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ABSTRACT-Plutonium released to the environment may contribute to dqs.e;-;’ta* h};xﬁar;s through
inhalation or ingestion of contaminated foodstuffs. Plutonium j cpht’amination of
agricultural plants may result from interception and retention of atmospheric deposition,
resusﬁension of Pu-bearing soil particles to plant surfaces, and root uptake and
trans:location to grain. Plutonium on vegetation surface§ may be transferred to grain
surfaces during mechanical harvesting.  Data obtained from corn grown near the U. S.
l_)epartknent of Energy’s H-Area nuclear fuel chkemical ~separations fécility on. the Savannah
ﬁiver Site was wused to estimate parameters of a simple model of Pu transport in
agroecosystems, The parameter estimates for corn were compared to those previously
qbtgined for wheat and soybeans. Despite some differences in parameter es‘timateé among
crops, tI_\V_e relative importances of atmospheric deposition, r'esuspensio‘u aﬁd lroc‘. upééke
were similar among crops. For even small depostion rates, the -relativc;"importances of
processes for Pu contamination of corn grain should be: transfer of atmospll;eric deposition
from vegetation surfaces to grain surfaces during combining >. resuspension of soil to
gr;\in surfaces > root uptake. Approximately 3.9 X lO'5 of a year's atmospheric
deposition is trunsferred to grain. Approximately 6.; X 10'9 of the Pu inventory Ain“ fhe
sofl is resuspended to corn grain, and a further 7.3 X 10“10 of the soil inventory is
absorbed by-/-.roots and translocated to grains. M
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INTRODUCTION

Plutonium isotopes may be released to. the environment from nuclear weapons technoloéy.
(Facer 1980; Perkins and Thomas 1980; Corey 1982), nuclear power technology. (Barr 1976;
Vaughan et al. 1976, Kreiter et al. 1980; Boqne et al. 1981), and gk—?agse: .of 238py in
spacecraft power systems (Bennett 1981; Interagency Nuclear Safet.;r:f_ .Re_'\./ie:/‘ Panel 1989).
Once released to the terrestrial environment, Pu isotobes 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) intérception' and
retention by plant s -faces of Pu-bearing particles in atmospheric depo_siiibn; and 3)
resuspension of Pu-t:aring particles from the soil surface ,tq;,"‘bla,nvt surfaces.
Resuspension may occur due to the effects of wind (Sehmel 1980 and :7198;1;: Shinn et al.
1983), raindrop splash (Dreicer et al. 1984), mechanical disturbance (Milham.et al. 1976;
Sehmei 1980), and animal activity (Sumerling 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). | i

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. quativily few studies

have determined 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
relstive 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_t.he estimates
of transfer b'éram‘eters of a model for Pu behavior in agroeéos‘ystéms"" xﬁﬂlﬁ/ ﬂevelbped by

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 :h\odel of Pu
transfers in 'agroecosystems to summarize their data. The model is _simple; largely

empirical and based primarily on data collected in the vicinity of the _H;Areaf nuclear fuel

-
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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
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plant surfaces, and the root uptake and translocation of Pu to grains (Figue 1).

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

3
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tl“ie"crdp and those which occur in the combine during the mechanical harvesting of the
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grains.  Processes occurring in thé field include root uptake and translocation to grain
and the interception and retention of deposition. Processes occurring iq the combine
ir{clﬁ’ae the transfer of Pu from vegetation surfaces to grain surfaces. . | J

Alt}}t;ugh simple and empirical, the model reduces Pu behavior in'égro;ééosystems to a
set of four parameiers that may be easily estimated and compared among systems. Tﬁese

four parameters are: 1) I, the fraction of the yearly atmospheric depositidn of Pu that

vv
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 Soil

inventory absorbed by roots and translocated to grain; and 4) R the fraction of the

g’

soil inventory of Pu that is transferred to grain surfaces by resuspension. Plutonium on
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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 Adriar}o et al. (1982). The firgtfsimplificatig_n
involves a reduction in the number of parameters used to expres;:‘_r;s\_irsp:n‘sion to grain.
The original model contained two resuspension paiameters 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 particleg -to vegetation
surfaces with subsequent transfer to grain surfaces during combining. ‘-_.;Ahhguigh both of
these processes probably occur, the estimation of parameter values for t.-These' :processes was
somewhat arbitrary because it was based on an assumption of equal transfer of Pu from
vegetalt‘ion to grain surfaces in the combine for Pu from both deposition an'd resuspension
(i. e.., equal Tvg)' The current model does not separate these processes and uses a single
parameter, ng, to account for the total movement of Pu from soil to grains by both
p;o;ess,és. :

3 Another simplification to the model originally presented by McLeod et al. (1980) 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.lcally-deposi.tt_ed. sui)'stances
with subg_equent translocation to grains and other plant tissues. Fo_liax"?;'at-)s;)rption has
been demonstrated for Pu (Cataldo et al. 1980). It was included in-the original model but
has been omitted here due to a lack < data comparing foliar absorption_‘:bf Pu among
different plant species. The omissioa of foliar uptake will .be discussed in greater

(4

detail in a later section.
Atmospheric deposition is expressed as Bq mfz d'l, and the soil inventory and
qudntity 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 agricultural
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operations. Because most releases from nuclear facilities will be 239Pu. the effects of

asas

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)
- ¢ . . B -'a‘: : % : . - - -

g have been recalculated (Pinder et al. 1988Db).

o e T T

¢ 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
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-
R 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 fhe SRS in Barnweli
County, South Carolina.  The atmospheric deposition rates and soil contents of 238py and
239,240 - ' T S e

»“%YPu near H-Area have been increased due to deposition of Pu isotopes released to the
atmOSphefe {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 wili 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 in ‘mid-M_'t)'v' anq,}.\ar'vested on
4 Novembe'r, 1976 using a mechanical combine. Whenever possible, the'ﬁ;'oqe'd;xres employed
were chosen to simulate the size and complexity of full-scale agricultural operations.

”[;he 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, 1

- September and 27 October, 1976. For the 1 Septembef and 27 October peri_ods, vegetative

and ear biomass were sampled separately. The concentrations of 238Pu and 239’240Pu were
measured for all sampling periods from Fields | and 2.  Separate determinations were

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

determined for only the 1 September and 27 October periods.

Sampling Procedures for Measuring Crop Biomass and Plutonium Concentrations

Corn vegetation was sampled using 10 randomly located | X‘ 3 m plots arranged to
cor;tain 1 m long sections of three adjacent rows of corn plants. Corn plants were sampled
in height increments to determine the distribution 'qf biomass and Pu as a functiqnﬂ 6f

height above ground. For the 15 June and | August samples, the plants were sampled in

025 m height increments but combined into 1 m increments for Pu analyses. For the |

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

The leaf morphology of corn plants changed with age -and }heigh&;a:’bgvé ground and

. : . . = - .

necessitated different sampling procedures for the top, middle andubot’t'é)m‘ of the plant.
The leaves at the top of the plant were nearly erect énd 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 all leaves attached to that section oti stem being
included in the sample. Leaf tips at the bottom of the plant tended to d;o.op ;uch that
some portions of the leaves extended into the next lowest height ipcreme,pil""l{hus. some of
the biomass and Pu contents reported for increments of < l-m tall were ;onfai:ned in lower
increments. The tips of leaves for the lowest .increments were sometimes in contact with
the gro‘und. These tips were ‘removed before sampling. '

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

of 0 - 1 mand > 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

féil against the stem ‘making 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 238py and 239,240py for corn vegetatxon and
gram were measured by the Savannah River Laboratory using methods descnbed by Pmder 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 the distribution of biomass and Pu among various components of.qorn
ears, four random samples of from 5 to 25 ears each were removed from .the plants im Fields

I, 2 and 3 durmg the 27 October sampling. Some of the ears were oven-dried at 60°C for 7
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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., those exposed directly to the atmosphere), inner leaves -(i.e., those
covered by outer  leaves), cob a}nd grain components. The masses, ofal}ﬁsges and’ the Pu
concentrations for grain were determined for Fields -1, 2 and 3. In,: addition. the Pu
concentraﬁons in outer leaves, inner leaves and cobs wére determined for the samples from
Field 2.

These procedures provided data on the Pu concentrations of grains befo,._re comb'ining
and the ratio of grain mass to ear mass. The grain mass to ear mass ratios ‘Qgrq used to
compute the yield of grain (i.e., g of grain mass per m2) from the estijﬁa"ies_:of ear mass

per m? for the 27 October sampling. .

Measur-ing 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
for 7 déys, ashed at 550°C for 7 days, and submitted for Pu analyses. |
Determining Plutonium Concentrations in Soils A

_To determine the Pu concentrations in soils, soil cores were -taken from the plots
usgd in the 27 October sampling. Cores were obtained using' a splitfbarrgri. ‘corer with a
cross-sectional area of 0.001 mz. The soil was sampled to a depth of 300 mﬁ‘r, divided into
0 - 50, 50 - 150 and 150 - 300 mm sections, and aliquots were rgmoved fro_m each _section
for Pu analyses using procedures described by Pinder et al. (1979).

1{

Plutonium Deposition Rates

Deposition rates of 238py and 239,240p, for the fields were predicted from regression

equations that related deposition rate to the distance from the release stack (Qorey et
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al.,, 1982). Predicted deposition rates for 238Pu were 28, 13 and 9 mBg m~2 d‘l.
respectively for Fields 1, 2 and 3. Predicted rates for 239’240}’u deposition for Fields.
l, 2 and 3 were 13, 7.4 and 5 mBq m™2 d'l, respectively. The prédicted. rates were
verified against data obtained during the growing periods at Fields 1, 2, 4 and 6.
Although so;ne controversy exfsts co-ncerning the' apprgpriateﬁes; (;f :‘f;éiy; p-'?\p;a;s a;xd dtﬁ;r
surrogate surfaces for measuring deposition (Hicks et al. 1980‘)\,' ti;e 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 al., 19_82; Pinder et

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

facilities involves particles of Pu metal or oxide (Saunders and_.uBoqi.,' i980) . of

et

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

Measqiing Root Uptake of Plutonium

‘To measure root uptake of Pu, plants were grown undver greenhouse conéitions in soils
collected from the upper 50 mm of the soil profile from an area near H-Aréa where
239,240py concentrations were known to. be greater than- those .in Fields | and 2 (McLendon
1?19'7‘5).( The greater 239,240p,, con{:entrations wére 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
thici; fiberglass mat covering the soil surface. The plants grew thréugh —small oﬁenihgs

cut in the center of the mat (see McLeod et al. 1981 for details). The l;uv._'conc‘en_trations

in leaves and grain were measured at maturity.

Deiermining the Relative Importances of Atmospheric Deposition and Soil i< suspension
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
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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 238py to
239’2401’u. There: are distinct differences in the isotopic ratios for atmospheric
deposition ax}q soil resuspension at H_~Area. The ISR for deposntxon onto Fields 1, 2 and 3
are 2.16, 1.80, and 1.71, res;;ectively. These ratios were compu‘t‘;qnﬁr; t;\e ;;redicted
rates of deposition and were verified against ratios observed in dex;osition samples during
fhe growing season for Fields | and 2. The isotopic ratios for resuspension are 0.40
(Pinder et al., 1985) as estimated from samples of resuspendible materials cj)llected from
Fields 1 anq 2, Resuspendible materials are defined as those particles :on the soil
-1

wind. ve{oc;ty Numerous

surface thatv can be suspended into the atmosphere by a 6 m s
measures‘of this concentration have been obtained by passing an air curreilt-ﬁn’der a 015 m
x 0.15 m X 10 mm tall metal hood and collecting particles from the outflow airstream (see
Pindex{ et al., 1979 for a detailed description). It 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

‘matenals are also similar to those in soil partxcles < -125 pm (Pinder and McLeod 1988)

Wthh 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. * T

The totai 2?’8Pu content of a vegetation sample can be partmoned mto -deposition and

resuspension components by solving the simultaneous equations, x + y = | and ax+by

= C, whe;e x = the fraction of 238Pu in the sample due to deposi.tion and y = the .fraction
off238Pu due to soil retention. The terms a, b, and ¢ are the proportions (= ISR/(ISR +
1)) of 238py in deposition, suspendible materials a,nd the samples, respectively. A«ftér
sotving 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
contrlbutxons due to deposition and resuspensmn is ngen by McLeQd et al (l_9§0)

To verify the accuracy of the partitioning computations for veg:gtx;n.-cor; plants
were grown in enclosures designed to permit atmospheric deposition but restrict
resuspension. These enclosures were 1.2 m X 24 m X 1.2 m tall wood frames covered with
polyethylene and laid on polyethylene sheets to prevent resuspension. They _ivere open at
the top to permit deposition. Corn plants were grown in the enclosures in plastxc pots
containing 12 kg of uncontaminated soil, harvested on | September and analyzed for - Pu

contents. There were three enclosures located at distances of approxnmately 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 summarized, i Table . The
. g > - - -
Pu concentrations in the 150 - 300 mm section were .omitted from ~Tab,l_é 1 because these

concentrations were near or below detection limits for all 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. (!:980). Mean
23‘81’u concentrations (+ S. E.) for the 0 - 150 mm section of the soils, w_hi.c:h r.epresents
the principal rooting depth of the corn, were 7.6 + 0.9, 2.1 + 0.2 and. 1;1: 0:1 mBq g‘l,
respectively for Fields 1, 2 and 3. Mean'239’24OPu concentrations fo‘f't;rese. ;soils were 22
+4,6.0 +0.7 and 44 + 0.5 mBq g‘i‘. respectively.

The Pu concentrations in the 0 - 50 mm and 50 - 150 mm soil sections u@ally differed

by lgss 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

"cqh@entfations in the 0 - 50 mm sections were 4 - 30 X greatér than those in the 50 - 150

3

mm sections (Pinder et al. 1979).

Pl(utgjnium Uptake by Corn Plants

The gconcentration ratios for root uptake by corn grown under g_rgaenlgéus-e\ conditi(;tis
were similar to those observed in other studies. The rﬁean 239’2401"& concentration- (+ S.
E. for n = 6 samples) for the soils used in the uptake study was 63 + 10 m_éq g'l,ﬁwhich
was 3 - 50 X greater the means observed for the rooting depth of soils in Fields 1, 2 or

239,240p,,

3. The mean concentration for corn leaves (+ S. E. for n = 6 samples) was

18 + 4 uBq per g dry mass which indicates a concentration ratio of approximately 29 X107

4. “ This is similar to the ratios observed for 238Pu and 23%Pu uptake by corn in other

studies using SRS soils (Hersloff and Corey 1978; McLeod et al. 1981; Adrianq et al,
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1986) and is similar to the ratio observed by Pimpl and Schmidt (1988) for corn upizke of
Pu from a granitic soil.

The 239:240py- concentrations in grain samples were below the detection limits of
approximately 3 uBq g-! and suggested a concentration -ratio  for :-\%ta_}(ef~of < 10:',5.
Plutonium concentration ratios for grains are usually < 10" and ;‘;e. !.e:ss—than those for
leaves and stems (Romney et al. 1981), but there appéar‘ to be no pubilished concentration
ratios for corn grain. Hersloff and Corey (1978), McLeod et al. (198!), Adriano et al.
(1986) and Pimpl and Schmidt (1988), who report ratios for vegetative tis:.f»ues, do not
report ratios for grains. In subsequent computations a concentration ratio f_on: ‘Pu_ in corn

grains of 109 has been assumed. ' LT L

. P
-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 «verage, and the biomass of the crop declined. The ears were

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

sénescence, 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
diffg_rences in moisture stress and ear production. The drought. stress ‘was eséecially
pronounceg on the more clayey soil of Field 1 (see McLeod et _aj. “l981 for s;éil

descriptions) where many plants were < 1 m tall and did not produce ears.

Plutonium Concentrations of Fleld Grown Crops
The Pu concentrations for ficld grown corn varied among fields, among tissues and
with height above ground (Tabie 3). Concentrations generally declined with incrga_sing

disfance from the stack. The concentrations for leaf and stem samples averaged

approximateiy 1.2 mBq 238Pu and 0.6 mBq 239,240py for Field 1, 0.5 mBq 238Pu and 0.3 mBq
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239,240py for Field 2, and 0.5 mBq 238py and 0.3 mBq 239240Py for Field 3. The

concentrations for ears were usually < 0.1 mBq g'l for both 238Pu ‘and 239'240Pu._

Concentrations of 2,38Pu were generally éreater for the upper portions of pla'nts, whereas

: the 239’240Pu concentrations showed little apparent change_ with height increments. The

/ number of d‘repli*cates for determinetions of cencentrations ‘w.ere; somgﬁei -less than t}re

number -of plots sampled for biomass. This occurred for two reasorxe. v.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 than tbose expected to

occur as a result of root uptake. For a concentration ratio of 29 X lO 4, the expected

concentrations for root uptake of 239’2401’u from Fields I, 2 and 3 are 7, 2 and 1 uBq g"l,

-1 , respectively.

respectively. The expected 238Pu concentrations are 2, 0.6 and 03 uBq g
The 'vexpected concentrations were computed as the product of the concentretion ratio and
the i’u concentrations in the 0 - 150 mm section of the soil. The observed concentrations
are 'approximately 100 X these oxpected values which .indicates the far greater importance
()'fbsur’face contamination mechanisms. The contributions from root uptake are negligible
compared to the surface Pu.

'i'isette ‘Masses and Plutonium Concentrations for Ears and Estimation of Usg - N

The;e were considerable differences in Pu concentrations amopg'the;;ti“ssues of corn
ears sampled from Field 2 (Table 4). The Pu analyses on ear tissues had greater
accuracies and lower detection limits than those on leaf and stem samples due to the

gréater sample mass. The outer leaves of the ears, which were exposed to the etmosphere,

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

October sampling. The inrer leaves and other txssues had concentratlons that were lO -

100 X less than those for outer leaves. The 239'240Pu concentrations in cob and grain
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samples were below detection limits. Two of the four grain samples had detectable 238py

l,. The ISR for outer and inner leaves suggested

concentrations of approximately | uBq g~
that atmospheric deposition was the principal source of the Pu.

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

- 4N -
tissues, some movement of material among tissues should be expected. "~ The outer leaves

contained 94 % of the 238py, Inner leaves contained 4 %, and the grain and cob contained
approximately 1 % each. Because of the large difference in inventories between the outer
leavés and grain, the possibility exists that much of the Pu content of .the érain was the
result of crossfcontamination. ;

Fewer ears and less grain were available for Fields 1 and 3 wh'iq_hjresgl.t‘c;,d ‘in fewer
determinations of Pu concentrations above detectable limits. For Field" 1'7, _o'nl:y one sample
had detectable 238Pu concentrations of 0.6 uBq g"l. For Field 3, two of the four samples
of grain had detectable 238Pu concentrations of approximately 1 uBq g'l.

‘Grain accounted for the majority of ear mass on all three fields. The mean percent
contributions of gfain to ear mass (+ S. E.) were 69+ 2, 71 + 1 and 69 + 1 % for Fields I,
2‘*1‘md“3, respectively. These percentages and the biomass of éorn- ears at_harvest (Table
2) indicate grain yields of 1, 222 énd 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-%

between grain and soil, these yields result in estimates of U (i. e., the fractnon of

the soil mventory transferred to grain by root uptake of 7.1 X 10"12, ll X 10'9 and 32

X lO’lo'for Fields 1, 2 and 3.

The Plutonium Contents of Corn Due to Atmospheric Deposition
¢

The inventories of 238py (i.e., mBq m'z) attributed to atmospheric deposition and
resuspension are given in Table 5. The 238p, inventories due to deposition were fairly
coristant, and changes in inventories generally reflected changes in crop biomass. An

exception to this pattern is the small inventory for Field 2 for theé 15 June sampling

-
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period. The 238p, conzentrations 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 i:yygnto‘ries attributed to atmospheric deposition for corn were greatér than those

. P T A
.o [~ \d

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

approximately 230 and 100 mBqg 238Pu m~2 for Fields | and 2 (McLéod et al. 1980). The
inventories for soybeans were approximately 100 mBq 238py m™2 for both Fields 1 and 2
(Adriano’ et al, 1982). The greater inventories for corn were not du;e 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 inveatgries for corn

probably resulted  from the greater biomass for corn. The biomass for- gfhg'ét:and soybeans
were usually < 300 g dry mass per m2.

At the time of haivest, the corn biomass and 23‘8Pu inventories 'attlributed to
atmos}pheric deposition were similar to those for wheatl and soybeans due to leaffall
assoc:iated with the senescence and drying of the plants. Estimates of lv, the fraction of
- the vyearly deposition retained on vegetation at harvest.,~for Fields 1, 2 and ‘,3 were 0.019,
0048 ai(nd 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 for

the 1-m height increments at the other sampling periods. * The inventqijiés of Pu at

dif;fere;nt* height increments generally reflected the relative biomass. at ‘that increment
with some increased inventories in the upper increments due to incx{éases in the
concentrations of 238py  from atmospheric deposition (Tablé 6). The in-creased
coﬁcentrations 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 bgrhe

3 g'l, whereas the mean ratio for vegetation borne at. heights

at -heights > 1| m is 16 + | mm

<1mis 10+ 1 mmdg ! (data from Pinder et al. 1988a).
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~fields in the relative importance of resuspension and deposition.

The concentrations of 238[’u for plants grown in the polyethylene enclosures and

harvested on | 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

samples) were 1.2‘ + 0.3, 0.76 + 0.29 and 0.38 + 0.03 for the enclosures located at 0.15,
0.35 and 0.5 km from the stack, respectively. The similar conc;ntratiohs support the

accuracy of the partitioning computations. 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 . IR

G =

Although the Pu inventories of the vegetation due to resuspension .:(Tgblé 5) are not
required for estimating model parameters, the inventories and the distribution of the

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

under;tanding differences in estimates of ng among Ccrops. The inventories due to

resusp‘ension ranged from 3 % to 21 % of those for deposition with little' difference among
l ‘
! Inventories from

résuspension averaged 10 % of those from deposition, The inventories attributed to
resuspension for Fields | and 2 were similar to those observed for wheat and soybean
crops.

The inventories of 238Pu due to resuspension showed relatively little ?;pﬁange among

¥

sampling 'times. The major exception occurred for the | August sampling periad on Field 2

2

where three plots had inventories > 50 mBq m™“. Such unusually large and possible outlier

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

(4

deposition and resuspendible materials as well as analytical errors in determining Pu
concentrations (Pinder and McLeod 1989).
7 The 238Pu due to resuspension for the | September sample was not uniformly

distributed in the corn canopy but was concentrated in the < | m height increments (Fig.
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1).  Similar patterns were observed in the 1-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 Pinder and McLeod (1988) for sunflowers grown
on Field 2.
—— .:.: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 éample masses
available for. analysis. The 238Pu concentrations were usually > 1 uBq 'g'l and were
greater than those exbected due to root uptake. For an assumpd cpg_ié'Mrafjén .rafi'o of
10"6 for root uptake, the expected concentrations for Fields 1, 2 and :7'3 -airt; 0.008, 0.002

and 0.001 uBq 238Pu g'l. These concentrations are less than those observed for wheat and

soybeans on Fields 1 and 2. Total 238p,, concentrations for wheat grain from Fields 1 and
| .

.

2w§rel4_+_2and7_tlqug'
1

, respectively (McLeod et ai.,, 1980). Concentrations for
s’oybgans were 3 + 1 and 4 + 1 uBq g™, respectively (Adriano et al., 1982).

The 238Pu concentrations for combined grains -appeared to be greater than those

observed for the hand-separated grains, but the differences are not distinct! because of

the number of hand-separated grain samples with Pu concentrations near or below‘; the
detection limits. This complicates the interpretation of possible Pu -tra\nsfers from

% A measurable

vegetation to grain occurring in the combine and the estimation of Tvg’

increace in Pu concentrations between hand-separated and mechanically-har"v'zzsted grain is

needed to indicate transfer within the combine. Because 1) mechanically-harvested grains

had greater concentrations than those expected due to root uptake and' 2) the Pu presest in
{ l

hand-separated grain could have resulted from cross contamination from outer leaves (see
discussion above), it was assumed that all the Pu content of mechapicailly-harvested grain

resulted from transfers within the combine. The resulting estimates of T, , the -fraction

g’

transferred,.were 1.8 X 10'5, 10 X 1073 and 1.0 X 1073 for Fields I, 2 and 3,
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respectively. The relatively low 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 239,240p, concent,rétions. and

partitioning of the concentrations into components due to atmospheric deéposition and

- . 1mf“m;§7%"~ -
resuspension indicated negligible contributions from resuspension (Table 6). None of the

mechanically-harvested grain samples from Fields | and 3 and only 2 of the 5 samples from
Field 2 had measurable quantities of Pu attributed to resuspension. Estimates of ng for
Fields 1, 2 and 3 were 0, 1.3 X 10-8 and 0, respectively.
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DISCUSSION

The drought conditions during the later part of the growing season have the potential
to affect the parameter estimates. Greater vegetation biomass and grain xieids may have
A . . .o Y % - - .

resulted in greater estimates for I,, U and Tvg. The corn on Field l‘_:wa's most affected

5g
by droug‘ht. and the estimates of L, 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 behaviors

among crops.

Comparison of Model Parameters

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

presented in Table 8. Parameter estimates of lv' Usg

drawn from Pinder et al. (1988b).  Estimates of R

and Tvg for wheat and'soybeans are

g for wheat and soybeans have been

computed from the data of McLeod et al. (1980) and Adriano et al. (1982). Estimates of IV'

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

soybeans and corn, whereas estimates of U

sg’ Tvg and ng appear to differ among crops.
The different estimates of U result from principally from differences in
~ o sg — —— .

concentration ratios. The concentration ratios for wheat and soybeans are taken from the

data of Romney et al. (1981) for the acidic Lyman and Malbis soils. The -‘Tr.atio for wheat

grain was 1.6 X 10"7. The ratio for beans was 1.1 X 10'6. There was less variation.among

yields. Yields of wheat grain, beans and corn grain were 120, 100 and 140 g m-2,

The estimate of T,, for corn is less than those for wheat and soybeans. The lower

8
<
estimate for corn probably reflects differences in the structure and operation of the

combines. For wheat and soybeans, the combines clip plants near the ground surface and

almost all 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 and surface 238Pu
inventory enters the combine, and not all of the surface Pu contamination is available to
be transferred to grain. If Tvg is recoxﬁputed for only that portion of the }fu inventory
for the > 1-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.f C *,.'7 v - i

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.

e e ey e o -

This fraction may be expressed as lg where Ig =1, X Tvg.

fields for each crop) were 13 (+ 0.I) X 10"4 for wheat grain, 4.1 (& 2.6)-'X 10'5 for

The mean I8 (# S.’E. for n = 2

l " soybeans, and 3.9 (t' 1.1y X 10~ for corn. These values indicate _g_rcgier ‘transfer of
)
|

H atmospheric deposition to grains for wheat than for soybeans a.nd CDI"—;I -;rhe fractions
‘j transferred for soybeans and corn are similar., The greater transfer for w.heat occurs due
;l to greater transfer from vegetation surfaces to grain surfaces in the combine (i. e, >
| Tvg) |

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

~the relatively small Rs for corn grain, Less transfe'r, of resuspended Pu from vegetation

8
surfaces to grain surfaces may have occurred for corn because the I-m high setting of the

combine head excluded the < 1-m high portions of the corn plants which contained the
majority of the resuspended Pu (Figure 2). Moreover, the high setting may have reduced
tl;e i;:take of soil particles resuspended into the air during the combining activity. q

Altb;ugh some differences in parameter estimates occurred, ‘thésé éiéferences_ were
smaller than those that might be expected given the differences in plant’ morphologies
among crops. Greater similarity occurred between corn and soybeans, a rﬁonocot'and a
dicot, 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 plant

‘

morphology.
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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.‘s-cena}rio of a nuclear facility operating over a,30-y9a; .pgridd' q‘nd depositiqg

100 and | mBg 239py m~2 d-! onto sites that already contained 75 Bq%gP

h m'i due to
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 té areas where deposition
rates are similar to global levels (Corey et al. 1982).

During the first year of operation at each deposition rate, the princibal mode of
contamination is the interception ‘and retention of atmospheric deposition~ ,:_:l‘?'.es'uspension
is less important than deposition, and the contamination resulting -vfro}:n-'ro:ot uptake is
largely negligible compared to surface contamination from deposition and resuspension. As
deposifion continues, the Pu inventories in the soil at- the higher‘deposition rate
incregse with concomitant increases in the relative importances of resuspension and
uptak:e. The maximum contribution of resuspension to grain occurs in the 30th year of

.. operation where resuspension contributes approximately- 1 %- as much Pu as deposition.
lfiﬁtoni;xm inventories in the soil do not incrlease appreciably at the lower deposition
raté, and resuspension contributes approximately 3 % as much Pu to grain as deposition
throughout the operation of the facility. |

Greater resuspension (i. e., > R was observed for wheat and soyb_eans than for

sg)

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

m"2 a-! (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~2 d'l,

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

deposition for wheat and soybeans (Fig. 4).

‘

Resuspension in years | to 10 at the higher deposition rate may be somewhat -greater

than that depicted in Figure 3. Greater resuspension may occur becauseé a large portion of
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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). i ‘

Although parameter estimates varied among crops, the crops dg"monstrated similar
relative importances of deposition, resuspension and root uptake.  This similarity oceurs
because estimated I, were > 0.01, estimated Tvg were > 0,001, and estimated ng were >
estimateci Usg‘ These values and patterns result in similar relative in:'iportancés of
deposition, reguspension and root uptake among agroecosystems.

The relativgly small contributions of resuspension after }0 yqa_x::s-'at__,l.th;a greater
deposition rate in Figure 4 contrasts with observations near H-Area ~§vhe';re_ bc;ntributions of
resuspension to wheat grain and beans may account for 30 to 50 % of those for deposition
after only 20 vyears of operation (McLeod et al 1980; Adriano et al. 1982){Ae
great'er importance of resuspension at H-Area results from previous periods of greater
atmo;spheric release and deposition (Pinder et al. 1979). Much of the 238py inventory of
H- Area soils apparently resulted from an accxdental release in- 1969 (McLendon 1975). The
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 ai?;'e-rISO yeérs,
contammation processes would be limited to resuspension and root uptake. “.The Pu contents
due to these processes after shutdown would be similar to those depicted m Figure 4 for
the 30th year of operation, Resuspension would be of greater imbortance than root uptake.
Th‘e Pu contents of grain at the higher deposition rate would be increased due "to
accumulation of Pu from deposition in the soil. Soii inventories would increase i’rorm.“ 75

to-1170 Bq m~2 at the higher deposition rate, The fraction of the 239Ru exported from the

system per ~3.'ear with harvested corn grain after shutdown would be 6.9 X 10'9 (= ng + Usg)

-
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which is 4000 X less than the loss rate per yeai 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 fqtes ‘of surface and in’ternal Pu contamination_iq foqd. groce.ssi:ng may vary
among crops and processed foc;ds, and little appears to be known agéﬁ;ﬁe-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 ét‘ grain can be incorborated
into whple-grain food products. ‘If 25 % of the surface Pu content of ;grain dae to
deposition aqd resuspension is incorporated into processed foods, surface Pu would still
¢contribute the majority of the Pu content of processed foods fo; bot_h_.;ftepos__iti.on. rates in

~

Figures 3 and 4.

-

Assimilation of Pu from the gastrointestinal tract is affected‘ by chemical and
physical form (ICRP 1979) and may be greater for Pu incorporated into plaht tissues via
root:uptake than for Pu in inorganic form (Sullivan et al. 1980). Estimates of the

)

fraction of the ingested Pu that is assimilated range from 103 for readily available Pu

to- 107 for relatively insoluble Pu (ICRP 1979). ‘Although the range of assimilation

ffactions is well - defined, the nature of Pu-bearing particles on plant surfaces, and
consequently, the appropriate assimilation fraction is dependen.t\ upon variable factors
ir‘nclu_ding the form of release and possible aging of Pu-bearing part‘icles ‘in the
envi;onme_nt. If 1) 25 % of the surface Pu is retained 'in procéssed-‘?i’bdds, 2) ‘the
asslimilation fraction for surface Pu is 10’5, and 3) the assimilation fracti(;h. for Pu from
foot uptake is 10‘3, then surface Pu accounts for most of the assimilated Pujlat the higher
depositior. rate. In the 30th year of operation, 4 X as much Pu. is ingested from surface

f

contamination as from root uptake at 100 mBq m"2 d'l. At the lower deposition rate,
surface Pu accounts for one-half as much assimilated Pu as root uptake.
# There is a further complication in assessing the relative importances of external and

internal contamination in the amounts of assimilated Pu. The processes which cause

-
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surface contamination (i. e., deposition and resuspension) can also result in 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 leaves
Ig .- was absorbed and translocated to roots and seeds. For the scenarios in Figure 3, foliar
l absorption aﬁa ‘tratmslocation to 'grain_of 1 X l(‘)"5 of the Pu‘ dé‘pasi"t"é'c.i'%? l.gaQés and stAex;s
to seeds -would result in 239py concentrations in corn4g'rain of 0.096\'and‘ 0.000096 uBq g"l
for deposition rates of 100 and | mBq m"2 d'l. respectively. These concentrations would
not ‘measurably increase the total Pu content of grain, but they would' significantly _alter
the contént of Pu incorporated into internal tissues. At the higher deposi;ion rate, Pu
concentrations‘ from foliar uptake would be 15 X those for root uptake‘ At the lower

deposition rate, foliar uptake would account for 2 X the concentration from root’ uptake.
Whereas physical processes and surface contamination dominate Pu tr;nsport processes
in agfoecosystems, uncertainties about 1) the fate of surface Pu in food processing, 2)
the relative assimilation of surface and internal Pu, and 3) the potentmu nmportance of
fohar uptake mechanisms limit our understanding and appreciation of the t;ansport of Pu
_ fxqm grain-producing agroecosystems to the human diet. .
| CONCLUSIONS
These results imply some general conclusions concerning Pu mobility in
agroecosystems. Where Pu releases to the atmosphere are on-going, atmospheric deposition
u;illrylikely be the principal contamination mechanism. Where Pu releases and deposmon
have occ;rred in the past, resuspension is likely to be the predommant mechamsm in
moving Pu to grain crops. The greater relative importance of resuspensxon versus root
uptake has been noted for a number of other systems (Watters et al, 1980; White et al.
1981: 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

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 = 10

samples.

FIELD SOIL SECTION , CONCENTRATIONS

' (mm) 238p, 239,240p,

1 0- 50 11 + 1 35 ¢ 7

50 - 150 59 & 08 16 1 3
2 0- 50 29 + 03 86 & 12
50 - 150 17 + 02 48 + 0.7
3 0- 50 13 + 0.1 58 &+ 1.1
50 - 150 L1+ 02 37 &+ 0.7
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TABLE 2. Corn biomass (g m“z) in 1-m height increments for Fields 1, 2 and 3. Data are

means + stardard errors for 10 samples.

. DATEAND | BIOMASS. |
I“ L . . . . L :q% . .
,.‘ HEIGHT L
| INCREMENT Field 1 Field 2 Field 3
I
--~ Leaf and Stem Biomass ---
15 June
~ 0.0-1.0 398 4+ 74 236 + 48 Fa
1.0-2.0 53 4 12 87 + 25 i
2.0 1+ 1 5+ 5
Total 451 + 83 328 4 76
1 August
0.0-1.0 359 + 44 414 + 39
*1.0-2.0 367 + 55 921 £ 52
T 20 ~ 67 + 12 223 4 21
Total 793 + 91 1557 + 81
l\Se&ptember _ L
0.0-0.5 178 + 28 10210 08 £ 8
0.5-1.0 131 + 18 99 + 8 99 + 8.
1.0-1.5 104 4 12 199 + 49 1.67 + 8
1.5-2.0 66 + 11 100 + 29 | 57+ 4
(>2.0 31+ 6 59 + 11 34+ 5
Total 510 + 66 480 + 34 404 + 25 |
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Table 2. Continued.

283 + 90

DATE AND BIOMASS
HEIGHT ‘ S L
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 R WAL

52.0 74 5 24+ 9 s 4
Total 215 + 47 278 + 66 204 + 42
-~- Ear Biomass ---

1 September

10.0-0.5

' 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+ 8 101 8
Total 18+ 9 442 + 67 131 ¢ 36

27 October !
0.0-1.0
1.0-2.0 2+ 2 283 + 90 92 + 36

>2.0
“ Total 24+ 2 92 + 36

=y
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‘ TABLE 3. The concentrations (mBq g'l) of 238py and 239,240py in corn grown on Fields 1,
2 and 3. Data are means + standard errors for leaf and stem biomass and ear biomass in .

height increments (m) above the ground surface.

" DATE AND : ) -
P HEIGHT FIELD | FIELD2 FIELD 3
l INCREMENT
n 238p, 239'240Pu " 238Pu 239’240Pu n 238p, 239,240p,,
‘_ --- Leaf and Stem Samples ~--
;! 15 June _:* .
E 0.0-1.0 10 0.88+0.16 0.69+0.11 10 0.09+£0.02 0.09+0.02 a : -' |
? 1.0-2.0 9 1.3103 0.92+0.26 9 0.14£0.03 0.13£0.04
}-J >2.0,‘ '
1 Augiust
0.0-1.0 10 0.7840.23 0.46+0.10 10 0.37+¢0.05 0.23:0.03
1 1.022.0 ; 10 0.80+0.12  0.49+0.09 10 0.2740.04 0.19+0.03
.>2.0 8 14105 0.63+0.16 10 0.561£0.05 0.34+0.03
1 September
0.0-('_);.‘5 5 0.54+0.09 0.38+0.10 10 0.38£0.06 0.28+0.05 10. 072910.‘0.5 B 0.3}2&0.06
0.5-1.0 5 13403 0.83+0.33 10 0.39+0.04 0.2740.03 9 03410"08 ‘ 0.1810.63
1.0-1.5 ' 5 09140.19 0.49+0.16 10 0.95+C.13 0.43:0.06 10 0.17£0.03  0.07+0.01
1.5-2.0 4 201038 1.1 £0.6 10 0.65+0.13 0.30£0.03 9 0.353—_0.91# 0.1?10.01
>2.0 3 28+l 1.2 £0.7 10 1.0 £0.2 0.4610.06 '9 1.4 +0.4 0.40+0.12
27 fOctober |
0.0-1.0 6 0.64:0.07 0.4410.14 8 0.60+0.08 0.410.04 7 0.53£0.05 0.41+0.07

—

52.0 7 1.3 402 0.7210.22 7 0.96+0.14 0.52+0.09 4 0.541+0.13  0.2840.08
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Table 3. Continuead,

DATE AND
HEIGHT FIELD 1 FIELD 2 FIELD 3
INCREMENT A. )
. 238p, 239,2401,“' L 238p,  239,240p, n  238p,  239,240p,
-~~~ Ear Samples -—-
1 September . _
0.0-0.5 | T )
0.5-10 I 0.01 0.01 2. 0051005 0.04:0.03
1.0-1.5 2 0.04:0.03 002:001 3 0.04:0.02 0024002 7 0.03:0.03 0.0640.04
1.5-2.0 | 10 0.02:0.01 0.01:0.01 h
>2.0 1 0.0l 0.02
: 27-Qct6ber
6.0-1.0
>1.0 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 (4Bq g'l) of the

tissues of corn ears collected from Field 2 on 27 October 27, Data are means 4 standard -

errots for n = 4,

TISSUE BIOMASS CONCENTRATIONS
’ 238p, 239,240p,,
Whole Ears 128 + 18 47 417 S T R
Quter Leaves 7+ 1 680 + 52 330 +24
“Inner Leaves 8+ 1 26 + 6 _:‘ 13 + 4
Cob 24 3 2 42 T <2
Grain 91413 1 <1
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|
TABLE 5. The mean inventories (mBq m‘z) of 238py attributed to atmospheri¢ deposition

and resuspension on Fields 1, 2 and 3. Data are means and standard errors are computed.

v
|

from n = 10 samples eéxcept for Field | on 27 October when n = 5§, !
FIELD TISSUE SAMPLING DATE i "
15 June 1 August 1 September 27 Octotier

--- Atmospheric Deposition --- |

1 Leaves apd stems 443 177 630 + 136 519 4 150 . .19‘71 + 39
Ears 1.0 + 08_:"‘ 501
2 Leaves and Stems 33 % 1l 500 + 60 302 & 30 . 219" + 68
Ears 14 + 8 11 + 6
3 ,I;eavés and Stems 134+ 17 lpjl + 25
Ears 10+ 06 37 & LS
--~ Resuspension --- |
‘t Leavesand Stems 72 & 32 68 + 31 ° s6 + 37 20t 12
¥ Ears | < 0.1 < 0.1
; 2 Leaves and Stems 63 + 1.8 29 + 8 84 + 1.7 6.1 + 19
i Ears 02+ .00 05 04
: 3 Leaves and Stems 1o+ T ‘9.4 + 58
I | ' Ears 04 + - 02 s + 34
3 .
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TABLE 6. Concentrations (mBq g'l) of 238py attributed to deposition for leaf and stem
biomass from Fields 1, 2 and 3 for the 1 September sampling period. Data are presented .
for height incremen‘fs of 0.5 m and the whole iig:'.is.mt which represents a mean of the
concentrations at different height increments weighted for the b{ioma_sgﬁg_%th}at increment.

Data are means and standard errors for n = 5 samples_for Field 1 and n.:- 10 samples for

Fields 2 and 3.

HEIGHT | FIELDS

INCREMENT ! 2 3

(m) S
00 - 0.5 0.47 + 0.09 0.34 + 0.06 0.21 '+ 0.06
0.5. - 1.0 1 +03 0.36 + 0. 04 0.30 + 0.08
.1.0; - 15 0.70 & 0.13 0.94 +0. 16 0.17 + 0.03
1.5 - 20 1.5 +0.7 0‘.654 +0.13 0.30 + 0.05
20 17 +09 10 0.2 " 13 .4 04
%thole Plant : 0.82 + 0.16 0.64 + 0.06 0.31 + 0.05
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TABLE 7. The 238pu and 239:240p; concentrations (uBq g“l) in mechanically~-harvested grain
and the partitioning of the 238py 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 238py o 239,240p, . Data are hmqeans j;t-_ 1 standard
. ¢ O 4 . ‘,.,,‘.',\.‘ % - - . JAN
error for n = 5,
FIELD CONCENTRATIONS PARTITIONING OF 238py
CONCENTRATIONS
238Pu 239'240Pu . Deposition ‘
Resuspension L
1 2.4 + 0.2 0.76 + 0.22 2.4 + 0.2 ‘ 0.0%
2 .1 £ 0.1 0.58 + 0.10 11+ 0.1 ) 0.1
3, 1.7 + 0.3 0.61 + 0.11 1.7 + 0.3 0.02

4 No detectable contribution from resuspension

5
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Table 8. Estimates of parameter values for the Pu transfer model presented in Figure 1.

The model parameters are: 1) I, the fraction of the yearly deposition that is retained on.

v
the vegetation at harvest; 2) Tvg, the fraction of the Pu on vegetation attributed to
atmospheric _erogition that is transferred to grain during cqmpiqin_g;’ ws, the fraction
of the soil inventory absorbe;d by roots and translocated to gram, '_'im; 4) ng, 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 I and 2 (Pinder et al., 1989. The wvalues for corn represent means ;and standard

etr. rs of values from Fields 1, 2 and 3.

PARAMETER CROP S
Wheat Soybeans Corn
I, 0.030 + 0.001 0020 & 0.013 0.037 & 0.011
Tvg 0.0045 + 0.0002 0.0021 + 0.0001 0.0010 + 0.0001
- Ug 9.9 (+ 0.3) X 10! 5.7 (£ 02)° X 10710 73 (¢ 41) x 10710
! Rg 1.6 (+ 0.1) X 107 74 (+ 2.3) X 1078 62 (+ 62) X 107
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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 mechanicailyv
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.
. ‘ o LWL -

Processes occurring during the combining include transfer of Pu-bea'r.i'ngl particles from
depositioh 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. Atmospheric deposition is expressed as Bq m™2 :y'l, and the

soil inventory and quantity of Pu harvest are expressed as Bq m™2,  The effects of

radioactive decay for 239y are negligible and are omitted from the mod_él.‘ -The model is

defined by four parameters including: 1) I the fraction of th'evf' xc'arly deposition

v’

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

g’
surfaces transferred to grain during combining; 3) Usg' the fraction of the soil inventory
absorbed by roots and tfans‘iocated to grain; and 4) ng, the fraction of the soil

inventory of Pu resuspended to grain.
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Figure 2. The distribution of the inventories (inBq m'z) of 238Pu attributed to

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

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 = §

‘ [T [~ \d
. .

samples from Field 1 and n = 10 samples from Fields 2 and 3.
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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 mBa 239y @2 g-! (Fig. A) or | mBq239-Pix m 2 4-!
(Fig. B) onto _fields already containing 75 Bq 239Pu : m'2 due“_%% g‘lpbal' fallout.
Predictions are computed using the model depicted in Figure | and p_a,ramétef estimates from

Table 8.
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Figure 4. The 23%Pu concentrations for grains from wheat, soybean and corn
agroecosystems as a result of atmospheric deposition, rciu.pension and root uptake for ‘a‘
hypothetical scenario where 'a nuclear facility operates for 30 years and deposits either
i ‘ 100 or 1 mBq239Pu m-2 4! onto fields already, containing 75 Bq. 2391’&&’% fd_ue to global
’: fallout,  Predictions are computed using the model depicted in Figure.:l .and parameter

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

L) L;:'l- .
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