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ABSTRACT-Plutonium released to the environment may contribute to dose-tcr humans through
".',d ";""

contamination ofinhalation or ingestion of contaminated foodstuffs. Plutonium "

agricultural plants may result from interception and retention of atmospheric deposition,

resuspension of Pu-bearing soil particles to plant surfaces, and root uptake and,

translocation to grain. Plutonium on vegetation surfaces may be transferred to grain

surfaces during mechanical harvesting. Data obtained from corn grown near the U. S.

Department of Energy's H-Area nuclear fuel c_,emical "separations facility on the Savannah
• . , t

:/

River Site was used to estimate parameters of a simple model of Pu transport in

agroecosystems. The parameter estimates for corn were compared to those previously

obtained for wheat and soybeans. Despite some differences in parameter estimates among

crops, the relative importances of atmospheric deposition, r_suspension ab.d. roe'. uptake

were similar among crops. For even small depostion rates, the .relative importances of
o.

processes for Pu contamination of corn grain should be: transfer of atmospheric deposition

from vegetation surfaces to grain surfaces during combining > resuspension of soil to
(

grain surfaces > root uptake. Approximately 3.9 X 10 -5 of a year's atmospheric

deposition is transferred to grain. Approximately 6.2 X 10-9 of the Pu inventory in the

soil is resuspended to corn grain, and a further 7.3 X 10-10 of t.he soil inventory is

absorbed by roots and translocated to grains. i_Y_.,7' ,-
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INTRODUCTION
=

Plutonium isotopes may be released to, the environment from nuclear weapons technology,

(Facer 1980; Perkins and Thomas 1980; Corey 1982), nuclear power technology. (Barr 1976;
y

• Vaughan et al. 1976; Kreiter et al. 1980; Boone et al. 1981), and the use of 278pu in

spacecraft power systems (Bennett 1981; Interagency Nuclear Safety Review Panel 1989).

Once released to the terrestrial environment, Pu isotopes can contribute to dose to man

through inhalation and ingestion. Plutonium contamination of food stuffs may occur as a

result of: 1) root uptake and translocation of Pu to edible tissues; 2) interception and

retention by plant s't-faces of Pu-bearing particles in atmospheric deposition; and 3)

resuspension of Pu-l: _,aring particles from the soil .,Iurface to.!" _lant surfaces.

Resuspension may occur due to the effects of wind (Sehmel 1980 and _19_7; Shinn et al.
•

1983), raindrop splash (Dreicer et al. 1984), mechanical disturbance (Milham et al. 1976;

Sehme! 1980), and animal activity (Surnerling et al. 1984). Particles present on leaf and
_

stem surfaces due to atmospheric deposition and resuspension may be transferred to the

surfaces of edible plant tissues during mechanical harvesting (McLeod et al. 1980; Adriano

et al. 1982).
, ." t

Although many studies of Pu transport in terrestrial systems have occurred [see

reviews by Watters et al. (1980) and Watters (1987)], most studies have considered only a

single transport process (e.g., root uptake) or have occurred several years after the
, . :; ° • .• - .• °

release of Pu when atmospheric deposition was no longer occurring. Relatively few studies

have de'termined the relative importance of root uptake, atmospheric deposition and
°,

resuspension for on-going instances of Pu release. Studies that compare the relative

importances of these processes have occurred for wheat and soybean systems (McLeod et al.
¢

1980; Adriano et al. 1982)for crops grown near nuclear fuel chemical separations plants. •
.

The principal objectives of the study reported herein were 1) to evaluate the

rel(itive importances of root uptake, atmospheric deposition and resuspension in

determining the Pu contents of vegetative and grain biomass for a corn agroecosystem and
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2) to compare and contrast the the results for corn to those for wheat and soybeans. Corn

systems have taller and more structured plant canopies than either wheat or soybeans, and

the greater canopy structure is likely to affect atmospheric deposition and resuspension.

The results for corn will be compared to those for wheat and soybeans using, the estimates

of transfer parameters of a model t:or Pu beha,¢ior in agroecos'ystem_" iht_l_ develbped by
..

,o

McLeod et al. (1980). This model is described in the following section.

' A SIMPLE MODEL OF PLUTONIUM BEHAVIOR IN AGROECOSYSTEMS

McLeod et al. (1980) and Adriano et al. (1982) developed and used a <nodel of Pu

transfers in agroecosystems to summarize their data. The model is Simple; largely-u..
-. .: •

empirical and based primarily on data collected in the vicinity of the H.Area: nuclear fuel

chemical separations facility on the U. S. Department of Energy's Savannah River Site

(hereafter SRS). The model estimates the transport of Pu in agroecosystems due to the
,,

interception and retention of atmospheric deposition, the resuspension of Pu 'from soils to

plant surfaces, and the root uptake and translocation of Pu to grains (Figu,'e 1).

Plutonium transport is modeled for processes which occur in the field during the growth of
.

tlae'crop and those which occur iii the combine during the mechanical harvesting of the

grains. Processes occurring in the field include root uptake and translocation to grain

and the interception and retention of deposition. Processes occurring in the combine
• .

, o ". . +

inclu_le the transfer of Pu from vegetation surfaces to grain surfaces.. :. -..

._ , o

Although simple and empirical, the model reduces Pu behavior in agr6ecosystems to a

set of four parameters that may be easily estimated and compared among systems. These

four parameters are: 1) Iv , the fraction of the yearly atmospheric deposition of Iiu that

is retained on the surface of the vegetation at harvest; 2) Tvg, the fraction of the Pu on

vegetation from deposition that is transferred to grain; 3) Usg, the fraction of the "_oil

inventory absorbed by roots and translocated to grain; and 4) Rsg, the fraction ..of the

soil inventory of Pu that is transferred to grain surfaces by resuspension. Plutonium on

+ .-,

P.

Page 2

,,r,_..........,..........f, " ',fir............r,',iel,,,,.... IqI?l......r,...... _'z",......_1,.......rr,.....r+"_r_'"!qI"""'"'_''""''"'"'ml!',rlr_''"11117111'I1",'Iffle'_"llF...._e',_qz':i,llr,q,,..,,II_I,'_"P'""III"IPI'Fi



_N__, .... ...... __._._._......................-,.,,.._.l.,,,l_l.l,,_._............................................ , , ,, J_._ll._Jt J,,,L,_ ,_..,_,.. _,=L........ _i, ........ ,. _L,,=,_,......... _,ll,_=..k=. _ ,,........... ,, IJdLHIHlllJ,,

the surface of vegetation that enters the combine but is not transferred to grain is

assumed to be deposited on the soil with the refuse vegetation.

The model depicted in Figure 1 contains two simplifications of the model originally

' _ presented in.McLeod et al. (1980) and Adriano et al. (1982). The first "simplification
• :... _-..,-_ _ -. , ....

involves a reduction in the number of parameters used to express restispension to grain.
.o

The original model contained two resuspension parameters associated with different

processes. Resuspension in the original model involved 1) resuspension of Pu-bearing soil

particles into the air during combining with subsequent intake into . the combine and

deposition onto grain and 2) the resuspension of Pu-bearing soil particles to vegetation

Surfaces with subsequent transfer to grain surfaces during combining..._ATthgugh both of

these processes probably occur, the estimation of parameter values for the_e processes was

somewhat arbitrary because it was based on an assumption of equal transfer of Pu from

vegetation to grain surfaces in the combine for Pu from both deposition and resuspension

(i. e., equal Tvg). The current model does not separate these processes and uses a single

parameter, Rsg, to account for the total movement of Pu from soil to grains by both

processes.
' , t

Another simplification to the model originally presented by McLeod et al. (19.80) and

Adriano et al. (1982) is the omission of Pu movement to grain via foliar absorption. This

process involves absorption at the leaf surface of atmosphc._calLy-deposited substances
_" o • ..

• .

with subsequent translocation to grains and other plant tissues. Foliar _.absorption has
,_

been detnonstrated for Pu (Cataldo et al. 1980). lt was included in, the original model but
.,

has been omitted here due to a lack t_¢ data comparing foliar absorption :.of Pu among

different plant species. The ombsio= of foliar uptake will be discussed in greater
i

¢

detail in a later section.
.

Atmospheric deposition is expressed as Bq m "2 d-I and the soil inventory and

quantity of Pu harvest are expressed as Bq m-2. The soil inventory is assumed to be
.,

uniformly mixed in the upper 0.15 m of soil by plowing, discing and other agr}cultural
q ....

P
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operations. Because most releases from nuclear fac-!itAes will be 239pu, the effects of

radioactive decay are negligible and are omitted from the model. Procedures for

estimating the parameters are discussed by McLeod et al. (1980) and Adriano et al. (1982).

• Some of the original parameter estimates of McLeod et al. (1980) and Adriano" et al. (1982)

have been recalculated !Pinder et al. 1988b).

i

-. ._ •
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, DISCLAIMER¢

This report was prepared as an account of work sponsored by an agency of the United States ....
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or,,r

process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-

..... mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the .
United States Government or any agency thereof.
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METHODS AND MATERIALS

Corn (Zea mays L., var. Coker-71) was grown in three agricultural fields > 0.5 ha in.

size near the H-Area nuclear fuels chemical separations facility on the SRS .in Barnwell

County, South Carolina. The atmospheric deposition rates and soil contents of 238pu and

239,240pu near H-Area have been increased due to deposition of Pu isotoi_es released to the

atmosphere (see Pinder et al., 1979 for description and history of Pu releases). The

fields were located 0.2, 0.4 and 0.7 km from the point of 238pu release, a 62-m tall stack

at the H-Area facility. They will hereafter be referred to as Fields 1, 2 and 3..

The corn was planted on or about 6 April, 1976 after treating the fields with lime

and 5-10-15 fertilizer. The crop was side-dressed with NH4NO 3 in .mid'Mac"andharvested.• _. on

4 Novembe'r, 1976 using a mechanical combine. Whenever possible, theproce'dures employed

were chosen to simulate the size and complexity of full-scale agricultural operations.

The corn crops were sampled to determine the relative importances of root uptake,,.

atmospheric deposition and resuspension and to estimate the parameters of the Pu transport

model. Samples were obtained to determine crop biomass on or about 15 June, 1 August, I

• September and 27 October, 1976. For the I September' and 27 October periods, vegetative
° . •, .

and ear biomass were sampled separately. The concentrations of 238pu and 239'240pu were

measured for ali sampling periods from Fields 1 and 2. Separate determinations were

pgrformed for vegetative and ear biomass. For Field 3, plutonium concentrations, were

determined for only the 1 September and 27 October periods. '
._

t

Sampling Procedures for Measuring Crop Biomass and Plutonium Concentrations .'

Corn vegetation was sampled using 10 randomly located I X 3 m plots arranged to

contain 1 m long sections of three adjacent rows of corn plants. Corn plants were sampled

in height increments to determine the distribution of biomass and Pu as a function of
t_

hei'ght above ground. For the 15 June and ! August samples, the plants were sampled in
..

0.25 m height increments but combined into 1 m increments for Pu analyses. For the I

-
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September samples, the plants were sampled in height increments of 0.25 m from 0 to 2 m

but were combined into 0.5 m increments for Pu determinations. Biomass above 2 m was.
J

treated as a single sample and was not subdivided into height increments.

._ The leaf morphology of corn plants changed with age .and height above ground and

necessitated different sampling procedures for the top, middle and bott'0m of the plant.
, o

The leaves at the top of the plant were nearly erect and were cut in 0.25 m increments.

At the middle and bottom of the plant, the leaves were perpendicular to the stem, and the

stem was cut in 0.25 m sections with ali leaves attached to that section of stem being

included in the sample. Leaf tips at the bottom of the plant tended to droop such that

some portions of the leaves extended into the next lowest height increment.. "_` T_hus, sorne of
.?

the biomass and Pu contents reported for increments of < l-m tall were _cooiained in lower

increments. The tips of leaves for the lowest increments were sometimes in contact with
, ,

the ground. These tips were removed before sampling.

The plants from the 27 October period were sampled and analyzed in height increments

of 0- 1 m and > 1 m. The larger increments were used because of deterioration in the

structure of the corn canopy. As the plants entered" senescence, the leaves dried and
,'. • t

fell against the stemmaking sampling in resolutions of less than 1 m unnecessary.

Plant samples were dried at 60°C for 7 days, weighed to the nearest 0.1 g, and ashed

at 550°C for 7 days. The concentrations of 238pu and 239'240pu for corn vegetation and
, .'_' . • ° .

grain were measured by the Savannah River Laboratory using methods describ_, by Pinder et

al. (1979). The inventories of Pu (i. e., mBq m-2) in the corn canopy were. computed by

summing the product of plant biomass and Pu concentrations across height increments,

¢

Determining the Distribution of Plutonium in Corn Ears

To determine tiae distribution of biomass and Pu among various components of cornt

care, four random samples of from 5 to 25 ears each were removed from .the plants irr Fields
.,

1, 2 and 3 during the 27 October sampling. Some of the ears were oven=dried at 60°C for 7

Page 6
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days, weighed _ to the nearest 0.1 g to determine average ear mass, ashed at 550 °C for 7

days, and submitted for Pu analyses. The. remaining ears were separated by hand into outer

leaves (i. e., thos'e exposed directly to the atmosphere), inner leaves .(i.e., those

• covered by outer leaves), cob and grain components. The masses of aU._es and the Pu• " _ • ' *' ' *,_.." ,, _ _ " - v- .....-----Iv lr

concentrations for grain were determined for Fields 1, 2 and 3... In. addition, the Pu

concentrations in outer leaves, inner leaves and cobs were determined for the samples from

Field 2.

These procedures provided data on the Pu concentrations of grains' before eombining

and the ratio of grain mass to ear mass. The grain mass to ear mass ratios were used to.,

Compute the yield of grain (i.e., g of grain mass per m2) from the est_a"fes_.0f ear mass

per m2 for the 27 October sampling. - -

Measuring the Plutonium Contents of Mechanically-Harvested Grains

Five random samples of grain were obtained from the combine for each field• The

samples were sieved over a 4 mm mesh to remove vegetative plant parts, oven-dried at 60°C

fo'r 7 days, ashed at 550°C for 7 days, and Submitted for Pu analyseL
,.

• .

Determining Plutonium Concentrations in Soils

.To determine the Pu concentrations in soils, soil cores were .taken from the plots
.:; • "•' .

4

used in t_e 27 October sampling. Cores were obtained using a split-barr__ _. corer with a

cross-sectional area of 0.001 m2. The soil was sampled to a depth of 300 mm, divided into
.,

0 - 50, 50 - 150 and 150 - 300 mm sections, and aliquots were removed from each section

for Pu analyses using procedures described by Pinder et al. (1979).
¢

Plutonium Deposition Rates

" Deposition rates of 238pu and 239'240pu for the fields were predicted from regression

equations that related deposition rate to the distance from the release stack (Corey et
i ....
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al., 1982). Predicted deposition rates for 238pu were 28, 13 and 9 mBq m -2 d"l,

respectively for Fields 1, 2 and 3. Predicted rates for 239'240pu deposition for Fields

1, 2 and 3 were 13, 7.4 and 5 mBq m-2 d -1, respectively. The predicted rates were

verified against data obtained during the growing periods at Fields 1, 2, 4 and 6.

' ' " " :-.." :'-.,Tg ....
Although some controversy exists concerning the appropriateness of tacky: papers and other

..

surrogate surfaces for measuring deposition (Hicks et al. 1980), the deposition rates

measured by tacky papers at H-Area have been shown to be consistent with the accumulated

inventories of Pu in plant canopies. (McLeod et al., 1980; Adriano et a!., 1982; Pinder et

. al. 1987, Pinder et al., 1988a). The Pu deposition near the chemic_il separations
. .

facilities involves particles of Pu metal or oxide (Saunders and..13on.i ., 1980) of
-._ _."

approximately 1 vm in size (Gay and Watts, 1981). c .

Measuring Root Uptake of Plutonium

To measure root uptake of Pu, plants were grown under greenhouse conditions in soils

collected from the upper 50 mm of the soil profile from an area near H-Area where

• 239'240pu concentrations were known to be greater than. those .in Fields 1 and 2 (MeLendon
, . " ¢

1i975). The greater 239'240pu concentrations were required to ensure measurable quantities

of 239'240pu in plant tissues. Corn was grown under greenhouse conditions in plastic pots

containing 12 kg of soil, Resuspension of soil to corn surfaces was prevented by a 10-mm
(_:" . . ..

thick fiberglass mat covering the soil surface. The plants grew through _sziaall openings
..

.Q ..

cut in the center of the mat (see McLeod et al. 1981 for details). The Pu concentrations

in leaves and grain were measured at maturity.

¢

Determining the Relative Importances of Atmospheric Deposition and Soil _uspension

Because the contributions of root uptake to the Pu content of plants grown in "the
¢

fields near H-Area are usually negligible compared to surface contamination ..due to

deposition and resuspension (McLeod et al. 1980; Adriano et al. 1982), the Pu content of
J
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field grown crops and mechanically-harvested grains may be partitioned into components due

to atmospheric deposition and resuspension using the isotopic ratio (ISR) of 238pu to

239'240pu. There are distinct differences in the isotopic ratios for ,atmospheric

deposition and soil resuspension at H-Area. The ISR for deposition onto Fields 1, 2 and 3
.... - ._.,,_ $, _

are 2.16, 1.80, and 1,71, respectively. These ratios were computed f=:om the predicted
, .,

rates of deposition and were verified against ratios observed in deposition samples during

the growing season for Fields 1 and 2. The isotopic ratios for resuspension are 0.40

(Pinder et al., 1985) as estimated from samples of resuspendible materials collected from

Fields 1 and 2. Resuspendible materials are defined as those particles "on the soil

Surface that can be suspended into the atmosphere by a 6 m s"1 wind.._4oc.jey. Numerous
. "...,

measures of this concentration have been obtained by passing an air current tinder a 0.15 m
l

x 0.15 m X 10 mm tall metal hood and collecting particl.es from the outflow airstream (see
i

Pinder et al., 1979 for a detailed description), lt is believed that this measure is an

accurate estimate of the Pu contents of the loose particles on the soil surface that can

be transported by wind or raindrop splash. The Pu concentrations and ISR in resuspendible

materials are also similar to those in soil particles < "125 #m (Pinder and McLeod 1988)
' • i, •

which have been shown to be preferentially resuspended to and retained upon plant surfaces

(Wallwork-Barber and Hakonson 1981; Dreicer et al. 1984). In partitioning the total Pu

inventories for Field 3, the ISR of 0.40 for resuspendible materials on Fields 1 and 2 was
,

assumed to be applicable to Field 3. '

The total 238pu content of a vegetation sample can be partitioned into'deposition and

resuspension components by solving the simultaneous equations, x + y = 1 and a x + b y

=, c, where x = the fraction of 238pu in the sample due to deposition and y = the fraction

of 238pu due to soil retention. The terms a, b, and c are the proportions (= ISR/(ISR +

I)) of 238pu in deposition, suspendible materials and the samples, respectively. After
t

sol_ing for x and y, the fraction of the 238pu content of the sample, due to atmospheric

deposition is estimated as (a x)/(a x + b y). This procedure assumes negligible root

..
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uptake. If root uptake represents an appreciable fraction of the Pu content of the

plants, it will likely be confused as resuspension because of the similar ISR in soils and.

resuspendible materials. A further description of the methods for . partitioning

• contributions due to deposition and resuspension is given by McLe0d et al. (1980).J .. A

To verify the accuracy of the partitioning computations for vegetation, corn plants

were gl:own in enclosures designed to permit atmospheric deposition but restrict

resuspension. These enclosures were 1.2 m X 2.4 m X 1.2 m tall wood frames covered with

polyethylene and laid on polyethylene sheets to prevent resuspension. They were open at

the top to permit deposition. Corn plants were grown in the enclosures in plastic pots

containing 12 kg of uncontaminated soil, harvested on 1 September, and'_malyzed for Pu
. -, ._ :.-'

contents. There were three enclosures located at distances of approxima'tely 0.15, 0.35

and 0.50 km from the release stack.

¢

,/
,°
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RESULTS AND ESTIMATION OF MODEL PARAMETERS

Plutonium Concentrations In Soils

, Mean PU concentrations in soils .for Fields 1, 2 and 3 are. summariz_n_'l:able... ,..,'. _ . 1. The.....

Pu concentrations in the 150 - 300 mm section were omitted from Tabl.e 1 because these

concentrations were near or below detection limits for ali fields. The Pu concentrations

in soils decreased with increasing distance from the H-Area stack in a manner similar to

that reported by McLendon (1975), McLendon et al. (1976) and McLeod et' al. (1980). Mean

" 238pu concentrations (+_ S. E.) for the 0 - 150 mm section of the soils, which represents

the principal rooting depth of the corn, were 7.6 +_ 0.9, 2,1 +_ 0.2 and I,_'_ 0.1 mBq g-l

respectively for Fields 1, 2 and 3. Mean 239,240pu concentrations for these soils were 22

+ 4, 6.0 +_.0.7 and 4.4 +_0.5 mBq g-1, respectively.

The Pu concentrations in the 0 - 50 mm and 50 - 150 mm soil sections usually differed

by less than a factor of 2 X. This similarity reflects the mixing of the soil by

agricultural operations. Before the soils were plowed and disced for crops, the Pu
"

" coh_:entrations in the 0 - 50 mm sections were 4 - 30 :X great6r than those in..the 50 - 150r
, ..
'7

mm sections (Pinder'et al. 1979).

Plutonium Uptake by Corn Plants

The •,.concentration ratios for root uptake by corn grown under g.reenh_se conditions

were sim'ilar to those observed in other studies. The mean 239'240"pu concentration-(,_. S.

E. for n = 6 samples) for the soils used in the uptake study was 63 ,_. 10 mBq g-l, which

was 3 - 50 X greater the means observed for the rooting depth of soils in Fields 1, 2 or
(

3. The mean 239,240pu concentration for corn leaves (+_ S. E. for n = 6 samples) was

. 18 ,_ 4 _Bq per g dry mass which indicates a concentration ratio of approximately 2.9 XI0-

4. " This is similar to the ratios observed for 238pu.. and 239pu. uptake .by corn irl other

studies using SRS soils (Hersloff and Corey 1978; McLeod et al. 1981; Adriano et al.

Page 11
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1986) and is similar to the ratio observed by Pimpl and _hmidt (1988) for corn up:ake of

Pu from a granitic soil.

The 239,240pu concentrations in grain samples were below the detection limits of

,_ approximately. 3 . #Bq g l- and suggested a concentration, . ratio.., for.;....._7_ta_e'"_ . . of ,< 10-5.

Plutonium concentration ratios for grains are usually .<_. 10-6 and are less than those for
• .o

leaves and stems (Romney et al. 1981), but there appear to be no published concentration

ratios for corn grain. Hersloff and Corey (1978), McLeod et al. (1981), Adriano et al.

(1986) and Pimpl and Schmidt (1988), who report ratios for vegetative ti_.ues, do not

report ratios for grains, la subsequent computations a concentration ratio for Pu in corn
..

grains of 10-6 has been assumed "'_• . .: +

•"; .

t,

Growth and Development of the Corn Crop

Corn biomass (Table 2) increased rapidly from planting and first emergence in late

April to mid-June due to above average precipitation. From late June to early September

precipitation was below _-:'erage, and the biomass of the crop declined. The ears were

" formed and had largely filled by 1 September. After 1 September the .plants entered
, . ¢

, .
z

senescence, and crop biomass declined as leaf biomass was lost and some ears were aborted.

+ Although Fields 1, 2 and 3 received similar precipitation, differences in soils produced

+ differences in moisture stress and ear production. The drought, stress .was especially
,_. ° ° .

• °
i

pronounced on the more clayey soil of Field 1 (see McLeod et al. _1981.. for soil
-_'_ 2."

descriptidns) where many plants were < l m tall and did not produce ears. •

Plutonium Concentrations of Field Grown Crops
(

The Pu concentrations for fir;ld grown corn varied among fields, among tissues and

with height above ground (Table 3). Concentrations generally declined with increasing, ,

distance from the stack. The concentrations for leaf and stem .samples aweraged

approximately 1.2 mBq 238pu and 0.6 mBq 239'240pu for Field 1, 0.5 mBq 238pu and 0.3 mBq

Page 12
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239'240pu for Field 2, and 0.5 mBq 238pu and 0.3 mBq 239,240pu for Field 3. The

concentrations for ears were usually < 0.1 mBq g-I for both 238pu and 239'240pu.
i

Concentrations of 238pu were generally greater for the upper portions of plants, whereas

the 239'240pu concentrations showed little apparent change with height increments. The
ff . ,.

- _- ....

" " "" :-..'.-.-_-7_ less than thenumber of replicates for determinations of concentrations were someumes
4" '°

number .of plots sampled for biomass. This occurred for two reasons. First, the plot did

not contain sufficient biomass for Pu analyses because of the effects of the drought.

This was especially the case for .samples of ear biomass. Second, some "samples-were

destroyed in a small fire in the sample storage area.

The Pu concentrations for leaf and stem samples were greater tha.n:,_os, e expected to
. • ".,_ _" .

occur as a result of root uptake. For a concentration ratio of 2.9 X "10--4, the expected

concentrations for root uptake of 239'240pu from Fields 1, 2 and 3 are 7, 2 and 1 #Bq g-l,

respec'tively. The expected 238pu concentrations are 2, 0.6 and 0.3 #Bq g-l, respectively.
,.

The expected concentrations were computed as the product of the concentration ratio and

the Pu concentrations in the 0 - 150 mm section of the soil. The observed concentrations

are approximately 100 X these ,_xpected values which .indicates the far greater importance

0f'surface contamination mechanisms. The contributions from root uptake are negligible

compared to the surface Pu.

.._" , . ." . .

Tissue Masses and Plutonium Concentrations for Ears and Estimation of Usg _ "..
¢ • . .

There were considerable differences in Pu concentrations among the .tissues of corn

ears sampled from Field 2 (Table 4). The Pu analyses on ear tissue_ had greater

accuracies and lower detection limits than those on leaf and Stem samples due to the

grfater sample mass. The outer leaves of the ears, which were exposed to the atmosphere,

had Pu concentrations similar to those observed for leaf and stem samples at the" 27

Oc.tober sampling. The inter leaves and other tissues had concentrations that were 10 -
. .

100 X less than those for outer leaves. The 239'240pu concentrations in cob and grain

.D
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samples were below detection limits. Two of the four grain samples had detectable 238pu

concentrations of approximately l _Bq 8-1.. The ISR for outer and inner leaves suggested

that atmospheric deposition was the principal sourceof the Pu.

Although care was taken to prevent cross-contamination from outer leaves to inner

tissues, some movement of material among tissues should be expected. "The outer leaves
, .o

contained 94 % of the 238pu. Inner leaves contained 4 %, and the grain and cob contained

approximately 1% each. Because of the large difference in inventories between the outer
.

leaves and grain, the possibility exists that much of the Pu content of .the grain was the

result of cross-contamination.

Fewer ears and less grain were available for Fields l and 3 which/."resulted in fewer

determinations of Pu concentrations above detectable limits. For Field" t:, only one sample

had detectable 238pu concentrations of 0.6 _Bq g-l. For Field 3, two of the four samples

of grain had detectable 238pu concentrations of approximately I _Bq g-l. o

Grain accounted for the majority of ear mass on ali three fields. The mean percent

contributions of grain to ear mass (+_ S. E.) were 69+_.2, 71 +_.1 and 69 +_ 1% for Fields l,

2-_and 3, respectively. These percentages and the biomass of corn ears at harvest (Table
, ' t

2) indicate grain yields of 1, 222 and 63 g m-2 for Fields 1, 2 and 3. The small yield

for Field 1 reflects the effects of drought. Assuming a concentration ratio of 10-6

between grain and soil, these yields result in estimates of Usg (j. e., the. fraction of

the soil inventory transferred to grain by root uptake of 7.1 X 10-12, l 1. X.. "l -9 and 3.2

X 10" 10,for Fields 1, 2 and 3. _.

The Plutonium Contents of Corn Due to Atmospheric Deposition
-= ¢

The inventories of 238pu (i.e., mBq m -2) attributed to atmospheric deposition and

resuspension are given in Table 5. The 238pu inventories due to deposition were fairly0 ¢

constant, and changes in inventories generally reflected changes in ,crop biomass. An

exception to this pattern is the small inventory for Field 2 for the 15 June sampling
4 ....
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period. The 238pu con_;entrations for the vegetation on Field 2 were unusually small at

this time period (Table 3). Unusually small concentrations were not observed for Field 1.

The reason for the small concentrations is unknown.

" The inventories attributed to atmospheric deposition for corn were greater than those

for wheat and soybean crops grown on the same fields. Inventories: for wheat were
, ,.

approximately 230 and 100 mBq 238pu m-2 for Fields 1 and 2 (McLeod et al, 1980). The

inventories for soybeans were approximately 100 mBq 238pu m'2 for both Fields 1 and 2

(Adriano et al. 1982). The greater inventories for corn were not due to greater

deposition rates of Pu. Measured deposition rates were consistent with pi'edicted rates

and similar to those observed for wheat and soybeans. The greater in_tqr.ies for corn
• ._ .;.." .

probably resulted from the greater biomass for corn. The biomass for" whe_it'.,and soybeans

were usually < 300 g dry mass per m2.

At the time of hat vest, the corn biomass and 238pu inventories attributed to
,.

atmospheric deposition were similar to those for wheat and soybeans due to leaffall

associated with the senescence and drying of the plants. Estimates of Iv, the fraction of

• the yearly deposition retained on vegetation at harvest,- for Fields 1, 2 and 3 were 0.019,
0 . , I

0.048 _md 0.027, respectively.

The 238pu attributed to atmospheric deposition was distributed throughout the corn

canopy at the 1 September sampling period (Fig. 1). Similar patterns were observed fox'

the l.-m height increments at the other sampling periods. ' The invent_ies of Pu at
.°

different-height increments generally reflected the relative biomass at 'that inc.rement
.,

with some increased inventories in the upper increments due to increases in the

concentrations of 238pu from atmospheric deposition (Table 6). The increased

¢

concentrations in the upper height increments may have resulted from greater surface area
.. .

to mass ratios. The mean (+_.S. E.) surface area to mass ratios for corn vegetation borne
¢

at 4aeiights > 1 m is 16 + I mm 3 g-l, whereas the mean ratio for vegetation borne aL heights

< 1 m is 10 +_ 1 mm 3 g-I (data from Pinder et al. 1988a).
)

j..
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The concentrations of 238pu for plants grown in the polyethylene enclosures and

harvested on 1 September were similar to those for 238pu attributed to atmospheric

deposition (Table 6).' The mean 238pu concentrations for whole plants (_ S. E.,for n - 5

j, samples) were 1.2 ± 0.3, 0.76 +_ 0.29 and 0.38 + 0.03 for Ihe enclosures locitted at 0.15,

0.35 and 0.5 km from the stack, respectively. The similar concentrations support the

accuracy of the partitioning cotaputations. A similar correspondence of concentrations

from enclosures and those from partitioning computations was observed for' , soybeans

(Adriano et al. 1982). ,,

,,

The Plutonium Contents of Corn Due to Resuspension ="• . ...
.. "._

Although the Pu inventories of the vegetation due to resuspensiori ": ':(Tafle 5) are not

required for estimating model parameters, the inventories and the distribu'tion of the

resuspension inventories in the corn canopy are important for interpreting Rsg and

understanding differences in estimates of Rsg among crops. The inventories due to '

resuspension ranged from 3 % to 21% of those for deposition with little! difference among
!

•fields in the relative importance of resuspension aaad deposition. !iInventories from
, . '

resuspension averaged 10 % of those from deposition. The inventoi'ies attributed to

resuspension for Fields 1 and 2 were similar to those observed for wheat and soybean
Ii

crops.
; .'_- . " . .

.

The inventories of 238pu due to resuspension showed re'latively little .:-...change among
'¢ ..5'

sampling 'times. The major exception occurred for the 1 August sampling period on Field 2
.,

where three plots had inventories > 50 mBq m-2. Such unusually large and p.ossible outlier

values can occur for resuspension due to spatial and temporal variation in ISR for
¢

deposition and resuspendible materials as well as analytical errors in determining Pu

concentrations (Pinder and McLeod 1989).J ¢

" The 238pu due to resuspension for the 1 September sample .was not uniformly

distributed in the corn canopy but was concentrated in the < 1 m height increments (Fig.
i ....

P
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1). Similar patterns were observed in the l-m increments at other sampling periods.

Greater resuspension near ground levels is consistent with the results of Dreicer et 'al.

(1984) for tomato plants and the results of Finder and McLeod (1988) for sunflowers grown

._ on Field 2.
.... ' " .Z.-7 _, - -

Plutonium Contents of Mechanically-Harvested Grain

The concentrations of 238pu and 239,240pu were easily measurable in samples of grain

from the mechanical harvesting (Table 6) because of the relatively large sample masses

available for analysis. The 238pu concentrations were usually > 1 _Bq g-I and were

greater than those expected due to root uptake. For an assumed concelrtration ratio of
• .. .;...

. .. _

10-6 for root uptake, the expected concentrations for Fields 1, 2 and ": ':3 .are 0.008, 0.002

and 0.001 /_Bq 238pu g-l. These concentrations are less than those observed "for wheat and

soybeans on Fields 1 and 2. Total 238pu concentrations for wheat grain from Fields 1 and
,J

2 were 14 +_.2 and 7 *__1 #Bq g-l, respectively (McLeod et ai., 1980). Concentrations for
, ' Ib

soybeans were 3 + 1 and 4 + 1 pBq g-I respectively (Adriano et al., 1982). ,, , '

•- The 238pu concentrations for combined grains "appeared to be greater.' than those
,.

f

observed for the. hand-separated grains, but the differences are not disti')_lct_ becau.s,e of ..,, :
t ;

the number of hand-separated grain samples with Pu concentrations near or' below, the

detection limits. This complicates the interpretation of possible PU tr._.'nsfers ft'ore .... 'i• _

vegetation to grain occurring in the combine and the estimaiion of Tvg.. _ _& measurable -•

increase, in Pu concentrations between hand-separated and mechanically-haivested grain is -_

needed to indicate transfer within the combine. Because 1).._:nechanically-harvested grains ,, )

had greater concentrations than those expected due to root uptake and, 2) the Pu present in
¢ I ,

hand-separated grain could have resulted from cross contamination from outer .!eaves (see

discussion above), it was assumed that ali the Pu content of mechanically-harvested grain

resCulted from transfers within the combine. The resulting estimate.'J of Tvg, the-.fraction ;

transferred, were !.8 X 10-5, 1.0 X 10..3 and !.0 X 10-3 for Fields I, 2 and 3, _
, __
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respectively. The relatively lcJw value for Field 1 resulted from the poor yield of grain.

There was little evidence to indicate resuspension of Pu to grain surfaces. The

238pu concentrations for grains were always greater than the 239'240pu concentrations, and

partitioning of the concentrations into components due to atmospheric deposition and
• ,, ,. .-.

, • _...." .7..._ g
resuspension indicated negligible contributions from resuspension (Table 6). None of the

. .,

mechanically-harvested grain samples from Fields 1 and3 and only 2 of the 5 samples from

Field 2 had measurable quantities of Pu attributed to resuspension. Estimates of Rsg for

Fields 1, 2 and 3 were 0, 1.3 X 10-8 and 0, respectively.

i
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DISCUSSION

The drought conditions during the later part of the growing season have t.he potential

• :. to affect the. parameter estimates. Greater vegetation biomass and _ron y.ie!ds may have
• , .... ........ _ rf, - ,, -.

resulted in greater estimates for Iv , Usg and Tvg. The corn on Field. 1. was most affected

by drought, and the estimates of Iv, Usg and Tvg from Field 1 are less than those from the

Fields 2 and 3. To reduce the potential impacts of drought on parameter estimates, the

estimates from Field 1 will be omitted from comparisons of parameters, and Pu beh/tviors

among crops.

-

...j '-.'

.7 '

Comparison of Model Parameters _ .

Comparison of parameter estimates of corn with those for wheat and soybeans are

presented in Table 8. Parameter estimates of Iv , Usg and Tvg. for wheat and soybeans are

i drawn from Pinder et al. (1988b). Estimates of Rsg for wheat and soybeans have beenil com_uted from the data of McLeod et al. (1980) and Adriano et al. (1982). Estimates of Iv
/I

:[I are similar among crops, especially given the relatively large standard errors for

i soybeans and corn, whereas estimates of Usg, Tvg and Rsg appear to differ among crops.

!l The different estimates of Usg result from principally
from differences in

t_

_i kK'e/ concentration ratios. The concentration ratios for wheat and soybeans are taken from the

:i! : , "-

.I .._ d_ta of Romney et al. (1981) for the acidic Lyman and Malbis soils. The _ratio for wheat

grain wE 1.6 X 10-7 The ratio for beans was 1.1 X 10-6, There was less variation, amongii

yields. Yields of wheat grain, beans and corn grain were 120, 100 and 140 g m-21 .

The estimate of Tvg for corn is less than those for wheat and soybeans. The lower
¢

estimate for corn probably reflects differences in the structure and operation of ihe
_ •

. combines. For wheat and soybeans, the combines cl!p plants near the ground surface and

alrfiost ali the vegetation and surface Pu inventories are taken into .the combine:- In

contrast, a corn combine usually removes only the upper portion of the plants where the
....
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ears are located. As a result, only a portion of the corn biomass an_ surface 238pu

inventory enters the combine, and not ali of the surface Pu contamination is available to

be transferred to grain. If Tvg is recomputed for only that portion of the Pu inventory

for the > l-m tall sections of corn plants, the mean (+_ S. E.) for Fields, 2 and 3 is
• ,. ., . ,.

0.0025 ± 0.0007 which is similar to that for soybeans. " ' ".2",,,'_.._, ,
. .o

To ,more directly compare the movement of atmospheric deposition to grains among

crops, the fraction of the yearly deposition present on grain at harvest was computed.

This fraction may be expressed as lg where lg = Iv X Tvg. The mean Ig .(+_S.'E. for n = 2

fields for each crop) were 1.3 (+_ 0.1) X 10-4 for wheat grain, 4,1 (+_. 2.6)_'X 10-5 for

soybeans, and 3.9 (+_. 1.1) X 10-5 for corn. 'These values indicate greater 'transf.er of
• . ,, .

o.._ _.'

atmospheric deposition to grains for wheat than for soybeans and coria. The fractions

transferred for soybeans and corn are similar. The greater transfer for wheat occurs due

to greater transfer from vegetation surfaces to grain surfaces in the combine (i. e., >
o

Tvg).

The mechanics of combining which result in relatively low Tvg may also account for

. the. relatively small Rsg for corn grain. Less transfer, of resuspended Pu from vegetation

su ri_ace's to grain surfaces may have occurred for corn because the l-m high setting of the

combine head excluded the < I-m high portions of the corn plants which contained the

majority of the resuspended Pu (Figure 2). Moreover, the high setting may have reduced
.,'_;" . • .

the intake of soil particles resuspended into the air during the combin.ing activity. " " "

Although some differences in parameter estimates occurred, these c_ifferences were

smaller than those that might be expected given the differences in plant morphologies

among crops. Greater similarity occurred between corn and soybeans, a monocot and a

dicbt, than between the two dicots, wheat and corn. The differences among crops appear .to

be more the result of plant height and combine design than differences in piant
' i

morphology. ..

r
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The Relative Importances of Root Uptake, Atmospheric Deposition and Resuspension

The contributions of atmospheric deposition, resuspension and root uptake to the

239pu concentrations for grains for a corn agroecosystem are presented in Figure 3 for a

hypothetical scenario of a nuclear facility operating over a .30-year period and depositing
..... " ' " " _ . -- _. _-,,1_ _... -- - v, ''

100 and 1 nlBq 239pu m-2 d-1 onto sites that already contained 75Bq-'_'3_"Pu m-2 due to
4' '°

global fallout. These deposition rates were used because they encompass the range of rates

observed on the SRS from areas close to the point of the release to areas where deposition

rates are similar to global levels (Corey et al. 1982) ....
7

During the first year of operation at each deposition rate, the principal mode of

contamination is the interception and retention of atmospheric deposit!o.n._ .Resuspension

is less important than deposition, and the contamination resulting from.i'oot uptake is

largely negligible compared to surface contamination from deposition and resus'pension. As

deposition continues, the Pu inventories in the soil at the higher deposition rate
B

increase with concomitant increases in the relative importances of resuspension and

uptake. The maximum contribution of resuspension to grain occurs in the 30th year of

• operation where resuspension contributes approximately" 1 %-as much Pu as deposition.

l_lutonium inventories in the soil do not increase appreciably at the lower deposition

rate, and resuspension contributes approximately 3 % as much Pu to grain as deposition

throughout the operation of the facility.
• .

Greater resuspension (i. e., > Rsg) was observed for wheat and soybeans than for

corn, but resuspension for these crops is also less important than deposition, at 100 mBq
..

m-2 d -1 (Figure 4). Resuspension for wheat and soybeans contributes < 10 % as much as

deposition in the 30th year of operation. At deposition rates of 1 mBq m-_- d-l,
f

resuspension of previously deposited Pu contributes < 50 % as much Pu to. grain as

deposition for wheat and soybeans (Fig. 4).

-' Resuspension in years I to 10 at the higher deposition rate may be somewhat-greater
-.

than that depicted in Figure 3. Greater resuspension may occur because a large portion of
i ....
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the soil inventory would be recent deposition that may be more readily suspended into the

atmosphere due to its presence on the soil surface (Anspaugh et al. 1975). Once a plowing.

or discing event occurs, however, the recent deposition would be mixed into the soil

• (Adriano et al. 1982),

Although parameter estimates varied among crops, the crops demonstrated similar
, ..

relative 'importances of deposition, resuspension and root uptake. This similarity occurs

because estimated Iv were > 0.01, estimated Tvg were > 0.001, and estimated Rsg were >

estimated Usg. These values and patterns result in similar relative importanc6s of

deposition, resuspension and root uptake among agroecosystems.

The relatively small contributions of resuspension after 30 ye._a_at, the greater

deposition rate in Figure 4 contrasts with observations near H-Area ._Vha_recontributions of

resuspension to wheat grain and beans may account for 30 to 50 % of those "for deposition

_I _'f" TTh, after only 20 years of operation (McLeod et al. 1980; Adriano et al. 1982) eo

greater importance of resuspension at H-Area results from previous periods of greater

atmospheric release and deposition (Pinder et al. 1979). Much of the 238pu inventory of

H-Area soils apparently resulted from an accidental release in-1969 (McLendon 1975). The
, . ' r

238pu inventories .in the soil at H-Area represent approximately 100 years of deposition at

current rates. Thus, periods of unusually large releases to the atmosphere may change the

relative importances of pathways in subsequent years.
• . .

, °

After shutdown of the facility, which is assumed 'to occur aster 30 years,

contamination processes would be limited to resuspension and root uptake. The Pu contents

due to these processes after shutdown would be similar to those depicted in Figure 4 for

the 30rh year of operation. Resuspension would be of greater importance than root uptake.
¢

The Pu contents of grain at the higher deposition rate would be increased due to

accumulation of Pu from deposition in the soil, Soil inventories would increase from 75

to,II70 Bq m -2 at the higher deposition rate. The fraction of the 239pu exported from the

system per •year with harvested corn grain after shutdown would be 6.9 X 10-9 (_ Rsg' + Usg)

P
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which is 4000 X less than the loss rate per year of 239pu due to radioactive decay.

Although surface contamination predominates the Pu content of grains, it must be

remembered that much of the surface Pu may be removed in food processing operations. The

• respective fates of surface and internal Pu contamination .in food processihg may vary
. .. A

among crops and processed foods, and little appears to be known about (he fate of surface..
.., ..

contamination in processing operations. Aarkrog's (1978) studies of Pu fallout in the

1960's suggests that about 25 % of the surface Pu content of grain can be incorporated

into whole-graln food products. 'If 25 % of the surface Pu content of _grain doe to

deposition and resuspension is incorporated into processed foods, surface Pu would still
.,

Contribute the majority of the Pu content of processed foods for both deposition rates in
".._

'. .? :

a Figures 3 and 4. "
ti

' Assimilation of Pu from the gastrointestinal tract is affected by c,hemical and
I

physical form (ICRP 1979) and may be greater for Pu incorporated into plant tissues via

'1 root uptake than for Pu in inorganic form (Sullivan et al. 1980). Estimates of the

fract!on of the ingested Pu that is assimilated range from 10-3 for readily available Pu
t

il_ to-10 -5 for relatively insoluble Pu (ICRP 1979). "Although the range of assimilation
I , . r
I . .

I f'ractions is well defined, the nature of Pu-bearing particles on plant surfaces, and
|

,1 consequently, the appropriate assimilation fraction is dependent upon variable factors

including the form of release and possible aging of Pu-bear.ing particles in the

" environment. If 1) 25 % of the surface Pu is retained 'in processed _ foods, 2) the.,

assimilation fraction for surface Pu is 10-5 , and 3) the assimilation fraction, for Pu from

root uptake is 10"3, then surface Pu accounts for most of the assimilated Pu at the higher

depositior, rate. In the 30th year of operation, 4 X as much Pu is ingested from surface
¢

contamination as from root uptake at 100 mBq m-2 d -1. At the lower deposition r_ite,

surface Pu accounts for one-half as much assimilated Pu as root uptake.

-" There is a further complication in assessing the relative importan.ces of external and
• ,

internal contamination in the amounts of assimilated Pu. The processes whi_:h cause
i ....
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surface contamination (i. e,, deposition and resuspension) can also result iri internal

contamination of grains through foliar absorption and translocation to grain. Cataldo et

" al. (1980)observed that approximately 5 X 10 -5 of the Pu deposited on bush bean leavesi

[
il was absorbed and translocated to roots and seeds. For the scenarios in Figure 3, foliar
II _' .....

!i!1 absorption and translocation to grain of 1 X 10:5 of the Pu' deposif6d '"_'_on:leaves" arid stems
' .

i to seeds .would result in 239pu concentrations in corn grain of 0.096" anti 0.000096 #Bq g-I
IN

| for deposition rates of 100 and 1 mBq m"2 d"l, respectively, These concentrations would

not 'measurably increase the total Pu content of grain, but they would significantly .alter

the content of Pu incorporated into internal tissues. At the higher deposit'ion rate, Pu

concentrations from foliar uptake would be 15 X those for root uptake,.,. AI: the lower
..

• _. ":

deposition rate, foliar uptake would account for 2 X the concentration from root._'uptal_e,

Whereas physical processes and surface contamination dominate Pu transport processes

in agt;oecosystems, uncertainties about 1) the fate of ,surface Pu in food _rocessing, 2)

the relative assimilation of surface and internal Pu, and 3) the potentia! 'importance of
i

foliar uptake mechanisms limit our understanding and appreciation of the transport of Pu

. fr0m grain-producing agroecosystems to the human diet.

' . CONCLUSIONS

These results imply some general conclusions concerning Pu mobility in

agroeeosystems. Where Pu releases to the atmosphere are on-going, atmospheric deposition

will likely be the principal contamination mechanism. Where Pu releases-{mff deposition

have occurred in the past, resuspension is likely to be the predominan_i mechanism in

moving Pu to grain crops. The greater relative importance of resuspension versus root

uptake has been noted for a number of other systems (Watters et al. 1980; White" et al.

19_1; Arthur and Alldredge, 1982; Romney et al. 1987; Watters 1987) and is likely to .be

the case for most sites of Pu contamination except .possibly for tree species where foliage
q

is ,borne at considerable heights above the ground surface (Dahlman and McLeod 1977; Pinder

et al. 1987).
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TABLE 1. Concentrations (mBq g-l) of Pu isotopes in the 0 - 50 mm and 50 - 150 mm

sections of the soil in Fields 1, 2 and 3. Data are means.+ standard errors for n - i0

samples.

j_j.. mm

• . . . , .=-.._g . _
o

FIELD SOIL SECTION _ CONCEN.TRATIONS

(mm) 238pu 239,240pu
i i i.H.i

o

1 0 - 50 li + 1 ' 35 : + 7

50 - 150 5.9 4- 0.8 16 4- 3
..

• ._'_ ._

",.2 L."

2 0 - 50 2.9 + 0.3 ' ..... ' .8.6 4. 1.2

50 - 150 1.7 +__ 0.2 4.8 + 0.7

3 0 - 50 1.3 +__ 0.1 5.8 + 1.1

50 - 150 1.1 + 0.2 3.7 +_. 0.7

.

• o
o . , ,.. .

J i_ iii, i i _ Nii I
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TABLE 2, Corn biomass (g m "2) in l-m height increments for Fields 1, 2 and 3. Data are7

means +_star_dard errors for 10 samples.
t i

',

I!/, j DATE AND BIOMASS.
, )/

HEIGHT
*/i. " "

I INCREMENT Field 1 Fie'ld 2 Field 3
i

--- Leaf and Stem Biomass ....

15 June
,.

".

0.0-1.0 398 ± 74 236 ± 48 .._-

1.0-2.0 53 ± 12 87 ± 25 " _' .

>2.0 1 ± 1 5 ± 5

Total 451 ± 83 328 +_.76

1 August

0.0-1.0 359 +_44 414 +_.39

• _I.0-i.0 367 + 55 921 ±"52
' '

)

>2.0 67 ± 12 223 +_21

Total 793 ± 91 1557+ 81

1 September

0.0-0.5 178 +_28 102 +_ 10 ' _.08 +_. 8
.¢" .7.

0.5-1.0 131 ± 18 99 ± 8 99 +__.8.
.,

1.0-1.5 104 ± 12 199 ± 49 107 ± 8

1.5-2.0 66 ± 11 100 +__29 57 +__ 4
f

>2.0 31 +_ 6 59 +_.11 34 +__-5
4.

Total 510 ± 66 480 ± 34 404 ± 25
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Table 2. Continued.

DATE AND BIOMASS •

• HEIGHT./ . ..

INCREMENT Field 1 Field 2 Field 3

--- Leaf and Stem Biomass ---

27 October '

" 0.0-1.0 127 + 26 148 +_.28 147 + 31

1.0-2.0 81 + 21 106 + 33 •,...';"" 53 ± 15 "
J

, C :

>2.0 7 + 5 24 + 9 -.". 4 ± 4

Total 215 +_47 278 ± 66 204 ± 42

,.

--- Ear Biomass ---
' ,i

1 September

" "0.0-0.5

0.5-1.0 3 +_ 3

1.0-1.5 14 +__ 9 110 +__30 15 ± 10

1.5-2.0 4 + 3 313 +__67 106 +_.30
, . •

>2.0 15 + 8 ' _.10 ± 8
• d' . _ ,

Total 18 +. 9 442 +_.67 i31 +_.36-
.,

27 October ,

0.0-1.0
¢

1.0-2.0 2 +_. 2 283 +_.90 92 +_36

, >2.0

" Total 2 + 2 283 +_.90 92 +_.36

i ....
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TABLE 3. The concentrations (mBq g-l) of 238pu and 239'240pu in corn grown on Fields 1,

2 and 3. Data are means ± standard errors for leaf and stem biomass and ear biomass i'n

height increments (m) above the ground surface.

" ' ' " ": ',...." .. _",_ll_ " - vi.

DATE AND .
. .o

HEIGHT FIELD 1 FIELD 2 FIELD 3

INCREMENT

n 238pu 239'240pu n 238pu 239'240pu n 23.8pu . 239'240pu

--- Leaf and Stem Samples ---

. ,¢'_ ,,_

15 June , ":z 'L
0c o

0.0-1.0 10 0.88+0.16 0.69+0.11 l0 0.09+_0.02 0.09+_0.02 _ .

1.0-2.0 9 1.3.*_0.3 0,92+_.0.26 9 0.14±0.03 0.13+_0.04

>2.0

1 August

0.0-1.0 10 0.78+..0.23 0.46+__0.10 10 0.37+0.05 0.23+_0.03

1.0:-2.0 10 0.80+__0.12 0.49±0.09 10 0.27+__0.04 0..19+_.0.03
, . • t

>2.0 8 1.4 +_0.5 0.63+_.0.16 10 0.56+_0.05 0.34+0.03

1 September

0.0-0,5 5 0.54+_0.09 0.38+0.10 10 0.38+0.06 0.28+0.05 10, 0.29+0.05 . 0.32+-0.06
• _ o

0.5-1.0 5 1.3 +-0.3 0.83.__.0.33 10 0.39+_.0.04 0.27+-0.03 9 0.34+__O'_$ 0.18+-0.03
.d' "* 'L

1.0-1.5 ' 5 0.91+__0.19 0.49+__.0.16 10 0.95+_6.13 0.43+__0.06 10- 0.17+__0_03 0.07+__0.01

1.5-2.0 4 2.0+__0.8 1.1 +0.6 10 0.65+__0.13 0.30+__.0.05 9 0.35+-0.(14 0.17+-0.01

>2.0 3 2.8 +__l.l 1.2 +0.7 10 1.0 +__0.2 0.46+__0.06 9 1.4 +__0.4 (1.4(1+_0.12
{

27 October

0.0-1.0 6 0.6,1+_0.07 0.44+_0.14 8 0.60+_0.08, 0.41+0.04 7 0.53+_(1.05 0.41+..0,07

:;'2.0 7 1.3 +_0.2 0.72+_0.22 7 0.96±0.14 0.52+_.0.09 4 0.54+_0.13 0.28+-0.08
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!

Table 3. Continuad.

DATE AND

HEIGHT FIELD l FIELD 2 FIELD 3
.°

INCREMENT

n 238pu 239,240pu n 238pu 239'240pu n 238pu 239'240pu

--- Ear Samples ....
.o

l September

..7_ "_

0.0-0.5 . ..._ _-.',

0.5-1.0 1 0.01 0.01 2' "0.05±().05 0.04.±0.03

1.0-1.5 2 0.04+0.03 0.02+__0.01 3 0.04+__0.02 0.02+_0.02 7 0.03+0.03 0.06+__0.04

1.5-2.0 10 0.02+__0.01 0.01+__0.01
,, e

>2.0 1 0.01 0.02

•. 27-october
, _ t

0.0-1.0 '

> l.O 1 0.02 0.02 7 0.04+-0.01 0.02+-0.01 5 0.06+_.0.02 0.05+_0.02

¢
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TABLE 4. The biomass (g dry mass per ear) and the the Pu concentrations (/_Bq g-l) of the

' tissues of corn ears collected from Field 2 on 27 October 27. Data are means ± standard'

errors for n - 4.
, I ill ii i i i i i i i i|_ -- -

,' A

_. .

TISSUE BIOMASS CONCEN.TRATIONS

238pu 239,240pu

, , , , ,,,| i , ,,. ,, , ,, ,m,., lie

Whole Ears 128+ 18 47 + 17 ' [3 ± 5

Outer Leaves 7 ± 1 680 ± 52 330 + 24

Inner Leaves 8 + 1 26 + 6 ." "" [3 ± 4m _ : "..._ .

•": .
. ..

Cob 22± 3 2 ± 2 - -<2

Grain 91 +. 13 1 < 1

i nile

¢

q

o' .-
=
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TABLE 5. The mean inventories (mBq m -2) of 238pu attributed to atmospheri(: deposition

' and resuspension on Fields 1, 2 and 3, Data are means and standard errors ar_ computed.
t

from n - 10 samples except for Field 1 on 27 October when n - 5.
i i

,,r . ,. ., + ,, ;

FIELD TISSUE SAMPLING DATE

15 June 1 August 1 September 27 October

I r i i

l
l

i --- Atmospheric Deposition ....
+

1 Leaves and stems 443 +_.177 630 +_136 519 + 150 1'71 :!: 39

Ears 1,0 + 0,8._'.."" ..<_0,1

2 Leaves and Stems 33 +_. 11 500 +_. 60 302 + 30 ":' .'219 +_ 68

Ears 14 + 8 1_t + 6

3 Leaves and Stems 134 +_. 17 10lt + 25

Ears 1,0 +_ 0,6 3,7 :!: 1,5

--- Resuspension ---

• "t Leaves and Stems 72 + 32 68 +_. 31 56 +_ 37 21 :t: 12
. ,

Ears < 0.1 <: 0.1

" R

i 2 Leaves and Stems 6,3 +_ 1.8 29 + 8 8,4 +_. 1,7 6.1 + 1.9
.111

" Ears 0.2 +_.. 0.1 0,5 +_. 0,4

+ 3 Leaves and Stems 1 + 7 . 9,4 +_. 2.8

' Ears 0.4 +. 0.2 3,8 +_. 3,4
o,

!'I
1.
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TABLE 6. Concentrat!ons (mBq g-l) of 238pu attributed to deposition for leaf and stem

' biomass from Fields 1, 2 and 3 for the ! September sampling period. Data are presented.

for height increments of 0.5 in and the whole !_::t_,t which represents a mean of the

,i concentrations at different height increments weighted for the biomass in th'at increment.

Data are means and standard errors for n = 5 samples_for Field I and n"- 10 samples for

Fields 2 and 3.

HEIGHT FIELDS ,

INCREMENT l 2 3

• ._ ,_.

(m) '._ _.
, ,? ;

0.0 - 0.5 0.47 ± 0,09 0,34 +__0.06 0.21 :fi 0.06

0.5 - 1.0 l,l ± 0.3 0.36 ± 0.04 0.30 +_ 0.08

1.0 - 1.5 0,70 ± 0.13 0;94 +_0. 16 0.17 +_ 0,03
1

1.5 - 2,0 1,5 +__0.7 0,65 +__0. 13 0.30 ± 0.05

.... > 2.0 1.7 ± 0.9 1.0 +__0.2 " 1.3 y_ 0.4
' ' ¢

Whole Plant 0.82 + 0.16 0,64 +_.0.06 0.31 + 0.05

4

t

..

t

¢

..

i
i •-,
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TABLE 7. The 238pu and 239,240pu concentrations (#Bq g.-l) in mechanically-harvested grain

and the partitioning of the 238pu concentrations into components due to atmospheric

deposition and resuspension for Fields 1, 2 and 3, The 238pu concentrations were

partitioned using the isotopic ratios of 238pu to 239,240pu. Data are means ± 1 standard

error for n ,, 5.

FIELD CONCENTRATIONS PARTITIONING OF 238pu

CONCENTRATIONS

238pu 239'240pu Deposition

Resuspension 2 z
... ,.

1 2.4 +__0.2 0.76 + 0,22 2.4 +_.0.2 0,0a

2 1.1 + 0.1 0.58 ± 0,10 1.1 +_.0.1 0.1

3 1,7 + 0,3 0.61 ± 0.11 1.7 +__.0.3 0.0 a

. a- No detectable contribution from resuspension
,, . t

° .

4 °.
.°

t * 0

J
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Table 8. Estimates of parameter values for the Pu transfer model presented in Figure 1.

The model parameters are: 1) Iv, the fraction of the yearly deposition that is retained fin

the vegetation at harvest; 2) Tvg, the fraction of the Pu on vegetation attributed to

_, atmospheric deposition, that is transferred to grain, during combining;... . _..."32)_g: .the ,fracti°n....

of the soil inventoi'y absorbed by roots and trans!ocated to gra!n; .'and 4) Rsg, the

fraction Of the soil inventory of Pu resuspended to grain surfaces. The parameter values

for wheat and soybeans are the means +_.standard errors for values computed for data from

Fields 1 and 2 (Pinder et al., 1989. The values for corn represent means and stafidard

et:_ rs of values from Fields 1, 2 and 3.

• • _ _ ._. ,_ ..

C

PARAMETER CROP -' .

Wheat Soybeans Corn

Iv 0.030 + 0.001 0.020 +_.0.013 0.037 +_.0.011

Tvg 0.0045 +_0.0002 0.0021 + 0.0001 0.0010 +_.0.0001

.... Usg 9.9 (+_.0.3) x 10 -11 5.7 (+_ 0.2)-x lO-A0 7.3 (_+ 4,1) x 10-10, , ¢

' Rsg t.6 (+_ 0.1) X 10-7 7.4 (+_.2.3) X 10-8 6.2 (+_ 6.2) X 10-9

• =

.°
•°

t

i
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Figure 1. A model of Pu transport in agroecosystems involving processes occurring while

the crop is growing in the field and processes occurring when the crop is mechanicaily

harvested using a combine. Transport processes in the field include interception and

,_ retention of atmospheric deposition and root uptake and .translocation of Pu to grain.

Processes occurring duri.ng the combining include transfer of Pu-bearing particles from

deposition from the surface of the vegetation to the surface of the grain. Resuspension,

which is indicated as a single vector, probably involves two separate processes, these

are described in the text. AtmoslSheric deposition is expressed as Bq .m-2 :y-l, and the

soil inventory and quantity of Pu harvest are expressed as Bcl m"2. Ti_e effects of

radioactive decay for 239pu are negligible and are omitted from the mod_l._ .:The model is

defined by four parameters including: 1) Iv, the fraction of ttie':' y.ea_ly deposition

retained on vegetation surfaces at harvest; 2) Tvg, the fraction of Pu on vegetation

surfaces transferred to grain during combining; 3) Usg, the fraction of the .soil inventory

absorbed by roots and translocated to grain; and 4) Rsg, the fraction of the soil

inventory of Pu resuspended to grain.
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Figure 2. The distribution of the inv.-ntories (laBq m -2) of 238pu attributed to

atmospheric deposition and resuspension in the canopy of corn sampled on 1 September frdm.

Fields 1, 2 and 3. Note the changes in scales among fields and between deposition and

• resuspension. Data are means (vertical bars) + standard error (horizontal bars) for n = 5
• ,. ., .. . p ° ..

samples from Field 1 and n -- 10 samples from Fields 2 and3.
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Figure 3. The 239pu concentrations for corn grains due to atmospheric deposition,

resuspension and root uptake for a hypothetical scenario where a nuclear facility operat'es

for 30 years and deposits either 100 mBq 239pu m-2 d-1 (Fig. A) or 1 mBq2394pu m-2 d-1

,_' (Fig. B) onto .fields already containing 75, Bq 239pu. m-2.,. d_e.z._gglobal_ , fallout.....

Predictions are computed using the model depicted in Figure 1 and param.eter estimates from

Table 8.
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Figure 4. The 239pu concentrations for grains from wheat, soybean and corn

agroecosystems as a result of atmospheric deposition, r,;:..,.:pension and root uptake for a

hypothetical scenario where a nuclear facility operates for 30 years and deposits either

239i_u _-2
,. 100 or I mBq239pu m-2 d-1 onto fields already.containing 75 Bq.. ,....... ;.a_,?,. d.ue to global

fallout. Predictions are computed using the model depicted in Figure. 1 and parameter

estimates from Table 8. Predictions are presented for the 30th year of operation.
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