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EVALUATION OF THE RADIONUCLIDE CONCENTRATIONS IN
SOIL AND PLANTS FROM THE 1975 TERRESTRIAL SURVEY
OF BIKINI AND ENEU ISLANDS

Abstract
In June 1975, personnel from LLL Island (0.86 for 60Co, 76 for 90Sr,
and from other laboratories and 43 for 137Cs, 3.0 for 239’240Pu, and
agencies conducted a radiological 2.4 for 241Am). We found that radio-
survey of the terrestrial environment activity is unevenly distributed over
of Bikini and Eneu Islands (Bikini the surface of these islands and that
Atoll) to evaluate the potential the distribution of activity with

radiation dose to the returning Bikini soil depth varies greatly in different

popqlation. In this report, we pre- parts of the islands. Concentrations
sent measurements of the radionuclide in the soil of 9OSr and 137Cs are
concentration in soil profiles and in greater than concentrations of 241Am
dominant species of edible and noned- and 239’240Pu which, in turn, are
ible, indicator plants. We also des- greater than concentrations of 60Co.
cribe the use of these data to derive To quantitatively evaluate the
s relationships to predict the plant plant uptake of 9OSr, 137Cs, and
uptake of radionuclides from soil. 239’ZQOPu, we develop soil-plant
Approximately 620 soil and vegeta- concentration factors as well as
tion samples from Bikini and Eneu leaf-leaf and fruit-leaf concentra-
Islands were analyzed by Ge(Li) gamma tion ratios for indicator and edible
spectrometry and by wet chemistry. plant species from the same location.
The predominant radionuclides in In general, the concentration factors
these samples are 6000, 90Sr, 137Cs, - for 13703 in terrestrial vegetation
239’240Pu, 241Pu, and 241Am. In gene- are greater than those for 90Sr. The
i ral, the radionuclide concentrations concentration factors for both of
E in soil from Eneu Island and from the these nuclides exceed those for
E four areas of Bikini Island appear 239’240Pu by one to two orders of
? to approximate log-normal distribu- magnitude (10 to 100 times). For
f tions. The median surface-soil 908r and 239’ZQOPu, nuclide uptake
concentrations (pCi/g) of Eneu Island by fruit is less than that by mature
(0.067 for 60Co, 4.1 for 9osr, leaves; however, the opposite is
2.9 for 137Cs, 0.25 for 239’240Pu, true for 137Cs. The relative con-
and 0.22 for ZﬁlAm) are ten times tribution of the individual plant
lower than those measured on Bikini species to the internal dose.to man
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varies with the nuclide under consi-
deration. Thus, we also describe

the use of concentration factors and

concentration ratios to predict
nuclide concentrations in fruit from

those observed in soil or leaves.

Introduction

Since the termination of nuclear
testing on Bikini Atoll in 1958,
veriodic environmental surveys have
been conducted to evaluate the radio-
logical status of the atoll. The
early surveys of Bikini Atoll as well
as the recent survey and assessment at
nearby Enewetak Atoll indicate that
concentrations of radionuclides in
certain terrestrial foods are rela-
tively high, suggesting that the
terrestrial foodchain could be a major
exposure pathway.l—a In June 1975,
Bikini Atoll was resurveyed to deter-
mine the residual radiocactivity in the
terrestrial environments of Bikini and
Eneu Islands, the two main islands of
the atoll (Fig. 1). The 1975 survey’
included measurement of environmental
gamma-ray exposure rates and the col-
lection and analysis of samples of
soil, ground water, cistern water, and
vegetation for use in assessing the
internal dose via various ingestion
pathways. (The dose from external
gamma exposure amd the radionuclide
concentrations in ecistern and ground
water have been previously

reported.s’é)

1014420

The longer-lived fission and
activation products are the nuclides
of primary concern at Bikini Atoll.
Previous studies have shown that
because of their long half-lives and

90S 137C

large inventories, s, and

239,240

b

Pu contribute nearly all the

population dose from the terrestrial

pathway. ’ In this study, our major
137

emphasis is on 90Sr, Cs, and

239’240Pu. However, the results ob-

241

tained for OCo and Am are also

included because 6000 is widely dis-
tributed and is present in the marine

pathway and because the concentration

of 241Am is still increasing slightly

24
due to the decay ef lﬁu,

In this report, we describe the
results of the soil and vegeiatlien
studies of the 1975 survey. We also
discuss the use of the data to derive
relationships that predict the plant
uptake of nuclides from soll on
Bikini Atoll.

of 6080, 9OSr,

241 . .
Am surface-soil concentrations are

Geometric mean values
137CS 239,2&0Pu, and

b4

developed for Eneu Island and for
each of the four areas into which

Bikini Island was divided. ‘We alwe




Aomen-Iroij Chain

Bikini

Bikini Atoll Bokantuak
Bokdrolul Iomslan
Bokaetoktok N
@ Oroken Roker
. <§§3 Eonjebi
Adrikan <::>
Jelete
'233 Lukoj Aerokoj-Eneman chain
@@ Eneu
Enidrik
0 5 10
l I | Ll O S - | j
Scale — km
Fig. 1. The Bikini Atoll.
analyzed soil profiles to investigate given location from the determined
the distribution of activity with - nuclide comcentrations in soil at the
soil depth. same location. The predicted nuclide

Soil-plant 'concentration factors concentrations in edible plants sub-
and soil-plant regression equations, sequently serve as input data to
together with leaf-leaf and leaf- predict the internal dose from ingested .
fruit concentration ratios, are terrestrial foods. This dose assess-
.calculated for 90Sr, 13703, and ment is presented in a separate report.
239,240 .

’ Pu in edible and indicator At Bikini Atoll, the uptake by
plants as well as in soil from the plants of radioactive material from
associated sampling site. From our _the soil is the principal source of
evaluation of these data, a method is foodchain contamination. Thus, soil
developed for predicting the nuclide - is both the convenient and the logical
concentrations in edible plants at a starting point for a prediction of

-3~

foTuyzi




radionuclide concentration in terres-
trial plants. Soil-plant concentration
factors or soil-plant regression equa-
tions are commonly used for a quantita-
tive comparison of the capacity of
different plant species and various
plant organs to accumulate radionu-
clides through soil-root uptake.10
Prediction of radionuclide uptake by

edible plants is needed to convert

the measured environmental soil con-
centrations into the potential dose to
man from the soil-plant pathway.

Where fruit samples are not available,
correlations between the concentrations
in leaves and fruit of a particular
plant species or between concentra-
tions in leaves of indicator and

edible plant species enable us to

predict plant uptake from soil.

Methods

ENVIRONMENTAL SAMPLING AND
LABORATORY ANALYSIS

The objective of the surface-soil
survey was to define the distribution
of radiocactivity within the soil on
Bikini and Eneu Islands. This survey
was conducted in a manner similar to
that used at Enewetak Atoll.l The
number of soil samples collected on
each island and within specific
areas on the island was a function of
the anticipated radiocactivity levels,
the various housing locations under
consideration, and the expected living
patterns of the future inhabitants.
Thus, Eneu Island, because of its low
and homogeneous activity levels was
sampled less densely than Bikini
Island. Bikini Island has elevated
and more variable activities and was
divided ianto four distinct areas, each
of which could be used for future

village sites. Sampling sites were

selected by superimposing a
rectangular-grid network over an
aerial photograph of each island and
randomly choosing the grid squares to
be sampled within each specific area
of interest. The surface-sample loca-
tions for the islands are shown in
Fig. 2. These samples were taken
with a coring tool (a steel pipe, 30
in cross-section) to a depth of

15 cm,

cm
The surrounding soil was
scraped away and a cutting tool (a
flat plece of steel) was inserted
underneath the cover, freeing the
sample.

In addition to the surface-soil
sampling program, vegetation and
associated soil profiles (soil pro-
files taken from the same location as
the plant) were collected wherever
suitable plant species were located
on Bikini and Eneu Islands (see Fig.

3, Appendices A and B). Leaves,

e eumt————
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fruit, roots, litter, and stems of
edible (Pandanus, breadfruit, coconut,
papaya, banana, and squash) and non-
edible indicator (Scaeveola and
Messerschmidia) plants were collected
when available. We attempted to take
at least one soil profile, and pre-
ferably as many as three, through the
root zone of each sampled plant. In
addition to the soil profiles taken
througﬁ the root zone of sampled
vegetation, .other soil profiles were
collected on a random basis on both
Bikini and Eneu Islands. The geo-
graphical locations of these profiles
are also shown in Fig. 3.

All profile samples were taken
from pits dug with a backhoe. After
the pit was dug, the sidewalls were
carefully cut back a few centimeters
to ensure a clean, undisturbed
profile. For each profile, 100—cm2

samples were collected from the side-

wall at increments of 5 cm in the

upper part and of 10 to 20 cm through-

the lower part of the profile. Total
depth for profile samples varied from
25 to 105 cm.

Vegetation and litter samples were
carefully selected and classified by
age. For example, collected leaves
were classified as young, mature,
and senescent. Two ages of litter
were readily identifiable and were
collected accordingly. However,
fruit samples representing different

stages of growth were unavailable.

1014423
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All samples were handled separately,
placed in plastic bags, and sent to
LLL for processing and analysis. All
soil and vegetation samples were
analyzed both by Ge(Li) gamma spec-~
trosocopy and by wet chemistry for
the following radionuclides (see Ref.
12): 40K, 55Fe, 60Co, 9OSr, 106Ru
loszh, llOmAg, leSb, 133Ba, 137Cs,
144C , lSZEu lSSEU 207Bi 228Ra

b 3 b 3
235U, 238P 239Pu 240 241
241Am.

u, s Pu, Pu,

and

DATA ANALYSIS

The surface-soil (0 to 15 cm)
activities appear to approximate log-
normal distributions and thus, we

calculated geometric means of 60Co,
90Sr 137CS 239’240Pu, and 241Am

> >
concentrations in soil for Eneu
Island as a whole and for the four
areas of interest on Bikini Island.
For each profile collected, we plotted
(on semilog paper) the concentrations
of the selected nuclides as a function
of depth. The profile data were com-
pared in an attempt to characterize
the different areas of the islands
(see Appendices A and B).

Because they are the major contri-
butors to the dose from ingestion of
terrestrial foods (Refs. 1, 7, 8),

QOSr, 137Cs, and 239,240

Pu were
selected for more detailed analysis.
We calculated concentration .factors

for these nuclides from measured
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concentrations in plant samples and
from the average measured concentration
in the associated 0- to 25-cm soil
profile. We define the concentration

factor, CF, as

_ PCi/g dry plant
pCi/g dry soil

CF
To reduce the variability in average
soil concentrations (used to calculate
the concentration factor), we used =
0- to 25-cm soil profile that encom-
passes a large fraction of the effec-
tive absorptive root zone rather than
the‘deeper 0~ to 55-cm profile that
encompasses the entire root zone.
Concentration factors calculated on
the basis of the average soil concen-
tration in the upper 25 cm of the
profile are somewhat greater but do
not differ substantially from those
based on the deeper profiles (Tables
1 and 2). All concentration factors
reported here are therefore those
derived from average 0- to 25-cm soil
concentrations.

The average 0- to 25-cm soil
concentration is calculated as the
weighted geometric mean for the
separate concentrations, measured at
various increments throughout the
profile. Concentration values less
than the minimum detection limit are

set equal to the detection limit,

following the U.S. Environmental

Protection Agency technique.

-~

Whenever the number of samples is
large enough, soil concentrations
are plotted against concentrations
in plants from the same sampling
site; the results are analyzed
with linear regression methods.
These linear regreésion results
are "statistically significant’ at
the 0.1-level of a standard F test.
For each combination of nuclide,
plant organ, and species considered,
statistically significant regression
equations are compared to the median
of the calculated concentration
factors and a single representative
concentration factor is assigned.
Predictions of radionuclide
levels in foodstuffs can be made
from concentration factors if
measured soil concentrations are
available; however, concentration
ratios are also needed if the only
available data are from mature leaf
samples. The concentration ratio
is defined as the ratio of the con-
centration in fruit to the concen-
tration in leaves of the same species;
or, as the concentration in leaves of
one species to the concentration in
leaves of another species. We cal-~
culted preliminary ratios fer all
available species from the 1975
Bikini survey. However, because of
the small number of samples involved,

a statistical analysis of these

results was not possible.
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Table 1. Average radionuclide concentration for 0- to 25-cm and deeper soil
profiles.
Average Soil Concentration, pCi/g dry weight
Locationa 9OSr 137Cs 239Pu 240Pu
70001 (0-25)° 81 45 4.3 4.7
(0~-40) 70 27 1.6 1.8
T0O051 (0~25) 202 150 9.2 10
(0-45) 208 165 9.2 10
T0061 (0-25) 42 28 1.4 1.6
(0-55) 150 85 5.1 5.7
T0062 (0-25) 67 31 2.3 2.5
(0-45) 80 37 1.3 1.5
TOO8L (0-25) 126 43 2.2 2.5
(0-45) 70 15 0.53 0.64
T0121 (0-25) 89 50 2.0 2.2
(0-55) 34 25 0.52 0.60
TO161 (0-25) 27 34 1.5 1.7
(0-55) 30 25 1.1 1.2
T0181 (0-25) 94 13 2.4 2.8
(0-55) 62 5 0.56 0.70
TO191 (0-25) 36 23 0.49 1.2
(0-55) 28 18 0.87 1.0
0241 (0-25) 3.7 3.3 0.42 0.46
(0-45) 4.7 2.8 0.49 6.47
T0251 (0-25) 7.3 7.9 0.24 0.27
(0-45) 9.8 5.7 0.42 0.45
TO261 (0-25) 7.8 4.6 0.41 0.47
(0-45) 6.8 1.8 0.23 0.38
T0271 (0-25) 1.0 0.88 0.12 0.14
(0-45) 0.62 0.40 ~—=C -—=
' T0301 (0-25) 16 10 1.1 1.2
(0045) 20 12 1.6 1.5
@ Sample locations are shown in Fig. 2.
b Depth of soil profile in centimeters.
€ Not detected.
-10~
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2. Soil-mature leaf concentration factors calculated for 0- to 25-cm

Table and deeper soil profiles.
Concentration Factor, (pCi/g dry leaf)/(pCi/g dry soil)
Locationa 9OSr 137CS 239Pu 240Pu
70001 (0-25) 1.0 17 0.01 0.01
(0-40) 1.2 29 0.038 1 0.01
TOOS51 (0-25) 0.94 0.30 0.050 0.0053
(0-40) 0.92 0.27 0.050 0.0052
10061 (0-25) 5.3 2.5 0.043 0.045
(0-55) 0.15 0.82 0.012 0.013
T0062 (0-25) 2.8 2.2 0.049 0.045
(0-55) 3.3 1.9 0.028 0.013
TO081 (0-25) 1.4 0.79 0.019 0.0494
(0-45) 2.4 2.3 0.078 0.029
70121 (0-25) 1.2 2.9 0.030 0.021
(0-55) 2.5 5.9 0.066 0.084
70161 (0-25) 0.22 13 0.018 0.014
(0-55) 0.19 18 0.024 0.054
T0181 (0-25) 0.11 35 0.012 0.018
(0-55) 0.17 9.3 0.051 0.0245
T0191 (0-25) 0.56 17 0.025 0.013
(litter) (0-55) 0.72 23 0.029 0.051
T0251 (0-25) 0.30 1.1 _— —-
(0-45) 0.19 1.3 —— -
T0261 (0-25) 0.16 3.9 0.010 0.013
(0-45) 0.12 5.4 0.0059 0.069
T0261 (0-25) 0.099 2.6 ——— -
(0-45) 0.20 6.6 - —
T0271 (Q—25) —-—— 16 —— —
(0-45) - 36 - —
T0301 (0-25) 0.11 2.3 - —
(0-45) 0.085 2.0 _— ——

a . . .
Sample locations are shown in Fig. 2.

b No data}

1014429
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Results and Discussion

SURFACE SOIL SURVEY

Although more samples are available
from the 1975 Bikini survey than from
any previous survey (Table 3), there

is little consistency in the geograph-

ical distribution of 6000, 908r

137Cs 239’240Pu, and 241Am on Bikini

3

’

and Eneu Islands (see Appendix C).
The maps and overlays in Appendix C

present the activities of these radio-
nuclides in picocuries per gram of

dry soil over the sites from which the
samples were collected. A list of
concentrations of all detectable
nuclides for each sampling site is
given in Appendix D (microfiche
included in pocket on inside back
cover}. A dry-soil density of 1.5
g/cm3 may be used to convert the
integrated profile vata into activity
per uni. area. However, some caution
must be exercised in such calculations
because a significant fraction of the
total activity may be located below
the sampling depth.

Table 4 presents the means of the
surface-soil concentrations of the
dominant nuclides for Eneu Island
and for the four areas of interest on
Bikini Island. The values for Eneu
are consistently ten times lower than
concentrations for any part of Bikini

Island. As expected, on Bikini Island,

Area 1 shows the lowest soil concen-
tration, since it is an exposed beach
area that has been cleared for

and

A -
housing. Data from Bikini

Enewetak12 have revealed that soil
activity is directly related to the
amount of vegetation present in the
area surrounding the sampling site.
One possible reason for this is that
a heavy vegetative cover can protect
the underlying soil, minimizing the
effects of weathering processes (e.g.,
wind and rain erosion) that transport
surface activity through the soil
column to the water iens. Follow-up
field work at Enewetak Atoll has also
shown that, in heavily vegetated .
areas, litter increases the soil

, . 13
retention of radionuclides.

Although soil concentrations of
radionuclides in Area 2 appear to
be higher for 908r and 239’2a0Pu
than in any other area on Bikind,
statistical analysis of the 908r
concentrations for each of the four
areas on Bikini, using the Mann-
Whitney nonparametric test, shows
no significant difference between
the concentrations in the various
areas. However, a more extensive
analysis is needed to better define
the real differences in concentra-

tions in the various areas.

-12~
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Table 3.

Number of

vegetation and soil samples in various Bikini surveys.

Number of Samples

9OSr 137CS 239,240Pu
: 64-74%  1975°  64-74 1975 6474 1975
E Species, Organ Survey Survey Survey Survey Survey Survey
| Pandanus, leaves® 6 (6)° 6 (6) 5 (5)
fruit 6 1 (1) 4 1 (1) 1 (1)
Papaya, leaves 8 (4) 8 (4) 8 (4)
fruit 4 (4) 4 (4) 4 (4)
Breadfruit, leaves 2 (2) 2 (2) 2 (2)
fruit 0 1 (1) 0 1 (1) 1 (L)
Banana, leaves 3 (3) 3 (3) 3 (3)
Coconut, leaves 22 (8) 22 (8) 22 (8)
; fruit 5 6 (6) 48 6 (6) 6 (6)
. Seaevola, leaves 8 (2) 8 (2) 8 (2)
i fruiting 1 (1) 1 (D) 1 (1)
body
Messerschmidia, 6 (3) 6 (3) 6 (3)
i leaves
Soil Profiles 5 42 22 42 42
i
Soil, top 15 cm 21 196 176 196 196

® Data from 1974 Bikini draft (unpublished).

Data from this report.

c , ]
Leaves include both mature and young specimens.

Number of samples that have directly associated soil profiles.

1oluy3dl
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Table 4. Median surface soil concentrations (0 to 15 cm).

Soil Concentration, pCi/g dry weight

Bikini Eneu
Nuclide Area 1 Area 2 Area 3 Area 4 Island® Island
60¢, 0.59 (51)® 0.98 (6) 0.94 (32) 0.92 (87) 0.86 (176) 0.067 (66)
90g, 41 (35) 126 (5) 69 (18) 68 (70) 76 (128) 4.1 (73)
3¢ 34 (51) 43 (6) 48 (33) 48 (88) 43 (178) 2.9 (68)
239,240, 9.3 (70) 4.5 (10) 2.1 (34) 3.0 (140) 3.0 (254)  0.25 (146)
281 1.8 (51) 3.7 (6) 2.7 (31) 2.7 (87) 2.4 (175)  0.22 (68)

a . . . . .
Arithmetic average of soil concentration in Areas 1-4 on Bikini Island.

b Number of samples taken.

SOIL PROFILES

Soil profiles from different parts
of Bikini and Eneu Islands show a wide
range of activity distributions with
depth. (A listing of the concentra-
tions measured for each profile is
given in Appendix A and the data are
presented graphically in Appendix B.)
As noted by Held,14 different plant-
soil environments exhibit different
vertical patterns of nuclide migra-
tion. The nearly complete disruption
of the upper soil layers at Bikini
Atoll by clearing, construction, and
testing over the past 30 years as well
as by agricultural practices initiated
more recently has created a variety
of plant-soil environments. Thus, the
inhomogenity of the soil on these

islands is not surprising. However,

because of this inhomogenity, general-
izations are not very meaningful, and
these islands cannot be characterized
by "average vertical profiles' with
which to formulate cleanup criteria
and to estimate dose,

The four basic types of profiles
delineated at Enewetak Atoll12 are
all present on Bikini Island (see
Fig. 4). Although we could not
identify any particular profile type
for extensive areas on Bikini Island,
specific locations can be assigned
"typical" profiles for predictive
purposes. For example, on Bikini
Island a group of samples taken in
close proximity to one another
(T0091, TO10l1, TO1ll, TO121, and
T0131) show generally decreasing

activity levels with depth despite

-14-
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some variability in pattern in the

upper parts of the profiles (see Figs.
5-9; Appendices A and B). Other loca-

tions, limited in area, can be assigned

different "typical" profiles.

In general, profiles from Bikini
Island show decreasing activity levels
with depth. 1In contrast, those from
Eneu Island exhibit a pattern of
uniform or slowly decreasing activity
levels from surface to total-sampled
depth. The variations seen in the

profiles on Bikini may be the result

of the location of organic layers in
the profile.. Because organic matter
tends to concentrate radioactivity,15
nonuniform patterns of radionuclide
concentration may result from organic
layers that have been buried recently
by construction and rehabilitation
activities.

Although it is difficult to gener-
alize about patterns of activity dis-
tribution, the relative concentrations
of the dominant nuclides show a con-~

90 137CS

sistent trend: Sr and >

] 5 T ] l 1 I

—
(g
I

Concentration in mature coconut
Teaves — pCi/g dry weight

CF = 0.1596

Linear regression line
y = 0.1149x + 1,667

l 1 ] I { A

0 25

50 75 100

Concentration in soil —'pCi/g dry weight

Fig. 5. Correlation of the
the concentration of

S0 . . : .
Sr concentration in mature coconut leaves with
Sr in the soil at the same site.
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Fig. 6. Correlation of the 3 Cs concentration in mature coconut leaves with
the concentration of 137Cs in the soil at the same site.

239,240Pu and 241Am S 6OC0. The PREDICTION OF PLANT UPTAKE
concentration of 2°Sr on Bikini Average concentrations in the 0- to
Island is usually twice that of 25-cm portions of the soil profiles
137CS, ten times that of 239’240PU are combined with measured concentra-
and 241Am, and thirty to forty tions in plants to predict the uptake
times that of 6000 (Table 4). As of various radionuclides from the
mentioned previously, soil concen- soil. 1In general, these plant-eeil
trations on. Eneu are about ten relationships from the 1975 Bikéwi
times lower than those on Bikini survey confirm the results: ef mrevious
Island for all the radionuclides surveys; however, the reitatiopships
considered. are often statistically insignificant.
-17-
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Fig. 7. Correlation of the 239’240Pu concentration in mature coconut leaves
with the concentration of 239,240py in the soil at the same site.

In surveys where the number of sam- verify the results, we recommend the
ples considered for any one case is use of the general plant-soil rela-
small, relationships that appear to tionships developed in this study

be statistically insignificant are for subsequent dose assessments.

often extremely significant, since
Concentration Factors

sampling errors may dominate the

explanatory variables. Although Soil profiles with uniform

statistical analysis of a larger patterns of nuclide migration are

number of samples is necessary to seldom found at Bikini Atoll as a
-18-
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result of the complete disruption of
the upper soil layers by clearing,
construction, and testing over the
past 30 years as well as by more
recent agricultural practices. To
determine the soil concentrations of
nuclides that are actually available
to the root system of a specific
plant, we sampled soil profiles in
direct contact with the root system.
The two replicate samples of soil

profiles show minimal variation,

014431

regardless of the side of- the plant
from which they were taken {Table 5).
In contrast, profiles in the general
area but not in direct contact with
the root system of the plant sample
are highly variable (Table 6).

Tables 7 and 8 present the range
and median values of concentration
factors calculated for vegetatiem and
s0il sampled from the same lecatien.
Table 9 compares the information from

these tables with the same information
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Fig. 9. Correlation of the 137

for concentration factors calculated
for mature Scaevola and coconut leaf
samples for which no soil samples

from the same location are available.
We selected mature Scaevola and coco-
nut leaves for this comparison because
they provide the largest number of
samples in both the associated and
unassociated categories. A comparison
of the ranges in Table 9 shows the
importance of using associated plant-

s0il data (data from the same sampling

~20-
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Cs concentration in mature Scaevola and Messer-
schmidia leaves with the concentration of

Cs in the soil at the same site.

site). Concentration factofs calcu~
lated from unassociated plant and
soil factors show a variation of
three orders of magnitude in the
case of 37Cs uptake by mature
Scaevola leaves while concentration
factors calculated from associated
data vary by one order of magnitude
or less. These results agree with the
wide range of concentration factors
calculated in previous surveys from

unassociated plant and soil samples.l’4
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Table 5. Radionuclide concentrations in replicate 0- to 25-cm soil profiles.

Average Soil Concentration, pCi/g dry weight

Locationa 905r 137Cs 239Pu 24OPu
Group 1
T0OOO1 81 45 4.3
TOGO2 92 29 4.6 5.1
TO0O3 101 44 5.0 5.5
Group 2
T0O061 42 28 1.4 1.6
T0062 68 31 2.6 2.5

aSampling sites are shown in Fig. 2.

Table 6. Radionuclide concentrations in 0- to 25-cm soil profiles taken from
the same general area.

Average Soil Concentration, pCi/g dry weight

Location® 9OSr 137Cs 239Pu 240Pu
Group 1
TO091 81 55 2.5 2.8
T0101 32 35 0.27 0.29
TO111 81 87 3.3 3.7
T0121 89 50 2.0 2.2
T0131 86 13 0.53 0.64
Group 2
TOO31 6.8 8.6 0.18 0.20
T0041 35 26 0.58 0.69
TO051 202 150 9.2 10
TO061 42 28 1.2 1.6
TOO071 127 86 4.6 5.1

a Sampling sites are shown in Fig. 2.
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Table 7. ' Soil-to-plant uptake of 90Sr andv137Cs from plants and soils sampled

at the same location.

Concentration Factor, (pCi/g dry plant)/(pCi/g dry soil)

905r 137CS
No. of No. of
Species, Organ Samples Minimum Maximum Median Samples Minimum Maximum  Median
Seaevola, mature 2 0.24 g.41 Q.33 2 1.3 14 7.4
leaves
Messerschmidia, 3 0.48 0.86 0.52 3 2.1 50 3.7

mature leaves

Pooled Scaevola &
Messerschmidia, 5 0.24 0.86 0.48 5 1.3 50 3.7
mature leaves

Coconut, mature 7 0.099 0.38 g.16 8 1.1 16 3.0
leaves

Coconut, "fruit" 2 0.024 < 0.018 - 2 1.4 3.6 2.5
Coconut, meat 2 < 0.019 0.026 -—= 2 7.3 9.8 8.6
Coconut, milk™ 2 < 0.0084 < 0.012 - 2 0.90 1.4
Pandanus, mature 5 0.71 2.4 0.91 5 2.9 25 15
leaves .

Pandanus, green 1 T - 0.53 1 - - 0.054
fruit

Papaya, mature 4 0.62 4.0 1.3 4 0.30 5.9 3.1
leaves

Papaya, fruit 4 0.12 0.85 0.43 4 1.9 18 3.2
Breadfruit, mature 2 1.4 ) 2.3 1.8 2 0.79 2.4 1.6
leaves

Breadfruit, 1 ~— - 0.76 1 -~= - 7.0
mature fruit

Banana, mature 2 0.48 1.1 0.73 2 0.33 0.54 0.42
leaves

Squash, whole 1 - - 3.4 1 —— - 26
plant

Squash, seeds 1 — —— 0.15 1 J— ——— 56

8 Coconut milk was measured and reported in pCi/ml wet weight which, for calculation of the
concentration factor, was assumed to equal pCi/g wet weight. Thus, the concentration facter
for coconut milk is in (pCi/g wet weight)/(pCi/g dry soil).

b No data.

1014440

e S A




Table 8. Soil-to-plant uptake of 239,240

the same location.

Pu from plants and soils sampled at

Concentration Factor, (pCi/g dry plant)/(pCi/g dry soil)

239Pu ZAOPu

No. of No. of
Species, Organ Samples Minimum Maximum Median Samples Minimum Maximum  Median
Seaevola, a
mature leaves 1 —— - 0.0047 1 —— -—- 0.0051
Messerschmidia,
mature leaves 2 0.024 0.11 0.067 2 0.045 0.12 0.081
Pooled Scaevola &
Messerschmidia,
mature leaves 3 0.0047 0.11 0.024 3 0.0051 0.12 0.045
Coconut, )
mature leaves 4 0.010 0.022 0.015 4 0.0113 0.021 0.015
Pandanus,
mature leaves 4 0.0044 0.030 0.016 4 - 0.0043 0.015 0.014
Papaya,
mature leaves 4 0.0013 0.037 0.037 4 0.0053 0.041  0.026
Papaya, fruit 2 0.0013 0.0021 0.0017 2 0.0013 0.0023 0.0018
Breadfruit,
mature leaves 2 0.0063 0.019 0.013 2 0.0213 0.062 0.042
Banana, I
mature leaves 2 0.0017 0.0054 0.0036 2 0.0018 0.0066 0.0042
% No data

Table 9. Soil-mature leaf concentration factors calculated from associateda
and unassociatedb data.

Concentration Factor, (pCi/g dry plant)/{(pCi/g dry soil)

Associated Unassociated
No. of No. of
Nuclide, Species Samples Minimum Maximum Median Samples Minimum Maximum Medien
90 .
Sr, Scaevola 2 0.24 0.41 0.33 4 0.048 4.3 1.8
90
Sr, coconut 7 0.099 0.38 0.16 15 0.041 0.74 0.29
137
Cs, Scaevola 2 1.3 14 7.5 4 0.073 39 7.7
137
Cs, coconut 8 1.1 16 3.0 15 0.53 18 2.6
239
Pu, coconut 4 0.011 0.022 0.015 12 0.0036 0.1% 9.016
240 « '
Pu, coconut 4 0.011 0.021 0.015 12 0.0021 0.15 9.016

& Plant and soil data sampled from the same site.

b
Plant and soil data sampled from different sites in the same general area.
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Because the range of concentration
factors in only two combinations of
nuclide, plant part, and species from
the associated soil~plant data (pooled
Seaevola-Messerschmidia leaves for
137Cs and papaya leaves for 239Pu)
varied by more than a factor of 20
(Table 10), we use the median concen-
tration factors derived from the
associated data in our predictive

model .

Several reasons explain the wvaria-
tion of concentration factors calcu-
lated from associated plant and soil
data, including differences in the
physiochemical properties of the
radionuclides under consideration, in
soil type and chemical characteris-
tics, in soil management practices,
in irrigation practices, and in the
physiology, age, and prior history of

the plants sampled. It is impossible

Table 10. Maximum-to-minimum ratios of associated soil-plant concentration

factors.
Maximum-to~Minimum Ratio

Species, Organ 9OSr 137Cs 239Pu 24OPu
Seaevola, mature leaves 1. 10 ---2 ——=
Mesgserschmidia,
mature leaves s 1. 23 4.9 2.6
Pooled Seaevola and
Messerschmidia, mature
leaves 3. 39 23 2.0
Pandanus, mature leaves 3. 8.4 6.9 3.6
Coconut, mature leaves 3. 14 2.1 1.8
Coconut, "fruit“b < 7. 2.6 = -
Papaya, mature leaves 6. 20 30 7.9
Papaya, fruit 7. 9.5 1.7 1.8
Banana, mature leaves 2. 1.6 3.2 3.8
Breadfruit, mature leaves 1. 3.0 3.0 2.9

a
Not detected.

"Fruit" includes both meat and miik.

-2
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to identify the specific cause of each
variation but the variation can be
reduced by carefully controlling
sampling techniques and by increasing
the number of samples.

Where fruit data are unavailable,
concentration factors calculated from
mature leaf data are used as the
basis for predicting concentrations
of radionuclides in food available
to the returning Bikini population.
Mature leaf concentration factors
in conjunction with correlations
between various species and between
leaves and fruit of :.the same species
enable us to predict concentrations
in fruit from measured concentra-
tions in leaves of indicator or
edible plants.

We only report concentration

factors for 908 137C

239,240Pu

r, s, and

As predicted from previous
studies, the most effectively trans-
ferred radionuclide in the terrestrial
environment is 37Cs,although 9OSr

is often present in larger quantities
in the soil of the atoll. This is
partly explained by the differential

90 137
n

solubilities of Sr and Cs in

soil. Strontium-90 appears to be

tied up as insoluble carbonates in

the atoll soil and is thus less avail-

able to the plant. Cesium-137 is

more soluble in the nonclay atoll
137

thus

soil; Cs is more easily

leached through the soil. Although

137Cs is leached through the soil at

-25-~
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137Cs is

a faster rate than 90Sr,
also readily absorbed and accumulated
in organified soil horizons where
there is a proliferation of plant

roots and litter. This accumulation

of 137Cs in organified soil horizons
renders it more available than 9OSr
for uptake in plants.

The concentration factors discussed
in the subsequent paragraphs generally
reflect this relationship between the

uptake of 90 137Cs. For Panda-

Sr and
nus, coconut, Scaevola, and Messer-
sehmidia leaves and for the fruit of
all species, low concentration factors

are observed for ?
137C

OSr as compared to
s. However, leaves of papaya,

banana, and breadfruit show concentra-

OSr as high or

higher than those for 137Cs.

239,240,

tion factors for ?
Concen-
tration factors for are

generally 10 to 100 times lower than

90 13708.

those for either Sr or

Although they are often measured in

soil, 60Co, 241P 241

u, and Am are only
occasionally detected in vegetation.
For this reason, we did not calculate
concentration factors for these three
nuclides.

In the following sections, we
discuss the specific concentration
factors assigned to each species.
Concentration factors arewassi’-ed
solely on the basis of the mediam
calculated concentration facters

except for coconut and for paoled

Seaevola and Mbsserschmidia leaves.




For these last two cases, we had
enough samples to justify analysis by
linear regression methods. Thus, the
regression results are compared with
the median concentration factor and a
representative value is chosen for
our models. The relationships between
the relative uptake of different
species are considered in a separate
section on concentration ratios.
Coconut. Coconut is the most
abundant species on Bikini and Eneu
Islands and thus it was sampled more
extensively than any other plant in
the 1975 survey. Unfortunately, few
coconut trees were bearing fruit so
the bulk of these samples are leaves.
Regression analysis comparing mature
coconut leaves and soil sampled from
the same location shows correlations
that are significant at the 0.1 to
0.05 level for 905r, at the 0.005

level for 137Cs, and at the 0.1 level

for 239’240Pu (Figs. 5-7). Combining
the results of this regression analy-

sis with the median calculated concen-
tration factors (Table 11), we obtain
final concentration factors for mature
coconut leaves of 0.16 for 90Sr, 3.0

13765, and 0.015 for 237:240p,

Concentrations in both coconut

for .
milk and coconut meat were analyzed
for the two samples from Bikini. When
compared on a wet/wet or a dry/dry

basis, there are no définitive pat-

‘terns in the radionuclide concentra-

tions of meat and milk taken from the

*
same location. Because the 1972

Enewetak data show no consistent dif-

ferences in the uptake of 9OSr and
137

90

Cs by coconut milk and meat, the
Sr and 137Cs concentrations in fresh
coconut meat and fresh coconut milk
are assumed to be equal. The concen-
tration factors from the Bikini data
(Table 11) are within the range of
those from the Enewetak survgy,1 so
until more conclusive data are avail-
able, we have assigned a conservative
concentration factor of 0.024 for
908r and 2.5 for l37Cs to both coco-
nut meat and milk.

Pandanus — Although the number of
samples of mature Pandanus leaves is
insufficient for statistical analysis,
the concentration factors calculated
from associated leaf-soil data for
Bikini are within the range of those
from Enewetak.l The median concentra-
tion factors of 0.91 for 908r and 15.2
for 137Cs are assigned to mature Pan-
darnus leaves. The concentration fac-
tor calculated for the one green Pan-
danus fruit available from thé Bikini

survey (0.50 for 9OSr and 5.4 for

137Cs) is comparable to values from

previous surveys and therefore, we

*Following the example of the Ene-
wetak survey,— results are given in
wet weight for coconut milk and in
dry weight for coconut meat; cocenut
milk is assumed to be 95% water and
coconut meat is assumed to be 50%
water.

—-26~
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Table 11. Comparison of soil~root and soil-leaf concentration factors.
Concentration Factor, (pCi/g dry plant)/(pCi/g dry soil)
90Sr 137CS 239,240Pu
Species Roots Leaves Roots Leaves Roots Leaves
Pandanus 0.88 1.0 23 17 0.44 0.015
0.77 1.2 26.1 2.9 0.45 0.022
Messerschmidia 0.59 0.48 33 50 0.44 0.35
Coconut 0.16 0.11 3.4 2.3 0.085 -—
0.89 b 16 0.88 0.11 —
0.30 0.30 5.7 1.1 0.081 -
0.89 —— 5.0 - 0.38 -
Banana 0.42% 1.10 0.026 0.54 0.027 0.006

a
Root and crown.

Below minimum detection limit.

consider it to be a valid sample and
have used it in our dose predictions.
Breadfruit — Breadfruit were not
available on Enewetak Atoll. Thus,
data from the two samples collected
during the 1975 Bikini survey provide
the first directly measured concen-.
tration factors. As expected from the
1972 Bikini survey16 and from the sta-
ble element analysis of potassium and
calcium in the Enewetak survey,l

of 905r and 137Cs by breadfruit is

uptake

high and comparable to uptake by Pan-

danus. Preliminary concentration fac-

tors of 1.8 for 05y, 1.6 for 127¢

and 0.027 for 239’?40P

s,
u are assigned
to mature breadfruit leaves. The con-

centration factors for the one mature

fruit sampled from this species are
0.76 for 9OSr and 7.0 for 137Cs.
Papaya — The ratio of maximum-to-
minimum concentration factors calcu-
lated for mature papaya leaves is
small; median concentration factors

9OSr, 3.1 for 137

“are 1.3 for €s, and
239,240
Pu.

0.0018 for
factors of 0.43 for 90Sr, 8.2 for

137Cs, and 0.0018 for 239’240Pu

Concentration

are
calculated for the four papaya fruit
available.

Banana — The only data frem the
1975 Bikini survey on radionuclide
concentrations in banana are fer
mature leaves. The two available
samples suggest tentative concentra-

tion factors of 0.73 for 90Sr, 0.42

-27-
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for 137Cs, and 0.0039 for 239’240Pu

in mature banana leaves. Unpublished
data for banana fruit and soil samples
from the same area collected in the
1972 Bikini survey yield concentration

90

factors of < 0.058 for Sr and

<0.00028 for 239,240Pu.l7 Because no
data are currently available for con~

137Cs in bana-

centration factors for
nas, we have assigned the conservative
value of the 7Cs concentration fac-
tor in mature banana leaves to banana
fruit.

Messerscehmidia and Scaevola — As

discussed in the Enewetak survey,1 the
data from these two indicator plants
show a significant correlation between
leaves and soil on both an individual
and a pooled basis. The number of
samples from the Bikini survey does
not warrant individual statistical
analysis of these species. However,
the pooled data show a correlation
between leaves and soil that is signi-
ficant at the 0.1 level for 90Sr

(Fig. 8) but is not significant for
137Cs (Fig. 9). Cesium-137 does show
a significant correlation between
leaves and so0il in the Enewetak
results and probably would do so for
Bikini if the number of samples were
larger. Based on the median calcu-
lated concentration factors and on the
results of the regression analysis,
concentration factors of 0.49 for

90¢r. 3.7 for 237¢s, and 0.035 for

239’240Pu were assigned to mature

Scaevola and Messerschmidia leaves.
Squash — One sample of summer

squash and its seeds was available
from the 1975 survey. This is the
first time measured radionuclide con-
centrations in garden vegetables from
Bikini Atoll have been available.
Squash uptake of 905r and 137Cs is
greater than that of any other planf
sampled. Other workers also have
observed high concentrations of 137Cs
in garden vegetables as compared to
concentrations in other edible and
indicator plants. Lynch et aZ.7 notes

137Cs con~

that in field studies, the
centration in lettuce leaves is an
order of magnitude greater than the
concentrations measured in other edi-
ble portions of food plants. In labo-
ratory experiments to determine the
uptake of 37Cs by squash, Walker
et al. report 137Cs concentrations in
squash that are higher than those
measured in Messerschmidia, Scaevola,
and Pandanus grown in the same Ronge-
lap Atoll soil.18 However, from
Walker's experiments it appears that
with the application of fertilizer,
the concentrations in squash can be
reduced to levels comparable to those

found in other edible plants.

Concentration Ratios

Radionuclides that are taken up
from the soil through roots are either

retained in the roots or transported

—928-
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% to the aboveground plant organs. At leaves); the opposite is true for

i Bikini, the concentrations of 905r in 13705 (Table 12).

E the aboveground plant organs of a Because leaves are more often
species are comparable to the concen- available for sampling than are fruit,

trations retained in the roots of that  ye developed fruit-leaf concentration

species. However, concentrations of ratios to allow prediction of radio-
137 239,240 , )
Cs and ’ Pu are lower in the nuclide concentrations in fruit from
aboveground plant organs than in roots those measured in leaves of the same
! (Table 11). In addition, there are species (Table 13). The small number
i differences in uptake among the vari- of samples makes it impossible to
ous aboveground plant organs. Within statistically evaluate these ratios;
any one species, concentrations of we will do this as more data become
| : .
! 90 239,240
Sr and Pu are generally available. We also calculated leaf-
smaller in edible plant parts (e.g., leaf and fruit-fruit concentration
fruit) than in nonedible organs (e.g., ratios between different species for

Table 12. Summary of median soil-plant concentration factors.

Concentration Factor, (pCi/g dry plant)/(pCi/g dry soil)

9OSr 137CS 239,240Pu
Mature Mature Mature

Species Leaves Fruit Leaves Fruit Leaves Fruit
Pooled Scaevola &
Messerschmidia 0.48 ~--2 3.7 ——— 0.035 -
Coconut 0.16 0.024 3.0 2.5 0.015 -
Panadanus 0.91 0.50 15.0 5.4 -— -
Papaya 1.00 0.43 3.1 8.2 0.016 0.002
Breadfruit 1.80 0.76 1.6 7.0 0.027 -—-
Banana 0.73 0.058°  0.42 ~—-  0.006  ©.0003"
Squash 3.40° 0.15¢ 26.0°  56.08 - -—

a
Not detected.

b
1974 unpublished plant and soil data [rom the same vicinity.17

€ Whole plant.

Seeds.
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Table 13. Fruit-leaf concentration ratios.

f:
[
Concentration, pCi/g dry weight Fruit/Leaf %
Concentration %
Species Nuclide Fruit Mature Leaves Ratio ;
Pandanus - gy 40% 8 0.50 5
3
1375 2.7 146 0.02 E
]
. 90 g
Breadfruit . Sr 61 190 0.33 ;
i
137:4 384 132 3.00 ;
H
Coconut |
"Eruit" 90g, 0.79 12 0.06° |
1.9 2.9 %
137¢4 60 7.1 4.00° 2
14 9.7 z
54 15 ;
Coconut 90 ;
meat/milk Sr 0.41/0.18 1.7 0.33
1374 76/9.3 2 3.00
Papaya 0¢, 18 264 0.20°
222 22
49 191
| 47 221
1
: 137¢s 865" 189 5.00
i 1602 156
| 281 45
303 69
239,240, 0.014° 0.049 0.03
0.0023 0.067

8 Green fruit.
b .
{ Fallen fruit.

€ Based on all available data.
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prediction of concentrations in fruit
of one species from those in fruit or
leaves of another species. These
ratios show that distribution patterns
for each nuclide are consistent within
a particular species. However, we
must remember that the importance of
the contribution of each nuclide to
the internal dose to man varies with
different species.

The fruit-fruit and fruit-leaf
concentration ratios are calculated
from a comparison of the concentration
factors of three plant groups (plants
within each group were sampled from
the same general location) and from
comparisons of the median concentra-
tion ratios of all associated plant-
soil samples (Table 14). Analysis of
the concentration ratios for mature
leaves and fruit suggests that some
species concentrate a given nuclide
to a much greater extent than do
others (Tables 15-19). For 9OSr in
mature leaves, the concentration de-

creases in the order: breadfruit and

papaya > Pandanus and banana > Messer-
schmidia and Scaevola > coconut
(Tables 15 and 18). These results
agree with those of Welander.1

37

The relative uptake of ! Cs by the

various species differs slightly from

that of 9OSr. For 137

Cs in mature
leaves, the concentration appears to
decrease with Pandanus > Scaevola >
Messerschmidia, coconut, and papaya >
breadfruit > banana. A comparison of
137Cs uptake by fruit yields the
pattern: papaya > Pandanus and
breadfruit > coconut {(Tables 16 and
19). The data for the uptake of
239’240Pu by mature leaves are much
more limited than data for 9oSr and
137Cs, but preliminary results sug-
gest: Messerschmidia > breadfruit >
Pandarus and coconut > papaya >
Scaevola and banana (see Table 17).
Although no concentration ratios are
calculated, the uptake of 9OSr and
137Cs by unfertilized summer squash
exceeds that of all other edible

plants sampled.

Summary and Conclusions

The radionuclide concentration in
surface soil samples (0 to 15 cm)
varies greatly throughout both Bikini
and Eneu Islands. 1In addition to the
inhomogeneity observed in surface
soil concentrations, profile data
indicate that radionuclide concen-
tration as a function of soil depth

is quite variable. (In some cases,

the concentration at depths as great
as 120 cm exceeds that in the tep

2.5 cm.) As a result of the vari-
ability in surface soil concentrstions
with location and with depth, conclu-
sions regarding dose reduction via
soil removal must be exercised‘with
great care. It is nearly impossible

to generalize about remedial measures

-31-
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Table 14. Associated soil-plant concentration factors for plant species
sampled from the same location.
Concentration Factor, (pCi/g dry plant)/(vCi/g dry soil)
Species, Organ 9OSr 137Cs 239’240Pu
; Group 12
é Papaya, mature leaves 1.6 3.9 0.012
% Papaya, mature leaves 0.62 5.9 0.037
E Papaya, mature leaves 0.94 0.30 0.0051
i Papaya, mature leaves 4.0 2.9 0.027
{ Banana, mature leaves 0.48 0.33 0.0017
Banana, mature leaves 1.1 0.41 0.0060
Group Zb
Breadfruit, mature leaves 2.3 2.4 .063
Pandanus, mature leaves 1.2 2.9 .022
Messerschmidia, mature leaves 0.48 87 .035
Messerschmidia, mature leaves 0.52 3.7 -4
Scaevola, mature leaves 0.24 1.3 0.0049
Scaevola, mature leaves 0.41 14 ——
Breadfruit, fruit 0.76 7. ———
Pandarmus, green fruit 0.53 5.4 ——
Scaevola, fruit 0.14 1.4 0.00096
} Group 3¢
Scaevola, mature leaves 4.3 39 0.024
Coconut, mature leaves 0.67 14 0.026
Coconut, mature leaves 0.27 7.3 0.020

a Group 1 includes samples TO010, T0030, T0040, T0O50, TOOGO, T0070.
b Group 2 includes samples TO090, TO100, T0110, T0120, and TOL30.
C'GrOup 3 includes samples TO0150 and T0160.

d Not detected.
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Table 15. Strontium~90 leaf-leaf concentration ratios.
Leaf-Leaf Concentration Ratio
Bread- Messer-
Species fruit Papaya Pandanus Banana schmidia Scaevola Coconut
Breadfruit 1.0 1.5 2.0 2.5 3.5 6.0 12
Papaya 0.66 1.0 1.3 1.7 2.5 4.0 8.0
Pandanus 0.50 0.77 1.0 1.3 1.8 3.0 6.0
Banana 0.40 0.59 0.77 1.0 1.4 2.2 4.4
Messerschmidia 0.29 0.40 0.56 0.71 1.0 1.6 3.2
Seaevola 0.17 0.25 "0.33 0.45 0.63 1.0 2.0
Coconut 0.08 0.12 0.17 0.23 0.31 0.50 1.0
Table 16. Cesium-137 leaf-leaf concentration ratios.
Leaf~-Leaf Concentration Ratio
. Messer- Bread-

Species Panadarus Scaevola sehmidia Coconut Papaya fruit  Banana
Pandanus 1.0 2.0 4.0 5.0 5.0 10.0 35
Seaevola 0.50 1.0 2.0 2.5 2.5 5.0 18
Messerschmidia 0.25 0.50 1.0 1.3 1.3 2.4 8.8
Coconut 0.20 0.40 0.80 1.0 1.0 2.0 7.0
Papaya 0.20 0.40 0.80 1.0 1.0 2.0 7.5
Breadfruit 0.10 0.20 0.40 0.50 0.50 1.0 3.8
Banana 0.03 0.06 0.12 0.14 0.13 0.26 1.0
entailing soil removal without first clean soil, thus shielding the deeper
detailing the area and pathways that contaminated soil. There would also be
will be involved. very little impact upon uptake by

For example, the soil profile data plants bec#pse the soil conceakration
(Appendices A and B) for Eneu and for is essentially identical through the
some areas on Bikini indicate that re- root zomne up to depths of 40 cm.
moval of the top 10 cmof soil should do However, there are othery ataas on
very little to reduce gamma exposure Bikini Island, (Appendices A and B,
unless the removed soil is replaced with locations 501, 502, 503, and 504,

~33-
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Table 17. Plutonium-239,240 leaf-leaf concentration ratios.

Leaf-Leaf Concentration Ratio

b
Species Messerschmidia Breadfruit® Papaya Scaevola
Messerschmidia 1.0 4.5 10 15
Breadfruit® 0.22 1.0 2.2 3.3
Papaya 0.10 0.45 1.0 1.5
Scaevola® 0.07 0.30 0467 1.0

a .
Also includes Pandanus and coconut.

Also includes banana.

Table 18. Strontium-90 fruit-~fruit concentration ratios.

Fruit-Fruit Concentration Ratios

Species Breadfruit Pandanusa Coconut
Breadfruit 1.0 ' 1.5 3.0
Pandanus® 0.67 1.0 2.0
Coconut 0.33 0.50 1.0

4 Also includes papaya.

Table 19. Cesium-137 fruit-fruit concentration ratios.

Fruit-Fruit Concentration Ratio

Species Papaya Breadfruit Pandarus Coconut
Papaya 1.0 1.3 1.6 3.2
1 Breadfruit 0.75 1.0 1.4 2.8
Pandanus 0.63 0.71 1.0 2.0
Coconut 0.30 0.36 0.50 1.0
-3~
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respectively) where removal of the
top 10 cm of soil would reduce soil
concentrations by approximately five-
fold. This of course would result

in reduced external exposure and
reduced uptake in plants grown in
such areas.

Although considerable variation in
soil radionuclide concentration is
observed on both islands, the soil
concentrations on Bikini Island are
approximately ten times those on Eneu
Island. In addition, the relative
radionuclide soil concentrations are
very consistent; concentrations of

QOSr and 137Cs are ten to twenty times

greater than those of 239’240Pu and

241 . .
Am which, in turn, are two to three

. 60 .
times greater than Co concentrations.

Therefore, generalizations can safely
be made from the soil data to the
effect that inhabitants on Bikini
Island will be exposed to higher doses
than those on Eneu Island. Also, on

137Cs are the

both islands, 9OSr and
radionuclides of primary importance.
In the past, concentrations in
terrestrial foodstuffs at Bikini Atoll
have been predicted from soil concen-
trations measured in the field and
from concentration factors taken from
the literature. This approach was
adopted because vegetation sampling
programs were limited in the early
surveys. However, the terrestrial
sampling program of the 1975 Bikini

survey included sufficient vegetation

samples to allow preliminary prediec-~"
tion of concentrations in nearly all
components of the postulated Bikini
diet. These predicted concentrations
are based on soil-plant concentration
factors and on fruit-leaf, leaf-leaf,
or fruit-fruit concentration ratios
calculated from the 1975 field data.
The predicted concentrations compare
favorably with the available measured
concentrations. A more extensive
survey of Bikini Atoll with larger
sample sizes is needed to statistically
verify these preliminary results. In
the meantime, potential future concen-
trations in foodstuffs from Bikini can
be predicted from our concentration
factors if measured soil concentrations
are available and from our concentra-
tion ratios if only vegetation samples
are available. Estimates of the dose
commitment expected from various pro-
jected lifestyles from our predicted
concentrations are reported in Part 5
of this report series.

The predominant nuclides in the
terrestrial foodthain are 90Sr and
137Cs, followed by 239’2401’

constitute the major internal dose to

u, and will

man from this pathway. In general,
within a given species, 37Cs uptake
by fruit and leaves is one order of
magnitude greater than 9OSf up take
which, in turn, exceeds 239’240Pu
uptake by one to two orders of mag-
nitude. Uptake by mature leaves of

papaya, banana, and breadfruit varies

-35-
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slightly from this general pattern; in

these cases, the measured uptake of

137C

908r is equal to that of s. How-~

ever, more samples are needed to ver-
ify the pervasiveness of these excep-
tions to the overall patterns observed.

The distribution of 90Sr, 137C

239,240

s, and
Pu in fruit and leaves follows
similar patterns in the various species

studied. In a given species, 9OSr

and 239’240Pu uptake by mature leaves is
two to ten times. greater than that by

137
The

fruit. Cs uptake measured in

this study shows a different trend;

uptake by fruit exceeds uptake by mature
leaves by a factor of two to five.

- A comparison of the uptake of
90 137 239,240
Sr, Cs, and

in general, the relative order of

Pu shows that,

uptake is: squash (high; breadfruit,
Pandanus, and papaya (intermediate);
and banana and coconut (low). Slight
variations occur, depending on the
radionuclide under consideration. A
more quantitative ordering can be
made after'greater numbers of all

tissues of plants are sampled in

.future surveys.

Acknowledgment

We greatly appreciate the
invaluable comments of Yook Ng
arnd John Holdren in reviewing this
manuscript. We thank John Koshiver
for his aid in statistical analysis
of the data and Ora Lowe and Bill
Burke for their technical
assistance.

The field portion of the June 1975
radiological survey of Bikini and Eneu
Islands of Bikini Atoll was accom—
plished by a very intense and thorough
effort of 21 people rebresenting six
different organizations. The number
of samples collected and the amount of
information obtained during the ten-
day survey is a direct result of the
cooperation and diligent effort of the
following individuals: Wayne Bliss

(Environmental Protection Agency, Las

Vegas, Nevada), Bruce Clegg (Lawrence

Livermore Laboratory), Dave Coles
(Lawrence Livermore Laboratory), Tom
Crites (Lawrence Livermore Laboratory),
Rod Eagle (Lawrence Livermore Labora-
tory), Harley Erwicker (Trust Terri-
tory of the Pacific Islands), Nat
Greenhouse (Brookhaven National Lab-
oratory), Paul Gudiksen (Lawrence
Livermore Laboratory), Gale Holladay
(Lawrence Livermore Laboratory), Bob
Keller (Nevada Operations Office,
ERDA), Dennis McBreen (Trust Territory
of the Pacific Islands), Tommy McCraw
(Division of Operational Safety, ERDA),
Ben Mendoza (Lawrence Livermore Labo-

ratory), Vic Nelson (University of

~ Washington), Vic Noshkin (Lawrence

" Livermore Laboratory). Frank Reed

(Environmental Protection Agency, Las
Vegas, Nevada), Jim Schweiger (Law-

rence Livermore Laboratory), Robert

-36-

1014454




Spies (Lawrence Livermore Laboratory),
John Stewart (Neyada Operations Office,
ERDA), and Marshall Stuart (Lawrence
Livermore Laboratory).

We extend thanks to the following
people for the superb job done in the
processing of all soil and vegetation
samples collected during the survey:
Jim Schweiger (Lawrence Livermore
Laboratory), Ben Mendoza (Lawrence
Livermore Laboratory), Greg Calvaird
(RECO), Elizabeth Fletcher (RECO),
Nancy Sawley (Lawrence Livermore Lab-
oratory), Cynthia Tafoya (Lawrence
Livermore Laboratory), and Marshall
Stuart (Lawrence Livermore Laboratory).

We are also grateful to the follow-
ing people from McClellan Central
Laboratory for the excellent effort
in the wet chemistrf analysis of the
soll, vegetation, and animal samples:
. Ackland, R. Aduddel, L. Alexander,
Aning, D. Beach, M. Beckinger,
Carlson, W. Clark, R. Draper,
Dunlap, D. Efurd, H. Erdman,
Fletcher, W. Fuqua, C. Gay,
Gholson, D. Griswold, R. Grogg,
Hadl, H. Hamilton, R. Haslett,
Henry, L. Hume, R. Jefferigs,
Johnson, M. Kantelo, P. Leciejewski,
Lucas, R. Mayhew, C. McBrearty,
Merrill, J. Miles, J. Miner,

Mount, W. Myers, T. Nibarger,
Opiela, R. Osborne, A. Paglione,
Phelps, J. Phillips, C. Rheault,

G MM X Q 4 X0 m e o Yo >

1014435

J. Riggs, R. San Miguel, B. Scholl,
R. Schwarting, D. Seymour, J. Sexton,
P. Sparman, W. Summers, W. Tracey,

R. Wagoner, W. Washer, L. Williams,

and J. Wright.
We thank the following Lawrence

Livermore Laboratory personnel
involved in the gamma spectrometry of
all the samples: Jesse Meadows, Mike
Allen, Ruth Anderson, and Robert
Wikkerink.

William Phillips has done a fine
job in establishing, writing, updafing,
and correcting the rather extensive
data bénk generated by the analytical
efforts.

The survey crew extends its thanks
to Dr. Guy Haywood for medical support
during the survey operation and to the
Nevada Operations Office and Pacific
Area Support Office for support ser-
vices which enabled a smooth and effi-
cient survey. Support from the Kwaja-
lein Missile Range and the site con-
tractor, Global Associates, as well
as from the crew of the R.V. Liktanur
is greatly appreciated.

The outstanding cooperation of
personnel from the Trust Territory of
the Pacific Islands and from the Office
of the District Administrator of the
Marshall Islands as well as that of

the Bikini people played an important

“part in the successful completiem of

the survey.



e e

10.

11.

12.

13.

14.

References

Enewetak Radiological Survey, U.S. Atomic Energy Commission, Rept. NVO-140,
vols. 1,2 (1973).

E. E. Held, Radiological Resurvey of Animals, Soils and Groundwater at
Bikini Atoll, 1969-70, U.S. Atomic Energy Commission, Rept. NV0-269-8,
Rev. 1 (1971).

P. A. Gustafson, Radiological Report on Bikini Atoll, Argonne National
Laboratory Report (1968).

W. L. Robison, Lawrence Livermore Laboratory, private communication (1974).

P. H. Gudiksen, T. R. Crites, and W. L. Robison, External Dose Estimates
for Future Bikini Atoll Inhabitants, Lawrence Livermore Laboratory, Rept.
UCRL~-51879, Part 1, Rev. 1 (1976).

V. E. Noshkin, W. L. Robison, K. M. Wong, and R. J. Eagle, Preliminary
Evaluation of the Radiological Quality of the Water on Bikini and Eneu
Islands in 1975: Dose Assessment Based on Initial Sampling, Lawrence
Livermore Laboratory, Rept. UCRL-51879, Part 4 (1977).

0. D. T. Lynch, Jr., T. F. McCraw, W. A. Nelson, and W. E. Moore, Radio-
logical Resurvey of Food, Soil, Air and Groundwater at Bikini Atoll, 1972,
U. S. Energy Research and Development Administration, Publ. 34 (1975).

A. D. Welander, '"Distribution of Radionuclides in the Environment of
Enewetok and Bikini Atolls, August 1964,'" in D. J. Nelson and F. C. Guand,
Eds., Symposium on Radiocecology, U.S. Atomic Energy Commission, Rept.
CONF-670503 (1969).

W. L., Robison, W. A. Phillips, and C. S. Colsher, Dose Assessment at Bikini
Atoll, Lawrence Livermore Laboratory, Rept. UCRL-51879, Part 5 (1977).

J. F. Gamble and S. C. Snedaker, Bioenvirommental and Radiological Feasi-
bility Studies. Atlantic-Pacific Interoceanic Canal Final Report —
Agricultural Ecology, Battelle Memorial Institute, Rept. BMI-821.02 (1969).

M. Mount, W. L. Robison, S. E. Thompson, K. 0. Hamby, A. L. Prindle, and
H. B. Levy, Analytical Program — 1975 Bikini Radiological Survey, Lawrence
Livermore Laboratory, Rept. UCRL-51879, Part 2 (1976).

P. H. Gudiksen and 0. D. T. Lynch, Jr., '"Radiocactivity Levels in Enewetak
Soil," Health Physies 29, 17 (1975).

W. L. Robison and J. J. Koranda, Lawrence Livermore Laborateory,
unpublished data (1976).

E. E. Held, S. P. Gessel, and R. B. Walter, Atoll Soil Types in Relation to
the Distribution of Fallout Radionuclides, University of Washington, Labor-
atory of Radiation Biology, Rept. VWFL-92 (1965).

-38-

101843




15. R. M. Kennady, The Soils of Rongelap Atoll, M.S. thesis, University of
Washington, Seattle, Washington (1962).

16. N. A. Greenhouse and T. F. McCraw, Marshall Islands Radiological Followup,
Brookhaven National Laboratory, Rept. BNL-20767 (1976).

17. N. A. Greenhouse, Brookhaven National Laboratory, unpublished data (1974).

18. R. B. Walker, E. E. Held, and S. P. Gessel, '""Radiocesium in Plants Grown
on Rongelap Atoll Soils," Recent Advances in Botany 88, 1363 (1961).

PLL/gw/vt

-39~

1014457,




1014458,

Brans Page




Appendix A. Soil Profiles of Bikini and Eneu Islands

The following tables present the concentration of eight selected radio-
nuclides (60Co, 90Sr, l37Cs, 155Eu, 239Pu, 24OPu, 241Pu, and 241Am) with depth
in the soil profile. Sample locations on the islands are given in Figs. 2 and

3. These data are also presented graphically in Appendix B.
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Appendix B. The Distribution of Radionuclides with Depth in Soil
Profiles of Bikini and Eneu Islands

The following figures graphically present the concentrations of five

selected radionuclides (60Co, 9OSr 137Cs 239Pu, and 231Am) with depth of

soil. One graph is given for each sample location of the islands (see Figs. 2,

b b

3) and each corresponds to the tabular presentation of the same data in Appen-—

dix A. Throughout, open symbols indicate detection limits and solid symbols

indicate measured values: V¥ = 6OCO, A= 9OSr, ® = 137Cs, = 239Pu, and

* = 241Am. Figures are grouped according to general location of the samples.
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Appendix C. Geographical Distribution of Radioactivity in the Surface Soil
(0 to 15 cm) of Bikini and Eneu Islands '

The following maps present the concentrations of 60Co, 9OSr, 137Cs,

239Pu, 24OPu, and 241Am (pCi/g dry weight) at the various samplings sites of

the top 15 cm of soil on Bikini and Eneu Islands.
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