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ABSTRACT 

Grab samples of sediment were collected at 530 locations in Lake Michigan, primarily 
in the southeastern quarter of the lake. Each sample was analysed in the field and in the 
laboratory for fallout cesium-137. Twenty-five of the samples, collected near the mouth 
of the St Joseph River, were also analysed in the laboratory for 11 other man-made 
materials known to be discharged into the river. Two statistical methods were used to 
determine i f  cesium-137 can be used as an environmental tracer to predict the areal 
distributions of  other man-made materials. The results show fallout cesium-137 to be 
a moderate to good tracer for locating areas of accumulation of plutonium-238, 
plutonium-239, zinc, copper, chromium, lead, dieldrin, DDT and PCB in sediment. 
Little or no correlation is found between fallout cesium- 137 and strontium-90 or nickel. 

INTRODUCTION 

A study was conducted in 1970 to measure radioactivity in Lake Michigan before a 
total of ten nuclear power plants, designed to produce about 7100 MWe, became 
operational around the lake (Golden et al., 1970). Only one nuclear power plant, 
producing 70 MWe, was operational at the time of the study. As part of the 1970 
study, samples of sediment were collected at 50 stations located throughout the lake. 
Each sample was analysed in the laboratory for gamma-ray emitting radionuclides. 
Fallout cesium-137 was the only man-made radionuclide detected in any of the 
sediment samples. Contour lines were drawn among the 50 sampling stations to 
describe the areal distribution of cesium-137 in the sediments of Lake Michigan 
(Plato, 1972). The contour lines showed that the majority of the cesium-137 that had 
been deposited in the sediment was located in the southern half of the lake, primarily 
in the southern quarter. 

19 
Environ. Poilut. (10) (1976)--© Applied Science Publishers Ltd, England, 1976 
Printed in Great Britain 



20 PHILLIP A. PLATO, A. P. JACOBSON 

In 1972, additional sedimenl samples were collected at 185 stations near the 
mouth of the St Joseph River in southeastern Lake Michigan. Analyses of these 
samples showed high concentrations, about eight times higher than were found in 
the 1970 study, of fallout cesium-137 in lake sediments in an area extending approxi- 
mately 8 to 35 km from the shore and. 25 km parallel to the shore on either side of 
the mouth of the St Joseph River (Plato & Goldman, 1972). This area had been 
sampled by only two of the 50 stations examined as part of the 1970 study. These 
two stations, when combined with the other 48 stations from the 1970 study, did not 
reflect the pronounced influence that a major river has on the concentrations of 
cesium-137 in the sediments near the mouth of the river. Thus, the results of the 
1972 study showed, among other things, that the 50 stations sampled for the 1970 
study were inadequate to describe accurately the areal distribution of cesium-137 
in the sediments of a lake as large as Lake Michigan. 

In 1973, additional sediment samples were collected in the southeastern quarter 
of Lake Michigan. Analyses of sediment samples collected from the 530 sediment 
sampling stations in Lake Michigan from 1970 to 1973 have been combined in this 
paper to determine: 

(1) A more accurate estimate of the areal distribution of cesium-137 in the 
sediments of Lake Michigan than was possible from the results of the 1970 
study. 

(2) If cesium-137 can be used as an environmental tracer to predict the areal 
distributions of other man-made materials in the sediments of a large lake. 

PROCEDURE 

Figure 1 shows the locations of 530 sediment sampling stations inLake  Michiga n. 
All samples were collected with a small dredge. The dredgecollects a block of sediment 
over a surface of approximately 23 cm by 23 cm to a depth of about 8 cm. The 1970 
samples were collected by the crew of the University of Michigan's research vessel 
Mysis. The exact procedure followed by the crew when removing the samples from 
the dredge was not recorded. For the samples collected after 1970, the top 3 cm were 
removed as carefully as possible from each block of sediment collected by the 
dredge. Two blocks were collected at each station and combined to form a single 
sample of approximately 3 litres of wet sediment. 

Each sample collected after 1970 was counted for 200 sec aboard ship for cesium- 
137 with a 7"5 cm diameter by 7.5 cm thick sodium iodide detector coupled to a 
200-channel pulse height analyser. The count rate under the cesium-137 photopeak 
was used as a measure of the relative concentration of cesium-137 in each sample. 
The minimum detectable count rate of cesium-137 with this procedure is 10 
counts/min/sample. The relative cesium-137 content of the sediment samples 
analysed in the field ranged from < l0 to 470 counts/min. This rapid and inexpen- 
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to 1973. 
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sive field method enabled decisions to be made aboard ship each night concerning 
areas of sediment to be studied in detail the following day. 

Each sediment sample was transported to the laboratory and dried. Weighed 
amounts of each sample were counted for cesium-137 with a 12-7 cm diameter by 
10.2 cm thick sodium iodide detector coupled to a 256-channel pulse height 
analyser. Each gamma-ray spectrum was analysed by our computer-programmed 
least-squares technique of spectrum stripping. Concentrations of cesium-137 were 
calculated in units of picocuries/dry gramme of sediment (pCi/g). The minimum 
detectable concentration of cesium-137 with the laboratory procedure is 0.03 pCi/g. 
The range of cesium-137 concentrations among the 530 sediment samples was 0.06 
to 13.88 pCi/g. 

Use of a dredge to collect the sediment samples presents two potential problems. 
First, the samples represent the top 3 cm of sediment, excluding the 50 samples from 
the 1970 study which probably represent the top 8 cm. Analyses of sediment cores 
taken in Lake Michigan show a vertical distribution of cesium-137 ranging from 
less than 1 cm in the southwestern quarter of the lake to about 6 cm in the south- 
eastern quarter of the lake (Robbins & Edgington, 1975). Thus, it is possible that 
a portion of each sample collected where the sedimentation rate is low contains 
sediment with little or no cesium-137. The resulting concentration value would be 
lower than that which actually exists at the surface of the sediment. The second 
problem with the use of a dredge is that some of the very fine sediment at the top 
of a sample may wash out of the dredge during collection. Both of these potential 
problems contribute to the overall uncertainty associated with each measurement. 

AREAL DISTRIBUTION OF CESIUM-t37 

Contour lines showing concentrations of cesium-137 in the sediments of southern 
Lake Michigan can be seen in Fig. 2 and contour lines showing relative water 
depths of the lake in Fig. 3. A comparison of Figs. 2 and 3 shows that, at water 
depths less than about 100 ft (30 m) around the periphery of the lake, cesium-137 
concentrations in bottom sediments are less than 1 pCi/g. Effects of wave action and 
turbulence on the bottom, especially during storms, apparently prevent large con- 
centrations of cesium-137 from accumulating in sediments at water depths much 
less than 30 m. 

We believe the most likely route by which fallout cesium-137 accumulates in the 
sediments of the lake is by adsorption onto suspended particles which eventually 
settle to the bottom. Suspended solids within a river have sufficient time to adsorb 
ions of cesium-137 that have washed out of the surrounding watershed or that have 
fallen directIy into the river. Suspended solids discharged by a river into Lake 
Michigan will follow the water current patterns of the lake as they settle to the 
bottom. 
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TABLE 1 
AVERAGE FLOW RATES AND SUSPENDED SOLID CONTENTS AND DISCHARGE 
RATES OF THE MAJOR RIVERS IN MICHIGAN THAT DISCHARGE THEIR WATERS 

INTO LAKE MICHIGAN (STATE OF MICHIGAN, 1968) 

25 

Flow rate 
River (103 litres/sec) 

Suspended solids 

(mg/litre) (107 kg/y) 

St Joseph 136 25 10.7 
Black 32 13 1.3 
Kalamazoo 49 16 2.5 
Grand 132 15 6-3 
Muskegon 67 8 1.7 
White 14 9 0-4 
Pentwater a 6 a 
Pere Marquette 19 10 0"6 
Manistc¢ 60 8 1.5 
Boardman 7 5 0" 1 
Pine a 4 a 
Cheboygan 35 6 0.7 

• Flow rate data not available. 

Suspended solids in the lake may also adsorb cesium-137 and other materials 
that fall directly into the lake. For example, lead from automobile exhausts has 
been shown to accumulate in bottom sediments as a result of direct fallout into a 
large body of water (Chow et  al., 1973). 

Figure 4 shows typical surface water current patterns for Lake Michigan 
measured during the summer of 1955 (Ayers et al., 1958). Table 1 shows average 
flow rates and suspended solid contents and discharge rates of major rivers in 
Michigan that discharge their waters into Lake Michigan (State of Michigan, 1968). 
A few additional rivers discharge into the lake from Indiana, Illinois and Wisconsin, 
but their contributions are minor compared with the contributions from Michigan 
rivers. Some similarities can be seen between the concentrations of cesium-137 in 
bottom sediments (Fig. 2) and the combined effects of suspended solids discharge 
rates from surrounding rivers (Table 1) and surface water current patterns (Fig. 4). 
A large area of sediment that contains relatively high concentrations of cesium-137 
exists near the mouth of the St Joseph River, which has the highest discharge rate of 
suspended solids. Small areas of sediment that contain relatively high concentra- 
tions of cesium-137 exist near the mouths of the Black and Kalamazoo Rivers, 
which have suspended solids discharge rates of about 10% and 25 %, respectively, 
of the St Joseph River. However, no accumulation of cesium-137 appears to exist 
in the sediments near the mouth of the Grand River, which has a suspended solids 
discharge rate of about 60% of the St Joseph River. Surface water currents, and 
possibly subsurface water currents, near the Grand River, apparently distribute 
suspended solids over a wide area to the south of the river. 

An extensive study was conducted by Powers & Robertson (i 968) to determine the 
areal distribution of sediment types in Lake Michigan. They defined five types of 
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sediment: sand, silty sand, layered, silt and hard. They found silt, the most recently 
deposited of the five types, in about the same area of sediment that we found to 
contain cesium-137 in concentrations greater than 1 pCi/g, as shown in Fig. 2. This 
relationship seems to support the idea of cesium-137 adsorbing onto suspended 
particles which eventually settle to the bottom to become what Powers & Robertson 
classify as silt. 

CORRELATION OF CESIUM-137 WITH OTHER MATERIALS 

A variety of tracer materials has been used in environmental studies, including 
several radionuclides produced by atmospheric tests of nuclear weapons (Krishnas- 
wami et al., 1973; Ritchie et al., 1973). Among the fallout radionuclides used, 
cesium-137 is an attractive tracer for sedimentation studies in the environment, for 
several reasons: 

(1) It is produced in large amounts and distributed worldwide by detonations of 
nuclear weapons in the atmosphere. 

(2) Its half-life (30 y) is long compared with that required for environmental 
transport. 

(3) No cesium-137 existed in the environment prior to 1945. 
(4) It emits a gamma ray of sufficiently high energy (0-66 MeV) to permit the 

quantitative analysis of an environmental sample without extracting the cesium-137 
from the sample. 

(5) The element, cesium, including the isotope, cesium-137, has a strong absorp- 
tion affinity for the clay fraction of soil and sediment particles. 

Twenty-five of the 530 sediment sampling stations shown in Fig. 1 were selected 
to determine if cesium-137 can be used as an environmental tracer to predict the 
areal distributions of other man-made materials in the sediments of a large lake. 
The results of the 1970 study (Plato, 1972) of Lake Michigan showed an average 
cesium-137 concentration of 1.43 pCi/g among the sediment samples collected 
uniformly throughout the lake. Only 8 % of the samples had a cesium-137 concen- 
tration greater than 4.00 pCi/g. Therefore, the area of sediment near the mouth of 
the St Joseph River, shown in Fig. 2, containing more than 4.00 pCi/g is considered 
to be a high concentration area of cesium-137. Ten of the 25 samples analysed for 
other man-made materials were selected from within this high concentration area. 
The remaining 15 samples were selected from the sediment samples collected near 
the mouth of the St Joseph River but which contained less than 4.00 pCi/g of 
cesium- 137. 

Figure 5 shows the relative locations and station numbers of the 25 sediment 
sampling stations used to compare cesium-137 with other man-made materials. 
Two nuclear power plants are also shown in Fig. 5. At the time of this study, the 
Cook Plant was under construction and the Palisades Plant was undergoing low- 
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TABLE 2 
MATERIALS DISCHARGED BY MICHIGAN INDUSTRIES INTO THE ST JOSEPH RIVER AND 

CONCENTRATIONS IN THE RIVER 

29 

AVERAGE 

Material 

Discharged a Total amount ¢ 
by Michigan Averageb discharged to 

concentration industries Lake Michigan 
(kg/y) in river (kg/y) 

Metals 
Zinc 7000 6-9 x 10-3 ppm 30000 
Nickel 2500 17"5 x 10-3 ppm 75000 
Chromium 650 2.1 x 10-a ppm 9000 
Copper 260 4.2 x 10-3 ppm 18000 
Lead 190 4.0 x 10-a ppm 17000 

Organic compounds 
Dieldrin no data 1-0 x 10-6 ppm 4 
DDT d no data 4.2 x 10-6 ppm 18 
PCB ¢ no data 13 x l0 -6 ppm 56 

a Data obtained from Mr C. M. Fetterolf, Bureau of Water Management, Michigan Department 
of Natural Resources, Lansing. 
b Concentrations of metals from (Robbins et aL, 1972). Concentrations of organic compounds 
from Mr C. M. Fetterolf, Footnote a above. 
c Assumes average river flow rate of 136000 litres/sec from Table 1. 
d Dichlorodiphenyltrichloroethane. 
• Polychlorinated biphenyls. 

power testing. The 10 stations with cesium-137 concentrat ions greater than 4.00 
pCi/g are used to define the high concentrat ion area of  sediment, labelled AREA-I .  
The low concentrat ion area is labelled A R E A - I I .  

Aliquots from the 25 sediment samples selected near the mouth  o f  the St Joseph 
River were analysed by the Bureau of  Water  Management ,  Michigan Department  
of  Natural  Resources, Lansing, Michigan, for five trace metals (zinc, copper, 
chromium, nickel and lead), two pesticides (dieldrin and DDT)  and total PCB. 
These materials were chosen because data were available on amounts  discharged 
into the St Joseph River by industries in Michigan and average concentrations in 
the river. These data are shown in Table 2. Additional aliquots from the 25 stations 
were analysed by the US Atomic  Energy Commission 's  laboratory at Idaho Falls, 
Idaho,  for the fallout radionuclides strontium-90, plutonium-238 and plutonium- 
239. 

As an initial step in analysing the data, regression analysis was used to obtain a 
correlation coefficient (r) for cesium-137 compared with each of  the other man-made 
materials for the 25 sediment samples selected. A correlation coefficient of  1-00 
indicates a direct linear relationship between the two variables being tested, while a 
correlation coefficient of  0.00 indicates no relationship between the two variables. 
A correlation coefficient o f  - 1.00 indicates an inverse relationship. 

Table 3 shows correlation coefficients obtained using both the field and laboratory 
measurements for  cesium-137. The results show good  correlations (r > 0'50) 
between cesium-137 and plutonium-238, plutonium-239, zinc, copper, chromium 
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TABLE 3 
CORRELATION COEFFICIENTS (r )  OBTAINED BY REGRESSION ANALYSIS 
COMPARING FIELD A N D  LABORATORY MEASUREMENTS FOR CESIUM-137 

WITH MEASUREMENTS FOR 11 OTHER MATERIALS MADE ON 
25  SEDIMENT SAMPLES 

Material 
Correlation coefficients for cesium-137 

Field (cpm) Lab (pCi/g) 

Radionuclides 
Cesium-137 

Field (cpm) 1-00 0"95 
Lab (pCi/g) 0"95 1.00 

Strontium-90 (pCi/g) 0"18 0.18 
Plutonium-238 (pCi/g) 0-67 0"72 
Plutonium-239 (pCi/g) 0'96 0"98 

Trace metals 
Zinc (ppm) 0"69 0.69 
Copper (ppm) 0"52 0"66 
Chromium (ppm) 0-87 0"88 
Nickel (ppm) -0 .46  -0"22 
Lead (ppm) 0.64 0.70 

Organic materials 
Dieldrin (10-3 ppm) 0"34 0"32 
D D T  (10-3 ppm) 0"25 0"26 
PCB (10-a ppm) 0.31 0-30 

TABLE 4 
SUMMARY OF MEASUREMENTS MADE ON SEDIMENT SAMPLES FROM AREA-I AND AREA-11 SHOWN IN FIG. 5 

AREA-I> 
Average of Average of AREA-I AREA-H at 

Material 10 Samples 15 Samples following 
from AREA-I from AREA-If AREA-II conf. level 

(%) 

Radionuclides 
Cesium-137 

Field (cpm) 390 ± 29 a 142 ± 33 a 2.75 ± 0-67 b 99 
Lab (pCi/g) 8.54 ± 0.55 3.19 -4- 0.68 2.68 4- 0.60 99 

Strontium-90 (pCi/g) 0.235 + 0.045 0.214 ± 0-046 1.10 ± 0.32 - -  
Plutonium-238 0.00601 + 0.00083 0.00254 ± 0.00079 2.37 ± 0.08 99 

(pCi/g) 
Plutonium-239 (pCi/g)0"130 ± 0.009 0"051 ± 0"011 2.55 + 0-59 99 

Trace metals 
Zinc (ppm) 261 ± 54 149 -4- 19 1.75 ± 0.43 95 
Copper (ppm) 32.7 ± 1"3 25.2 ± 3.1 1.30 ± 0"17 90 
Chromium (ppm) 43.2 ± 1.5 21.5 ± 1.8 2.01 ± 0.18 99 
Nickel (ppm) 12.0 ± 1.3 15.3 4- 1.3 0.78 ± 0.11 - -  
Lead (ppm) 98-0 :t: 2.0 64-3 ± 4.9 1.52 :i: 0.12 99 

Organic materials 
Dieldrin (10-3 ppm) 0.75 ± 0.08 0.57 4- 0-05 1.32 ± 0.18 95 
D D T  (10-3 ppm) 19.1 ± 4"5 9.8 ± 2"1 1.95 ± 0'62 95 
PCB (10 -3 ppm) 48.5 ± 8.4 29.7 ± 3.3 1.63 ± 0.34 95 

I Error values represent sample standard deviations. 
b Propagated standard deviations. 
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and lead. Poor correlations (r < 0.50) are found between cesium-137 and stron- 
tium-90, nickel, dieldrin, DDT and PCB. 

The analysis of variance test was used to determine if any of the materials, in 
addition to cesium-137, had significantly higher concentrations in the sediments of 
AREA-I than in the sediments of AREA-II shown in Fig. 5. Table 4 contains a 
summary of the 13 measurements (including field and laboratory measurements for 
cesium-137) made on the l0 sediment samples from AREA-I and the 15 sediment 
samples from AREA-II. Nine of the 11 materials examined in addition to cesium- 
137 have higher concentrations in the sediment samples from AREA-I than from 
AREA-II. Chromium, lead, plutonium-238 and plutonium-239 are higher in 
AREA-I than in AREA-II at the 99 % confidence level. Zinc, dieldrin, DDT and 
PCB are higher at the 95 % confidence level, and copper is higher at the 90% 
confidence level. 

DISCUSSION 

The results shown in Figs. 2, 3 and 4 and in Table 1 suggest that four primary 
mechanisms are probably responsible for the areal distribution of cesium-137 in the 
sediments of Lake Michigan. These are: (l) adsorption of cesium-137 onto 
suspended solids; (2) discharge rates of suspended solids by surrounding river: 
(3) water current patterns in the lake; and (4) the effects of storms in the shallow 
waters around the periphery of the lake. The interactions of these mechanisms are 
not understood well enough to explain completely the cesium-137 distributions 
shown in Fig. 2. 

The same mechanisms responsible for the areal distribution of cesium-137 are 
probably responsible for the areal distributions of other man-made materials in 
bottom sediments. However, natural concentrations of some metals may occur in 
certain areas of sediment due to geochemical factors independent of the activities 
of man. 

In an attempt to determine if cesium-137 can be used as an environmental tracer 
to predict the areal distributions of other man-made materials, 25 of the 530 sedi- 
ment samples collected were analysed for a total of 12 radionuclides, metals and 
organic compounds. Two methods were used to interpret the results. Correlation 
coefficients were calculated between cesium-137 and the other materials measured, 
and the analysis of variance test was used to determine which of the other materials 
have significantly higher concentrations in the sediments of AREA-I (Fig. 5) than 
in surrounding sediments. 

Fallout cesium-137 appears to be a good tracer to locate areas of accumulation 
of plutonium-238, plutonium-239, zinc, copper, chromium and lead in sediment. 
These six materials have correlation coefficients with cesium-137 greater than 0-50, 
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and are found in high concentrations in the sediments near the mouth of the St 
Joseph River that contain high concentrations of cesium-137, as shown in Table 4. 

Fallout cesium-137 appears to be a moderate tracer to locate areas of accumula- 
tion of dieldrin, DDT and PCB in sediment. The correlation coefficients between 
these materials and cesium-137 are less than 0.50, but the materials are found in 
high concentrations in the sediments near the mouth of the St Joseph River that 
contain high concentrations of cesium-137. 

Fallout cesium-137 appears to be a poor tracer to locate areas of accumulation 
of strontium-90 and nickel in sediment. The correlation coefficients between these 
materials and cesium- i 37 are less than 0.50, and no area of  sediment near the mouth 
of the St Joseph River contains higher concentrations of these materials than 
surrounding areas. Table 2 shows that large amounts of nickel are discharged into 
the river by industry, and nickel is found in the river water in relatively high con- 
centrations. Nickel apparently remains dissolved in the river and lake waters to a 
much greater extent than does cesium- 137. Studies described by Straub (1964) show 
that cesium-137 has a higher adsorption affinity for suspended soil particles than 
does strontium-90 since atoms of cesium become incorporated in the crystal lattice 
structure of clay minerals. Therefore, it is not unreasonable to observe a lack of 
correlation between cesium-137 and strontium-90 in the sediment samples studied. 

Shimp et al. (1971) collected 43 grab and core samples of sediment from southern 
Lake Michigan. The core samples were separated into 3 cm sections to a depth of 
18 cm. The core sections and grab samples were then analysed for 12 trace elements. 
Shimp et al. found the highest concentrations of lead, zinc, chromium and copper 
in the superficial sediments located approximately 8 to 20 km offshore from the 
mouth of the St Joseph River, about the same area shown in Fig. 2 to contain the 
highest concentrations of cesium-137. Nickel was not found in higher concentra- 
tions in the superficial sediments o f  this area than in other areas of Lake Michigan. 
Furthermore, Shimp et al. found substantially higher concentrations of lead, zinc, 
chromium and copper in the superficial sediments than in the deeper core sections. 
They interpret the higher concentrations in the upper layers of sediment as an 
indication of man's activities. Nickel was found in about the same concentrations 
in all sections of a given sediment core, which implies that most of the nickel 
discharged by man into Lake Michigan remains dissolved in the waters of the lake. 

CONCLUSION 

The areal distribution of cesium-137 in the sediments of Lake Michigan, particularly 
in the southeastern quarter, is shown in Fig. 2 with greater detail than was previously 
possible when only 50 sampling stations were used to measure the sediments of the 
lake. Detailed mapping (Fig. 2) to show areas of sediment that contain high and 
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low concentrations of cesium-137 is possible only when many samples are collected 
per unit area surveyed (Fig. 1). 

The comparison of concentrations of cesium-137 to concentrations of other 
man-made materials in the 25 sediment samples selected near the mouth of the 
St Joseph River is not meant to represent a definitive examination of the usefulness 
of fallout cesium-137 as an environmental tracer for sedimentation studies. How- 
ever, the results of this pilot study do show some promise for the use of cesium-137, 
which can be measured rapidly and inexpensively in the field. A study of the 
mechanisms that cause the accumulation of cesium-137 and other man-made 
materials in Iocalised areas of sediment is required to determine for which materials 
and under what circumstances cesium-137 can be used as a tracer. 
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