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Factors Affecting Radionuclide Availability to Vegetables Grown at Los Alamos• 

G. C. WHITE, T. E. HAKONSON, AND A. J. AHLQUIST1 

ABSTRACT 

A field study wu conducted In 1977 on uo.uopu and "'Cs anll· 
abiUty to zucchini squuh (Curcurbitll melopepo, hybrid seneca) and 
areen bush beans (Piuu~olus vulfllris, Landretbs strlnaJess) arown 
under home-garden conditions In an area at Los Alamos National 
Labonatory used for treated nadloacdn liquid wute disposal. Radio
nuclide conceatnadons were meuurecl u a function of dssue type, 
belaht above tbe soli, fertllizadon reaJme, and for tbe squuh, food· 
desalina procedures. Analysis of variance procedures were used to 
analyze tbe data. 

Rados of the concentnadon of a nadlonudlde in oven-dried vegeta· 
don to dry soil naaaed from 0.0004 to 0.116 for the Pu isotopes, and 
from 0.051 to 0.155 for "'Cs. Ferdllzadon with cattle manure reduced 
the Pu concentnadon nados by 30'1o and "'Cs by SO'It. Vegetative 
parts sampled within lO em of tbe around surface were contaminated 
about four times u much u those parts arowtna further from tbe 
around surface. About 65'1o of tile contamination wu removed by 
"ashlna, lndlcadna tbe presence of surfldal contamination. Tbe 50-
y.., radiation dose commitment to humans consumlna vegetables 
from tile prden plot would be less than 0.05 mrem and would be due 
aiBtost entirely to "'Cs. 

Additiolllllllldu Words: nadladon, fertilizer, soil splash-up. 

White, G.C., T. E. Hakanson, and A. J. Ahlquist. 1981. Factors af
fecting radionuclide availability to vegetables grown at Los Alamos. 
J. Environ. Qual. 10:294-299. 

The need for information on transuranic element trans
fer into human food chains has prompted many studies 
on plutonium (Pu) uptake by agricultural plants. Most 
studies have been conducted under controlled labora
tory or greenhouse conditions using known chemical 
forms of Pu (Price, 1973; Schreckhise and Cline, 1980; 
Schulz, 1977). Fewer studies deal with contaminated 
field sites where Pu transport to vegetation is likely a 
function of the contaminant source and local environ
mental factors (Adriano et al., 1980; Hakonson, 1975; 
Watters et al., 1980; Little and Whicker, 1978). Studies 
dealing with a wide variety of contaminant sources and 
ecological settings are required to identify the generic 
and site-specific attributes of environmental Pu be
havior. 

This paper presents the results of a field study con
ducted in 1977 on Pu and 137Cs availability to zucchini 
squash (Curcurbita melopepo, hybrid seneca) and green 
beans (Phaseolus vulgaris, Landreths stringless) grown 
in Mortandad Canyon, an area at Los Alamos used for 
treated radioactive liquid waste disposal. The study was 
designed to simulate a home vegetable garden. Concen
trations of radionuclides were determined in the two 
vegetable crops as a function of tissue, height above the 
ground surface, fertilization with steer manure, and 

'Research funded under Contract No. W-7405-ENG-36 between 
the U.S. Department of Energy and the Los Alamos National Labora
tory, Los Alamos, NM 87545. Received 23 June 1980. 

'Biometrician, radiation ecologist, and health physicist, respective
ly. 
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food preparation treatment. The radiation doses to 
humans from eating the vegetable crop were calculated 
to assess the potential hazard from agricultural use of 
the area. 

MATERIALS AND METHODS 

Industrial liquid wastes generated by the Los Alamos National 
Laboratory are collected at a central location, treated to reduce the 
levels of radioactive contaminants to below Federal guidelines for 
drinking water, and then released to the local environs (USDOE, 
1979). 

Mortandad Canyon has been used for disposal of this liquid waste 
since 1963. The quantities of "'Pu, m.•oopu (denoted as "'Pu in this 
paper), and 1 "Cs released to the canyon from 1963 through 1977 were 
0.051, 0.039, and 0.85 Ci, respectively (USDOE, 1979). Prior 10 1968 
the isotopic composition of Pu in the waste was predominately "'Pu. 
Subsequently, more uopu than mpu was processed so that the '"Pu 
inventory is now greater than the 111Pu inventory. 

A 9- by 13-m plot was established in Mortandad Canyon about 
2,500 m downstream from the liquid effluent outfall on an alluvial 
floodplain formed from storm runoff. The plot was fenced and com
mercial garden preparation (6'1oN-12'1oP-6'1oK) was applied just 
prior to cultivation of the soil. The soil is an unnamed member of the 
Typic Ustorthents group. One-half of the plot received an additional 
amendment of cattle manure (hereafter referred to as the fertilization 
treatment) applied at the rate of 5 kglm' (dry weight). A garden 
rototiller was used to cultivate the plot to a 15-cm depth. The plot was 
seeded with zucchini squash and green beans. 

The term "plant" as used in this paper refers to the above-ground 
vegetative parts. The term "fruit" refers to the edible reproductive 
parts. Plant roots were not sampled during this study. Green beans 
were sampled at maturity by pooling beans from four randomly 
selected plants within each plot. A total of 13 samples of bean fruit 
was collected. Green bean plants were also collected and bagged 
separately. 

Squash fruits were collecte:J at maturity from individual plants. 
Squash plants were sampled as a function of height above the ground 
surface with a 1-m' template divided into four equal quadrants; the 
heights from which samples were taken were 0-20 em and > 20 em 
above the ground surface. Bean plants were not collected as a funct1on 
of height above the ground. 

To evaluate the effect of washing on radionuclide concentration~. 
squash plants and fruit from two of the quadrants in a partt.:ular 
height strata were pooled together for a wash treatment, whlie the 
samples from the remaining two quadrants were analyzed for radio
nuclide content without the wash treatment. All squash fruit and plant 
samples designated for the wash treatment were thoroughly "'a;hl"d 
with water in an attempt to remove surficially attached soil particles. 
Although the wash treatment appeared to be effective in remo' 1ng 
coarse particles, it may not have effectively removed the smaller "led 
particles. All bean plant and fruit samples were washed before rhe 
radionuclide analyses. 

Soil (minus roots) was collected for chemical, physical, and radio
nuclide analyses from the rooting zone of individual plant 'Wimpie; 
Thus, the depth to which soil samples were taken varied depend1n~ on 
the depth of root penetration by the two vegetable species. 

Samples were dried at 1oo•c and then ashed at 400•c 'iamr•le< 
were analyzed for "'Cs on 10- by 20-cm Nai(TI) detector coupled r,, a 
multichannel analyzer. The samples were then subjected to wer .:hem· 
ical techniques followed by alpha spectroscopy to quanttf\ rhe Pu 
content (USDOE, 1979). Most of tbe chemical and physical ar.dl"~' 
on garden-plot soils were conducted by Colorado State U n1' er ', •' ' 
Soil Testing Laboratory in Fort Collins, Colo (Soltanpour e~ Jl 

1979). Soil particle size analyses were performed in our lah·" ,,· '" 
using mechanical sonic sieving methods (Nyhan et al., 1976) 



STATISTICAL ANALYSIS 

Analysis of variance (ANOV A) procedures involving nested 
factors were used to analyze the vegetable crop data. Calcula
tions were made with the multivariate ANOV A (MANOV A) 
procedure (Cohen and Bums, 1977) of SPSS (Nie et al .• 1975). 
Because nested factors are random effects, e.g., the A~OVA 
model is a mixture of fixed and random effects, the F rauos are 
not constructed with a common error term in the denomina
tors. Rather, the F ratios utilize different error terms depend
ing on the nesting structure. Th~ complexity of t~e .linear 
models used necessitates the followmg complete descnpuons. 

Bean data were analyzed as a three-factor experiment 
(Winer 1971:361-363, 514-539) with plants nested within 
fertilization plots. The linear model utilized was 

Yut = P. + 01; + t3i<o + "Yt + OI"Y;t + {3-yi<Ok + eiikt [1] 

where h 
Yuk is the radionuclide concentration for the ijk' cell; 
p. is the overall mean; 
01 with i = 1, 2 is the fertilizer effect; 
{3~,) withj = 1, ... , 13 is the plant effect nested within ferti

lizer plots; 
"Yt with k = 1, 2 is the tissue effect, e.g., stem and leaves or 

fruit; and 
eiik is the error term for the ijk'h cell. 

Squash plant data were analyzed as a four-factor design 
(Winer 1971:539-559) with plants nested within fertilization 
plots. The linear model utilized was 

Yuki = P. + 01; + t3j(r) + "Yk + Ot + OI"Y;k + OIOu + ")'Ott + OI")'O;kt 

+ (3-yj(,)k + {3oj(;)l + {3-yoi<,W + eiikt• [2] 

where 
y Itt is the radionuclide concentration for the ijkfh cell, 
01~ with ; = 1, 2 is the effect either with or without fertilizer, 
t3i<r) withj = l, ... , 8 is the plant effect nested within ferti-

lizer plots, 
"Yk with k = 1, 2 is either the lower or upper portions of 

plant (height), 
o1 with I = 1, 2 is either the washed or unwashed tissue ef

fect, and 
e;Jitl is the error term for the ijkfh cell. 

Squash fruit were also analyzed with a four-factor hierar
chial design. The linear model utilized was 

yiJkl = P. + 01; + t3j(r) + "Yir(J) + Ot + OIOu + {3oi<•W + -yok(J)I + e;Jitl 

where 
Yutt is the radionuclide concentration for the ijkfh cell, 
01; with i = 1, 2 is the effect either with or without fertilizer, 

(3M withj = 1, ... , 8 is the plant effect nested within ferti-
lizer plots, 

"Yir(J) with k = 1, ... , 3 is the fruit effect nested within plants, 
o1 with I = I, 2 is the fruit peel or meat effect, and 
eiiltl is the error term for the ijkfh cell. 

Each of the radionuclides was analyzed separately for each 
of the above designs, and was also analyzed for MANOV A for 
each of the above designs where the observed concentration is 
a vector of concentration: 

y = ["'Pu, 1"Pu, "'Cs]. 

The multivariate tests give overall tests of the various 
hypotheses for each of the models above, and provide a means 
of evaluating the three radionuclides simultaneously rather 
than trying to interpret them separately. Significance levels of 
multivariate tests utilized Pillai's method (Morrison, 1976). 

Radionuclide concentrations were analyzed both untrans
formed and with logarithmic transformations. Conclusions 
from the two analyses were identical for the effects of interest, 
and so only the analyses for untransformed data are presented. 

RESULTS AND DISCUSSION 

Study plot soils receiving the fertilization treatment 
differed significantly (p < 0~0 I, t-test) in chemical 
composition from those receiving no fertilizer treatment 
(Table 1). Of the parameters measured, only Ca, Cu, 
and pH remained unchanged in soil after addition of the 
fertilizer. 

Table !-Chemical ud physical characteristics of soils from 
Mortandad Cuyon garden plot iD 1977. 

Constituent 

Ca, meqlliter 
Mg. meqlliter 
N a. meqlliter 
K. meqlliter 
Sodium abeorption ratio 
pH 
Conductivity, mmhosicm 
Organic matter, % 
P,ppm 
K,ppm 
NO,·N,ppm 
Zn.ppm 
Fe, ppm 
Cu. ppm 
Mn.ppm 

Soil treatment 

Fertilization! None 

--- meanjSDit ---

4.9j2.2) 
1.7 j0.661 
3.9 jl.31 
5.3 (0.911 
2.2j0.59) 
8.1 j0.20) 
1.6 j0.49) 
1.4 j0.29) 

52 (6.1) 
557 j71) 

16 j7.1) 
2.6j0.221 

15 (0.93) 
2.2 j0.271 
4.2 (0.391 

3.6 j0.9ll 
0.93 (0.221 
1.1 j0.12) 
0.27 (0.051 
0.75 (0.15) 
7.9 j0.101 
0.60 (0.10) 
0.60j0.07) 

16 j4.91 
66 j4.9) 

7.3 (3.7) 
1.9 j0.22) 

12 jl.91 
2.1 j0.201 
2.8 (0.591 

t means based on sample size of six. 
:1: Fertilized with cow manure. 

Sig· 
nificance 

NS 
<0.01 
<0.01 
<0.01 
<0.01 

NS 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 

NS 
<0.01 

Table 2-Radionuelide concentrations iD oven-dry soil and soil size fractions from Mortandad garden plot. 

<431'111 53-1001'111 100-500 1'111 0.5-0.1 mm l.0-2.0mm 2.0-23 mm 

meaniSD)t 
% Soil Wllight 9.0(5.0) 14 (5.0) 22 (4.0) 19 (4.0) 21 (4.01 16 (6.1) 
pCi "'Cslg 217 (43) 196 (47) 125 (36) 69 (35) 54 (301 114 (671 
% '"Cain fraction 17 23 23 11 10 16 pCi .. Pu/g 14 (2.4) 17 (3.4) 10 (6.1) 8.1 (5.6) 5.4 j3.9) 6.8 (4.11 
% ,.Pu in fraction 12 22 32 14 10 10 pCi ., .... Pu/g 

2.6(0.52) 3.7 (3.21 2.8 (0.871 1.7 (0.83) 0.95 (0.461 1.3 (0.551 
% "' ... Pu/g in fraction 11 25 30 15 10 10 

t Mean and SD based on sample size of 26. 
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Table 3-Effec:t of 110il fertilization on concentrations of Pu and 
11'Ca in plants (above-ground biomass minus fruitsland 

fruits of bush beans (mean : one SD of 
13 determinational. 

Radionuelide unfertilized Fertilizedt 

---pCilg oven-dry tisaue---

Plant 

-Pu 0.92 * 0.41 0.52 * 0.23 
'"Pu 0.14 * 0.06 0.08 * 0.04 
'''Cs 17.3 * 3.7 8.0 * 3.7 

Fruit 

"'Pu 0.26 * 0.60 0.31 * 0.72 
'"Pu 0.04 ± 0.09 0.05 :1: 0.11 
"'C. 5.9 :1: 4.1 2.8 :1: 1.2 

t Fertilized with cow manure. 

Radionuclide concentrations in soils (Table 2) did not 
differ significantly (p > 0.05) between treatments 
(fertilizer vs. no fertilizer) and, overall, averaged 85 
pCi aucs/g dry weight, 10 pCi mpu/g, and 1.9 pCi 
mpuf g. The soil was sandy with over 900Jo of the soil 
mass consisting of particles >53 "m. In addition, over 
800Jo of the radionuclide inventories were present in 
sand size fractions. Relatively little of the radionuclide 
inventory was present in the silt-clay (<53 I'm) fraction; 
these particles contained only about lOOJo of the radio
nuclide inventory (Table 2), even though the 
radionuclide concentrations in this fraction were 
relatively high (Table 3). 

Treatment Effects 

The fertilization treatment had no significant effect (p 
> 0.26, Table 4) on Pu concentrations in beans (Table 
3), although it decreased mcs concentrations. Bean 
fruits had lower concentrations (p < 0.001, Tables 3 and 
4) of all three radionuclides than bean plants did. 

The differences for tissue effects (e.g., fruits vs. 
plants) are explainable due to the differential times of 
the material being available for contamination by soil 
from wind or water movement, and to the fruits usually 
having lower radionuclide concentrations (Schulz, 1977; 
Schreckhise and Cline, 1980). The leaves and stems had 
been exposed to raindrop splash-up and/ or wind 
erosion for the full growing season, while the fruits ap
peared late in the growing season and were soon 

Table I)-Effects of acil fertilization, washing, and height of 
material sampled on concentrations of Pu and 117Ca in the 

above-ground biomua of squash plants (minus fruita; 
(mean : one SD of eight determinational. 

Unfertilized Fertilized 

Radionuelide 0-20em 20em 0-20em 20cm 

pCi/g oven-dry tisaue 

Washed 

"'Pu 1.34 * 0.40 0.34 * 0.25 0.81 * 0.31 0.17 * 0.09 
'"Pu 0.19 * 0.04 0.05 * 0.04 0.12 * 0.05 0.02 * 0.01 
.,,Cs 24.9 * 7.5 1.9 * 1.4 10.5 ± 5.4 4.5 ± 3.3 

Unwashed 
.. Pu 3.3 :1: 1.4 0.63 :1:0.50 2.26 * 0.76 0.44 :1: 0.22 
'"Pu 0.56:1:0.25 0.10:1:0.88 0.36 :1: 0.13 0.07 * 0.04 
"'Cs 66:1:36 22 :1: 11 33.5 ± 7.7 10.5 ± 4.0 

harvested. The potential for the fruits to become con
taminated by physical processes was much less than for 
the remainder of the plant. 

The differences between the effect of fertilization 
(Table 4) for Pu (p = 0.26) and mcs (p < 0.001) is at
tributed to the increase of K, a biological analog of Cs. 
The increased K concentrations in the soil (8.4 times 
greater in fertilized soil, Table 2) decreased the uptake 
of mcs by 550Jo (Table 3). The significant (p = 0.004, 
Table 4) fertilization x tissue effect for 1 3'Cs further in
dicates the importance of biological uptake for this 
radionuclide. 

The three main effects (fertilizer treatment, washing, 
and height above the ground; TableS) were each significant 
(Table 6) for all three radionuclides. The fact that washinn. 
significantly reduced radionuclide concentrations by al 
650Jo (Table 5) indicates that much of the measu .. '"~ 
radioactive materials must have been associated with the 
plant surface. Likewise, because the lower portions of 
the plant had about four times higher concentrations 
than the upper portions (Table 5), surface contamina
tion of the plant by soil is further supported. The lower 
radionuclide concentrations (p = 0.066, Tables 5 and 6) 
on the fertilized plot (350Jo for Pu, 500Jo for Cs) is at
tributed to the increase in organic matter, which 
stabilizes the soil and decreases mobility from wind- and 
water-driven processes. This hypothesis is further sub
stantiated by the significant interaction term (p = 
0.055, Table 6) for fertilization x height. Fertilization 

Table 4-Analyaia of variance table for the beans. 

Sum of Degrees of 
Source Radionuelide squares freedom F 

Fertilization "'Pu 0.397 1.306 
'"Pu 0.009 1.329 
111Cs 503.332 47.367 

Plants within fertilization "'Pu 7.304 24 
'"Pu 0.165 24 
111Cs 255.023 24 

Tissue '"Pu 2.459 1 9.980 
'"Pu 0.054 1 9.847 
'"Cs 904.890 1 71.932 

Fertilization x tissue '"Pu 0.621 2.521 
UIPu 0.014 2.558 
•ncs 125.800 10.000 

Tissue x plants within fertilization '"Pu 5.914 24 
n•Pu 0.132 24 
1"'Cs 301.917 24 
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Significance 

0.264 
0.260 

<0.001 

0.004 
0.004 

<0.001 
0.125 
0.123 
0.004 

Multtvanate 
sigruficance 

< Q 001 

,, 0 001 

0 (J 1 ~ 



_,_ 

Table 6-AD&Iyaia of variaDce for squash pluta. 

Sum of 
Source Radionuclide squares 

Fertilization ''"Pu 3.677 
"'Pu 0.110 
"'Cs 3064.038 

Planta with fertilization ··Pu 8.856 
'"Pu 0.220 
"'Cs 43M.757 

Washing ··Pu 15.688 
'"Pu 0.471 
"'Cs 8075.943 

Fertilization x waiJhina' ··Pu 0.247 
··Pu 0.017 
"'Cs 1014.343 

Washiq x planta within fertilization '"Pu 5.806 
'"Pu 0.169 
"'Cs 3298.900 

Height ••Pu 37.306 
IIIPu 0.966 
•nee 9097.683 

Fertilization x height -Pu 1.434 
"'Pu 0.043 
"'Cs 1406.906 

Height >< planta within fertilization -Pu 3.308 
IIIPu 0.121 
•nee 1701.010 

W~xbeight -Pu 8.042 
'-Pu 0.264 

•nee 1403.346 
Fertilization >< wuhing >< height -Pu 0.219 

IIIPu 0.016 
•ncs 12.311 

Washing x height x planta within -Pu 4.830 
fertilization '"Pu 0.149 

"'Cs 1668.6M 

reduced the accumulation of contaminants more on the 
upper parts of the plant than it did on the lower portions 
(Table 5). 

The above explanation of the decrease in splash-up 
due to fertilization would also suggest that the fertiliza
tion x washing interaction should have been significant 
(Table 6). More material should have been washed off 
of the unfertilized plants than the fertilized plants be
cause there was more material present to wash. The 
'

17Cs term was marginally significant (p = 0.057), but 
neither of the Pu terms were significant (Table 6). We 
believe this interaction term was not significantly re
jected because the amount of additional material to be 
washed off was small in relation to detection limits, and 
the variation in the data obscured the interaction. 

Table 7-Effec:t of soU fertilizatioa OD eoaceatratioD of Pu ud 
117Cs ia washed fruita of squash. Three fruita were takea from 

each of eight pluta iD each fertilizatioa plot lmeaa -::t: SD 

Radionuclide 

... Pu 
"'Pu 
liTes 

of 24 determiaatioul. 

Unfertilized Fertilized 

--- pCilg oven-dry ti181le ---

'Peel 

0.024 ::t: 0.012 
·O.OOS : 0.003 

9.5 z 7.1 

Meat 

0.006 z 0.017 
0.006 * 0.022 

6.2 ± 4.8 

0.017 * 0.031 
0.005 z 0.012 

4.6 z 2.3 

0.002 z 0.001 
0.002 z 0.004 

4.1 z 1.8 

Degrees of 
freedom 

1 
1 
1 

14 
14 
14 

14 
14 
14 

1 
1 
1 

14 
14 
14 
1 
1 
1 

14 
14 
14 

F 

5.813 
6.970 
9.783 

37.832 
38.993 
34.273 

0.597 
1.399 
4.306 

157.885 
111.601 

74.877 
6.069 
4.989 

11.579 

23.3U 
24.260 
12.606 

0.633 
1.482 
0.111 

Significance 

0.030 
0.019 
0.007 

<0.001 
<0.001 
<0.001 

0.453 
0.257 
0.057 

<0.001 
<0.001 
<0.001 

0.027 
0.042 
0.004 

<0.001 
<0.001 

0.003 
0.439 
0.244 
0.744 

Multivariate 
significance 

0.066 

<0.001 

0.254 

<0.001 

0.055 

0.006 

0.286 

Cesium-137 concentrations in plant material from the 
fertilized plot were even further reduced (Table 5) than 
were Pu concentrations. The greater decrease for ll1Cs 
from fertilization can be attributed to the increase in K 
and, hence, discrimination against mcs by the plant, 
illustrating the greater biological activity of mcs. 

The reduction of radionuclide concentration in 
squash fruit due to fertilization (Table 7) was not sig
nificant (p > 0.174, Table 8) for Pu. We attribute the 
lack of a fertilization effect for Pu to the short time that 
the squash fruits were in the garden and thus subject to 
surface contamination, and to the low levels of activity 
observed in the fruits with the effect thus obscured by 
the variation due to fallout background. As the fruits 
reached the sizes where they are normally utilized for 
food, they were harvested from the garden and stored 
until analyses. They were washed before being prepared 
for analyses, and thus, as illustrated in Table 5, some of 
the surficial contamination was removed. In addition, 
the greater biological activity of 111Cs increased the 
fertilization effect, and thus a significant difference was 
found for • "Cs but not for Pu. 

For 231Pu, the washing did not remove all the activity 
on the peel (Table 7), with the 231Pu concentration in 
meat being only 208Jo of the concentration in peel. We 
attribute the difference to surficial contamination. al
though biologically active Pu could have been prefer
entially deposited in the peel of the fruit rather than the 
meat. The difference in mpu concentration between the 
peel and the meat of the fruits was not significant (p = 
0.48, Table 8), which suggests that there was little con-
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Table 8-Aaalyeia of variaaee for aquub fruit. 

Sum of Degrees of Multivariate 
significance Source Radionuclide squares fr-tom F Significance 

Fertilization ... Pu 8.0 X 10'' 
'"Pu 1.2 X 10·• 
"'Cs 2.9 X 101 

Plants within fertilization ••Pu 5.4 X 10'' 
'"Pu 2.2 X 10'1 

"'Ca 9.6 X 101 

Fruit within plants "'Pu 6.0 X 10'' 
"'Pu 2.6 X 10'1 

"'Ca 2.0 X 101 

Peeling "'Pu 6.5 X 10'1 

'"Pu 6.0 X 10'' 
"'Ca 8.7 X 101 

Peeling x fertilization ••Pu 4.0 X 10'1 

'"Pu 9.0 X 10'' 
"'Ca 4.4 X 101 

Peeling x plants within fertilization .. Pu 4.6 X 10'' 
'"Pu 2.2 X 10'' 
"'Ca 1.2 X 101 

Peeling x fruita within plants ··Pu 5.4 X 10'' 
'"Pu 2.7 X 10'' 
"'Ca 1.8 X 10' 

tamination by Pu, and that any difference in concentra
tion was obscured by variation due to the fallout back
ground. Concentration of mpu was only 200Jo of that 
for mpu in the soil (Table 2). 

In contrast, both fertilization and peeling the fruit 
produced significant differences (Table 8) for mcs. The 
decrease in mcs concentrations due to fertilization 
(Table 7) can be attributed to the increase of K in the 
fertilized plot, although the effect was only marginally 
significant (p = 0.058, Table 8). The greater concentra
tion of ' 11Cs in the peel vs. the meat (Table 7) may be ex
plained by surficial contamination that was not 
removed by wash treatment. The higher concentrations 
Of I HCS allowed Sm;iller differences tO be detected than 
for Pu. 

Concentration Ratios 

The dimensionless ratio of concentration in plant 
tissue to concentration in soil was calculated for the five 
plant tissues analyzed in this study (Table 9). Combined 
cell means were used for each tissue, thus the concentra
tion ratio varied for fertilized vs. unfertilized plots, 
washed vs. unwashed, and lower vs. upper strata. These 
concentration ratios were calculated using the soil data 
in Table 2 and tissue data from Tables 3, 5, and 7. All of 
the statistical results discussed for Tables 4, 6, and 8 
apply to the concentration ratios, as the only difference 
in the data is the constant factor, soil concentration. 

In Table 9, we see that the largest concentration ratios 
for Pu were in squash plants, followed by bean plants. 
We would expect these results, as squash plants are 
better collectors of soil than bean plants because of their 
large flat leaves close to the ground surface. 

The ll1Cs concentration ratios were always greater 
than those for Pu (Table 9), substantiating the fact that 
'
11Cs is biologically more active than Pu. Because green

house studies have shown that biological uptake is 
< 111Jo of the total Pu content of vegetation (ERDA, 
1976), we can use the concentration ratios in Table 9 to 
partition the amount of mcs splashed up on the plant 

298 J. Environ. Qual., Vol. 10, no. 3, 1981 

14 
14 
14 
16 
16 
16 

14 
14 
14 
16 
16 
16 

2.053 
0.736 
4.245 

19.770 
0.527 

10.174 
0.136 
0.506 
3.386 

0.174 
0.405 
0.058 

<0.001 
0.480 
0.007 
0.715 
0.483 
0.075 

0.238 

0.006 

0.261 

Table 9-Coaceatratioa ratia. (pCill dry weilbt ve,etable + 
pCI/1 dry weilbt eoil) for varioue plaat tiuuee 

from the Mortaadad 1ardea plot. 

Ti88ue "'Pu IIIPu ·"Cs 

B•nplaat 7.2 X 10'1 5.8 X 10'1 1.5 " to·· 
B.afruit 2.9 X 10'' 2.4 X 10'1 5.t X 10"1 

Squash plant 1.2 X 10'' 9.7 X 10'' 2.5 " to·· 
Squash peel 2.0 X 10'' 2.6 X 10'' 8.3 X 10"1 

SquashDIMt 4.0 X 10" 2.1 X 10'' 6.t • to·• 

as opposed to the amount taken up biologically. The 
squash plant data are taken as an example to illustrate 
the calculations. The average concentration ratio for Pu 
was about 0.11, while the concentration ratio for · ··cs 
was 0.25. Thus if no biological uptake were present for 
ll1Cs, we would expect a concentration ratio of 0.11 as 
for Pu. Instead, the concentration ratio of 0.25 suuests 
that 4311Jo of the ll1Cs on the squash plant was due to 
splash-up, while 600Jo was due to biological uptake. 
Similar calculations for bean plants, bean fruits, ~uash 
peel, and squash meat gave the percent of 'l'Cs spl~hed 
onto the tissue as 43, 52, 28, and 2, respectively. These 
values illustrate that about 4511Jo of the •ncs on the un
washed plant material was due to splash-up. The \quash 
fruits were washed as in normal food preparation. w 
the amount of ll1Cs remaining on the peel surfa« was 
lower than for the unwashed plants. The 20Jo figure for 
squash meat illustrates the obvious-nothma •as 
splashed into squash meat. 

Radiation Doses 

Radiation doses to humans consuming veaetahles 
from the garden plot were calculated for all vege1able 
combinations. Doses from zucchini squash (meat only) 
and for green beans from the unfertilized plot are pre
sented in Table 10. Unfertilized plot data were cho\C'n 
because contamination conc:entrations were higher th1n 
in the fertilized plot. Thus,· calculated doses rC'prnC'nt 
the upper portion of the range of calculated d·"c-~ 
Doses were dominated by the •Hcs contaminatl<•r· r ~.~ 



Table 10-Eatimated radiation doeea to humans from ingestion of garden vegetables grown iD the unfertilized garden plot 
contaminated with 111 ·111Pu and 117Ca. 

Annual 
1st-year dose;t 5Q.year dose commitmentt 

) Vegetable ingestiont Total body Bone Liver Total body Bone Liver 

kg mrem 

Zucchini squash 0.23 2.5 X 10'' 2.5 X 10'' 4.2 X }0'' 4.0 X 10'' 4.7 X 10'' 6.3 X JO·> 
Green beans 0.68 1.6 X 10'1 1.6 X 10'1 2.8 X 10'1 2.7 X 10'1 4.2 X 10'1 4.4 x to·• 
t Ingestion rates taken from USDA, 1978. 
:Radiation Dose Factors hnremi,.Ci intakel taken from Corley et al, 1977: concentrations of "'Cs and '""'Pu in vegetables taken from Tables 3 and 7. 

Calculated doee includes contributions from both "'Cs and ''"·"'Pu. 

only place where m.u'Pu made a significant contribu
tion (380fo) was in the 50-year dose commitment to bone 
from green bean ingestion. As can be seen from the 
data, doses are extremely low and represent no hazard. 
The largest total body dose in the table (0.027 mrem) is 
equivalent to the dose received from cosmic radiation in 
7 min from flying at typical jet aircraft altitude of 9,144 
m (30,000 feet). This dose represents 0.23% of the esti
mated 138 mrem Los Alamos residents received from 
natural radiation in 1979 (Environmental Surveillance 
Group, 1979). 

SUMMARY AND CONCLUSIONS 

The results of this study demonstrate that a major 
source of contamination of green beans and zucchini 
Squash by I 37CS and 1J8.Z39pU WaS due tO SOil On the plant 
surfaces. The lower portions (0-20 em) of zucchini and 
squash plants were contaminated about four times the 
higher portions (>20 em). About 650fo of the contami
nation on zucchini squash plants could be washed off 
with normal food preparation techniques. Fertilization 
of the garden plot with cattle manure reduced contami
nation by about 300fo for Pu and even greater (about 
SOOfo) for 137Cs. The reduction due to fertilization is at
tributed to a stabilization of the soil surface, and, in the 
case of 137Cs, reduction in 137Cs uptake in the plant was 
due to increased K concentrations. 

Fifty-year radiation doses to h :.1mans consuming 
vegetables from the garden plot would be < 0.05 mrem 
and would be due almost entirely to 137Cs. 
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