expression using the limits B = 0 when t = 0, the result be-

comes:

P(let)B- (2)

The effective elimination constant contains both the biological and

physical half life of the isotope of interest and the expression relating

the two parameters is given as

0. 693 0. 693 (3)
(Tr)(TB)/(Tr+TB) T1, 2 eff



where

T = radioactive half lifer

TB = biological half life.
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Furthermore, P, the intake rate,includes an absorption factor, f,

since one is interested in the quantity of isotope retained by the or-

ganism, not simply that ingested.

If now an organism is at equilibrium with the environmental

concentrations of the isotope of interest, Equation (2) can be simpli-

fied to:

B = 693/Tff l 44 PTeff (4)

From Equation (4) it is evident that both absorption and turnover rate

determine the concentration of the isotope at any time. Lead-210 dis-

plays a much longer effective half life in man than does 21 °Po (1 200

versus 25 days in the body, respectively) and such a condition could
21 0well apply to marine organisms. If the effective half life of Pb

in marine species is long compared to that for 210Po, the approach

to equilibrium would be slower, and hence at times far from equilib-

rium, 21°Po would be present in higher concentrations than would

2'0Pb. If, in addition, 210Po is preferentially absorbed, the differ-

ence becomes greater. Furthermore, if the effective half life of both
21 °Po and 21 0Pb exceed the life expectancy of the organisms from
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natural cause, it is clear that the maximum concentrations which

could be accumulated are never reached. Thus the age of the organ-

ism might be very important in correlating 21°Pb concentrations with

those of 21 0Po. This latter consideration would probably be most im-

portant in the fishes of the ocean for their life times exceed those of

the plankton.

Since the parameters mentioned above have not been measured

in marine organisms, little can be said as to which effect has the

greater influence in determining the relative °Pb and '°Po concen-

trations in marine organisms. If effective half lives are long, how-

ever, it would seem inappropriate to report accumulation factors for

these isotopes based on a comparison of the activity of the isotopes in

water versus that measured in the organisms, unless one knows what

fraction of the equilibrium value has been reached. For this reason,

no such estimates have been made in this research

Dosimetry

Folsom and Harley (1957) have estimated the radiation dose

rate to marine organisms living near the surface and at various

depths in the water column, and it is of interest to see how the meas-

ured values of 210Pb and °Po in this research might increase these

estimates. Table 16 shows how the contribution of 210Po to the dosi-

metry estimates changes the total dose rate experienced by fish



Table 16. Radiation dose rates in marine organisms from natural sources.
(after Folsom and Harley, 1957)

Oceanic Domain

Cosmic
rays

(mrad/yr)

Activity
in seawater
(mradlyr)

internal
(mrad/yr)

internal
(mrad/yr) Total

Large fish near surface 35 0. 9 28 314 378

Large fish 100 meters deep 0. 5 0.9 28 110 140

Microorganisms near surface 35 3.6 -- 501OO 9O140

Microorganisms 100 meters deep 0, 5 3.6 5O 100 55-115

Benthic organisms in sediment 0 40-620 -- 800 840-1420

-J
C'.)
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living in the upper 100 meters.

The dose rates here as elsewhere have been presented without

inclusion of the quality factor of ten used by other authors, since the

value of ten for alpha particle irradiation at low dose rates (high

L. E. T. radiation) may be low (Hill, bc. cit.). Until these questions

are resolved, it seems better to report dose rates only in terms of

the energy deposited. For these comparisons, the 210Po values for

T. crenularis, andL. leucopsarus were used to represent Hlarge?

fish near the surface and at depth, while the value for copepods rep-

resented the microorganisms (mainly on the basis of size) and the

value of the benthic polychetes were used to compare organism living

in the sediments. The use of lanternfish in place of large fish only

enhances the contribution of 210Po to the radiation dose rate since the

probability of interaction of both the gamma rays and the incident

cosmic rays decrease with the decreasing size of the organism. By

contrast the range of the 210Po alpha particle is measured in microns

in tissue (water) and is essentially completely absorbed in the organ-

isms analyzed.

It is quite apparent that inclusion of the dose rate from °Po

substantially effects the estimates of the natural radiation environ-

ment of marine organisms. It is tempting to use the 210Pb values

which were measured in lanternfish at different seasons of the year to

estimate what the radiation dose rate to the skeletal tissue of these
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fish would be from the deposited 210Pb. Unhappily, this would re-

quire knowledge of the 210Po/210Pb ratio, and what fraction of the

total fish weight the skeletal matter represents. Although rough

guesses could be made of these values, the resulting data would at

best be tenuous. The author considered an extended series of meas-

urements to determine these parameters, but in order to keep this

research manageable, it was decided that these experiments were

best left for future work.
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CONG LUSIONS

The results of the present research represent a first approxi-

mation to the general levels of 210Pb which occur in some surface

and benthonic organisms of the oceanic environment. Reasonable cor-

relations seem to exist between the inputs of 210Pb by precipitation

and the concentrations of this isotope in organisms residing in the up-

per 100 meters of the ocean. This effect quickly subsides, however,

in organisms living at greater depths. Mechanisms for this decrease

have been proposed, yet measurement of this isotope in fishes living

at intermediate depths would help clarify the trend.

Polonium-210 appears to be the major contributor of radiation

dose to marine organisms from internal sources although other
226 228, 230isotopes not measured here ( Ra, Th, etc) might also con-

tribute significantly to the dose of the biota. The variations which

were observed in 210Pb concentrations in the marine organisms would

undoubtedly be reflected by similar variations in 210Po concentra-

tions, but even so it is quite possible that the radiation dose rate from

this isotope alone would exceed the dose rate fromboth cosmic ray

radiation and 0K.

210 210The presence of Pb and Po in marine organisms that now

serve as food for humans and the contemplated use of marine concen-

trates which might contain significant quantities of these isotopes
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should be of some interest to the health physicist. Although the levels

of these isotopes are far below those which would constitute a radio-

logical hazard, continued use of such products could well result in the

21 0Pb- 0Po pair becoming the major source of the skeletal radiation

dose, which is not the case today. Perhaps equally important are the

quantities of stable lead and other trace metals which might be pre-.

sent in various protein concentrates, and which would cause a depar-

ture from the '1normal" dietary intakes which the general population

experiences today. Clearly these subjects form the basis of interest-

ing future research.
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