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1. 

Background 

The prohlem of how ·green plants respond·when contam

inated by airborne residues is not simple. Whether one 

considers a radioelement or any of the stable elem~nts, 

th~re is evidence that the green leaf, itself, plays an 

active roie in promoting the incorporation and subsequent 

metabolism of foliar deposits. First, several extrinsic 

factors operating at the leaf can signiticantly modify the 

sorption/translocation process; namely,- humidity, light 

cycle, mass loading of the leaf, possibly absolute size of -

the aerosol particle, and possibly the nature of the vector 

(host) particle~ Second, it is now more widely recognized 

that some of the radioelements, apd certainly most of the 

metal elements, do not behave as simple ions in aqueous 

solution. Once deposited on the green plant, they are 

likely to be .converted to mo· lecular complexes, whose 

movement is gov:erned by the chemistry of the organic 

anion to which they are attached. The idea that molecular 

complexes are involved rests on a number of inferential 

studies of sorption and desorption kinetics in seaweeds, 

soil/plant systems, and the soil clay partic~e, and on 

·chelation studies in the animal blood stream 

( 1 _ 4. ) . Rece~tly, however, there has been 

progress in identifying such molec'ular complexes by 

combined e~ectrophoretic and chromatographic separation ( 5 ) 

Third, problems have arisen as to the generality of the 
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presently.limited data base concerned with foliar entry 

of radioelements into plants. The principal data available 

concern aqueous spray application of radiocesium and 

·radiostrontium (6). These and data for a few other radio-

·elements comprise_ the data base for conservative estimation 

in the Hermes ("Year 2000") Model widely used for nuclear 

energy appl~cations 

In assessing health consequences with such models, 

we fin~ that the food-chain step involving foliar sorption 

is only a secondary route of entry .to man, with respiratory<-

inhalation the dominant·route (0.3 ~m AM.AD particle, for 

reference purposes). However, in assessing the potential 

for biological dispersal and interception, by ecological 

processes acting over very long time intervals, we find 

that foliar sorption/translocation rates are important 

·to establish quantitatively. Experience in the fuel·s 

reprocessing operations of the nuclear industry has 
~-

WI b ii!!P.y led to radioactivity levers in vegetation which 

exceeded estimates based on standard calculation (4). 

Even when proximate hazqrd to man seems remote, public 

acceptance of these operations wilL require a better 

basis for prediction. Besides research on the transport 
'· 

factorJ resuspe·nsion, there is need for precise quantitative 

data on several fqliar interactions involving, particularly, 

-the transuranium elements other than plutonium-239. 
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Our ecological program at PNL is aimed at four 

major aspects of behavior of the troansuraniurn elements 

in or on envir9nmental surfaces. Although today we will 

be presenting studies in the last area only, it is useful 

to keep in mind the coordinated program. These are: 

1) ecological pa~tern of distribution in 200-Area ponds, 

2) plant availabili t'y under arid weathering/aging 

conditions, 3) complexation reactions in the soil/plant 

system, and 4) ~erosoi particle/plant intera~tion. 

In the foliar studies, a great deal of background effort 

was needed because·of the complexity in handling plants 

under good physiological conditions. Also, .because of 

the potential for serious accident in circulating 

plutonium aerosols at 1 mph, much of the plant handling 

technic was worked out using arbitrary tracer aerosol·s 

that were, however, adequate to establish the plant 

responses. This work hC!-s not been widely reported·. 

As it is ·still useful in guiding current developments, 

I would like to review several points today. Drs. 

Betty Klepper, Doug CrC!-t~' and Dom Ca~aldo will speak 

separately on our curre~t exposure system and on the 

initial aerosol plutonium depositions. 

.! 



4 . 
Foliar Uptake Rates 

In the plant physiological literature, uptake has 

been estimated in fairly unrealistic ways; e.g., using 

cut-icle only ( 8 11 ), isolated leaf cells (12), and 

excised leaves ( 13 ·- 15 ) .· These· data do not seem to be 

too useful for radioecologi9al purposes. Entire plants 

have been exposed, also, using rather different applications 

technics; e.g., leaf immersion (16), a drop of known com-

position applied to the leaf (17) and sprays (18, 6 .) . 

Depending on method of application, either all or a fraction 

of the mate:r:ial placed on the leaf remains in the plant·. rn· 

the radioecological literature, air to plant correlations of 

fallout deposited, Sr, Cs, and I 2 ~ have le~ to the value of . 

0. 25 repres.enting the fraction of each month's surface 

deposition from air and from sprinkler irrigatio~ that is 1 

initially retained by the.vegetation. This fraction is 

considered to be applicable to all radionuclides on all 

crops; and, to remain on the plant with a biological half-life 

of 14 days, the average value for published data concerning 

fallout nuc~ides (7). Obviously, these values re~resent 
. . 

operational definitions subject to considerable variation.· 

due to climatic, chemical and plant characteristics. 

Ten-day old plants of the·common string bean, Phaseolus 

J • v-q:],_g?r:i.~, were used for the studies below, _with culture and 

handling conditions described in detail elsewhere 

19, 20. ). The following deposition parameters 
. .... 

·now have been' established for 0.8 llm particles under flow 

rates varying from 0.2 ·to 20 em/sec. 
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TABLE 1 

Deposition .of 198Au-Labelled Aerosol (0.8 llm) On 
Bean Plants In Low Velocity Wind Tunnel 
(Data taken from Craig a,nd Klepper, Ref •. 20) 

Distribution Characteristics 

Mean Aerosol Concentration 

Deposition Rate Onto Leaves 

Leaf Area· · 

Mean Deposition Velocity 

Radioactivity, Fraction of Total 
Generated 

AMAD._, llm 

GSD 

3 pg/cm 
2 pg/cm /sec 
2 ·em 

em/sec 

0. 7.8 + 0. 04 

1.65 + 0.04 

{4.1 + l.l)x 10-3 

(1 .. 0 + 0.3)x 10-3 

. : 

Averages of 12 runs, 4 plants·per run;+ 1 S.D. as indicated. 
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Since deposition velocity will be strongly dependent on 

particle size, one should note that the average reported 

here will be particular to the ~istribution describe~ •. 

We now expect to extend these determinations to. larger 

particle sizes by way of es·tablishing a systematic 

data base. 

Mass .Loading 

An important feature to note in the data shown above is 

the very low mass loading on the leaves. The duration of 

each of these runs was 20 min, leading to a value for 

2 loading in the order.of.4 pg per em of leafy surface. 

This is a highl~ desirable feature. In earlier work, where 

we had less control over the rate of generation, it was 

noticed that.mass loadi~gs in excess of about 1 ~g/cm 2 led 

to grossly impaired function in the plant. For these 

earlier studies, vector aerosols of anhydrous glycerol 

t d t . . . 22 d 1 . were genera e , con a1n1ng Na see nuc e1. The system 

was adapted from the sinclair La Mer approach (19, 36). 

Two lines of evidence indicated impaired function at 
' 

loading in e~cess of 1 ~g/cm2 . 

Fi.rst, polarographic studies of gas exchange at the 

leaf surface showed impaired leaf function at high aerosol 

loadings; e~g., 6-17 mg/cm2 (Table 2) oxygen evolution, and 

hence photosynthesis was reduced one-half or more at these 

loadings. At the highest loading, even plant-respiration .."' 
(0 2 uptake) was inhibited. 
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TABLE 2 

Polarographic~ Studies of Bean Leaves Unexposed and Exposed to Glycerol 
Aerosols (AMAD= 0.6 llm; GSD = 1.1)., Showing Inhibitory Effects at High 
Mass Loading. (Data taken from Dehnel and Vaughan, Ref. 19) 

Control (rio aerosol) 
26-30 hrs after sectioning 
72-168 hrs after sectioning 

Aeroso1 3 
2 6 l-191 em · 
2 17 llg/ em . 

N 
(pairs) 

12 
16 

14 
22 

Light2 0 ' 2 Evolution 
(lli 02/min) 

STPS 

5.2 + 0.6 
5.3 + 1.0 

2.8 + 0.5 
1.0 + 0.4 

1Polarographic chambe~·solution had a co2 content of 70 yi .. 
2 rrradia~ce, 3.5 m watts (375-750 nanometers)·. 

Dark, Oz 
Uptake 

( lli 02/mi n) 
STPS 

1.4 + 0.4 
2.1 + 0.6 

1.2 + 0.2 
0.5 + 0.2 

3Plants were aerosol exposed 24 hours prior to sectioning and 
polarographically assayed 26-30 hours after sectioning; leaf sections, 
20 mm diameter. 

----

"'-.. 
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The second line of evidence was more sensitive. It 

depended on measurement of translocated )?adioactivity from 
.22 

leaf to. root with active.photosynth7sis, more .Na was 

transported out of the leaf to the. root. Hence, the ratio 
. . 

of rbot: leaf radioactivity showed increasing values 

at lower particle loadings, with the highest ratio at a 

loading of 1 ~g/cm2 (= 0~07 m~ ~ 70) (Figure 1). 

These demonstrations of inhibited transport by high. 

· mass loading suggest caution in attempting to extrapolate 

data·from the early publications on test site experiments 

to the low level, long-~erm situation. In those cases, 

mass loadings undoubtedly were very much higher than 
~ . 

those reported here. Continuous exposure with low mass 

loading should be the most effective way of translocating 

the more mobile radioelements from leaf to root. 
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Metabolic Transport 

Translocation of 22Na from the leaf to other plant 

parts is probably mediated rnetabolicallyby bulk transport 

of metabolites exported from the leaf. Absorption by the 

leaf (21 - 24), translocation by roots (25) , and proto

plasmic permeability (26, see also, 27) are all known 

to be enhanced by light. Biddulph and Markle (28) have 

shown for cotton plants that translocation out of the 

leaf is essentially restricted to the phloem. Also, 

large accumulations of tracer generally may be considered · 

as evidence of unloading into sinks at the end of a 

translocation channel (2Q). 

In the glycerol aerosoi experiments, light effects 

22 ' 
on stern and root translocation of Na-ion were pronounced 

(Table 3). Under dark conditions (Group 3), one can see 

a highly significant reduction in root radioactivity, 

as compared to roots· unqer standard lighting conditions 

(Group 1) .. About 98 pe,rcent of the nonelutable radio

activity remained in the dark leaves cornp~red to about 

71 percent in lighted leaves. Translocated fractions 

of radioactivity'rnight be expected to vary widely 

depending on parts ~f plant eaten, growth habit of the 
'' 

plant, and type of radioelement. 
' 22 ' ' 

However, the Na data 

should provide an upper limit on the rate of translocation 

for substances undergoing bulk transport in the. main 

vascular channels of growing plants. The literature 

'gives scarce guidance on this point. In the HERMES Model, 

translocation fractions are tabulated for grain including 

·. 

. ..---
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TABLE 3 

Two bean plants were exposed to aerosol for one hour in light; then transferred 
to growth chamber for 24 hours under the conditions shown above. N = 9 plants 
for each exposure run shown. 

*P < • 01 
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leafy vegetables, and for potatoes including root 

vegetables (7). Typically, these estimated fractions 

vary from 0.01 to 0.05 for elements as diverse as 

Na, Sr, Cs~ and Ce. The values h~ve been. inferred 

principally from field measurements of Sr, Cs, and r
2

• 

There are no firmly established data for the transuranitim 

elements. 

In the experiments shown above, aerosol had access to 

only two leaves of each plant; stem and root system were 

protected by a pLastic bCl.g. Also, one of the two ·identical+.y 

exposed leaves-was rinsed, as were the stem and root. 

Therefore, to facilitate comparisons, among the eluted 

segments, root radioactivity was multiplied·by one-half 

(during the exposure any radioactivity appearing in stem 

and roots would have ente~ed the plant by two leaves 

rather than one) • 

Leaching 

A second important point, from Table·'3, is-the attempt 
. . 

.to estimate radioactivity "fixed" in or on the leaf. Twen·ty-

four hours after the glycerol particle exposure, one of the 

two identically exposed leafs·was rinsed· and compared to the 

other. About 1/4 to 1/3 of the radioactivity impinging on 

one leaf seemed to·be fixed--predominantly in the eluted 

leaf and,to a smaller extent, root and stem. After this 
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rinse, such radioactivity may still be present in more. than -. 
one location. It might be associated with irregularities of 

"750 
the epidermal cell cuticular wax fi:(). Here, its removal by 

an aqueous rinse medium would be restricted by surface tension 

phenomena.. It might a+so be located in various internal leaf 

compartments.· In the later case, stomatal dimensions are 
l!i 

small enough (ref. 2\( and refs. cited therein) that water 

su~face tension would again restrict mass flow of fluid, 

22 . . 
hence removal o£ Na-~qp by elution from the intercellular__,.. 

spaces. The 0.6 ~m anhydrous particle is small enough to 

penetrate pores* or interstices in ·the wax surface of the 

leaf without exclusion due to water surface tension effects. 

Such conditions are not readily obtainable with water sprays. 
. . 

~hus, it. seems likely that for 22Na to en~er the plant 

transport .channels, fluid movement from the leaf outward · 

was necessary to hydrate the glycerol particle, with sub

se~uent diffusion of dissolved 22Na-Cl solutiori to the interior 

compartments of·the leaf. 
,':J 

Humidity effects were not clear-cut in the study disc::ussed 

above (Table 3). Average values were 82% relative humidit:y 

(group 2) compared to 39% (group 1). However,. the effect of 

~umidity here may not be simple. With the drop technique 
31 
(~) 1 radioactivity Uptake WaS ObSe_rved tO. increase tO a 

plateau as the concentration of solution changed; uptake 

*Stomata sizes were between 8 x 3 ~m (upper surface) and 
7 x 3 ~m (lower surface) 
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was greatly reduced when the droplets became dessicated. 
"') 'l-

Ambler and Menzel (~) also have foun"d that absorption 

increased with increasing relative humidity, using dried 

85 «· . 
Sr droplets. The anhydro~s glycerol particles used here 

were found to rehydrate slowly, over many hours, as 

estimated by particle size growth in saturated atmospheres. 

Thus, it is likely that the rate.of release of 22Na was 

governed by thE: slow_ .glycerol hydration. 

While J:lighly provisionally, t}le data above are among 

the very few-concerning aerosol behavior at plant leaf. 

surfaces. Considering the data, it seems unlikely that 

normally metabolizing plant leaves will ·behave passively 

as regards radioelement fixation, and the vector may have 

dominant influence on its mobility. For example, the 

hygroscopicity of many aerosol particles can cause 

movement of water and, pndoubted1y, other solutes to 

the leaf surface. In turn, the presence of organic 

anions, mucopolysaccharides and other solutes may 

p;romote. the removal of Pu from the vector and subsequent 

its translocation once in the plant tissue. For this 

reason, we intend to look systematically at l~aching 

and leaf fixation as they vary in time, for both primary 

and vector aerosol deposits. 

·· ..... 
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Vector.Type and Particle Size 

• At this stage of development, it is not clear what 

kind of vector (host) particie merits most immediate 

attention. Some further evaluation.of data from this 

conference, and other work in progress, will be needed 

before priorities are set. The range of particle size 

of concern falls between 5 and 50 llm. This range 

includes the. median size found for siliceous·fallout 

particles in the NTS s~r.tes (Romney; 1963, 1970) and 

the median size thought to be characteristic of Pu-dust 

!?articles at Rocky Flats (Nathan, 19.71; Volchok., 1971) • 

As regards. green plants, differences in uptake, in the 

NTS experiments, seemed to be small except for wheat, 

which showed disproportionate uptake of particles 

' s.llm or less in size. Rocky Flats data indicate that 

most of·the primary Pu particles .were submicronic, 

smaller than 0.2 llm diameter. However, their vector 

appeared to be dust particlesof 10 llm to 20 llm median 

diameter·. 

In certain aquatic situations, algal floc drying 

along the edges of ponds may provide a wind·resuspended 

vector for radibactivity tr~nsRort. In these cases, 

we do riot yet know what sizes are likely, nor do we 

know the leaf chemistr·y for possiJ::>le 1nteractions with 

such aerosols. 
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Agricultural· ·and Other Plant Types 

Because of the truly messy problems attaching to the 

experimental procedures, we are lucky to have any Pu d~ta 

at all for green plants, during the first year of this 
~ . 

program. (see Craig & Klepper pape~ following). To date, 

we have had to use bean plants, as a concession to 

practicality; but in the long_run, and for tne location 

of this laboratory, interest attaches to both·agricuitural 

and range land species typical ·of the area. The following 

acreage, based on Washington State agricultural report'ing 

statistics, are representative of irrigated land in the 

Pacific Northwest,· including Oregon and parts of Idaho. 
' 1. ' 

Fruit tree acreage is, however, small; as are several 
't 

specialty crops. 

Crop 

*Barley 
Wheat 

*Dry peas 
*Alfalfa hay 
·clover timothy 
Grain hay · 
Miscellaneous hay 

-Corn (grain siiage) 
*Sugar beets ., · 
Fruit trees (e~timated) 

TOTAL: 

Acres 

4,114,000 
2,258,000 
. 143,000' 

523,000 
230,000 

91,000 
83 ,· 000 
87,000 
63,000 
14,000 

... 

7.61 million acres 

Based on considerations of growth rate, leaf structure, 
surface area, and p~bescence, the starred items should be 
systematically compared. 

..... 
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Not ail ·land in the Pacific Northwest is under ~r;-igation. 

Substantial areas around eastern Washington and :Rocky.F!'ats. 

remain in desert condition. Native grasses. and the shrubs 

are used as livestoc~ ·forage~ including bluebunch wheatgrass, 

Agropyron spicatum and cheatgrass; Bromus· ·t·ectorum. At the 

Nevada Test Site, Brom:us ·rubems is an important grass at 

low elevations; and Poa n·evadensis. is an important grass 

at.high elevations .. Probably the most important livestock 

forage shrub at the Nevada.Test'Site and the Hanford .---

Reservation is winterfat, Eu·rotia· 1·anata. 
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