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ABSTRACT

Samples of plankton, a lgae , benthic invertebrates, and eight fish

species were collected from Lake Michigan during 1972 and 1973. After

ashing, the samples were analyzed by radiochemical methods and gamma -

239 90 137
ray spectrometry for Pu, Sr, and C s , a l l of which are components

of fallout from atmospheric tes t s of nuclear weapons. Analyses indicated

239that Pu was scavenged from Lake Michigan water by phytoplankton and

attached algae by a concentration factor of up to 10,000. In each of two

239
food chains considered, a progressive discrimination against Pu was

observed at successive trophic levels: (1) phytoplankton to zooplankton

to planktivorous fish to piscivorous fish, and (2) benthic invertebrates to

bottom feeding fish. The benthic invertebrates and fish had som^vvhat

239
higher Pu concentrations than their pelagic counterparts, presumably

because of their ingestion of sediments. Ash content was correlated with

239
Pu concentrations in samples of plankton and fish.



INTRODUCTION

Plutonium, an extremely toxic radioactive element, has two long-lived

239isotopes which are of primary concern. Both alpha-emitters, Pu has a

238half-life of 24,400 years, while Pu has a 86-year half-life. Plutonium

present in the environment has originated from nuclear weapons fallout, the

burn-up of a SNAP satellite power source in 1964, and from accidental releases

at fabrication, reprocessing, and research locations. Increasing requirements

for electrical power will likely result in a dramatic increase in the use of

plutonium as a nuclear fuel, both in conventional and breeder reactors. In

order to assess the potential hazards associated with this use and possible

release of additional plutonium, the distribution of existing environmental

plutonium (at extremely low concentrations) must first be understood. Available

information on the ecological aspects of plutonium in aquatic environments

has come primarily from marine studies (Noshkin, 1972); there is virtually

no available information on plutonium in freshwater ecosystems.

The purpose of this study is to investigate the distribution of plutonium

in major groups of biota in Lake Michigan. Food-chain relationships are

considered in some detail, in an attempt to assess biological cycling and the

potential transfer of plutonium to man. Of particular concern are fish species

taken by the commercial and sport fisheries which are so important in the Great

lakes (Michigan Department of Natural Resources, 1973). Analyses of biological

137 90
samples for two other fallout radionuclides ( Cs and Sr) were also made

for purposes of comparison and to obtain additional baseline information.



METHODS

A total of 37 sampling locations were distributed in both inshore and

offshore areas throughout Lake Michigan (Figure 1). (Exact locations of

sampling sites have been given by Marshall et a l . , 1973, and Marshall

et a l . , 1974.) Various biological samples, as indicated on the map, were

collected from these locations during 1972 and 1973. Mixed plankton (predomi-

nantly phytoplankton) was collected near the water's surface with a #10- or

#25-mssh net (apertures of 153|x and 64 y. respectively); zooplankton samples

were obtained by towing a #6-mesh net (243-|i. apertures) at or several meters

below the surface. The composition of most plankton samples was determined

by microscopic examination of formalin-preserved subsamples. Samples of

Mysis relicta and Pontoporeia affinis were collected in a benthic sled with

#000-mesh net (1050-JJ. apertures). All nets were made of nylon, with a

mouth diameter of either one or two meters . Cladophora sp. was collected

by hand in shallow water.

Fish of eight species, including slimy sculpin (Cottus cognatus), bloater

(Coregonus hoyi), alewife (Alosa pseudoharengus), smelt (Osmerus mordax),

lake whitefish (Coregonus clupeaformis), coho salmon (Oncorhynchus kisutch),

Chinook salmon (Oncorhynchus tschawytscha), and lake trout (Salvelinus

namaycush) were collected with seines and gill nets. Ail analyses were made

on samples of whole fish, each consisting of one or two individuals of a large

species or as many as 120 individuals of a small species.

Samples were preserved by refrigeration or freezing during transportation



and storage. After determination of wet weight, the samples were dried to

constant weight at 105°C. then ashed at 500°C. (This temperature was not

137exceeded to prevent volatilization of Cs (Yaguchi et a l . , 1974).)

239On all samples except fish, analysis for Pu is begun by dissolving

an aliquot of the ashed sample in hot concentrated HNO^-HCl, solublizing

any residue with HF, and finally taking up both fractions in 8M HNO_. Ashed
o

fish samples are digested with HNO- and H 0 0 0 , followed by HF to solublize

any residue; the plutonium is then coprecipitated from a dilute acid solution

with CaF«, and this is dissolved in A1(NOJ,-8M HNO_. The acid fraction of

each sample is passed through anion exchange resin (AG1-X8) to separate

Plutonium from interfering substances. Plutonium is plated by electrodeposition

onto stainless steel planchets and determined by alpha pulse height analysis

with low-background silicon surface-barrier detectors (Nelson et a l . , 1974).
242Typical radiochemical yields (determined from Pu yield monitor added prior

to beginning the chemical separations) for samples of 1 to lOOg ash are 80—95%.

239Counting times are long enough (up to 10,000 minutes) so that each Pu

238determination typically has a lp counting error of no more than 10%. Pu

concentre tions are also determined during alpha spectrometry; however, as the

238 239 238

samples contain only about 5—6% as much Pu as Pu, the Pu deter-

minations are less precise and will not be considered in this paper.
137

Analysis of either wet or ashed material for Cs and other gamma-

emitting radionuclides is done on a 10 x 10-cm Nal (Tl) crystal coupled to a

multi-channel pulse height analyzer. Spectral analysis is achieved using a
Ifjio-Rad Laboratories, Richmond, California



137
computer least-squares technique. A radiochemical analysis for Cs is used
for small samples of plankton and algae. Ammonium molybdophosphate is

used to scavenge cesium from the sample dissolved in 8M HNO~, followed by

2
cation-exchange purification on Bio-Rex 40 and precipitation as cesium tetra-

phenyl boron. This precipitate is mounted on a planchet and counted on a

gas flow proportional beta counter. Sr (NOJ2 is precipitated by concentrating

90the nitric acid fraction; after dissolution, the Y daughter is removed by

90sequential precipitation as Y(OH)3 and Y iP^Oj^. Y is resolved by repeated

90p-counting (t± = 64 hr) of the oxalate precipitate to permit calculation of Sr
2

activity.

RESULTS AND DISCUSSION

239 137 239 90 239

Mean concentrations of Pu and Cs : Pu and Sr: Pu

concentration ratios for the biological samples are presented in Table 1.

(For the specific data from radiochemical analyses, refer to progress reports

by Yaguchi et a l . (1974) and Waller et.al. (1974).) The relatively high ° Pu

concentrations observed in mixed plajikton samples (compared with zooplankton)

suggest that the highest values are typical of the phytoplankton (primarily

diatoms) which dominate "mixed" samples. These data do not preclude the
239possibility that the high Pu concentrations in mixed plankton are due to an

extremely minor inorganic detritus component in these samples. However, the

sorptive properties of algal cells (Vaughan and Strand, 1972) and the observed

dominance of diatoms seem adequate to account for these concentrations.
239The Pu concentration in zooplankton is roughly an order of magnitude

lower than that in mixed plankton; however, even a considerable part of this

Laboratories, Richmond, California



Plutonium may be partially accounted for by plutonium in the phytoplanktonic

contents of the zooplankters' digestive tracts. Plutonium concentrations in

two species of macroinvertebrates (Table 1) also suggest the possible importance

239of gut contents. Mysis relicta has about twice the Pu content of epilimnetic

zooplankton, while Pontoporeia affinis contains about twice as much as Mysis .

Microscopic examination of dissected digestive tracts and their contents

consistently reveals a small amount of lake sediment in the gut of Mysis

and a much larger proportion of sediments in the gut of Pontoporeia, although

quantification was not possible. Preliminary work in our laboratory has shown

239that surficial sediments have a relatively high Pu content. Ingestion of

239this additional Pu source is not unexpected: Mysis lives on or near the

lake bottom during the day (Robertson et a l . , 1968), while Pontoporeia actually

burrows through the sediment searching for food (Marzolf, 1965). Marine

benthic invertebrates have also been shown to concentrate plutonium in this

manner (Noshkin et a l . , 1971).

Analyses of water samples taken from Lake Michigan during the summer

239of 1973 have indicated that Pu disappears from the epilimnion faster than

137does Cs during thermal stratification (Wahlgren and Nelson, 1974). The

239 137
preferential sorption from water of Pu over Cs by phytoplankton, as

137 239indicated by the Cs: Pu ratios in Table 1, is consistent with the hypothesis

that sorption by phytoplankton (and the subsequent settling of either the cells

themselves or as phytodetritus or fecal pellets) is responsible for this apparent

preferential removal of fallout plutonium from the water column (Wahlgren and



Nelson, 1973). These data also agree with the importance of biological

sedimentation in plutonium cycling, as suggested by Bowen et _al. (1971).

137 239The Cs: Pu concentration ratios for fish reflect a biological

137 239
accumulation of Cs (as opposed to discrimination against Pu) with

137increasing trophic levels. Comparable conclusions about Cs have been

reported by Pendleton et al. (1965).

90 239Sr: Pu ratios for Cladophora and mixed plankton are much lower

90 239
than that for water, suggesting much less net uptake of Sr than of Pu.

90

These ratios in fish samples merely reflect relatively constant Sr concen-

trations in fish, the result of similar metabolism of Sr and Ca in fish tissues.
239A definite relationship between the ash content and Pu concentration

(in pCiAg wet weight) in Lake Michigan plankton samples is rhown by least

[239 1Pul =

0.13 (% ash] * , demonstrating that the large uncertainty about the arithmetic

mean for mixed plankton (Table 1) is not a random occurrence. Spearman's

rank-correlation coefficient (r' = 0.92) is highly significant (P<0.01). High

ash content primarily reflects a high proportion of siliceous diatom frustules

in the sample, as observed by microscopic examination. This conclusion is

further warranted by Si analyses (using X-ray fluorescence) of many of our

239samples by the Illinois State Geological Survey. The regression of * Pu on

Si content is no more linear than that shown in Figure 2, indicating that it is

not silicon per se with which plutonium is associated, but more likely it is

simply the increasing proportion of smaller phytoplankters of all kinds with

higher surface area : mass ratios. Analyses of a macroscopic alga (Cladophora)
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also indicate relatively high plutonium concentrations (Table 1). Just as with

phytoplankton, this may be a surface-related phenomenon. The mechanism for

plutonium uptake by a marine alga has been postulated to be an active process

of ultraphagocytosis (Zlobin, 1971), which is also dependent upon relative

surface area.

The representation of Figure 2 as a double-log plot facilitates understanding

the relative variability of the data. The observed scatter of the data is not

239unreasonable, considering that the Pu concentrations range over more than

two orders of magnitude, and is presumably the result of sampling heterogeneous

natural populations. As indicated by the use of different symbols to indicate

sampling before or after the onset of thermal stratification, there are no consis-

tent seasonal trends. Thus, the difference of no more than 50% between the

239
Pu concentrations of late spring and fall water samples (Wahlgren and

Nelson, 1974) is not significant here.
239

Figure 3 shows the relationship between Pu concentration (pCi/kg

wet weight) and ash content in Lake Michigan fish. Application of least-squares

F239 1analysis to these data results in this equation of the fitted curve: I Pul =

( \ 2 8% ashj * . Although there is considerable scatter in the data, Spearman's

rank-correlation coefficient (r' = 0.49)shows a weak but significant (P<0.01)

239correlation between ash content and Pu concentration in these fish. A

correlation with ash content was expected, because in marine fish the skeleton

is known to be a major repository of plutonium (Noshkin, 1972). In fact, the

power of the equation for the fish data (compared to that for plankton) indicates

239a much greater increase in Pu concentration for a given increase in ash content.



The term "concentration factor", as used in this paper, is the ratio of
239

Pu concentration in the sample (on a wet weight basis) to that :n the water.
239

The mean concentration of Pu in Lake Michigan water used in these determi-

nations is 0.76 fCi/1 (Wahlgren and Nelson, 1974).

Various earlier studies have not resolved the relationship between the
239

Pu concentration factor of a given organism and its position in aquatic food
chains (Pillai et a l . , 1964; Noshkin, 1972; Bowen and Noshkin, 1973). Our

239data clearly indicate a general discrimination against Pu with increasing

trophic levels (Table 2). As mentioned earlier in this report, mixed plankton

samples dominated by diatoms were found to have the highest plutonium con-

centrations. The concentration factor for diatoms, then, (as opposed to that

varying assemblage of organisms included in "mixed plankton") may be

expected to be on the order of 10,000 to 15,000. With phytoplankton the

239apparent point of entry of Pu into the food chair, progressing to the second

239trophic level (zooplankton) we see a decrease in Pu concentration factor by

a factor of approximately 25. The mean concentration factors in My sis and

Pontoporeia may be slightly higher than that predicted by the trophic-level

trend merely because of their association with sediment, as described above.

239
The highest concentrations of Pu in fish are found in the slimy sculpin,

a bottom-dwelling species which feeds mainly on small benthic invertebrates

239(Anderson and Smith, 1971). The slimy sculpin has a mean Pu concentration

factor of 250, roughly an order of magnitude less than that of its primary food

(Pontoporeia). Here again, ingestion of surficial sediment may result in elevated

239
Pu concentrations. In marine ecosystems, bottom-feeding fish tend to have

higher plutonium concentrations than those which feed in the open water
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(Noshkin, 1972).
239Intermediate Pu concentrations are found in the bloater, alewife,

smelt, and lake whitefish, species which feed primarily on zooplankton or on

a mixture of zooplankton and benthic invertebrates (Anderson and Smith, 1971;

239Wells, 1970; and Wells and Beeton, 1963). These species have mean Pu

concentration factors ranging from 14 to 37, one or two orders of magnitude

lower than those of the invertebrates upon which they feed. The bloater feeds

more frequently on benthic invertebrates than do the other three fish species,

and Pontoporeia is generally more important than Mysis and sooplankton in

the diets of bloaters more than 18 cm in length (Wells and Beeton, 1963) (the

general size of bloaters analyzed in this study). Such feeding habits of

239bloaters may explain their Pu concentration being slightly higher than

those observed in alewife, smelt, or lake whitefish.

239The lowest concentration factors of Pu measured were those in the

salmonids. Adult lake trout and salmon feed almost exclusively on smaller

fish. Smelt and alewife are the most common prey of coho and chinook salmon

(Michigan Department of Natural Resources, 1973), while adult lake trout

feed primarily on smelt, alewife, bloaters, and to a lesser extent sculpins

(Dryer et^ah, 1965). The concentration factors for these piscivorous species

(1.5 to 6.7) are about an order of magnitude lower than those of their prey.

239Such decreases in Pu concentration along the food chain are consistent

with low assimilation efficiency for plutonium in fish, as is observed in other

vertebrates (Langham, 1969).
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SUMMARY

1. Plutonium-239 is scavenged from Lake Michigan water by phytoplankton

and algae by a concentration factor of up to 10,000.

239

2. Concentrations of Pu are very strongly correlated with ash content

in samples of Lake Michigan plankton.

3 . Benthic invertebrates and fish may cause some return of plutonium from

the sediments to the water column.
239

4. There is an inverse relationship between concentration factors for Pu
in the freshwater organisms surveyed and their positions in the trophic
pyramid.
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Table 1. Results of radiochemical analyses: Pu concentrations and activity ratios.

Sample type

Water3

Cladophora
Mixed plankton
Zooplankton
Mysis
Pontoporeia
Siimy sculpin
Bloater
Alewife
Smelt
Lake whitefish
Coho salmon
Chinook salmon
Lake trout

No. of
Samples

14
16
22

9
7
2
7
R
7
6
2
1
1
2

%Dry
Weight

10.8 ± 0 . 4
18.6 ± 1.2
13.5 ± 1.8
23.7 ± 1.6
21.3
24.2 ± 0 . 8
35.8 ± 1.3
27.1 ± 1.8
24.6 ± 1.2
40.7
28.2
34.3
37.8

%Ash
(of wet)

3.0 ± 0.3
9.3 ± 0 . 8
1.8 ± 0 . 3
2.2 ± 0.2
3.5
3.3 ± 0.3
2.2 ± 0 . 1
3.2 ± 0 . 1
2.3 ± 0 . 2
2.3
2.0
1.7
2.3

pCi239Pu

kg wet

.00076 ± .00003

. 2 . 8 ± . 4
4.3 ± .6
.26 ± .05
.57 ± . 0 5

1.23
.18 ± .04

.028 ± .003

.019 ± .002

.015 ± ,003

.010

.005

.003

.0011

137 C s / 239 P u

80 ± 3
22 ± 3
38 ± 4

130 ± 30
400 ± 40
140

1200 ± 200
9700 ± 1300
8700 ± 1200

15,000 ± 5100
24,000
39,000

110,000
380,000

1060
14

7
190

470
1150
1200
3600

2600
3700

±
±
±
±

±

39P

40
2
2
80

50

u

(4)2

(6)
(12)

(5)

(1)
(3)
(2)
(2)

(1)

1. Results are expressed as mean ± standard error.
2 . Number in parentheses is number of samples averaged for this ratio only.
3 . From data by Wahlgren and Nelson, 1973.



Table 2. Plutonium-239 concentration factors in Lake Michigan biota.

Sample type Samples M e a n R a n g e

Cladophora 16
Mixed plankton 22
Zooplankton 9
Mysis 7
Pontoporeia 2
Slimy sculpin 7
Bloater 8
Alewife 7
Smelt 6
Lake whitefish 2
Coho salmon 1
Chinook salmon 1
Lake trout 2 1.5 1 . 3 - 1 . 7

3800
5700
350
760

1600
250
37
25
20
14
6.7
4.0
1.5

±
±
±
±

±
±
±

500
800
60
60

60
3
2
4

1060 -
620 -
122 -
587 -
1450 -
128 -
21 -
17 -
6 -
5 -

6930
15,300

653
989
1830
560
50
30
33
23

1. Entries are mean ± standard error.



Figure 1. Lake Michigan sampling stations, 1972—1973.



239Figure 2. Relationship between Pu concentration and ash

content in samples of Lake Michigan planicton.



239Figure 3. Relationship between Pu concentration and ash content in

samples of eight species of Lake Michigan fish.
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