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ABSTRACT

_Work described in this report is aimed at éétab1ishing the magnitude

“and mechanisms of Tc-99. sorption by:soils and uptake by.p]énts. ‘Studies

- showed that sorption of Tc-99 by soils was essentially stopped by:sterilization

of the éoi],,furthef indicating that the sorption process isrelated to micro-

~bial activity. Studies also showed that sorption can occur under aerobic '

as well as anerobic conditions. However, there was considerable difference

~in ‘the extent of sorption for different soils which remains to be explained.

Tc-99 was shown to be toxic to germinating seeds at low concentrations, but

not when added to more mature p1ants‘ Initial évidence suggests this is a

chem1ca11y rather than a radiologically induced tox1c1ty but ‘this remains
to be comp]etely resolved as we]] as whether there is a threshold 1eve1 of

Tc-99,requ1red before toxicity occurs. -
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‘1. INTRODUCTION

This technical pfogress report covers the results of studies dealing

- wWith the behavior of technetium-99 in spi]srand-p]antsAfor the period of

approximately NoVembervl, 1974 through November 15, 1975 under contract

- AT (11-1), - 2447 with the U.S. Energy Research and Development Administration.

Approximafely 10 percent of the-principa1-investigatoré' time was devoted.
to the project during the reporting'péfiod. | |

This report'dea]s with a.continuation of those studies outlined in
the first progress.report (U:S..ERDA NO. C00-2447-1) involving the

sorption of Tc-99 by soils and uptake by plants.
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1. REVIEW OF CURRENT LITERATURE

- Although there were several new enthies in the literature dea}ing with
technetium, most-dealt with either animal studies, health physics’éspects or
-analytical procedures for detecting or recovering~Tc. The only héport.dea]ing
with sorptieh of Tc by soils or uptake by plants was an abstraet by Wildung
etAal (1975) who reported that Tc-99 uptake by plants resulted in tox1c1ty
symptoms in the form of a reduct1on in internode elongation. and an. 1rregu1ar
: expan51on of the leaf blade in plants. They also observed that stems and
- cotyledons had the greatest Tc accumulation and that it appears that Tc
(as pertechnetate) may act as-'a nutrient analog poss1b1y account1ng for the -

high removal of Tc-99 fromsoils by p]ants
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ITI. MATERIALS AND METHODS

Since most of the basic techniques and procedures involved in-both the

soil sorption,and'plant uptake studies were outline in the earlier progress

- report (U.S. ERDA Report NO. C00-2447-1) only the general procedures used

and their application to the specific studies ‘involved will be given here.

A. Technetium-99 source

Technétium-99 was obtained from the Internatfona] Chemical and Nuclear
Corp., Irvine, California. The cérrier—freé material is.supplied in 1 N
NH40H in the form of ammonium pertechnetaté~(NH4TcO4). |
B. Radioassay forATc-99

Tc-99 waS'detérmined'using a Packard Tri-Carb liquid scintillation spec-
trometer (Model 3375) with the discriminators and amp]ification.presétffor

14-C counting. The basic technique and scintillant used were the same as

outlined in the~eaf]ier_report.

C. Soil characterization

'The soils used were the same as those characterized and used in -the first
phasésAof the study. . -
D.  Sorption of Tc-99 by soils

‘ 1) Effect.of'soil stérilization on TCa99'sorption
,Earlier resﬁ]ts suggested that sorption of Tc-99 by soils may be
ré]ated»tOAmi;rdbial activity. A soil sterilization experiment was
conducted to further pursue this possiBi]ity; For this purpose, ster-
ilization by steam without pressure, or tyndallization, (Schmidﬁ, 1975)
was recommended bverOtherpossible procedures since it ‘results in Tess
change in the treated soil (Parkinson et al., 1971). The soil and Tc-99

were sterilized sebarate]y in order to decrease.the chances of complexation

of technetium by'prbducts released from the éoi] by the sterilization prdcess.




The procedure involved placing two g (oven-dry basis) of Bergland,

Arveson or Nico]]et surface soil in tared 50 ml po]ypropylene centri-

fuge tubes with screw closures. The soil was moistened with 2 or 3 ml

~of distilled water one day before beg1nn1ng the ster111zat1on process

in order to promote spore germination and to insure better steam pene-
tration.. The tubes were covered w1th aluminum f01] and reweighed. The
covered tubes and contents were steamed in an autoclave unit (w1th the
steam outlet valve open) for 1 hour each day on days 0, 1, and 3. Be-
tween steamings the tubes were stored at room temperature in the laboratory.

This sp]it steri]izatipn procedure allows for germination of spores between

- heat treatments. After the third.steamind, the.covered tubes were re-'

weighed to‘determine‘the amount of water in soil. (this was needed to make

~dilution corrections later). The aqueous Tc-99 solution, tube caps and

all glassware used.to contain and transfer the so]u+1on viere autoc]aved.

Transfer of the so]ut1on (25 ml, 0.0025 uCi Tc 99/m1) to the tubes
was done with automatic p1pet1ng devices using asept1c techniques ina
sterile transfer room. The tubes were capped, reweighted and the'necks
covered with tapé. The sealed tubes were'then'plaCed.in a 25°C water
bath. A o ‘

Biweekly samp]1ng commenced after 4 weeks and 1nc1uded 3 rep11cates_
for each soil at each sampling date Sampling entailed centr1fugat1qn
for 10 minutes at 15,000 rpm, filtration of the supernatant_through

Whatman #42 paper and 1liquid scintillation counting of 1 ml aliquots of

~ the filtrate.

2) Effect of aerat1on of soil-water suspensions on- sorpt1on of Tc 99

a. Effect of aeration by open-bottle shak1ng

In order to determine whether previously observed Tc-99 sorption

was associated with development of anaerobic conditions in the soil-

water system, a similar experiment was conducted in which well-aerated




conditions were maintained.

Two g (oven dry bésié) of}Berg]and, Arveson, or Nicollet §prface
soi]é were placed in'tared 60 ml Tlinear pb]yethylene bottles and
tWenty—five ml of an aqueous«so]ﬁtion containing 0.0024 uCi Tc-99/ml
was added to each bottle. The bottles were sealed with their normal
polypropylene screw caps which had been modified by drilling a ho]e_
through thé top. A 4 cm length of 4 mm I.D. glass tubing was’
insérted intdthe hole to provide a pathway for gas exchangé between
the étmosphere and the soil-water suspensioh. The bottles were
shéken continuously on a recibrocating‘shaker (160 excursions/minute)

at room temperature. Evaporative losses from the bottles:amounted

to about 0.03 ml/day and were replaced by biweekly additions of
distilled water. |

Biwéek]y samp]ing‘included-B rep]igatesAfdr each.soi] at each
sampling date;.'Sémpling entai]ed'tentrifugatfon‘for 10 minutés‘at
9000:rpm, fi]tkation of the. supernatant through'Whatman #42 péper
and 1iquid scinti]]atibn countiné by 1 ml aliquots of the fi]traté.

b. Effect of aeration by bubbling

An initial experiment was conducted in which fifty g of Bergland
soil.(oven-dry basis) was placed in a 6ne liter polyethylene bottle
along with a sufficient quantity of 0.0024 uCi Tc-99/ml solution
to yield a 1:12.5 (w:w) soil:solution ratio as used in the study
wheré the suspensions were shaken in an opeﬁ_container. “Air was
continuoqs]y forcéd thrpugh each of the 3 containers at a rate of
abouf 1200-1500 ml/min by fhdividua] aquarium pumps and a- length of .

‘glasﬁ tubing inserted through thé_mouth to the bottom of the bottle.

The mouths of the bottles were covered with aluminum foil and additions
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of disti]fed water were made to the bottles eQery other déy to make
up for evaporative losses. Sampling, condUcted on an every other
day basis for the,first‘3 weeks and at weekly intervals thereafter,
- consisted of pipeting off 5'ml of suspension, centrifugation, fi]tra- :
tionlthrough Whatman #42 paper and 1liquid scinti]]ation'assay of 1 ml
aliquots of the filtrate. This initial experiment was conducted at
room temperature (22 i_3°C).

| A second experiment was conducted in the same manner as that
described above except that the same three soils used in the open-
container shakiné expériment'were.included (Bergland, Arveson, and
Nicollet surface) and temperatures were controlled at 15 i_;OZ and
25 + .02°C. '

‘E.  Plant uptake of Tc-99 from incubated soils

Ear]ier’experiments have.shpwn that i) p]énts can take up significant
quantities of Tc-99 from soils irrigated with the Tc-99 dhring plant gfpwth
_and 2) soils can sorb most of the added Tc-99 but on]& over relatively 1ong'
periods of time compared to the plant uptake experihgnts; ‘Studies were iﬁ
turn conducted to determine whether Tc-§9 added to soils followed by moist
1ncubéfioﬁ:i§ equally évai]éb]e for plant uptake. The same soils, were used
as in the earlier irrigation experimgnt. Both unfertilized and-Ifertilized
soils were used with three reb]itations on each case. The studies were con-
ducted in a greenhouse with ]ighf aﬁd.temperature conditions maintained as
described for the earlier irrigation experimént;

To provide as uniform a distribﬁtion of Tc-99 as possible, the soil and
.Tc—99 were added to thé 12 oz. containers in layers, i.e. 100 g soil + 4 mi
of 0.5 puCi/ml Tc-99 solution + deiohized Qater to bring the 100 g soi1'1ayer
to a 0.1 bar moiSture content (taken as field cépacity). By this layering

prbcéss, a total of 6 uCi was applied to 300 g of soil in each pot. The




pots-were.covered‘loosely with aluminum foil and the soil maintained near

field capacity by weekly additions of deiohized water. -This moist incubation
was carried on for two msnths in a room maintained at about 25°C.

After the two months of moist. incubation, the Tc-99 labeled soils were
seeded to Era wheat. A sufficient number of seeds ta yield 20 plants per
pot (as determined by the germination trials; fifth-day census of emergent .
plants used as germination index) were placed .on the soil surface and covered
- with 150 g_of coarse sand. The pots were covered with Sarah Wrap as described'
above prior to taking to the greenhouse.

Since subodtimal, retarded growth was observed in most of the pots,
'harvesting of all of the pots on a giVen date seemed undesirable. - Rather
plant -growth stages were used as a harvest indicator. “Since only the seedlings
_on the Orlega soi] in‘tﬁe unférti]izedfpots grew well ($100 mg dry matter), all
of the unfert111zed pots were harvested whpn 20/ or more of the Omega seed11ngs
were in the 3-leaf stage, i. e 19 days after p]ant1ng Growth on the fertilized
soils was better than those not fertilized. _In these cases, plants on each
of the soils were haryésted'when 20% or more of thé segd]ings.were in the
3-leaf stage (15 td 26 days after planting). As before, all aerial tissue
above the coieopti]e was harvested. '

F. = Effect of Tc-99 on germinating seeds

An initial so]ufion culture sxpeniment was conducted in which wheat
'seéds were germinated and grown for iO days in growth pouches'containing
SO ml of 1/3 strength Hoég]and solution and b,'0.0ZS, 0.25, 1.0, 6.7 or
.20 uCi of.Tc499. The solutions were.adjusted to pH 7 with four replications .
. per treatment. The pouches,were maintained in the dark for-the‘first three
days and then placed in a growth chariber ﬁndér conditions sfmi]ar to those
outlined for earlier experiments. Daily add1t1ons of deionized water were

made to replace evapotransp1rat1on 1osses



On the basis of the results fromithe initial study, a second experiment

was conducted in which corn (Zea mays L.), soybeans (G]xéiﬁe max L.), radishes

(Raphanus’satiVus L.), oats (Avena sativa L.), barley (Hordeum vulgare L.),

and wheat (Tritium aesti?umAL.)_were germinated and grown for ten days under
theisame"conditions and Tc-99 concentrations of 0, 0.025, 0.25, 1.0, 2.5,
5.0, 6.7 and 10.0 uCi in 50 ml of solution.

G. Effect of time of addition of Tc-99 toxicity to wheat seedlings

| rwheat seedlings were germinated and,grown for 10 or 18‘days in growth
pouches containing 50 ml of 1/2 strength Hoag]and solution. E1ther 1.0 or

,.5 0 uCi Tc-99 was added to the growth. pouches on day 0, 2 4, 6 or 8 following
p]ant1ng of the seeds. Harvest1ng, samp]1ng preparation and Tc-99 counting

. was conducted as in previous experiments.




IV. RESULTS AND DISCUSSION

A.  Sorption of Tc-99 by soils

1. Effect of sterilization on Tc-99 sorption

Steri]i;ation of Arvesoh;'Berg]and and Nicollet surface soils by the

-tyndallization process essentially eliminated a]]'sprption of Tc-99 over

a 70 day period (Fig. i). AT]_three of these soils had been shown previously

to sorb over 98 percent of the Tc-99 in solution in sealed containers under

‘ nonster1]e conditions. S1nce a]terat1on of soils by the tyndallization

: processﬁshould be m1n1ma1 the resu]ts tend to further confirm that prev10usly

" observed Tc 99 sorpt1on 1s associated with m1crob1a] act1v1ty

The spec1f1c mechan1sm or process by wh1ch m1crob1a] act1v1ty is.involved

in Tc- 99 sorption is difficult to resolve, however. It may involve incorpora-

‘ tion of Tc-99 1nto microbial t1ssues, 1nteract1on with m1crob1a1 metabo]1tes

or perhaps effects assoc1at°d with the deplet1on of d1sso]ved oxyoen by

microbial metabolism. Microbial,metabo]ites may reduce Tc(7+)—pertechhetate
to a lower valence state species capable of bindingpto spi]Aorgenfc matter.
TheAfeduction'ofVTc(7+) to Tc(4+) by ascorbic acid, for example, is-a commonly
used procedure in the preperation ofiradiopharmaceutjca]s;,_Such reduced

technetium species can bind irreversibly to proteins, probably by covalent

~ bonding (Dewanjee, 1974).

2. Effect of-aeration on'Tc-99.sorptidn

a. Effect of aeration by"open-bottle-shakjng

: As‘indicated'previously,Athe Arveson, Bergland and Nico]]et‘surface
soils have been shown to sorb Tc-99 in sealed containers. HoweVer these
conditfons could lead te the deveiepment'of high microbial respiration
rates and subsequent depletion of dissolved oxygen (Avnimelech and Raveh,

1974). As a result, precipitation of technetium as Tc,S; could result
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from H,S producfion.by anaerobic sulfate-reducing bacteria. Also,

- a drqp in Eh could kesult in mobilization of metals capable of reducing
pertechnetafe to a sbecies capable of organic matter binding as dis; '
Cuéséd above. The aeration experiments weré conducted to determine
Whetherrénaerobic cpnditiohs may have existed-énd>been the cause of
Tc-99 §orption by soils. |

Resuits of the open bottle, shéking experimeﬁt are shown in Fig. 2.
In contrast tb the sealed-bottle study, the Nicollet surface soil eXhiB%tédv
no sorption of Tc-99 over a 12 week period. The Bergland exhibited

- an injfial'high removal of Tc-99.frpm~so]utioh, such as observed in the
‘earlier:sealedébottle studies, but then showed a progressiv§ decrease‘
in sorption ability from the second to the twe]fth wéek. The Arveson
soil showed an‘erratic sorption ﬁattern‘With fromASO to 80%]of the
added ch99-remaining in solution over the 12 week period.-

' Whi]e one intuftively felt that these sqspensions were aéfobfé,
the oxygen status of the suspensions_emp16yed in the thifd sampling of

‘the shaker aeration trials wés checked Qith a YSI model 54 oxygen metér
(Ye11ow Springs Instrument Co., Yé]]ow Springs, Ohio). Thse. suspensions’
a1].showed dissolved oxygen levels of between 4.8 and 6.1 ppm 02, corres-

ponding to between about 80 to 90% of that measured for unstirred air-

saturated water.

'b. Effect of aeration by bubbling
The results of the.fnitia1 bubbling experiment with the Bergland
'soil are shown in Fig. 3. While sorption appears to be slower than
observed in the sealed bottle experiments,-the}so]Qtion,concentration
of Tc-99 prbgressive]y'decreased to about 10% of the iﬁitia1 cqncéntra-'

tion after 2 months.




Essentially the same results were obtained for the Bergland soil

where the tempeféture was controlled at 25 1_0ﬁ2°C (Fig. 4) showing that

the results are reproducib]e. However, there was a decrease in édsorp- '
tion at_15°C compared to that at 25°C, further indicatfng that the sorp-
tion of Tc-99 is related to microbial activity rather than a pure ChemicaT
process; i.e..the amount of,sdrption'by chemical proéesses should inérease
as temperature is lowered.

The Arveson soil showed sorption levels intermediate between the
Bergland anvaiéollet soils at 25°¢ (Fig. 5) és was found in the open-  {
bott]e shaking experiment. It aTso'éhqwed less sorption at,lSOC,than
at 25°C.indicating again thét a microbial related process is involved.

The Nicollet surface soil showed relatively Tittle sorption compared to.

© the Berg]andandAmveson soils (Fig. 6). Also, there was greater sorp-

- tion at 15°C than.25%C" indicating that a different process may be involved.

Results of the open-bottle shaker and bubbling éxperiments show that
Tc-99 sorption by soils can occur under aerobic as well as anerobic con-- -
ditions. However,:a great many unanswered questions remain concerning

the mechanisms and conditions under which sorption occurs. For example,

-While the Bergland and to a lesser extent -the Arveson soils continued

to sorb Tc-99 in open as well as sealed containers, the Nicollet surface
soil. did not. These differences are difficu]t to explain on the basis

of the physical and chemical properties of.the soijs (Table 1). It is
also difficult to imagine that these soils would have greatly dffferent
miﬁrobial populations. However, this possibi]ity will have to be checked
along with the possibility that the particular soil samples used are'unique:
or that some particular aspect ofAStorage or pretreatment of the samples

may have an influence on the sorption properties.



B.. P]ant ‘uptake: of Tc 99 from 1ncubated s0ils:

P]ants germ1nated and grown in so1]s wh1ch had been moist incubated with
Tc-99 for two months generally showed severe growth reduct1on compared to

those for the'irrigated soils. This was evidenced by both visual observation

.'and f1na] tissue dry weights (Tables 2 and 3). Even though yields from the

1ncubat1on and irrigation stud1es are not directly. comparable due to diffenr-.

ences in harvest t1mes, this a]one cannot account for the large d1fferences

‘1n t1ssue weight. Wh11e the seeds had germ1nated and emerged by the flfth

day after planting, the first leaf failed to grow out of the coleoptile on -
many ofthep]ants. ‘Dessication anddeathsoon followed on'such plants.

Leaves of the surviving plants were often very dark green with some ye110w1ng

of the tips, and displayed a tw1sted and stunted growth habit.

Most of the moist incubated soils did show 51gns of fungal grthh-at

the end of the two month incubation period, and the possibility was considered

that the poor plant growth might be associatedeith a plant pathogen. However,

the gnowth reductions'did not'occun in plants grown tn incubated soils without
Te-99, 'thus indicating that Tc-99 is toxic to plants. Also, the fact that
toxicity appeared in .the soil 1ncubat1on study plants (Tc- 99 was present: at
germination) but not in the 5011 irrigation or solution cu]ture plants (Tc-99

added 5 and 14 days, respectively after seed1ng) further suggests that the

| tox1c1ty is associated with the early stages of embryon1c cell d1v1s1on and

differentiation.

While plant growth in the incubated soils was poor in most cases, the

- Tc-99 tissue concentrations are in general quite similar to those found in

the irrigation'studies (Tables 2 and 3). This might not be eypected from the
results of ear]y soil sorpt1on exper1ments un]ess either (1) sorbed technetlum
is readily p]ant—avai]ab]e, or (2) the incubated so11 system is not analogous

to the earlier soil sorptlon systems stud1ed and the Tc-99 remains unsorbed



Since 0.01 M_CaCTZ‘is said to abpfoxﬁmate‘the'tbta] electrolyte concen-

tration in the soil solution of non-saline soils at optimUm-field water con-
tent (Peeéh, 1965), it was used as an extracting~agent‘to~test for nbn-sorbéd
Tc-99. Overnight shaking'ofABearden, Hibbing and Waukegan soil samples,
which had sorbed 88% or more of added Tc-99 in previous 1éboratory experiments,
resulted in 11% or less of the édrbed fraction being released to the 0.01 M
CaC]2 so]ution; Thﬁs, as 0.01 M CaCl, is a poor extractant of sorbed Tc-99,
it should ngé some indication of the quanity of free;Anon—sorbed‘ch99 pre-
sent in a soi] sample. A ' |

A single pot of each of the unfert111zed,A1ncubated soils was samp]ed
extracted overnlght with CaC]2 (1:3 soil: CaC]2 by wt. ) and the so]ut1on assayed
for Tc-99. The results (Table.4) indicate that a large percent of the applied
Tc-99 is still "free" after two months of mois; incubaﬁion. Thus, the “high
plant Tc-99 tissue concentratfons observed are not'inéonsiétent with*fhoée |
from the irrigation study. whi1e_the'high CaC12 extrqction figures appear
tb.agreé with the high tissue concentrations observed the linear regression
correlation coefficient between the two barametefs was only 0.58. The reason
for the 'high percentage of non-sorbed Tc-99 after two months of soil contact
is not clear, but may be related to aeration effects. |

C. Effect of Tc-99 on germihating seeds

Resuits of the initial eiperiment in which Wheétvseeds were germinated
~and grown for 10 days in growth pouches containing increasing amountS(Jch 99
'showed that s1gn1f1cant reduction in shoot growth first occurred between Tc 99
add1t1ons of 0.25 and 1.0 uCi with cont1nued reduction through ‘the 20 uCi

Tevel (Table 5),‘ The resu]ts also show relatively little reduction in root
growfh over the same range although, as will be shown later, this may be an

artifactidue to inclusion of seed weight in the root'yieId data.
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Measurable effects of Tc;99 toxicity bn germinating wheat seedlings then.
first occurred at initial solution concentration of technetium between 0.3 and
1.2 ug/ml. This cqrresponds to shoot tissue'concentratidnSjbetween b.68 and
2.8 uCi/g. Since the specific activity.of Tc-99 is 17 mCi/g, this corresponds
to a Tc concéntration in the tissue of 40 to 165 ppm. i "

| "The effect of-Tc-99 on germinating seedlings for the otherplant species
(including a repeatéd éxperimenf for wheat seedlings) are given in'T;b]es
6-11. Results for the'initiai wheat seedling study (Table 5) indicafé that
there méy be a threshold effect or a minimum level of Tc-99 required before ,
toxicity occurs. However, results for the - second experiment do not confirm
this effect for wheat (Table é). Results do show that Tc-99 is toxic to ger-
- minating seeds for all species studied, wiih somé ﬁpécies showing a threshold
effect andothers not. Whether there isa threshold level of Tc-99 required
for toxicity and what that level might be for a given species»remains to be seen.

As indicated ébqve, Tc-99 was toxic,tovall plant species studied.. Whect,
barley, oats and radishes all showed toxicity‘occurring in the range of 0.025
to 1.0 uCi Tc-99/50_ﬁ] (0.03’#0 1.2 ug Te/ml). In contrast toxicity levels
fbr corn and'soybeans'wefe somewhat higher; i.e. in fhe range of 5.0 to 6.? uCi
Tc-99/50 m1 or 6.0-8.0 u Tc/ml (Tables 10 and 11). Also, when the seeds
are rembved,before'determining root weight, Tc-99 fﬁ shown to cause a' reduc-
tion of root as well as top growth. - 4

The Tc-99 induced toxicity could be either chemically or radio]ogicaily
induced. Since technetium does not have a stable isotope, there is no direct
means of distinguishing between. these two possible mechanisms. One could -
test.for possible radio]dgica]-effects.by using a radionuclide with nuclear
properties similar to Tc-99 but known not to cauée chemical tokicity in the
concentration range'examined. However, this would require getting the rédiq-
nuc]jde into the plant in concentrations, and with macro- and micro-distri-

butions similar to that for Tc—99, and that would be difficult.
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| Alternately, tissoe dosejrates were calculated using the following
equation (Lapp and Andrews, 1972):
| Dose‘rate = (Co)(EB)(5.92’x,10'4) rad sec™!
. Where Co =-radioisotope concentration in tissue, uQi g'1
EB :“average beta energy of radiofsotOpe, Mev. .
Tc-99 tissue concentrations werehexpressed on a wet weight basis for these
calculations as succu]ent tissue is being irradiated in the living p]ants
The average beta energy for Tc-99 was taken as 0. 1 Mev. |

A tissue dose rate of 2 rads/day at the time of harvest was calculated
for the 1.0 uCi/50 ml - freatmeht, where shobt tissue yield depression
was firstAobsethd A dose rate of 16 rads/day was calcu]ated for the shoot
t1ssue at the highest level of added Te- 99 or 20 uCi/50 ml. H1gher or
lower. dose rates may have been -encoutnered prior to harvest depending upon
the relative rates at which techrEt.un aCeuwulated and inew Llssue proouctloh .
occurred over the per1od of the exper1ment

These dose rates _appear to be quite Tow when compared .with those requ1red
in other species to produce growth inhibition (Casarett, 1968). Unfdrtunate]y,
no reports of-studies oealihg speoifica11y with seed]ing'growth:inhibition
in response to chronic irradiation were found in the 1iterature However,
a study of the effect of acute x- 1rrad1at1on of wheat seedlings by Z1rk1e
' and Lampe (1938) showed that exposures of about 400-500 R were required to
produce a 20% reduct1on in shoot growth of wheat seedlings. While Zirkle
and'Lampe class wheat seedlings as_highly radiosensitive, their data makes a
2 rad/day dose rate seem an unlikely cause for the growth reductions observed here.

The above arguments sUggest that Tc-99 toxicity is chemical rather than
radiological in nature. Also; the Tc-99 toxicity symptoms resehb]e those
associafed with damage by 2, 4-D and related selectively translocated herbicides.

Such herbicides function as weed control agents by accumulating to toxic Tevels
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in the meristematic regions and inducing cell d vision and enlargement,
callus and tumor formation and tissue crushing. This unregulated growth

leadsto complete disorganization of the vascular tissues, and thus, lacking

‘the ability to translocate water, salts, and metabolities, the plants die.
- Symptoms. of 2, 4-D injury include a twisting or bending of stems and leaves,

- (resulting from differential growth rates in pefio]es, pulvini, and elongating

regions of the stem) and a cessation of growth followed by death of tissues
(Crafts and Robbins, 1962). |

If Tc-99 toxicity is chemical in nature, it might be expected that the .

.- symptoms would be similar to those for stable analogs -of pertechnetate such

as jodide whose physio]ogica]_behaviqr resembles that of Tc04“, at least

in animals.. Lewis and Powers (1941) found about 20% depressipn in tdp tissue
yields of barley grown in a nutrient solution containing 0.50 ppm added iodine
(tisgue iodine content was 160j§§m). At 1.0 ppm added iodine, all plan£s~"
died. Tissue‘conéentrationslgs 16w as 6 ppm have resulted in reducedAQrowth.
However, the toxicfty symtoms described inc]udé a general chlorosis, yellow
intervenal. patches and brown necrotic spots, and are unlike'thoselseeh withA‘

Tc¥99 in wheat seed]in@é..

- D. Effect of time of addition on Tc-99 toxicity to wheat seedlings .

Additions of 1.0 and 5.0 uCi of Tc-99 to 50 ml of 1/2 strength Hoagland's

~ solution had a depressing effect on both top and root growth when added as late

~as the sixth or in some instances the eighth day following the start of

germination (Tables 13 and 14). Growth depression was greatest at the earlier

dates of application and tended to be greater fn,tops than roots.
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Table 1. Chemical ahd physical proberties of Bergland, Arvesbn, and Nicollet

surface soils.

Soil Type

o, , , . Berg]and” -_Arveson - Nicollet

Depth- sampled (inches) ‘ - 0-7 0-9 0-8

% sand . o 14.0 47.1 27.4.

% silt o '.25.1. 24.6 42.9 -
% clay . - 60.9 28.3 297
pH(H0) 9.4 7.7 5.91

pH (KCT) o 5.5 7.4 5.07 .

% org. carbon L s 2.8 2.39
% Fe,0, 23 0.21 1 0.86

CEC- (meq/100g) 32.3 14.9 19.3



Table 2. 'Uptake of Tc-99 by aerial parts of wheat seed]1ngs from unfertilized and fert1]1zed so1]s irrigated with f

Tc-99 labeled water.
indicated 1n parentheses

Tabulated va]ues are means of 3 replicates wi th standard errors of the means

. . (uCi/g tissue
+ Concentration faetors,.éucl/g o7

- (Steel and Torr1e 1960)

* %% Tigsue concentrat1on means  for unfert1]1zed VS.

dtfferent at the 5% and 1% level of probability respect1ve1y

), can be obtained by multiplying (uCi/g) by 50.

Soil Tissue dry Qeight (mg) % of added Tc~99 in aerial-tissue Tc-99 concenér?t;on in plant t1ssue+#
_ : y i/g
o unfert. fert. unfert. fert unfert. .  fert.
‘Bearden 231(12)  225(8) 64(2.2) _ 35(3.4) 16.6 bcd** 9.2 ¢
Hegne A 165(5) ]91(6) 61(0.1) - 49(1.6) 22.4 ef** 15.2 fg
Hibbing 201(14) 235(9) 62(2.6)  56(1.4) 18.5 cde*s 14,3 efg
Nicollet 169(12)  179(2) . 67(0.8)  52(4.7) 24,0 f* 17.5 gh
(surface) , : E '
Nicollet 161(7)  186(3) 57(2.2)  62(3.2) 21.3 ef 19.9 h
H(subsurface) _ - | ' ': . i
Omega _ - 193(6) 211(8) 42(0.]) - 31(3.5) ~13.1 ab* 8.9 bc- e
Bergland 195(4).  207(0.1) 62(1.2) . 54(0.6) 19.1 de** - 16.0 fq
~Arveson 191(2)  206(5) i4(2.8)  17(0.6) 13.7 ab** 50a
Waukegén ; - 144(13)  204(6) | 56(4.4)' 59(5.0) 23.2‘f** . 17.5 gh
Zimmerman 147(9)  171(5) . 52(2.3)  47(1.4) 21.1 ef** 165 fgh
peat - 275(4)  350(25) 54(3.0)  77(2.3) 11.8a 13.2

def

.Means in same co]um followed by same letter are not 51gn1f1cant1y d1fferent at the 5% level by Tukey s test

fertilized treatments (for a given so11) s1gn1f1cant1y



Tabl_ _. Uptake of Tc-99 by aerial parts of wheat seedlings from unfertilized and fertilized §Oi]s,h0ist-1ncubafed
' - with Tc-99 for two months prior to seeding. Tabulated values are means of three replicates with standard
- errors of the means indicated in parentheses. ' . ' ' o

Soil Tissue dry weight (mg) % of added.Tc-99'in aerial tissue Tc-99‘cohc?ntrat;on in plant tiésue+*
oo : o ‘ : uCi/g
unfert, fert. unfert., fert, . . _unfert. fert.
Bearden . 54(6)  249(11) 17(1.4) - 8(2.0) 19.4bcd * 1.9 a
Hegne 30(2)  T9(6) 700.3) 7(0.9) 14.2 abc 3.8 ab
_Hibbing - 83(13)  170(5) 15(4.4)  -22(3.7) 29.8e 7.0 abc
Nicollet 32(2) 9%6(18) . 14(2.0) 22(3.9) 25.5 de 14.1 cd'
(surface) . .
Nicollet 10(0.4)  26(7) - 5(0.6). 1m(2.3) - 26.2de  2.1e |
(subsurface) ‘ , C C o ~
Omega = 105(26)  -159(7) 12(4.5) . 12.4(1.3) . 5.9 a 4.7 abc
Bergland - 55(6)  141(11) . 13(1.2) . 23(2.7) 14.4abc 10:1 abed
Arveson 72(12) - 177(15) 12(3.4)  21(1.6) o 10.5 ab 7.0 abc
Waukegan 173) 271(5) ~  7(L.2) O 8(1.4) | 23.4 cde 17.7 de .
Zimmerman 18(3)  121(13) 5(0.3)  23(4.1) 16.1abcd  11.9 bed
peat oe8(5)  e48)  7(0.7) 18(2.8

.8) © 143abc 17.2 de

Concentration factors, (ﬁg};g :g??u?), can be obtained by mu1tip1ying/(uCi/g) by 50.-

¥ Means in same column followed by?saﬁéﬁﬁetter are nbp significantly different at the 5% level by Tukey's
‘test (Steel and Torrie, 1960). -~ i . ' ‘ o o



‘Table 4, Extraction of Tc-99 fromvmoist-incubafed soils by 0.01 M -

CéC]z. 'Tabulatéd values are means of triplicate.samples

with standard errors of the means indicated in parentheses.

Soi]' 3 - Percent Extractab]e

Bearden ' : . 70 (3.8)
Hegnei .72 (1.1)
" Hibbing | 79 (2.4)
Nicollet ‘(surface) 78 (2.7)
Nicollet (subsurfa”ce-)". -~ 101.(2.9)
Omega o o 31 (1.4)

Bergland | 67 (0.3)"
ArVéSOnr, - o 79 (3;2)
Waukegan | f . 84 (2.2)
'». "Zimmerman,A # 62 (1.9)

Peat | 100 (7.9)



Tabulated values are

Tissue yield and Tc-99 concentration of 10-day-old wheat seedlings germinated and grown on 50 ml

of 1/3-strength Hoagland solution containing increasing amounts of Tc-99
means of four replicates with the standard errors of the means indicated in parentheses

Table 5. |
Tc-99 so]utibn conc, Tissue yield (mg)* : Tissﬁe Tc;99 concentration
S _ : ~ A ___shoots _ - ___roots

uCi/50 ml ung/ml ~ shoots roots uCi/g ug/g uCi/g ug/g

0 0 121 a 147 a -- - - -

0.025 - 0.03 127 a 135 ab 0.062(0.001) 3.7 10.036(0.012) 2.1
0.25 0.3 121a 131 ab. 0.68 (0.03) 40 | o.ogé(o.o1z) 5.1
1.0 1.2 85 b 114 ab 2.79 (0.14) - 165 0.47 (0.03) " 28

2.5 o0 52¢c . 101b 6.90 (0.14) 407 2.11 (0.13) 124
5.0 . 5.9 . 38cd . 121 ab 12.11 (0.55) 714 3.61 (0.16) 213
6.7 7.9 31 cd '133ab - 10.93 (0.77) 645 3.65 (0.21) 215
23.6 214 136 ab 22,5i (1.54) 1328 7.32 (0.47) 432
‘ different at the 5% level

20
* Means in the same column followed by same letter are not significantly
by Tukey's test. (Stee] and Torrie, 1960). '

-8z~




»Table 6. T1ssue yield and Tc-99 concentrat1on of 10- day—o]d wheat’ seed11ngs germ1nated and grown on 50 ml of 1/3

strength Hoagland so]ut1on conta1n1ng 1ncreas1ng amounts’ of Tc -99. Tabulated values are means of dup11caté

samples.WJth standard errors of the means indicated in parenthes1s.

Te-99 Solution-tbnc. " o Tissue-Yieid Tlssue Tc-99 Conc. | -~ Root/Shoot
: (treatment). T (mg) - - (uCi/g) ' : ~conc.

gCi/SO ml - Shoots Roots _____Shoots ‘ Roots - Ratio
Control - 1 (11) 0 o (7). N R - .
0.025 | 128 (17) 81 (16) ©0.0757 (.0012) 0.0159 (.0004) 0.21
0.25 10 (1) 74 (11) . - 0.960 (.009)  0.181 (.014) 0.19

1.0 - 63 (5) 50.(.2) - 4.929 (.553)  1.326 (.224) 027 N
2.5 38 (3) 40.(6) | é.éss*(.432) 4.640 (.508) 0.52 K
5.0 ' 34 (4) 50 (5) 13.758 (.394) . -6,479 (.802) 0.47
6.7 32 (.4) - 49 (2) 25148 (2. 538) 8.022 (1.362) 0.32

10.0 o 21 (3) 36 (4) 21.447 (2.175) 10.741 (.154) 10.50




.Table 7. Tissue yield and Tc-99 concentration of 10-day-old. barley seedlings germinated and grown on 50 ml of 1/3

strength.Hoagland solution containing increasing amounts of Tc-99. Tabulated values are means of duplicate
samples with standard errors of the means indicated in parenthesis. '

Tc-99 Solution Cohc._ ' ,Tissue‘Yield ' ‘ TissuévTc499.Conc, o * Root/Shoot .

(trgatment)‘ : , (mg) : (uCi/g) B . ~ conc.
uCi/50 ml . __.Shoots Roots Shoots __Roots . ___Ratio_

Control | 130 (5) 82 (2) —— S

' 0.025 | 142 (6) ~ 85(2)  0.097 (.004) 0.010 (.001) £ 0.10
0.5 93 (10) 73 (7) 1.038 (.042) .  0.130 (.002) .12

1.0 42 (3) 46 (6) 5.323 (.572) - 1.532 (.163) 0.29 »
2.5 33 (3) 43 (4) 11.399 (.613)  3.962 (.363) 0.35 =
5.0 23 (2) 42 (10) 17.170 (1.806)  9.485 (.249) 0.55 |
6.7 24 (2) © 34(1)  14.812 (.820)  14.630 (.960) 0.99

10.0 20 (2) 24 (3) 110.653 (2.578)  13.136 (.668) 1.23 |

*root value for Tc<99 conc} is the mean of 3 reps. from one sample only..



~Tab]e 8 1ssue yle]d and Tc 99 concentration of 10-day-o1d oat seed11ngs germ1nated and grown on 50 ml of 1/J

strength Hoag]and solution conta1n1ng 1ncrea51ng amounts of Tc-99 Tabu]ated values are means of dup]lcaté~ T

samples w1th standard errors of the means indicated in’ parenthes1s.

Tc-99 Solution Cone.

Tissue Yield

Tissue Tc-99 Conc. " Root/Shoot

(55?32383%) Shooté (no) __Roots Shobts'(uci/g) ' Roots-5' B : ?'522?6

Control 76 (14) 61 (15) - .- S --- )
0.025 88 (.3) ‘63 (7) 0.1285 (.004) 0;0457 (.029) °  0.36

0.25 76 (2) | 51 (3) 1.120 (.069) £ 0.231 (.006) 0.21

1.0 33 (7) 25 (2) 5,753 (.180) 1.497 (.000) 0.26% "’ b
2.5 23 (2) 2 21" (4) -— - | - Cmem kN -
5.0 20 (2) 18 (6). 10.122 (. 282) 8.632 (1.553) ; | | 0.85

6.7 20 (2) 22 (.8) 11, 64 (1.261)" 9.184 (.787). 0.79
10.0 . 18 (.8) 18 (.9) 13.674 (1. 833) 12785 (1.352) 0.94

*For root Tc-99 conc. on]y one rep » therefore:

**burnt

SE - (.000) + shoot vaiue(is the mean of 3 reps. from one sample 6n1y.



Table 9 Tissue yie]d*ahd Tc-99 concentration of_104d5yfold radish seedlings germihated and grown on 50 ml of 1/3

stredgth,Hoag]ahd sblutionAconfaining'incréaSingfamounts of Tc-99. Tabulated values are means of duplicate . .

samples with standard errors of the means -indicated in pakenthesis.

Tc¥99 Solution Conc. | Tissue Yield TisSUe.Tc-QQ Conc. . . Root/Shoot

(treatment) - (mg) : (uCi/g) L - conc.
wCi/soml - __Shoots - Roots: Shoots .~ Roots _ Ratio

Control e (e) 53 (4) _— E—— , R ;

0.025 o ws(1) 45 (3) 0.119°(.004)  0.015 (.003) 012 |

0.25. 1 (3) 45 (2)  1.270 (.086) 0.197 (.012) 0.16

1.0 2 () 36 (3) 4563 (:172) 0.545 (.040) 012 &
2.5 e (8) 16 (4) 19.603 (.852) 2.172 (.416)* o -
5.0 - 64 (2) 10 (.7) 37.751 (1.911) 4.763 (.522)* 0.13

6.7 55(9) 10(1) 39.627 (12.036)  4.851 (.435)* 0.12

10,00 52 (2) 7 (.9) 53.955 (1.241)  10.014 (3.381)* . 0.19

* less than 3 reps for one or both samples.



Tab]e 10 Tlssue yield and Tc-99 concentratlon of 10-day-old soybean seedlings germ]nated and grown on 50 ml of 1/3

strength Hoag]and solution contalnlng 1ncrea51ng amounts of Tc-99. Tabulated values are means of dupl1cate :

samples w1th standard errors of the means 1nd1cated in. parenthes1s

Tc-99 Solution Conc. ~ Tissue Yietd - Tissue Tc-99 Conc. . Root/Shoot
(treatment) - | (mg) Lo o ~ (uCi/g) conc.
uCi/50 m1 _Shoots ~ ~ Roots Shoots ____Roots Ratio
Controls o 315 (112) 122 (29) . oaew e R
- 0.025. 74 (5) 150 (16)  * 0.025 (.005) - 0.037 (.002) 1.45
0.2 332 (51) 132 (26) . 0.253 (-096) ~  0.245 (.018) 0.97
1.0 T 295 (67) | 132 (13) . 1.156 (.008)  1.139 (.033) - 0.99 |
2.5 360 (33)  147(6)  2.305 (.383)  2.448 (.320) 1.06 8
50 o 302(62) - 134 (8) © 5.879 (.043) 4.673 (1.654) 0.79
6.7 159 (15) - 4?5'(18) - 6.851-(.012) ~  5.261 (.505) 0.77
10.0 230 (10) 72 (9) 5.369 (.1762) 7.133 (.420) 1.33




Tab]e 11. Tissue yield and Tc- 99 concentration of 10- day-old corn seed]1ngs germinated and grown on 50 mo of 1/3

strength Hoag]and solution conta1n1ng 1ncreas1ng amounts of Tc-99. Tabulated values are means of dup]]caté'

samples with standard errors of the means 1nd1cated in parenthes1s

Tc- ?zrzgl;::2? Conc o Tiss%;g;ier " | | Tissﬂe(:g;ig)sonci. | : Rqogéggnot-
wCi/sQm - Shoots: __Roots ~__ Shoots ~ Roots Ratio -
*uontro]s " ' 1§2f(35); 184 (22) ' - ‘ ‘ -— e-- ‘
0.025 152 (33) 295 (29) ° 0.047 (.002) 0.031 (.014) - 0.67.
c.2s . 170 (16) 244 (34) 0.660 (.023) 0.117 (.011) 0.18
' i,q 185 (47) 266 (49) ~  1.728 (.027)  0.46 (.080) 0.27 .
2.5 221 (8) 338 (35). 3.800 (.058)  1.395 (.063) 0.37 k=
5.0 o 127 (5) - 184 (.5) - 8.208 (1s830): 13.202 (.042) 0.39
6.7 | 57 (7) 107 (8)  9.360 (4.457) 5.233 (1.854) . 0.56
10.0 S 79 (17) 118 (10) 7.196-(2.422)  5.477 (.574) 0.76

* 3 reps. for each control value given




‘Table 12. Tissue yield and Tc-99 concentration of 10-day-old wheat seedlings germinated and grown'oh‘some of
1/2-strength Hoagland solution containing 1.0 or 5.0 uCi of Tc-99 added with incréasing time after -
start of germination. Tabulated values are means of triplicate samples with standard errors of the

means indicated in parenthesis.

T¢-99 . Time Tc¥§9 Shoot tissue yield Root tissue yieid Tissue Tc-99 - conc. (uC1/g)j Root/shoot |
added added* : % of - % of R . conc.. ’
(uCi/50 m1) (days) (mg) - control __ (mg) control _Shoots __ Roots  ratio
Contral --- 138 (4) -~ 91 (6) . - PR — -—-
1.0 uCi Q119 (4) .86 85 (2) - .93  3.396 (.021) 0.520 (.026) . 0.15
2 120 (6) .87 90 (6) .99 3.107.(.127)  0.431 (.038) 0.14 :
4 123 (8) .89 o4 (4) - 1.03  3.049 (357) - 0.466 (.042)  0.15 &
6 124 (14) : .90 94 (10) - 1.03 2.571 (.060) 0.474 (.053) 0.18
8 131 (7). .95 95 (5) 1.04 = 2.096 (.269) .'0.517 (.051) - - 0.25
5.0 uCi iO 72 (11) .52 60 (4) - .66. 12.624 (1.085) 4.865 (.111) 0.39
2 91 (1.4) .66 74 (2) ' .Bi 15.914 (1.115) 4.346 (.192) 0.27
4 104 (12) .75 82 (9) .90 12;427 (.315) 3.377 (.294) 0.27
6 108 (9) .78 87‘(5) , .96 10.708 (.820) 2.533 (.154)‘ 0.24
8 129 (9) 93 96 (7) 1.05  7.788 (.517) 2.330 (.256)  0.30

* time after start of gefﬁfﬁéf on. -




Tablé 13. Tissue_yie]d and Tc-99 concentration of 18-day-old wheat seedlings germinated and grown on 50 ml of =
| 1/2-strength Hoagland solution cdntaining 1.0 and 5.0 uCi of Tc-99 added with-increésing time after
_ start of germination. Tabulated values are means of triplicate samb]es with standard errors.of the

‘means indicated in parenthesis.

Tc-99 . Time Tc-99 Shoot tiésde yield Root tissue yield Tissue Tc-99 conc. (uCi/g) Root/shoot
added added* 3 % of - % of | o conc.
(uCi/50 m1) (days) (mg) - control _ (mg) . control = Shoots Roots ratio
Control . --- 336 (18) - 218 (18)  --- --- - ---
1.0 uC 0 | 176 (9) ..52 | 133 (7).' - .61 3.058 (.068) - 0.280 (.030) 0.09
| 2 169 (8) .50 4149 (11) .68 3.865 (.276) 0.254 (.026)‘ 0;077*
4 244 (20) 737 206 (11) .94 2.887 (.136) 0.156 (.0C7) 0.05
6 232 (31) ~ .69 201 (24) .92 3.185 (.338) 0.171 (.035)  0.05
8 322 (40) .96 228 (24) 1.05 2.171 (.040) 0.148 (.004) 0.07
5.0 uCi 0 67 (13) “;30 - 67 (12) .31 22.632 (1.417) 4.830 (.592) 0.21
2 110 (12) .33 91 (13) ‘. .42 1 22.038 (.057) 3.056 (.365) 0.14
4 127 (7) .38 ‘ 103 (4) .47 23.849 (1.043) 3.254 (.224) 0.14
6 158 (9) .47 146 (16) .67  19.328 (.496) 1.914 (.209)  0.10
8 240 (8) 1 .162_(11)’ 74 11,761 (.346) 1 0.11

.260 (.151)

—92-
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