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Background

The problem of how green plants respénd-when contam-
ihated by airborne residues is not simple. Whether one
considérs a radioelement or any of thé stable elements,
thgfe is evidence that the green leaf, itéélf, plays an
active role in promoting the incorporation and subsequeﬁt
metabolism of foliar deposits. First, several extrinsic
factors operating at the leaf can significantly modify<the
sorption/translécation process; namely, humidity, light
cycle, mass loading of the leaf, possibly absbluﬁe siée of
the éerosol particle, and possibly £hé nature of the vector
(host) particle: Second, it is now more widely recognized
that some of thé radioélements, and certainly most of the
metal elements, do not behave as simple ions in aqueous
solutioh.' Once deposited on thg.green plant, they are
likely to be .converted to modecular complexes, whose
movément iS.gQVernedﬂby Fhe chemistry of the organic
anion to which they are attached. The‘idea that molecular
complexes are involved rests on a-humber.of inferential |
studies oflgorption and desorption kinetics iﬁ seaweéds,
soil/plant systems, and the soil clay particle, and on

‘chelation studieé in the animal blood stredm

( l'— 4 ). Receqﬁly, however, there has been
progressvih identifying suéh.moledular compiexes by

combined electroéhoretic and‘chromatographic separation ( 5 )

Third, problems have arisen as to the generality of the
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preséntly.limited data base concerned with foliar entry
of radioelements into plants. The principal data available
coﬁcern agueous spray application of radiocesium and |
-radiostrontium.(G). These and'déta for a few other radio-
elemehts,comprise the data base for conservative estimatibn
in the Hermes ("Year 2000") Model widely uséd for nuclear
energy aéplications |

Ih éssessiﬁg health consequences with such models,

we find that the food-chain step involvihg foliar sorption

is only a secbndary routé of entry .to man, with respiratoryfx

inhalation theAdominant'route~(0.3 ﬂm AMAD particle, for
referencé purposeé); However, in asseésing fhe potential
for biological dispersal and ihterceptidn, by ecological
processes acting dvef very long time intervals, we £ind
that foliér sorption/transloéation rates are importaht
“to estéblish quantitatively. ’Ekperience in the fuels
reprocessing operations of the nuclear industty has

led to radioactivity levels in vegetation which

exceeded estimates based on standard calculétion (4).

vaen when proximate hazq;d to man seems remote, public

acéeptancevof these operations will require a better

~basis for prediction; ?esidés research on the transport
factor, resuspension, there is need fér précise quaﬂtitatiGe

data on several leiaf‘interactions involving, particularly,

the transuranium elements other than plutonium-239. .

-~

.
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Our ecologicai program at PNL is aimed at fouf
major aspects of behavior of the transurénium elemen£5»
in or on.enyironmental surfaces. Although today we wiil‘
be preseﬁting studies in the last area only, it is usefﬁl'
to keep in mind the coordinéted program. These are:
1) ecological pattern}of distribution in 200-Area ponds,
'2) plant availability under arid weathering/aging
conditions, 3) complexation reactions in the soil/plant
- system, and 4) aerosol partlcle/plant 1nteract10n. ~

In the follar studles, a great deal of background effort
was needed beoause~of the complex1ty in handling plants
under good physiologioal conditions. Also, because of
the potential fof serious accident in oirculating
plutonium aerosols a£ 1 mph, much of the plant hanoling
technic was worked out using arbitrary tracer aerosols
that were, however, adequate to estéblish the plant
fesponsés. This work has not Been widely :éported;
As 1t is 'still useful in guiding current developments,
I would 11ke to review ucvcral points today. Drs.
Betty Klepper, Doug er;g, and Dom Cataldo will speak
separately on our current exposure system and on fhe

initial aerosol plutonium depositions.
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Foliar Uptake Rates

In the plant physiological literature, uptake has
been estimated in fairly unrealistic ways; e.g., using ’
cuticle only ( 8 - 11 ), isolated leaf cells (12), and
excised leaves (- 13 - 15 ). These data do not seem to be.'
too useful for'radioeéological purpéses. Entire plants
have been exposed, also,'using.rathér different applicafions
technics; e.g., leaf immersion (16), a drop of:known com—l

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

‘Depending on method of application, either all or a fraction

of the material placed on the leaf remains in the plant. Im

- the radioecological literature, air to plant correlations of

fallout deposited, Sr; Cs, and<12} have led to the value of
0.25 representing the fraction of each month's surface
deposition from aif“and from sprihkler irriéatioq that 1is ,
initially retained by~the.vegetation, _This fraction is
considered to be applicable to-ali radionuclides on all

Ccrops; and( to remain on the plant with a biological haif—life
of 14Adays, the éverage value for published aata concerning

fallout huclides (7). Obviously, these values represent

operational definitions subject to considerable variation

due to climatié, chemical and plant characteristics.

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

" vulgarig, 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 um particles under flow

rates varying from 0.2 to 20 cm/sec.
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TABLE 1

Deposition of 198)u-Labelled Aerosol (0.8 um) On
Bean Plants In Low Velocity Wind Tunnel .
(Data taken from Craig and Klepper, Ref. 20)

Distribution Characteristics . AMAD, um | . 0.78

+ 0.04
GSD : : 1.65 + 0.04
Mean Aerosol Concentration pg/cm3
Deposition Rate  Onto Leaves pg/cmz/sec
Leaf Area - - : © Cm ' . 4 e
Mean Deposition Velocity E - cm/sec (4.1 + 1.1)x 10
Radioactivity, Fraction of Total ‘ A , _
Generated - : (1.0 + 0.3)x 10

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 reparted
) : :
here will be particular to the disttibutinn'described,,
‘We now expect to entend these determinations to_largar
-particle aizes by way of estabiishing a systematic

data base.

Mass Loading

Aniimportant feature to notelin the data shoWn above-is
the very low mass loading 65 the leaves. The duration nf
each of these runs was 20 min, leading to a Value for-;
loading in the ordér‘ofA4 Pg per émz of leafy surface.
ThlS is a highly de81rable feature. 1In éarlier work, where
we had. less control over the rate of generation, it was
noticed that mass*loadings in excess of about 1 ug/cin2 led -
to grossly 1mpa1red function in the plant. For these
earlier studies, vector aerosols of anhydrous glycerol
were generated, containing 22Na seed nuclei. The systemi
was adapted from the Sinclair La Mer apptoach (19, 36) .
~ Two lines of evidence indicated impaired function at
loading“in excess of 1 pg/cmZ.

First, polarographic studies of gas exénange at the
leaf surface showed impaired leaf function at high aatosol
" loadings; e.g., 6—17 mg/cm2 (Table 2) oxygen evolution, and
hence photbsYnthesis was reduced one-half or more at these
loadings. At the highest loading, even plant respiration .

(0, uptake) was inhibited.

2



TABLE 2

Po1arographic] Studies of Bean Leaves Unexposed and Exposed to Glycerol
. Aerosols (AMAD = 0.6 um; GSD = 1.1). Showing Inhibitory Effects at H1gh
Mass Loading. (Data taken from Dehnel and Vaughan, Ref. 19) ;

12

Light™, 0, - Dark, 0,
Evolution - Uptake™ .
N (ug 02/min) (us Op/min)
(pairs) STPS STPS
. Control (no aeroéo]) | ,

26-30 hrs after sectioning 12 5.2+0.6 1.4 + 0.4
72-168 hrs after sectioning 16 +
Aéroéo]3 | | : , A
6 ug/cm’ - ' 14 2.8 +0.5 1.2 4 0.2
17 ug/cn’ 22 1.0+ 0.4  0.5+0.2

]Po]arograph1c chamber so1ut1on had a CO2 content of 70 uR
21rrad1ance 3.5.m watts (375-750 nanometers ).

3P]ants were aerosol exposed 24 hours prior to sectioning and
polarographically assayed 26 30 hours after sectioning; leaf sect1ons,
20 mm diameter.
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The second line of evidence was more sensitive. It
depended onAmeasurément pf4tran§locat¢d,radioacti&ity frém:
.léafvtoﬁroot with active}photosynthgéis, more‘zzNa was
transportéd out - of the leaf to thg;rdot.' Hence, the ratio
of root: leaf‘radioactivity showed_increaéing values
at lower particle loadings; with the highest ratip at a
loadiné of 1 ug/cm2 (= 0.07 mg + 70) (Figure 1).

These demonstrations of inhibited transport by -high
-mass loading suggest caution in attempting toAéxtrapolate
data ‘from the early publications on test site experiments
to the low 1evel,uiong—#erm situation. ~In those'césés,
mass loadings'undoubtedly were very much higher than
those reportéd'héfe. Continuoﬁs expdsuré with low mass
ldading éhbuld be the moét effeé;ive waj of translocating

" the more mobile radioélemenfsAerm leaf to root.



Metabolic Transport

Translocation of 22Na from the leaf to other plant
parts is probably mediated metabbiically'by bulk transéort
of metabolites exported from the leaf. Absofétion by the
leaf.(21 - 24), translocation by roots (25), and proto-
plasmic permeability (26, see also, 27) are all knéwn
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 phioem; .Also,
lafge accumulations of tracer generally may be considered ’
as evidence éf unloading into sinks at the end of a
translocation channe1>(29). |

In the lecerbl aerosoi experiments, light effects
on stem and root translocation of 22Naéion'were'pronounced
(Table 3). Under dark conditions (Group 3), 6ne can see
a highly Significant reduction in root radioactivity,
as compared to roots under standérd lighting-conditions
(Group- 1). About 98 percent of the nonelutable radio-
activity remained in the dark leaves compared to about
- 71 percent in lighted 1eaV¢s. Translocated fractions
of radioécti&ity'might be expected to vary~widel§ |
dependiﬁg'on parts of élant eaten, growth habit of the
plant, and type of radioelement. Herver, the 22Na data
should provide an ubper limit on thé rate of tfanslocation
for substanées undergoing bulk transport in the‘haih-

, vascular channels of growing plants.A The 1iteratgre
- gives scarce guidance on this point. 1In theEHERMES Model,

translocation fractions are tabulated for grain including



10.

iED)
’
/

ﬁ

o

ﬂ
I

~.
>

02 —

ol {—

RADIOQACTIVITY RAﬂO;ROQT/LEAF(%L

GROUP . - GROUP

R R R D R D S R |

0
0

FIGURE 1.

01" 02 03 04 05 06 07 08 095 10 11 12 13
GLYCEROL DEPOSITED ON LEAF (NOT WASHED),(mg)

Relative transport to root in relation to initial
mass of glycerol deposited on leaf. N = 4 to 5
for each point. A similar relation exists for

root:stem radioactivity ratios. '"The two arrows
.denote glycerol. deposition for experiments, reported

in Table 2. Leaf area is approximately 70 cm
(two sides). : '
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TABLE 3

Comparison of Initially Deposited Radioactivity with Radioactivity
Remaining after 6 Second Rinse in 0.36 M Mannitol Solution; 22Na-
labelled Glycerol Aerosol Particles (AMAD = 0.6 um; GSD = 1.1)
(Date based on Dehnel, Vaughan and Vaughan, ref. \) A

—Non Eluted— r— — Eluted Segments ‘ 1

o Radioacfﬁvity~ Fraction of Total Fixed.
Radioactivity Total from
-in Segments .at One -
One Leaf . Right Leaf 1/2 Stem 1/2- Root
e, — (cy) % 1) ®
Group 1 A
Standard Conditions : -
16 + 2 2 56 - 22 22
26 + 4 5 83 - 10 8
29 + 2 6 69 17 ‘ 15
38 + 4 10 78 10~ . 12
Group 2
High Humidity , '
40 + 8 9 - 72 11 17
46 + 2 20 72 18 10
Group '3
Continuous Dark “ :
47 + 10 ' 7 : .97 3* <1*
Group 4 |
Continuous Dark : :
75 + 14 21 99 <1* <1*
Group 5
Continuous Light _ ,
20 + 2 6 60 . 1 29
26 + 5 11 _ 71 11 18
70 + 6

12 74 N , .15

Two bean pTants 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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1eafy‘vegetables, and for potatoes including root
'Vegetables (7). TYpically, these estimated-fraCtions
vary from 6.01 to 0.05 for elements as diverse as
Na, Sr, Cg, énd Ce. The values have been inferred
principaliy.from field measurements of Sr, Cs, and 12.
There are nb firmly estabiished data for the transuraniﬁm
elements. |

In the experiments shéwn above,'aerosol had access to
only two 1¢aves of each plant; stem and rooﬁlsystem were
proiected by a plastic bag. Also, one of the two identically
exposed leaves was rinSed, as were the stem and root.
Therefore, to facilitgte comparisons, amoné the eluted .
segments, root radioacﬁivity was multiplied by one-half
(duringithe exposure any radioactivity appearing in stem
and roots would have entered the plant by two leaves

rather than one).

Leaching

A second important»poiht, from Table 3, is:the attempt'
.to estiﬁate radioactivity ;fixed" in or on the.leaf. Twenty-
foui hours after the.glyceroi particle ekpoéure, one of the
two identically exposed leafs was rinsed and compared to tﬁe
other. About 1/4 £0:1/3 of thefradioactivity-impinging on
one leaf seémed 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 morejghan
One'locationt It might be associated with irregulaiities of
the ebidermal cell cuticular'wax ?é). Heré, its removal by
an agqueous rinse medium would be restricted‘by sufface tension
phenomena., I£ might also be located in various'internai'leaf
compartments. In the later case, stom§tal dimensions are
small enough (ref. ;E and refs. cited therein) that water
surface tension wéuld again restrict mass £low of fluid,

" hence removal of 22Na-iqp by elution from the intercellular*
spaces. The 0.6 um anh&drous parﬁicle is smaLl'enoUgh to
-penetrate pores¥* or.interstices in‘the.wax surface of the
leaf without exclusion due to water surface tenéion effeéts.
'Such conditions are nof readily‘obtaihable with water sprays.

22Na to enfef'the plant

Thus, it 'seems likely that for
transport channels, fluid movement from the leaf outward"
was necessary to hydrate the glyéerol particle, with sub-

22N4a-Cl1 solution to the interior

' sequent diffusibn of dissolved
compartments of the leg?..
'Humidity effects were not clear-cut in‘the study disgussed
“above (Table 3). Average values were 82% relative humidity
(group 2) compared to 39% (group l)ﬂ Howevér,-the effect of
humidity here may hot be simpie. With the drop technidue

3i , A A
(22) , radioactivity uptake was observed to increase to a

S

plateau as the concentration of solution changed; uptake

*Stomata sizes were between 8 x 3 um (upper surface) and
7 x 3 um (lower surface) ,
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was greatly reduced when”the'droplets became dessicated.
Aﬁbler and Menzel (ﬁ% also haye.found that absorption
iﬁcreased4With increééing félétive humidity{ using dried
858r droplets. The anhydro&s glycerol particles used here
were foundAtb rehydrate slowly, over maﬁy hours, as
estimated by pérticle size growth in séturated'atmospheres.
Thus,_it.is likely that the rate of release of 22N.a was
governed by £he slow glycerol hydration.

While highly provisiqnally, the data above are among -
the very few~concefning aerosol behavior af'plant‘leaf.
‘ surfaces.->Considering the data, it seems ﬁnlikely that
normally~metabolizing plant‘leaves,will-behaVe passively
as regards.radioéiement fixation, and the vector may have
dominaht influence on its mobility. For example, the
hygroscopicity of many’aerosoi partipleé can éause
movement of water and, gndbubtediy; other solutes ﬁo
the leaf surface. 1In tdfn, the pregencé of organic
anions, mucopolysaccharides and other solutes may
p;omoté‘the removal of Pu from the &edtor and suBsequént
its tranélocation once in the plant tissue. For this
~reason, we intend to lbbk sy;tematically ét leaching
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 ofAdeVeloément, it is not clear what
kind of véctor (host) particle merits most immediate
éttention. Some further evaluation.of data from this
conference, and other wofk injprogrésé, will be needed
before priprities are éet. The range‘éf particle size
of concern fails between 5 aﬁd 50 um. This rangé
inciudes the median size found for siliqeouS‘fallout'
particles.in the NTS series (Romney; 1963,-1976) and
the median size thought to be charaéteriétic of Pu-dust
particles at Récky Flats.(Nathan, 1971; Volchék, 1971) . .
As regards‘green plants; differences iﬁ>uptake, in the
NTS experiments, seemed to be small except for wheat,
"which showed disproportionéte uptake of particles
S'Lm or lesé in size. Rocky Flats data indicate that
most of -the érimary fu particles.weie submicronic,
smaller than 0.2 um diaﬁeter; However, their vector
appeared to be dust particlesof 10 um to 20 um medién
diameter. | J

In certain aquatic siﬁuations, algal floc drying
along the edges of ponds.may prqvide'a wind'fesuspended
vector for radibactivity transport. In these cases,
we do not yet know what sizes are likely; nor do we
know the_ieaf chemistry for possible interactions with

such aerosols.
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Agricultur

Because of'the‘truly,messy problems attaching to the
experiﬁental procedures, we are lucky to have any Pu data
at all forigreen plants, during the first year of this
progfam,(see Craig & Klepper paper folipwing)._ To date,
we have had to use bean plants, as a concession to
practicality; but in the long.rup, and for the location
4of this labofatory,‘interest attaches to both agricultural
and range land species typical'of.the area. The following
acreage,Abased on WashingtoﬁvState agricultural reporting
statistics, are represenfative of irrigated land in the
Pacific Nbrthwest,-inclé@ing Oregon and parts of Idaho.
Fruit tree acreage is, Eéwever, smaIl;Aaslare several

specialty crops.

Crop , ~ Acres

*Barley 4,114,000

Wheat . A 2,258,000 - -
*Dry peas o ’ . 143,000°
*Alfalfa hay : 523,000

‘Clover timothy 230,000

Grain hay ' : . 91,000
Miscellaneous hay 83,000

-Corn (grain silgge) ' . - 87,000

*Sugar beets ' 63,000

Fruit trees (estimated) . 14,000

TOTAL: : S 7.61 million acres

Based on considerations of growth rate, leaf structure,
surface area, and pubescence, the starred items should be
systematically compared. '
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Not all land in the Pacific Northwest‘is:under irrigation.
Substantial~areas around eastern Washington‘ahd Roéky_Flats.
;emain in desert condition. Native:grasses‘and the shrubs
are used as livestock forage, including bluebunch wheatgrass,

Agropyron spicatum and cheatgrass}'BrOmus‘tecforum. At the

Nevada Test Site, Bromus rubens is an important grass at

low elevations; and Poa nevadensis is an important grass

at.high elevations.  Probably the most important livestock
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