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: Results show that

ABSTRACT

Studies described in this report were aimed at establishing the
magnitude and mechanisms of 99Tc sorption by soils and uptake by plants.
99Tc was sorbed from solution. over a period of two to

five weeks by 8 of 11 soils studied. The slow rate of sorption, the

lack of sorption by low organic matter soils, the elimination of sorption |
. following sterilization and increased sorption fo1]owing'addition,of

vdextrose all point to a microbial role in the sorption process. However,

it has not been established whether this is a direct or indirect role
nor is it possible to c]earTy»predict the conditions.ﬂnder which

99Tc can

sorption will occur. Results of plant uptake studies show that
be téken up and trans]oﬁated into the photosynthetic'tissue of higher.
plants with concentrations in éeeds being muchA1ess fhan in vegetative
tissue. Technetium-99 was also shoWn to be thic to plants at Tow
concentrations and evidence suggests that thfé is a chemically rather
thén radiologically induced toxicity. However, this remains to be.
completely feso]ved as well as whether theré is a fhreshpid level of

99Tc required before toxicity occurs. Studies of short-term; dynamic,

 aerobic systems indicated that 99Tc,moVes through the soil as a relatively

large anion exhibiting characteristic miscible displacement with some

asymmetric tailing. 99Tc exhibits greater retenfion that C17, which may

be attributed statistically to weak complexion by organic matter.

It is unlikely that this retention phenomenon is related to the static

sorption activity kepokted in the first pakt of this study.
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INTRODUCTION

This fechnica] progress_feporf covérs the results of studies deé]ing '
“with the behavior of technetium-99 in soils énd plants for the fouf year .
period from Aprii 1, 1974 to December 31, 1978'under contract number
EY-76-5-02-2447.M002 with thé U.S. Energy Research and Deve]opment'
Administration. Appro*imate]y 10 percent of the prfncipa] investigator's‘_
time was devoted to the projéct during the'reporting period. |
- Many of the results presented in this report have been reported in
earlier progress reports (U.S. ERDA No.'s C00-2447;1, C00-2447-4, or
C00;2447—5) or in the'manustripts Tisted in the Lfterature Cited.section
which have been submitted and approved for pub]ication (Landa et a].,
19765 Gast et al., 1976; Landa et al., 1977). . They are presented in

total here in order to tie them together in one central, coherent report.



REVIEW OF LITERATURE AND STATEMENT OF PROBLEM

An examination of the mass yield curves for the fast neutron fission

238, 239 232 233, 235

u, Th and the slow neutron fission of u, “7°U, and

of
239

Pu, and
Pu reveals maximum y1e1ds at mass-99. - This leads to the pfoduttion of

e1ement 43, technetium, as shown by the fo]]owing decay scheme.

DECAY SCHEME: MASS 99 CHAIN

99M, kT 6 1) "87% - 99m
0 =67 h —  Tc (T =6 h)
42 Ve T g 43 V7

a9 . - | 5
Te (T =2.12 x 10 )
43 1/2 J

99
Ru ( stable )
44

Technet1um is a trans1t1on metal of group VII B, and its 1sotopes,

ranging in mass number from 92 to 107, are all radioactive. Of these, only

99 5

Tc is a long-lived (T]/2 = 2.12 x 10 y) f15510n product, emltt1ng a

0.292 Mev (max ) beta partlcle (U.S.P.H., 1970).

Technetium-99 may enter the environment from several sources.f‘That found

in rainwater is believed to result from atmospheric detonations (Attrep

et al., 1971). Leaky fue]»e]emehts in nuclear reactors, losses during

fuel reprocessing, neutron activation of Mo in coolant waters,




~ fuel claddings, and reactor construction materials represent additional

gch production and release to the environment. - Indeed,

99

methods of

99Mo, 9ngc and ““Tc are often reported in reactor effluents (E.P.A.,

19713 Toyota et al., 1971).

99,

In addition, ""Tc and its mass 99 parents, 1so]ated from elther

neutron~activatedAmo]ybdenum or m1xed fission product waste solutions,
are finding increased medical and industrial applications. The -
widespread use of Bmre in nuclear medicine for‘diagndstic ofgdn 3
scanning, and its Subﬁequent elimination in patients' excretions provide

99

an additional source of ““Tc to the environment. Small quantities of

Tc have been shown to impart remarkable corrosion resistance to

99

soft metals (Colton, 1965) and if the alloying of such steels with Tcd

becomes an accepted practice, still another route of release will be intro-

‘ duced The trace amounts of natura]]y—occuring 99Tc associated with uranium

99

ores (Kenna, 1962) and ““Tc produced as a resu]t of h1gh energy

spallation reactlons (Goeckermann and Perlman, 1949) probab]y contrlbute

- only very slightly to env1ronmenta1 levels.

99

Thus several important sources of ““Tc release to the environment

‘presently exist, and with the growing development of nuclear power
99 ‘

: reactdrs, and of medical and industrial utilization of ““Tc and its‘

~ mass-99 parents, it appears that such release will continue. These

releases of technetium will generally be as.the pertechnefate‘ion, Tc04".
A]thdugh Tc may exhibit a valency from 0 to 7, with 4+ ahd 7+ being

the most commdn, the Tc04' ion is the only species whichlhas been-fdund
in aqueous solution over a wide pH range (Rulfs et al., 1967). A]sd{

this is the chemical form utilized in nuclear medicine'(Harper; 1964)

-and industrial applications (Colton, 1965), and the finq] form in

.which Tc. occurs following the radfochemical'reprocessing of spent

reactor fuel elements (Parker et al., 1956).



Considerable work has been done on the movement of administered Tc

in laboratory animals and huhans. Following uptdke, the Tc tends to
concentrate.in the thyroid and salivary glands, and the_gastric and nasal.
mucosa (Baumann et al., 1956; Beasley et al., 1966). The movement and |
degree of concentration of Tc appears similar to that.of iodine, and -
indeed hyperthyroid individuals show a much greater 1ocaliza£ion of
administered Tc in the thyroid as compared with normal indiviouals:
(McGill et al., 1971). E11m1nat1on is 1n1t1a11y by the urine, and
after several days, predom1nant1y the feces (Beas]ey et al., 1966;
Sorensen and Archambault, 1963). While most studies have 1nv01ved the
intravenous adm1n1strat1on of Tc the work of Beas1ey and coworkers
(1966) showed no detectable difference in.the rate, route or amount of
excretion in human volunteers given Tc.by either ihjectionor ingestion,
 the latter probably being the major route of exposure‘to environmental
levels of Tc. An autopsy study (Sodd and Jacobs, 1968) of environmentally - -
exposed individuals revealed small but detectab]eAamounts of gch
deposited in hyman thyroid glands. o

In contrast to the relatively extensive stud1es of Tc in animals 8
and humans, there was little direct information available concern1ng 1cs
behavior in soils at the time this study was initiated. However.”the medical
and analytical chem1stry llterature does suggest a var1ety of mechan1sms
by wh1ch technet1um may react with the organ1c and mineral components of
natural soil systems. These‘mechan1sms, which have been reported for tech-
netium in non-soil systems, include ioh-exchange;.precipitafion/coprecipitation
and complexation/chelation. For examp]e,‘Linder (1965) has demonstrated
the non-specific anion exchange adsorption of the pertechnetate anion at
the amphoteric surface of pseudomorphic jron hydroxide. Thfs appeared to
‘be a potentially important mechanism for technetium retention in soi}s,

for as Ryabchikoy and Pozdnyakov (1965) have shown for anion exchange



~ that

resins, the sma]l.hydration of the Tc04“ion results ih marked preferential.
adsorption of trace quantities even from solutions of very high ionic
strength. Since thefe afe no stable isotopes of technetium,'the T¢o4' will
be carrier free, and the quantities present will be very small. Consequently,
even the relatively small anion exchange capacity of montmorillonitic and
kaolinitic type minerals appeared to be adequate for retent1on |

The pertechnetate anion also forms s]1ght1y soluble salts with a
variety of inorganic cations, and consequent]y may be retained by this

mechanism in those soils with high concentration of free iron, aluminum

- and silica. In addition, it may coprecipitate with various metallic

sulfides. However, it does not_coprecipitate with ferric hydroxide unless
reduced to the 4+ oxidation state (Anders, 1960) | :
Che]at1on also appears to be a feasible mechanism for technetium
retention by soils in light of its electronic structure (available "g"
orbitals for bonding),‘and the observatidn that the extraction.of the

pertechnetate ion from mixed fission products requires the presence

of an electron donating nitrogen or oxygen atom in the solvent (Peacock,

1966). Also, a variety of biomedical products consist of compiexes of
gch with amino acids, proteins, or polyaminecarboxylic acid (i.e. EDTA-type)
chelating agents. It is a matter of current controversy, however, as to

whether the Tc is present as pertechnetate or as a reduced, cationic

-species in such complexes (Benjamin et al., 1970; Eckelman et al., 1971).

The 1imited information available in the literature concerning the

"rates of movement of Tc in soils was inconclusive. Brown (1967) reported

3H, ]OSRQ and 99Tc have poor sqrptidn properties and migrate at

approximately the same rate as the groundwater. This .observation was based :'

on studies invo]ving'the discharge into the ground of waste solutions from




the U.S. Atomic Energy Commfssion's Chemica1.Separations Plants at Hahford;
wasbingtbn. ‘In‘contrast, Handley and Babcock (1970, 1972) have shown that
]06Ru is held very tightly at the surface of soi] co]]bids' Further work
done at the Georgia Institute of Technology on a simulated aqu1fer
(Champlin, 1967) suggests that the anomalous mob111ty of ruthenium observed
at the Hanford waste disposal site may be due to its movement as an adsorbed
phase on micron-size particulate matter. This possibility haS nbt been

99

investigated in the case of “7Tc.

 The results of several investigations relevant to. the environmental

gch have been reported since initiation of-the study

release and fate-of
reported here. Moss and Sternglass (1973), ih a study of radionuclide
releases:to the Ohio River associated with the operation of the nuclear-"'
medicine_depaftments of tWenty-one Pittéburg hospitals, found 9ngc to be
_the second 16rgest contributor of activity from these soubces. Based on
the period 1969-1971, they calculate a ten-to-fifteen percent annual -
1ﬁcrease in totaT radioisotope usage. Thus, as gngc continues to gain in
popularfty as the radionuclide of choice in many diagnostic procedures,'its
| usage abd, hence release to the environMent, wi]]'undoubted]y»butstrip
the-fncrease in total hedica] radiohuc]ide usage.‘

Reports by the U.S. Environmental Protection Agency (1973) and
‘the U.S. Atomic Energy Commission (1974) on the uranium fue] cycle have
provided estimates of the growth of the nuclear electric generation capability
in the United States. In 1972; an estimated 10,000-12,000 megawatt elettricail
(Mwe) of nuclear electric generation capability is'preditted to have expanded
to'140,000-]50,000 MWe (U.S. Atomic EnergyACommission, 1974). Kotegdv . |
gt_gl; (1968) have ptovided the fo]]owiﬁg equation relating the quantity of |
technetium formed to the reactor power:'_N'Tc =28 Pt |

amount of Tc forméed, mg.

where NTC = |
P = reactor power, MW
't = time of operation of the reattor, days.



Based on the.above data, an estimated 1500 kg ot Tc‘will be formed in
the year 1980 by nuclear power generation in the United States. Kotegovv
et al. (1968) elso estimated the world-wide production of technetium'from
nuc]ear power generation to be 4000 kg for the year 1980, and based on the
period 1963 to 1970, estimated the accumulated quantity of technet1um.to be
in excess of 10,000 kg. | B
| Gearing et al. (1973) have investigated possible toxicity 1evels of
99Tc (as the pertechnetate ion) for several marlne and freshwater b]ue green

gch in the cells at

algae. They found no significant ‘concentration of
‘rather high concentrat1ons of NH TcO4 (7.56 x 10° M)
Two recent 1nvest1gat1ons have been concerned w1th determ1n1ng trace

99

amounts of ““Tc in eny1ronmenta1 samp]es. Foti et al. (1972) have

developed an extraction-neutron activation technique for use in detecting

B¢ in vegetation samples. Golchert and Sedlet (1969) have reported a

99Tc in sur-

chemical separation technique which has been used to detect
 face water samples. Of some 150 water samples ana]yzed dur1ng the period
:1965-1968, 80 percent fel] below the detection limits of the procedure
(0.5 pCi/1). The average concentration in the remaining 20 percent was:
2.65 pci 1c/1. ' R -

_ A recent report from Battelle Pacific Nerthwest taboratories (wfldung,

" R.E. et al., 1974) on pertechnetate sorption frcm 0.01 M CaC'I2 by a variety
| of soils indicates on]y 11m1ted removal of technetium from solut1on However
~equilibration times were on]y 22 24 hours, in contrast to the extended time

~ periods found in our investigations to be necessary to achieve equilibrium : :
" conditions. In addition, Cataldo gt_gl. (197g) have recently reported on
the accumulation, fate and behavior of technetium in p]ants. Like many of
the results reported here, they found that gch is effectively accumulated '

‘ by,plants, that Tc is toxic to plants atflowlconcentrations apparentTy due to

chemical rather than radiation effects, and that the xylem form of Tc was Tc04'.



In 1ight of the projected increases ih gch release to the

environment outlined above, the rates and mechanisms'ofAité incdrporation-.i
'into the food chain need to be understood as well as the radio]ogica1-  |
- health imp]icatiohs. However, information concerning the behavibr'of
| technetium in soil sysfems and its availability fbr plant uptaké'were
almost ﬁonexistent at the time this study was initiated,l It seemed
appropriate then thét a cémprehensive study-be conducted to estéb]ish
its genéra] retentidn by soi]s,»the»extent'that it may be taken ub by
¢ 99

- plants and incorporated into the food chain, and the movement o Tc

‘ _ "~ dn soils.



for

MATERIALS AND METHODS

- Technetium-99 source:

Technetium-99 was obtained from the International Chemical and Nut]éar

- Corp., Irvine, California. The carrier-free mater1a] is supp11ed inl1N

NH40H in the form of ammonium pertechnetate (NH4Tc04)

Radioassay for 9ch:

Technetium-99 was defermined using a Packand Tri-Carb liquid scinfi]]atibnv
spectnometer (model 3375) with the discriminatons and amb]ification preset
14 counting. The basic scintil]ant}used consists of: |
5.5g PPO (2,5 Diphenyloxazole) | | |
0.1g Dimethyl POPOP (1,4 - bis - 2 - (4-Methy! e}5 Pheny]oxazq]y])-Benzene)A
667 m1 Toluene |
333 m] Triton X- 100 . |
The sc1nt111ators and Triton X - 100 were sc1nt111at1on grade: mater1als and

the to]uene was A.C.S. analytical reagent grade. . A var1ant_of this formula- |

tion containing no‘secondary scintillator was used with samples containing

‘perchloric acid. Low-potassium borosilicate glass vials were used and
counting efficiencies ranged from about 80 to 90%. Quench corrections were .

A made‘using the external standard method. Sampies were counted for 10,000

net counts or 20 minutes.

Asning of plant samples:

~In order to prevent the volatile loss of technet1um, the acidic dlSSO]U-
tion of samples must be conducted under reflux1ng and strong]y ox1d1z1ng :

conditions (Anders, 1960). Based on these guidelines, the work reported by

'Sodd and Jacobs (]968) on ashing human thyroid tissue, and the acid co-distilla-
. tion data of Boyd et al. (1960), a suitable procedure compatable with the

analysis of a relatively large number of plant tissue samples by liquid
scintillation techniques was sought. A modification of the method of.Mahfn -

and Lofberg (1966) was found to offer both ease of sample preparation and
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freedom from the vo]at11e loss of technetium. B

Five to 10 mg samples of plant t1ssue ground to pass the 20-mesh
sieve of a Wiley mill, were p]aced in a tared g]ass sc1nt111at1on vial and
VO 2 ml 60% perchloric acid and 0.4 ml 30A hydrogen perox1de added. The
vials were sea]ed with linerless po]yethy]ene screw caps and d1gested in an
- 80°C oven for 16 hours without agitation. After coo]1ng, 10 ml of the mod1f1ed
(no dimethyl POPOP) scintillant waS added'to each vial. The rials were
shaken, ceo]ed for 1 hour in the sample compartment of the 1iquid}scinti]]atipn :
unit,‘and then counted. | o .

Soil characterization:

Soils for this study were selected to reflect the general range bf
~ pH, organic matter content, and texture. found in thebstate'of Minnesota.'
.Mineral soil samples were collected jn the fieid, air—dried,'ground and
passed through a 2 mm sieve. The organic soil studied was maintained in
the field moist state w1thout grinding. - ' | |

The following soil characteristics were determined on dup11cate samp]es

using the methods cited. ’

a) Particle size d1str1but1on was determined by the hydrometer method -

- of Day (1965) as mod1f1ed by Grigal (1973).

b) Specific surface area of the m1nera1 fractlon of the soil ‘was
determined by the ethylene g]yco] monoethyl ether method of He11man
gglgl_ (1965) as modified by Eltantawy and Arno]d (1973). '

E ¢) Moisture retention was determined at 1/3 - and 15-bar matrfc suetion
nAon a pressure-plate apparatus using the method of Richards (]965)

d) The pH of 1:2.5 soil: water and 5011 1 N KC1, s]urr1es was determ1ned

using a -Beckman Research pH meter with g]ass e]ectrode as descr1bed

by Jackson (1967).
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e) Organic carbon was determined by the walkley-81ack wettcombustion
method as described by Allison (1965). o

f) Calcium carbonate equiva]ent.was determined by-the acid neutra1i-
zation method as described by Allison and Moodie (1965).

g) Free iron oxides were determined-by_thevsodtum dithionite method
of Deb (1950) as modified by Kilmer (1960). '

h) Cation exchange capacity was determined by a modiffcation of the
radiometric method of Francis and Grigal (1971) us1ng 0.1 N CsCl
labeled with ]37Cs as the saturat1ng salt. ‘

i) Extractable phosphorus was determined using Bray's No. 1 exthactant
according to Grava (1968). | B

j) Exchangeable potass1um was determined by ammonium acetate extrac-

tion accord1ng to Grava (1968)

Sorption of gch by soils:

Genera] procedure: All soil sorption exper1ments 1nvo]ved the fo]low1ng

general procedure. Two grams of air-dry soi] ground to less than 60 mesh,
were placed into sections of seamless cellulose did]ysis tubing‘(Union-

Carbide Corp., Food Products Div., Chicago, I11inois) which had been pre-

~ viously washed in 0.05 N HC1 and deionized water, knotted on one end and

opened with an air stream. Ten milliliters of distilled water'was added to
each bag and the open end of the bag was sealed with a knot ~ The bags

were than placed in 60 ml linear polyethylene bottles (Nalgene Labware;

- Nalge Co., Rochester, N.Y. ),and 25ml of 99Tc bear1ng aqueous so]utlon added.

The bottles were sealed with po]ypropy]ene screw caps and the neck of the
bottle covened with adhesive tape to prevent evaporat1on. Pre]1m1nary exper1-'
ments showed no adsorptfon of 99Tc from solution by the'polyethylene bottles
or dialysis tubing in the absence of the soil, and that equ111br1um with
respect to 99Tc concentrat1on was establ1shed across the d1a1ys1s bag (average ,1

pore size of tubing, 24 A) within 7 hours at 25°C. The samples and controls
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| changed soil/solution ratio). The fraction, (C/Co), of the

- conducted to determine the general kinetics and extent of

12

- were placed in a 25°C water bath and 1 ml a11quots of the so]ut1on outside

of the bag were taken at given time intervals to estab11sh the extent of
sorption by the soil. Once sampled (3 -1 ml a11quots per bott]e, 2 bottles

per soil per sampling time) the bottles uere removed from the study (due to

99Tc concentration

remaining in solution at a given samp]ing time, (C), to that in the‘contro1
solutions, (Co), was determined and plotted as a function of time.

Preliminary soil sorption experiments: .Preliminary experiments were
ey e 99

Tc sorption

by several of the test soils. The general procedure outlined above was

© followed except that the experiment was run at ambient temperature.(25-32°C)'

99

and samples were not repTicated In addition, sorption of Tc from o

solution in a well mixed aqueous soil suspension without the d1a1ys1s bag

99

was determined to estab11sh whether diffusion of Tc w1th1n the bag- enc]osed '

soil mass was a rate limiting step. Four hundred and fifty ml of

99Tc as in'the

suspens1on hav1ng the same amounts of soil, water, and
regular exper1ments was prepared The suspens1on was mixed cont1nuously

at 25°C for two days  After this t1me, the suspen51on was placed in the 25 c

water bath and shaken vigorously once a day for the duration of the

exper1ment At given time intervals, 3 ml a]1quots of the suspenswon
were removed, centr1fuged and filtered through Whatman #42 f11ter paper }'
(shown not to adsorb Tc). Two 1 m1 aliquots of the flltrate were counted
in 10 m1 of the liquid scintillation formulation as described in the
radioassay section and the amount of sorption conpared to that in the'

presence of the dialysis bag.

Sorption of 99Tc by‘who]e soils: Having.established the approximate
time required'to achieve equi]ibrfum in the pre]iminary ekperiments ‘2
rep11cate study of similar design was set up to determ]ne the extent of

gch sorpt1on by 11 Minnesota soils from aqueous so]ut1ons at 25 C.



13

Separate bottles containing the 99Tc.so]ution plus soil in dialysis tubing
were set up for samp]ihg:at each time period. Samples were equilibrated

for 2 to 3 weeks before initial sampling, and then sampled at given intervals

| thereafter.

Effect of selective dissolution treatments on sorption of 99T¢:_ Early

results showed that the Zimmerman surface soil and the Nicollet subsurface
soil exhibited little or no sorption of 9ch. The most obvious property
shared by these soils is a low organic matter content. Therefdre, it was

decided to determine sorption by the previously high sorbing, high organic'

. matter Bergland soil following extraction ofvthe organie matter by hydrogen

~ peroxide digestion. Ten gram samples of air-dry soil, ground to pass a 2 mm

sieve, were digested at 75%C over a 7 day period with 385 ml of 30% H202.

The digestion beakers were then placed in a 105°C forced.draft oven for

" destruction of remaining peroxide and residue drying. The dried mineral

mater1a1 was ground with an agate ‘mortar and pestle to pass a 60- mesh

A (250 m1cron) sieve for use in the organic matter-free sorption studies.

As the Berg]and soil is also high in free iron oxldes, a species
Ashown by other workers in non-soil systems to sorb the pertechnetate 1on
(Linder, L., 1965), select1ve remova] of these materials was performed
following the method of K11mer (1960). Eight gram samples of air-dry,
2 mm Berg]and'éoi] p]ué 8.0 g of sodium dithionite and 150 ml of deionized
water were added to 250 m1 polyethylene bottles and shaken for 17 hours.

The suspension was ac1d1f1ed with 10% HC1 to pH a. 0 in order to destroy any

ferrous sulfides that may have formed, and-then centr1fuged. The ‘supernatant

was decanted and the soil washed with 200 ml of deionized water by
centr1fugat1on 3 tlmes Th1s washed soil was transferred to d1a1ys1s tubing

and washed 3 times against 20 liters of deionized water resulting in a cY”

free dialysate as tested by 1% AgNO3 The soil was d1a1ys1s-washed twice

more and then dried at 105 C. The residue was ground w1th an agate mortar .
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~and pestle to pass a 60-mesh sieve and used in sorption studies.

99

Effect of increasing 99Tc levels on sorption by soils: ~The levels of ““Tc

used in the previous experiments were arbitrarily se]ected at about 30 nCi/g
of oven-dry soil. In order to see how this quantity might compare to'the total
sorption capacity of the soil, 99Tc concentrations of about one and two orders
of magnitude greater were studied inlotherwise»identica1 distilled water -
sorption systems. | . |

Effect of KC1 and KH Eg4ron gch sorption by soils: Anion exchange is one

possible mechanism of 9ch sorption, espec1a11y from aqueous so]ut1ons low in
other free electrolytes. To determine whether this mechan1sm is reSponSIble
for prev1ous]y obseryed results, sorption of trace quantities of gch by
Arveson and Bergland soils was determined in the presence of 0.1 N aqueous
solutions of KC1 and KH_ZPO4° Phosphate waslselected to check for the inhibition
of sorption due to the blockage of specific adsorption sites (such as exist for .
phosphate adsorption on ferric oxide surfeces). -
Based ouAe]ectrica]-conductivity'measurements, the soluble salt levels
initially present in the experimental systems correspond te C1” concentrations
(as NaC1) of 0.0054 and 0.00046 N for the Arveson and Bergland respectively.
Hence, the KC1 add1t1ons represent a minimum of 13- and 150- fo]d increases 1n
the C1~ level of the Arveson and Bergland systems, respectively.
The Arveson and Bergland so1]s initially contained 4 and 10 ppm extractab]e

P, respectively as determ1ned by Bray's No. 1 solution. U51ng surface areas of

99 and 220 m /g s0il measured for the Arveson and Bergland 'soils, respectively

Thy the method of Eltantawy and Arnold (1973), and the phosphorus adsorption -

maxima relationships developed by Olsen and Watanabe (1957) for alkaline and

acid soils, we calculate adsorption maxima of 12 and 50 mg P/100g soil for the

Arveson and Bergland, respectively. Hence, the P initially present in the

Arveson represents about 3% of the adsorption maxima, while the added P repre-

sents about 320 times that required for saturation of the P-sorption sites.'Fdr




1 the Bergland, that P initially present represents about 2% of the maxima, and

the P added represents about 80 times that reqoired for satoration.
99 |

[ : ~ Extraction of sorbed ““Tc from soi]si' Many of the ebovelsorptiOn experi-
| ments demonstrated the disappearance of gch from-s01utioh. It remained
necessary.however to esteblish that this disappearance was due to sorption .
— by the soil rather than loss by volatilization. Sthce_it is difficult to

count the ““Tc-on the soil directly, the following gch extraction experi-

ments were conducted to both establish the presence of .the 99

Tc on the soil
and the relative effectiveness of the differeht extracting agents.

Two grams of air-dry soil (Behgland and Arveson)AWere placed in a
tared 50 m]vpo]ypropy]ene‘centrifuge tube»with.screw closure (Nalgene
Oak-Ridge type) along with 25 ml of distilled water containing 0.06 uCi of _
gch -VThe tubes were sealed and p1aced'in a 25°C water batht.‘After one “
month the tubes were removed from the bath and centr1fuged for ten minutes
at 15,000 RPM ~ The supernatant so]ut1on was f11tered through Whatman #42
lfilter paper and aliquots taken for count1ng The. so]ut1on was in all cases found

| R to contain less than 2% of its initial 9.

Tc activity.
Based on preliminary trials of different extractants, 1. 0 N solutions

of perch]or1c acid and sod1um hydrox1de were chosen for study. Twenty

five milliliters of each extractant were added to dup]1cate samples of
each_so11. The tubes were sea]ed,-the soil dispersed using a Vortex-Genie,f
and then placed horizontally and shaken for 24 hours at room temperature.
The tubes-were then_eentrifuged and'filtered‘as above. The extraction
procedure was repeated 4 times.. |

B | The ihitia] NaOH extracts were very dark Colored; presumably due to
organic matter. The HC]O4 HZOZ wet ashing phocedure (Materials and Methdds:
ash1ng of plant samples) was attempted in an effort to both neutralize |

| and clarify these extracts.. The attempt however, proved unsuccessful y1e1d1ng

a gdmmy; dark brown residue. It was, therefore, necessary to dilute the




initial NaOH extracts 10-fold in volumetric flasks. One mi]li]fter aliquots |

of the diluted NaOH extracts were then placed in glass scintillation vials

and taken to dryness in an 80°C oven. The residue was then wet-ashed using

the HC104:H202 procedure; yie]ding a co]orless'solution which.was subsequently' .
counted. The succeeding NaOH extracts were lighter colored, and the dried
residues were successfully ashed and counted without dilution. The HC104

extracts were counted without additional treatment.

In the calculation of amounts of 99Tc extracted, corrections were

made for (1) entrapped solution, (2) soil losses on filtration, (3) dilutions,

if any and (4) quenching on counting.

99

Effect. of soil sterilization on ~"Tc sorption: Ear11er resu]ts suggested

that sorption of 99Tc by 50115 may be related to m1crob1a1 activity. A
soil ster111zat1on experiment was conducted to further pursue this possibility.

For this purpose, sterilization by steam without pressure, or tyndall1zat1on

(Schmidt, 1975), was recommended over other possible procedures since it

"results in less change in the treated soil (Parkinson et al., 1971). The

nd gch were sterilized separately 1n order to decrease the chances

soil a
of complexatlon of technetium by products released from the soil by the
ster1112at1on process. |

The procedure involved placing 2 g (oven dry basis) of Berg]and
Arveson or Nicollet surface soil in tared 50 ml polypropy]ene centrifuge

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

_ distilled water 1 day before beginning the sterilization process in order -

to promote spore germination and to insure better steam penetration. The
tubes were covered with aluminum foil and reweighed. The covered tubesd,.
and contents were steamed in an autoclave unit (with the steamioutlet
valve open) for 1 hour each day on days 0, 1, and 3. Between steémings
the tubes were stored at room temperature in the laboratory. = This split

sterilization procedure allows for germination of spores between heat |
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treatments. After the third steaming, the covered tubes were rewelghed to -

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

corrections later) The aqueous gch so]ut1on, tube caps and all glassware

used to contain and transfer the so]ut1on were autoclaved

Transfer of the solution (25 mi1, 0. 0025 uC1 Tc/m]) to the tubes was
done with automat1c p1pet1ng devices u51ng aseptic techn1ques in a ster11e-
transfer room. The tubes were capped, reweighed and the necks covered
with tape. The sealed tubes were then placed in a 25°¢ water bath. |

Blweekly sampllng commenced after 4 weeks and 1nc1uded 3 rep11cates .
for each soil at each sampling date Samp]1ng entailed centr!fugation
for 10 mlnutes at 15 000 rpm, f11trat1on of the supernatant through
Whatman #42 filter paper and 11qu1d sc1nt1]1at1on count1ng of 1 ml al]quots_
of the filtrate. '

Effect of aeration of soi]-water suspensions on sorptlon of 99T :

Effect of aeration by open-bottle shaking: In order to determine

whether previously observed gch sorpt1on was associated with deve]opment o
of anaerobic cond1t1ons 1n the soil-water system, a similar experlment was
conducted in which we]]-aerated conditions were ma1nta1ned o

Two g (oven dry basis) of Bergland, Arveson or N1co]]et surface sor]s |

were placed in tared 60 ml linear po]yethylene bottles and 25 ml of an -

_ aqueous solutlon conta1n1ng 0.0024 uCi Tc/m] was added to each bott]e

The bottles were sealed with their normal po]ypropy]ene screw caps which

had been modified by drilling a ho]e through the top. A 3 cm- length of

4 mm I.D. glass tublng was 1nserted into the hole to prov1de a pathway for
~gas exchange between the atmosphere and the so11-water suspen51on The

- bott]es were shaken continuously on a reciprocating shaker (160 excursions/

m1nute) at room temperature Evaporat1ve losses from the bott]es amounted .
to about 0.03 m]/day and were replaced by b1week]y add1t1ons of d1st1]1ed '

water.




‘ _ Biweekly samp]ing included 3 replicates for each soil at each
‘sampling date. Sampling entailed centrifugation for 10 minutes at 9000
1 ' rpm, filtration of the supernatant through Whatman #42 paper and 11qu1d

[ | scintillation counting of 1 mi a11quots of the f11trate

Effect of aeration by bubbling: An initial experiment was conducted
i~- in which 50 g of Bergland soil (oven-dry basis) was blaced in a1 liter
;l | polyethylene bottle along with a ‘sufficient quantity_o‘f 0.0024 uCi 99Tc/m1.
i o solution to yield a 1:12.5 (w:w) soil:solution ratio as used in the study
tvy where the suspensions were shaken in an open container. Air was - .-
| continuous]y forced through each of the 3 containers at a rate of about
|- ' 1200-1500 ml/min by individual aquarium pumps and a length of g]ass tubing
| 1nserted through the mouth to the bottom of the bottle. The mouths of
| B the bottles were covered with a]umfnum foil and additions of distilled
water were made to the bottles every other day to make up for evaporative
losses. Sampling, conducted on an every other day basis for the first |
3 weeks and at weekly intervais thereafter, consisted of pipetting off 5 ml
- of suspension, centrifugation, fi]tratibn through Nhatman.#42 filter paper
and Iiduid'scintiiiation assay of 1 ml aliquots of the ftltrate. ‘Further
.fi1trat%on tnrough a 0.22 ym millipore filter showed no additional
gch removal indicating that the,described procedure was effective in

99

i removing all sorbed ““Tc.. This #nitial experiment was conducted at

.‘E " room temperature (22 * 3%).

99

. Effect of temperature on “Tc sorption by soils: The effect of

| temperature on 99Tc sorption by Berg]and Arveson and Nico]]et surface

50115 was determined us1ng the aerat1on by bubb11ng techn1que described

- above with temperatures contro]led at 15 + 0.02 and 25 + 0.02°¢.




99Tc by different samples of the same soil type: The

Sorption of

99

extent that “°Tc sorption properties varied within a given soil type was

examined by using 4 samples of Bergland and Nicollet surface soils
collected from different sites. The soil samoles were characteriied for
pH, texture, organic carbon and free iron oxide (expressed as Fe203) and

99

used in “°Tc sorption experiments again using the aeration by bubbling '

technique described above.. The soil samples were maintained in a moist
room condition at room temperature between collection and use.

Effect of inoculation, 1ncubat1on and dextrose addition on sorption of 99T :

The effect of inocu]ation, incubation and dextrose additions on the sorption
of gch were studied using samples of Nico]]et‘subsurface'soi].*_Studies |
~were conducted under either anaerobic (closed bottle) or aerobic (aeration
by bubb]ing) conditions as previously described. The soil samp]es-were
treated in one of the following ways: 1) Nico11et subsurface only, 2) Nico]]et'-
subsurface p]us 1% Nicollet surface, 3) Nicollet subsurface plus 1% Nicollet
~ surface and 0.2, 0.5 or 1.0 percent dextrose.. The amendments were added

dry and mixed with the soil. The amended.soils were efther used immediately
in sorption experiments or were incubated for‘10 days prior to use at

a moisture content of 60% of field capac1ty (taken to be 0.1- bar

noisture content). o |

Effect of methiolate on °°Tc sorption by soil: - The effect of

methiolate on 9ch sorption by Nico]]et subsurface was determined by using
a subsurface soil sample that had been inoculated with ]% Nlcollet surface
so11 and to which 1% dextrose was added.  The amendments were added dry 4
‘and mixed well with thexsoil. The soil was watered to 60% of its 0.1-bar
water-ho]ding capacity and‘incubated for 10 days. On the tenth.day 0.01%
methiolate was added to one samp]e of the so11 In add1t1on to this
treatment, a second sample using the amended subsurface soil was treated

fW1th an add1t10na1 1.0% dose of dextrose.



. Plant Uptake 6f

20

gch:

Uptake from simple solution: Initial experiments 1nvoTving the théke ';‘

of 99Tc from solution by corn (Zea maxé L. var. "Minn 8201"), Soybeans

(Glycine max L. var. “Corsoy"), radishes (Raphanus sativus L. var. "Early

Scarlet Globe"), oats (Avena sativa L. var. "Rodngy"),“barléy (Hordeuh

vulgare L. var. "Nordic"), and wheat (Triticum aestivum L. var. "Era")

- were conducted in a growth chamber maintained on a 23°C - 16 hour day and

17°C - 8 hour night.cycle. The plants were grown in polyester growth .
pouches on 1/4 strength Hoag]énd solution no. 2 (Hoag]and and Arnon, 1950)
with an EDTA-iron source. »There were 6 plants per pouch for radiéhes;' |
4 for the small grains and 2 for corn-and sqybeans; Two weeks aftér
planting the nutrient solution was removed and 50 ml of éither disti]led
water or 0.5 mM CaC]2 containing 1.0 uCi of 99TcA(as NH4Tc04) was added
to eg;h pouch. Thié‘corresponds to 1.2 ppm Tc in solution since the

99

specific activity of ““Tc is 17.2 mCi/g. The pouches were returned to

. the growth chamber for 48 hours. At hafvesting, the roots were

rinsed with deionized water and blotted dry and the plants divided into rodts

and shoots. The electrolyte-free system wés chosen to afford maximum.

opportunity for uptake, ﬁhi]e 0.5 mﬂ;CaC]Z is a commonly used suppdrting 'f<; .

electrolyte in excised root-mineral studies (Epstein, 1972).

Uptake from irrigated and incubated soils: Initia]_greenhouse

99

experiments dealing with soil culture included uptake of ““Tc' by wheat

seedlings from 11 soi]s'with a wide range of chemical and physical

~ characteristics (Tables 1 and 2). The soils were either irrigatedlwith :

99 99

Tc labeled water as plant growth occurred, or the ““Tc was app]ied" .

and the soils incubated for 2 months prior.to seedfng. A modified Neubauer
method (Dowdy and Larson, 1975) ﬁsing about 20 seedlings per 300 g of soil
(j;gh_soil:sand mixture) was employed. ‘The 5611 in eaéh pot wa§ adjusted - _

to the 0.1-bar water holding capacity by daily additions of watef._'Both



unfertilized soils, and soils fertilized at a rate equivalent to 120 1bs

N, 60 1bs P205 and 60 1bs K20 per ecre-six inches were-studied.”.There
'l o | were three replications per treatmeht'per soil. \
In the.irrigation‘studies, a total of 6.0 uCi of gch was aoded‘toA

.the soil surface of each pot in 2.0 uCi ihcremehts‘on days 4, 9 ahd 13 -
o after planting. A1l aerial portions of the seed1ihgs above‘the |
A co]eopti]e»were harvested on day‘17. : |
- " '_. | In the incubation studies, a total of46.0 uCi of 9%7c was epplied by |
| a layering procedure to 300 g of soil. . The pots were then covered with-
! aluminum foil and moist (0.1-bar) incubated at about 25°C for two months
; | | prior to seeding. Due to ehoma]ous growth patterns observed,lwhich will
- be:discussed later, the seed]ings on the unferti1ized soils were |
| o ' harvested 19 days after planting, and those on‘theAfertilized}soi] were’.
| harvested when 20% or more of the seedlings were in the 3-leaf stage :
(15- 26 days after p]anting) | |

Effect of gch on germinating seeds and;young seedlings: The pOtentia] 4
£ 99 '

toxic effects o Tc on germinating seeds andoyoung'seedlings_of wheat,
bar]ey; oats; radishes soybeahs, and corn were stodied using the growth -
pouch procedure descr1bed earlier in this report. This involved -

[ germ1nat1ng and growing seed11ngs in polyester growth pouches contalnlng‘

50 m1 of 1/3 strength Hoag]and solution No. 2 (Hoagland and Arnon, 1950)' )

containing an EDTA-1ron source. There were 10 p]ants in duplicate

i ' ' pouches for rad1shes and wheat, 7 each for oats and bar]ey, 5 for

| soybeans and 4 for corn. Pouches conta1n1ng the seeds were placed in

‘ the dark to germinate for the first 3 days and then transferred to al

! - growth chamber meihtained'on'a 23°C - 16 hour day and ]7°C - 8 hour
.hight cycle. Evaporative losses were made op'by.deily'additions of

deionized water.




The following specific studies were conducted using tnis prbcedUre;

a) 99Tc was added to the growth pouches at the rate ofio, 0.025,.0.25,

1.0, 2.5, 5.0, 6.7 and 10 uCi/50 m1 of Hoagland solution prior to plenting
and'germination of the 6 crop species listed above. Since the specific

activity of 99Tc_1‘s 17.2 uCi/mg Tc, these additions ofvgch eorrespond to
0, 0.03, 0.3, 1.2, 3.0, 5.8, 7. 8 and 11.6 ug Tc/ml of solution.. 0n the -

) ~~ l0th day after planting, the plants were harvested by separatxng roots

from shoots and removing what remained of the seeds. The roots were

rinsed with running deionized water and blotted dry. Plants were dried,

| weighed, ground and representative samples digested and counted for gch

as described previously.

il b) Wheat seedlings were germinated and grown as. described in "a"
1

99

i above except that Tc was added to theAgrowth pouches at the rates of

-0, 0 0125 0. 025 0.05, 0. 25 and 1 0 uC1/50 m] of Hoagland so]ut1on to

more precisely determine poss1b1e gch toxicity effects at very low

concentrations. |
c). Wheat seedlings were germinated and grown in growth pouches
“containing 50 ml of T/z strength. Hoagland so]ution-for'either 10 or -

18 days under conditions similar to those described in "a" above.

- , X . 99

_Either 1.0 or 5.0 uCi ““Tc was added to each growth pouch on dey '

0, 2, 4, 6 or 8 after planting to determine the effect of time of

. . 99

addition on ““Tc toxicity to the seedlings. Evidence for germination

was first observed on day 1 after planting.

99

Tissue vyield and °Tc uptake and distribution in mature wheat

- ‘ ;plgnts: Five wheat seeds were germinated in each of 3 pots containing :
'1000 g of a 2: 1 sand:soil mixture (by wt.) using Berg]and and Nicollet

P o surface soils. Plants were thinned to 3 per pot on day 7 after
L "~ planting and the plants grown either to maturity or to a point that ‘

_it was obvious tney were not go1ng to produce seed. The plants were
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grown in a greenhouse and the soil in each pot was adjusted to O.]f,

.. bar water holding capacity by daily additions of 1/10 strength

gch was added to pots

Hoagland solution. Either 10 or 20 uCi.

containing the two soils in elther three equal 1ncrements of 3. 33

or 6.7 uCi on days 7, 17 and 33 or in one 1ncrement on day 7 or day 33
Plants grow1ng in pots containing 20 uCi of . 99Tc in 6.67 uCi .

increments on day 7, 17 and 33 or a s1ng]e 20 uCi add1t1on on day 7

were harvested on day 69 since there was no 1nd1cat1on of seed production.

A11 other plants were harvested on day 78 after plant1ng At harvesting,
fresh and dry weights were taken, samples of the ]eaves and seeds were

ground and representative samples were d1gested and counted for gch.;

| In instances where there was no seed productlon, the o]der and younger

'1eaves were separated to get some .indication of 99T d15tr1but10n in

the top port1on of the wheat plants. Younger Teaves generally included'~
the last 4 or 5 Jeaves to deve]op before harvest ' |

Preparation of plant tissue for analysis: Each harvested p]ant

- segment in both the solution and soil uptake stud1es were cut into small

pieces and placed in tared glass vials. Wet weights were obtained

and the tissue placed in a 60°C oven for 24 hours for determ1nat10n

of total dry weight. Tlssue was ground w1th an 1ntermed1ate W1ley m111

(Arthur H. Thomas Co., Phlladelphla PA.) to pass the 20 mesh screen

and placed in small glass v1alsa The ground tissue was then 60°C dried

for about 16 hours. After drying the vials were capped with moisturei
tight snap caps. Samples of plant material were taken from these vials

for ashing and radioassay.
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Tc in soils:

Movement of

Soil Thin Layer Chromatography and Soil Column Layer Chrdmatography:“_‘v

‘Traditionally ion and molecular transport in soil systems has been

characterized via soil column leaching studies. _However,'soil”columns
have a number of disadvantages.' They are difficult to paqk‘in a }ealiétic}
and reproducable form. ‘Chemica1vchanneliﬁg may occur between‘fhe soil

and the glass tubing, and realistic moisture regimes ére usﬁa]ly not
achieved. . Analysis is also troublesome as the column must be déstroyed-: 
and compaction is inévitab}e..‘The techniqué is véry?time'consuming

and labor intensive. Reproducable results usuai]y‘occur 6n1y.with sandy
soils of low organic matter content (Chapman et‘61;,,1970).

Soil thin layer chrbmatography (TLC) and soil co]umh 1ayér
chromatography (CLC) have been successfully uéed'to monitor the hovémenﬁ :
of pesticides and radionuclides in soils (Helling aﬁd Turner,.]968;
Chapman et al., 1970; Rhodes et al., 1970; Helling, 19715 Reeves et al.,
1977). Soil TLC and soil CLC are consisténi laboratory ﬁechnidues_using
soil as the'absorbent‘phasé and water as the’so]vent; 'TheseAmethodé

of transport ana]ysfs give easily reproducable chemical leaching

, distribution patterns. The basic parameter resulting from these

techniques is the Rf, or the distance of species movement in relation to
water front movement.

‘ Rf values are a fractional measuke of the maximum distanceAthrough '

. which a substance will move through a given soil (Rhodes et al., 1970).

‘Another parameter, Kq> has been suggested to characterize radipnhc]ide

movement in addition.td the Re number (Reeves et al., 1977). The Kq or

"distribution coefficient incorporates'the bulk density and porosity of -

the soil thin layer column with the Rf value. The're]atibnship is of



the form

Ky = (Ry - 1)n/p

where Rd, the retardation factor, is the reciprocal of Rf; n is the

porosity and p is the bulk density. 'This equation is_ana]ogous to the
basie chromatographic equation ' | |

1R = 1+ AKy/A

‘in which As.and Am are cross-sectional areas of the liquid and solid

phases, respectively (Breener et al., 1965; Rhodes et al., 1970).
Tne advantages of_UtiTizing soil TLC and soil CLC is the rapid,
relatively inexpensive, and reproducable natune of the technique (Helling .

and Turner, 1968). These methods will best refieCt the movement of the

~chemical species through soil aggregates under unsaturated conditions

(Helling and Turner, 1968; Reeves, 1977). These cdnditions approxinate

field conditions in a more realistic manner than does satunated flow

- thrdugh soil columns. The primary disadvantage inhenent in these

chromatographic techniques is the loss of soil structure and the

“difficulty in quantification 6f unsaturated flow..

Helling has proposed that pesticide mobility could be standardized
and c]aSsified on the basis of Rf values (He]]ing and Turnen, 1968). -
For‘this study, the classification cou]d.be modified to characterize the
ability of the selected soils to transport 99Tc; based upon re]atiVe' |
mobility in order of increasing movement; Tnis system uses 5'R% classes

(class 1, Rf=0.0-0.09;vc1ass 2, 0!01-0.34; class 3, 0.35-0.64; class 4,

© 0.65-0.89, and class 5, 0.90-1.00). Class 1 denotes the soil system

with the least mobility and class 5 denotes the system with-greatest .

- mobility.

The techniquevof CLC used in this'project was deve]oped by workers

at Oak Ridge'Nationa] Laboratory (Reeves et al., 1977). This method
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- has several advantages'ovef soi] TLC ino1uding isotope fso1ation,"

oecreased lateral diffusion, ease of extraction and analysis, use of

more than one soil per chromatographic plate, and aimore consistent manual
aoplication of the soil as a thin layer. | | |

Soi1 Co]umn-Layer Chromatography.Ané1ysis of gch in Soils: To

prepare the soil CLC plate, the soils were first sieved in order to attéio
a more homogeneous layer (He]]ing; 1971). Immediate]y before spreading
the soil was slurried to a modevate fjuidity,-and then uniformly opplied
into the channels ofra glass Kontes Chromaflex CLC piote (Reeves et ai.,
‘19772 with a stainless steel spatula. This o1ate,<20 x 20 cm, is a'
modified thin layer chromatography plate with nine separate channels, o
each 20 cm long, 1 cm wide, and 2 mm deep.l Usually two soils of‘simi1ar. |
texture were applied to one p]ate, With»each soil rep]icated-with‘three_ |
,columns. The soil within the rep]icated cofumns was very similar. No
adhesive amendmenfs were used because the soils adhered to.the columns. -
The soil was allowed to air dry over night before deve]opment A |
At 4 cm above the bottom of each soil channel, 0.023 uCi of 9ch was
spotted with a disposable g]ass_micropipet. The samp]e size of the |

~ spot is independent of the measured Rf value; however, the amount of
trailing and lateral movement is related to the sample size (Helling,

- 1971). The spot of 99

Tc was allowed to air- dry before e]ut1on w1th

distilled water. To prevent s]ough1ng of the so1ls out of the channe]s
into the eluting so]ut1on,_chromatograph1c paper wicks were placed over
the end of each channel (Reeves et al., 1977). . The wicks were aoproxfmately‘-
7 mm X 4 cm and placed over the first centimeter of soil. The wicks: B

were held in place by a conventional TLC plate clamped over the CLC

"~ plate with metal binding -clips.




The plates were then positioned in an aluminum deve]opment stand with

the wicks resting on the bottom of an enamel or nylon wafer pan. The
p}ates were held at en ong]e of 68° to the hofizonta]-water sdrface
(Reeves et al{, 1977). Di;ti]]ed water wa$ poured into the pan ehd was
wicked up to the soil thin layer columns Simu]taneous1y. With-water
asCendingechromatography, plate deve]ooment is continoed uoti] fhe water
front'reaches the 10 cm Tevel above the spot location. However, with
two soils on a given plate this was not always possible because the rate
of water movement in one:soi] often exceeded thet in‘the ofher. The
criteria for termination of development was io stop eiution when the
slower water front reached 10 cm. In‘some‘cases deve]opment was stopped
when the faster water ffont approached the top of the plate. The differ—>
ence in height of water rise in the column is not crucial (He111ng, 1971).
The plate development time was recorded. | | 4 |
" Two methods for analysis of‘1sotope‘distribution'wereiused, auto-

radiograohy and column dissection with extractioneilThe autoradiographic
- technique was used as a qualitative measure .of 99Tc distributfoo and Rf.
Dissection and extraction of successive 1 cm zones of the soil channels
“allowed the determination of quantitative distribotion pavameters
These parameters 1nc1ude Rf, the rat1o of tota] 1sotope movement to water

front movement; R_, the ratio of peak isotope movement to water front -

p’4 '
movement; and R,, the ratio of movement of the bottom of the isotope
distribution to water front movement (Rhodes, 1970)._ A]]_distances

99Tc spot at 4§ cm.

‘were measured relative to the top of the origina]
The qualitative autoradiographic analysis provided substantiation
- for distribution parameters obtained by the dissection and extraction

method. -After the developed CLC plate had air-dried it wes wrépped in



ce]]dphane to prevent any contamination of the fi]m-package. Kodak No

Screen NS-2T X-Ray film was then secured betweeh the covered soil CLC
plate and a coﬁventiona1 glass TLC p]ate "~ The f1]m was exposed for

. 48-72 hours in a darkened laboratory drawer and deve]oped with standard
Kodak developing solutions.

The dissection and extraction technique was more rigorous.
Immediate]y-after e]uting the sqi] CLC plate each column was dissected‘
-into 1 cm fractions. - Dissection and removal of soil was done with a |
pointed stainless steel spatula. The individua]{sof] segments were placed
in separate 17.x 100 mm polypropylene Falcon tubes (#2059).' Thds -
procedure was followed for the ten major m1nera1 soils characterized
for this progect For the so1]s character1zed by P]uth the soil
segments from the same zone on the rep11cate co]umns were all p]aced in
the same Falcon tube.

- The gravimetric water content was determined for each soil sample.
This was done by weighing the wet soil segmenfs immediate]y after tHe
plate d1ssect1on, drying at 105° C for twelve hours, and we1gh1ng again.

The grav1metr1c water content was determ1ned as

wet weight of soil - Dry weight of soil
w Dry we1gﬁi of the soil

6

Using the total soil weight and the prev1ously measured soil volume the

dry_bu]k density of the soil in the columns was determined as

| D _ Dry weight of the soil
b Vd1ume of the soil

Corrections were made for the small residual soil left on the plate after -

dissection in order to compute more realistic bulk densities.



Porosity is a significant parameter for the determinatidn of the Kd

value. Porosity was determined by the following equation (Vomocil, 1965)
Porosity = 1 - (Bulk Density/Particle Density).

Particle density was determined for all the soils by the method of
Blake (1965). | o |
After the soil fractions were weighed, 10 ml of 0.01M CaCl, was

9ch. The soi]‘and solution were

pipetted into each.tube tolextract the
mixed for one minute on a Vortex—Genie.'lThe samples were then cenfrifuged
at 12,000 RPM for ten minutes. A 1 ml aliquot of the supernatant |
solution was then transferred into a'previously described scinti]]ation
vial. Ten mi]]i]iters‘of the basic scinti]]ant.was added and the samples
were counted for 10 to 20 minutes. |
The remainder of the CaC]2 supernatant solution was discanded andv

10 m1 of 0.0TM NaOH was added to each tube. The amount of solution
remaining in the tube from the first extraction was accounted for in the'
ana]ys1s After the add1t1on of NaOH, samples were shaken overnight
and activity determlned in the same manner as in the CaC]2 extraction.
In a preliminary experiment, we determ1ned that a second CaC]Z extraction.
was as effective in removing the residual 99Tc as was the extraetion with
NaQH. | | | | |

A Quench corrections and counting efficiencies were made for each
individual so11 and extraction using a_ sp1ked soil sample. This samp]e""
was the same average weight as the soil fractions and underwent simf]ar

99Tc was added to the

extraction treatments. A known spike of
scintillation v1a1 with the aliquot of extractant from the blank. -The
background was determ1ned using a similar so11'samp1e subJected to the

extnaction procedures but with no spike added to the scintillation vials.
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The soil fractions were small enough so that disso]ved.organic_matter
from the NaOH extraction did not cause excessive quenching.
‘The amount of 99Tc present at each column position was determined as

97¢ added to the thin-layer

the percent of the original amount of
eo]umh. This was done for both}the CaCl, and NaOH extraction. The
recovery rate for the CaC12 extraction was. very h1gh and only these
results will be discussed. The NaOH extracted on]y the res1dua1 CaClZ
Ain the tube.

'Using one-way aha1ysis of variance, a mean devtation oh position
error was determined for the ten soils characterized for the sorptioh
study. This was possible because the three replicate columns were analyzed B
for these soils. | The mean position deviation is the square root of the
mean square error from ana]ys1s of var1ance for a g1ven 5011 This
error was used as the criterion for the rea115t1c presence of the

99

pertechnate anion. ““Tc is considered present-on]y in those soil column

99Tc exceeds the criterion of Mean -

fractions in which the percent of
Square Error%/Number of Rep]icates%. -This criterion is analogous to a
standard error. | | )

In order to project the position error for the soils extracted in
bulk, .mu1tip1e regression analysis was used to relate calculated position
errors to known 5011 physical, chemical, and chromatograph1c parameters
The mean position errors for the soils character1zed by Pluth were then‘
predicted. It should be noted that for. those soils w1th Rf values

gch in the highest

significantly d1fferent from unity, the percent of
soil segment was cons1derab1y less than the projected criterion, 1nd1cat1ng

99Tc had not reached that segment
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Soil Column Layer Chromatography with 36C]: To compare‘the mobility

of the pertechnate ion to the movement of another anion,:six soi]s were.
selected with variable 99Tc Rf va]ues and mon1tored for the movement of
3¢1.  The chloride ion would model as anion movement through the soil.
The soils selected were sfx:surface soils including Nico]}et, Hibbipg,
Ulen, Canisteo, Brainerd, and Kranzburg. _ ,.

The 0¢1 was obtained from New England Nuclear as a 0;2—3.q1 HC1
soiution with > 99% purity. | |

Basically the same procedure was used for preparation, elution, and
extraction of the soil CLC with 36C] as forlgch. The on]y d1fference
was that the qua]1tat1ve autorad1ograph1c analysis was not performed and
0.020 uCi of 3601 was spotted at the 4 cm position. Aga1n<quench
correct1ons and counting efficiencies were obta1ned with a sp1ked blank
, so11 samp]e The replicated column segments were combined to obtain the

36

mean percent of “°C1 of the tota] originally added to the columns. The

second extraction with NaOH was not carried out.

36

The same scintillant was used for count1ng the 36C1 Th C1 was

determined with the same Packard liquid sc1nt1]1at10n spectrometer as the

9ch. The discrimination setting was from 50-1000 and the amplification

: |
was at 1.2%. 9C1 is a beta particle emitter with an E__  of 0.712. -
Soil Column Leaching of 99Tc: The six soils employed in the 36C1 |
soil CLC analysis were also used in column leaching studies with‘gch.

| The air-dry soil was packed into-1 cm diameter glass tubing to the depth
of 5 cm. The soil was held in place with 0.5 cm of packed giass'woo] at
the bottoonf the cylinder. The dry bu]k'density of the soil was computed
based on the welght of the soil and the volume of the g]ass tube. The

soil weight was corrected for water content.
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After packfng and the determination of bulk density, the soil column
was connected to a suction filter flask through a rubber stopper.in the
bottom of the soil column. The:g]éss suction filter flask was connected
to a constant source of -suction controlled by a Gast Vacuum Gauge. Thé
connecting glass tubing between the soil co]umn'and %i]tek flask was
directed into a scintillation vial toAcollecf the solution leaching through
the soil column. |

99Tc the soil coiumn was

Before beginning the co1dmn leaching of
allowed to wet for at least three Hours. After thoroﬁgh wetting of the |
soil at least 5 separate 1 ml aliquots of 0.005M_CaC12 were passéd through
fhe coiumn under a constant suction of 1/10 bar for sandy soils and 1/3
bar for si]ty and clayey soils. The_fourth and- fifth aliquot wefe‘saved
as the background blank and the spiked sample for quench'correction_and
counting efficiency determination. The one milliliter aliquots of the
leaching solution pass through the column. The suction and CaC12 solution
concentration were chosen to approximate fie]d_]eaching conditions.f. |

After the two blank sahp]es were co]]etted from the soil column,
0.0213 uCi of 9ch was spotted at the top of the column with a disposable
glass micropipet. There was'ho suétion on the column at this.time.

Then under ;onstant'suction,'fifteeh 1 ml aliquots of 0.005M CaCl, were
leached through the column. Each fraction was allowed to move freely
thkough the column and into the scinti]]ationlvia] fn the bottom of the
filter flask. = This process continued for each aliqubt until dfainage
ceased. The time required for tHe one mi]]f]iter a]iquot§ to pass throhgh

the soil ranged from 10 minutes to one hour. The scintillation vials

were placed and removed from the filter flask with slender aluminum tongs.



Fifteen successive a]iduots of the CaC12 leachihg solution passed
'through all the soil co]umns except those of the Hibbing surface soil.
Due to the time necessary for each aliquot to pass through the co]umn
(1 hour) only elght fractions were passed through the three H1bb1ng s0i 1l
columns. However, over 95% of the original e added to the ‘columns was
recovered. The samples of Teéchaté from_the soil co]umn§ were cophted

as previously described for the soil CLC plates.
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RESULTS AND DISCUSSION

Soil characterization:

- sorption of

The soil samples, a\]bof which were taken in.the state of Minnesota
(Fig. 1), had a wide range of physical and chemical properties such as
fexture,.pH, organic matter, free iron oxide content and cation exchange '
capacity (CEC) as shown in‘Tabies 1 and 2. While the minera]ogic
composition of these particular samples was not determined, a study by
Pluth et al. (1970), of the characteristics of selected horizons from

16 s0il series sampled throughout the state of Minnesota reveals

similar mineralogy in the <5y fraction despite widely ranging physical

and chemical properties. The fine silt (5-2u) fractions were the most
heterogeneous with mica, kaolinite, quartz and feldspars. .The ffne.
clay (<.2u) fractions proved to be the Teast heterogeneous in |
uineralogic composition, being'dominated by montmorillonite with small
amounts of mica and kaolinite. | |

99

Sorptiun of "“Tc by soils:

" Sorption of 22Tc by whole soils: Eight of the 11 soils studied’
sorbed over 98% of the added 99Tc from aqueous solution at 25°¢ (Fig.

2). (Bars about the plotted points in this and other figures represent -

+ one standard error about the mean.) However, per1ods of 3 to

5 weeks were required for this sorptlon to take p]ace ~In contrast
to the other 50115, Nicollet subsurface and Z1mmerman surface soils
showed very" 11tt1e sorpt1on during the same period of t1me, and the

Hegne so11 showed about 70% sorptlon. Both the Nicollet subsurface and -

Zimmerman surface soils have low organic matter contents, indicating the

gch may be directly or indirectly associated with that .

“fraction of the soil. Solution pH was measured at the time of samp]ihg.f’

However, no trends in sorption (or lack of sorption) versus pH were

evident.
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Table 1. ' Physical properties of soi]sAused in

99

Tc sorption and plant uptake studies.

' . ‘ : ‘ Surface Water Retention'
Site no. Soil Series Subgroup Classification Location  Depth e Texture----- AEea(z) Iy 0/900 Soil
' : : (Minn. Co.) Sampled %sand %silt %clay me/g, 173 bar 15 bar
, (inches) . . , _ o
1. Bearden Aeric Calciaquoll Wilkin - "} 0-10 | 9.1 63.7 [27.2 91.8 0.26 0.15
2. ‘Hegne Typic Calciaquoll = Wilkin | 0-10 | 1.9 [37.6 [60.5 |287.3 | 0.37 0.23
3.: Hibbing' Typic Eutroboralf - Crow Wing 0-8 3.3 |79.5 [17.2 46.5 0.32 0.13
4. " Nicollet . Aquic Hapludoll Redwood 0-8 |27.4 42.9 [29.7 144 .4 0.27 - 0.14
: - (surface) : . : : _ '
5. Nicollet Aquic Hapludoll Redwood 60-66 | 23.9 [48.6 |[27.5. | 153.1 0.25 0.13
- (subsurface) L : ! :
6. Omega Spodic Udipsamment Carlton 0-4 61.5 |30.7 | 7.9 | 32.5 0.12 0.05
7. Bergland " Aeric Haplaquept ~ Carlton 0-7 14.0 [25.1 [60.9 |} 222.0 0.40 0.30
8; Arveson - ~ Typic Calciaquoll “Wilkin 0-9 47.1 [24.6 [28.3- 98.6 _0.22 0.13
9, © Waukegan Typic Hapludoll Ramséy 0-6 | 10.0. [69.2 [20.7 89.1 0.26 0.14
10. - Zimmerman - Alfic Udipéamment Isanti 0-6 69.4 |24.9 | 5.7 16.5 0.05 0.02
11. Undesighafed Borosaprist (1) : Isanti. 0-4 IR N — - 2.42 0.95
(peat) - | - :

'(I)Grea; Group
(2)

Mineral Fraction_on1y

- 9¢



11.

(peat)

Tab]é 2. Chemiéal properties of soi{s used in ?9T¢ sorption and plant uptake studies.
it ne. €051 Cans 4 % Organic %CaC03 1rg:egx1de - eg Ethactable Exchgngeable
:vlte no. .5011 Series pH 0 pH KC1 Carbqn . equivalent (%F9203 (™ /1009 ) (lb /acre) (1b /afgg)
1., Bearden 7.68 7.38 | 5.39 16.29 0.09 16.9 17 530
2 Hegne . 8.00 7.20 12.20‘ 12.79 0.29 36.1 8 540
3, - Hibbing 5.48 | 4.18 | 2.29 | —-- 1.40 11.3 7 1140
4 Nicollet 5.91 | 5.07 | 2.39 fee 0.86 19.3 8 220
: ' (surface) : ,
s, - Nicollet 8.40 7.53 | 0.12 15.21 1.35 15.7 9 140
' (subsurface) . . ' | | - ‘ : 4
6. Omega 7.87 7.38 | 1.26 1.21 - 1.20 6.0 183 430
g,i. Bergland | 6.35 | 5.47 5.67 - 2.39 32.3 20 460
8. Arveson 7.70 7.35. | 2.80 15.58 - 0.21 14.9 - 8 230
9. . Maukegan | 6.25 | s5.38 | 2.3 - 103 | 151 182 40
10. Zimerman | 5.74 | 4.72 | 0.80 --- 0.47° 2.7 79 70
Undesignated | 7.83 | 7.49° | 45.95 7.58 ~0.40 24 150 B




Fig. 2. Sorption of 29

80

TIME (days)

1.00 | . 1.00
Nicollet (sub sfc) Zimmerman Omega
_- 075 '31.08 £ 0.04 n Ci/g 0.75 30.66 % 0.04 n Ci/g 0.75 L 30.46 £ 0.04 n Ci/g
0.50 - 0.50 |- 0.50 - Nicollet (sfc)
. 30.90 £ 0.04 nCi/g
. /— Hlbbmg ]
0.25 I 0.25 - 3062*002nCl/9 . 0.25 I
Hegne ' .
- 31.48 £ 0.02n Ci/g
0.00 & ) ] L ] - 0.00 1 3 0.00
0 20 40 60 - 80 ' 0 20 40 60 80 : 0
soln
‘ 1.00 N 1.00 1.00 ,
‘-‘ : ;Naukegan ‘ ‘ . N : R . )
0.15 / 30.39 * 0.02 n Ci/g B )
" Bearden . 1
|- .31.51 £ 0.03n Cifg
0.10 C.04 |- : ‘ 0.04 peat
Arveson : 78.04 to. 65 n Ci/g
32.54 £ 0.03n Cu/gA Bergland
0.05 - ' 0.02 |~ 129.48 £ 0.04 n Ci/g 0.02 -
0.00 ) 0.00 S 1 ! 0.00 J
-0 20 40 60 0 - 20 40 60 80 0

Tc by whole soils at 25°C. Values represent the
means of dupliicate samples with standard errors of the means .

1nd1cated by brackets.
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Effect of selective dissolution treatments on sorption of 99Tc:'-H‘ydro-

gen peroxide digestion of the re]ative]y high organic matter Bergland

soil essentially stopped sorption of Tc (Fig 3), further indicating that,
the organic fraction of the 5011 js in some way 1nv01ved in the sorption
process. The d]th10n1te treatment also reduced sorption (Fig 3) in this
soil suggesting that free iron oxides may also be 1nv01ved. However, the

" possibility of either of these treatments having other effects such as
reducing microbial activity cannot be ruled out. o |

99

Effect of increasing Tc levels on sorption by soils: Based on a

specific activity of 17.2 mC 99Tc per'g of Tc and assuming that. Tc remainsA
99

in the form of the pertechnetate ion, the: addition of 30 nCi of ““Tc per g

of 5011 is equivalent to adding 0.018 ueq of Tc04 Whiie it might be
_expected that this very small quantity is well be]ow the anion sorption )

capacity of soils, sorption of increasing quantities of gch ‘Was determinedk.

99

to establish that this is the case. Increasing the amount of Tc added

from 30 to 3000 nCi/g did have some effect on the kinetics of sorption

d 99

by Berg]and soil (Fig. 4), but more than 98% of the adde Tc was

eventually sorbed in ail cases. These results 1ndicate that the 30 nC1/g
added in most of the experiments is probably wel] below the sorption
capacity of the soi]s. -

Effect of KC1 and.KH PO on 99Tc sorption by soils: Since the 99Tc‘ I

-~ was added as the Tc04 jon in relatively small quantities, one of the most

. likely sorption mechanisms is anion exchange. " In addition, the p0551b111ty
exists that the Tc04’ion may be specifica]iy adsorbed by the process :

of 1igand exchange on oxide surfaces as 1n the case of phosphorus. If: |
anion exchange is involved, the addition in excess of C1~ shou]d reduce

| the amount of sorption. As. can be seen in Fig 5, the addition of KC1 -
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Dithionite treatment
~ 20.51 * 0.06 nCi/g
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. 28.90 * 0.07 nCi/g _

and sodium dithionite on sorption of

. s0il from water at 25°C. Values repres
means of duplicate samples with standard errors of
_the means indicated by brackets. :
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at 250C. Values are the means of duplicate samples with
standard errors of the means indicated by brackets.

/
|
!
L
0 40 Bergland soil
10305251 % 2.25 nCi/g
' - A 337.61 i.‘0.37 nCi/g
; o 29481 0.04 nCi/g
( 0.30 |
1 -~ {C '
o [/CJ
: soln
}:
0.20
'\'
a ;; 0.10
‘\ .
- - 0.00 ‘
| | . 70
L . . TIME (days)
. Fig.(4< Effect of gch concentration on sorption by Berg]ahd soil -



did not have any signif{cant effect indicating that anion exchange is '

not the sorption mechanism involved in these particular studies. Similarly

it might be expected that an excess of H2P04-.might interfere with > Tc

sorption if specific adsorption mechanisms are involved. Since this was
not the case (Fig. 5), some mechanism other than specific adsorption is
apparently involved. |

gch from soils: Results of the extraction experiments'

99

Extraction of sorbed

(Table 3) show that'most, if not all, of the ’Tc which was removed from

“solution during the sorption experiments‘waSISOYbed by the soil rather3

than being lost by volatilization. Sodium hydroxide proved to be a more

99

efficient “’Tc extractant than perchloric acid in all caées.except the

~ Omega soil. These high removals with alkali further suggest a role for

brganicvmatter in the sorption of technetium by soils.

99Tc sorption: The re]ativeiy slow

99

Effect of soil steri]izafion on

k1net1cs of sorptlon suggests that the Toss of ““Tc from solution might

be re]ated to microbial activity. This suggestion is further sub-
stantiated by the effect of 5011 sterilization which eliminated 99T

sorpt1on by the Nicollet, Bergland and Arveson surface soils (F1g 6)

Since alteration of soils by the tynda]]izat1on process is minimal, it

99

appears that the observed sorption of ~~Tc by soils is in some way

associated with microbial activity. This association may 1nvo]ve

99

incorporation of ““Tc into microbial tissue, 1nteract1on with m1crob1a1

' metabo]ites% or perhaps effects associated with the dep]et1on of dis-

solved oxygen by microbial metabolism.
The exact role of microbial uptake is difficult to eva]uate in 11ght
of the absence of data on soil microorganisms. Gearing gg_gl. (1973,

99

1975) have demonstrated some binding of ““Tc by pertechnetate-exposed |

algae. Also, microbial metabolites may reduce Tc7+-pertechnetate to a

lower valence state species capable of binding to soil organic matter.



Bl

1.00

0.15

0.10

0.05

43

07N KCl

o Bergland 28.29 t 0.03 nCi/g
" '@ Arveson 29.26 + 0.03 nCi/g

07N KH,PO,

e Bergland ~ 29.25 * 0.02 nCi/g
® Arveson 30.00 £ 0.05 n Ci/g

0.00

Fig. 5.

0
~ TIME (days)
Effect of 07N KC1 and 07N KH,PO, on sorption of °°
by Bergland and Arveson soils gt QSOC. Values are the

means of duplicate samples with standard errors of
the means indicated by brackets. : :




Table 3.

and 1.0 N NaOH.

* Sample did not disperse initially after 15 000 rpm centrlfugatlon

centrifuged at 5000 rpm.

——— - o

Extraction of sorbed 99Tc from soils by 1.0 N HC10, Tabuiated valuee are
the means of two replicates with the standard errors of the means indicated in parentheses
Soil and Extractant % of added 99Tc % of sorbed 99Tc extracted — —— -
: izrzeirzrigr o Extraction Number Total
xtraction 1 2 3 4 (All extractions)
A . ‘HCIOA : _ 24 (9.7) 9 (2.6) 7 (0.6) 5 (0.03) 45 (13.0)
Hegne .. _ 99 (0.2)- : » ' I
e _NaOH_ ‘ 86 (1.7) ~4 (0.06) 2 (0.05) 1 (0.01) 93 (1.7)
: HC10 éB (0. 3) 15 (0.3) 8 (0.3) 5 (0;1) 76 (1.0
Nicollet (surface) 93 (1.0) ‘ :
’ NaOH . 99 (2. 8) 2 (0.2) 1 (0.2) 7(0.032__}9;_&2;32 _______
HClO4 N 100 (0.4) 4 (0.2) 1.4(0.09) 8(0.06) 106 (0.7)
Omega 20 (0.1) S _ ‘
NaOH 78 (0.04) 7 .(0.6) 3 (0.1) (0.08)-___21_$9;§2____‘_
HClO4 12 (0.1) 7 (0.3) S (0.07) 4 (0.1) 27 (0.6)
" Bergland 98 (0.1) ' B
oo NaOH S 77 €3.3) 9. (2.0) ___ 2 (0.2) 0.8¢0.1) ___89 (1.0) _____
HCIO4 7 (0.01) 3 (0.04) 2 (0.04) 2 (0.01) 14 (0.02)
Arveson 98 (0.1) : . ;
NaOH _ . 83 (1.0) 5 (0.07) 2 (0.1) __.1¢0.07) _ 92 (1.0) .
HCIOA , ‘ 2 (0.1 0.6(0.05) 0.8(0.08) 0.9(0.1) 4 (0.3)
Peat 99 (0.1) -
___________ NaOH _ 50 (0.9) *0.05(0. 02) 6 (0.2) 6 (0.2) 63 (0.5)

Subsequent peat extractious

12
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Fig. 6. Effect of steamggteri]ization pretreatment of soils

on sorption of “Tc by 'soils from water at 259C. Values
represent the means of triplicate samples with standard , o
errors of the means indicated by the brackets. . - o
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The reduﬁtion of'Tc7+ to Tc4+ by ascorbic-écid, for examp]é, is . a B
commonly used procedure in the breparation of radio-pharmaceutiéa]s.
Such reduced technetium speqies can bind irreversibly fd proteins,
probably by covalent bonding (Dewénjeea 1974).

99

Effect of aeration on “~Tc sorption by soils: The use of previously"

' air-dried soil in dense-wa]led, tfght]y-sea]ed bottles are conditions

conducive to the development of high microbial respiration rates and

éubsequent depletion of dissoived oxygen (Avnimelech and Raveh; 1974)._~
257 could resﬁ]t frbm HZS productioﬁ by
anaerobic sulfate-reducing bacteria. Also, a dfop in Eh could result in

Precipitation of technetium as Tc

. mobilization of metals capable of reducing pertechnetate to a speciés

éapab]e of organic matter bihdihg as discussed above.

The.bubbling'and shaking experiments were established to see if
aeration of the system would héve any effect on sorbtiOn. Similar
aeration methods'have 5een used by Molina et al. (1971) in studyihg
aeration-induced changes in liquid-digested sewade s]udge.. Results of
the shaking,exberiment are‘shown in Fig. 7. In contrast to the sealed-
bottle study (Fig. 1), the Niéc]]ef surface soil exhibited no sorptibn -

99Tc over the 12 week period. The Bergland exhibited an initial

99

high removal of ““Tc from solution, such as observed in the earlier

. sealed-bottle studies, but then showed a progressive reduction'in'sorption

from the second to the twelfth week. The Arveson soil showed an erratic

99

sorption pattern with from 50 to 80% of the added ““Tc remainjng in

solution over the 12 week period.
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i whfle one infuitive]y felt that ihese suspensionslwere aerobic, .
the oxygen status of the suspensionsAemp1oyed in the third.samplfng'of
the shaker aeration study was checked with a YSI model 54 oxygen‘meter ,-
(Ye]]ow Springs Instrument Co.; Yellow Springs, Ohio). .These suSpensiens
all showed'diSSOIVed oxygen levels corresponding to between 8O to.90% of
that measured for unstirred air-saturated water. | ' 
Results of the 25°C bubbling experiment with the Bergland soil are -

shown in Fig. 8. While removal appears to be slower than observed in

“the sealed bottle experiments, the solution concentration of gch progreésive]y :

decreased to about 10% of the initial concentration after 2 months.
The differences in sorption behavior exhibited for the individual

soils between the e]osed and open bottle systems, and between the soils -

“in these open systems are difficult to explain. Nevertheless these

aeration tria]s sugéest that ahaerobic conditions are not required for :
Te sorption by soils. The effects observed may be related to ehe
stability of a reduced technetium species_eprsed to oxygen (e.g. Eckel-
man gg?gl., 1971), or perhaps to variations in microbial flora present
at various oxygen.teneions. K | |

99

Effect of temperature on “°Tc¢ éorption by soils:'AThere was a decrease

in gch serption by the Arveson and Bergland soils at 15°¢C compared to
that at 25°C (Fig. 9), further indicafing that the sorption of 9.9Tc is
probéb]y related to microbial activity rather than a bure]y cheﬁftél
process; i.e. the amount of sdrption by chemical processes should .

increase as temperature is lowered. The Arveson soil showed sorption

levels intermediate between the Bergland and Nicollet soils at 25°C

~ (Fig. 9) as was found in the open-bottle shaking experiment. It also

showed less sorption at 15%C than at 25°C $uggesting again that a |
microbially related procesé is involved. The Nicollet surface soil

showed relatively little sorption compared to the Bergland and Arveson
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‘ ‘ - of the means indicated by the brackets.




51

soils (Fig. 9). Also, there was greater sorption at 15°C than 25°C

indicating that a different process may be involved.

99

Sorption of ““Tc by different samples of the same soil type: Earlier

results showing that under aerated conditions at 25°C, Bergland surface

soil was much more effective in sorbing 99Tc from aqueous solutidn‘than
was Nicollet surface soil could not be clearly related to any measured
or known differences in chemical or physical properties of the 2

soils. As a result, 4 additional samples of each soil were collected

-from different sites, characterized in terms of'several chemical and

99Tc sorption experiments .

physical characteristics and used in similar
to determine 1) whether the earlier results were typical for all semples

of each soil type, and 2) whether any observed differences in 99Tc sorption -

" behavior between samples of a given soil type could be related to

differences in the'chemical or physical characteristics of the soils.
Sorption resufts, expreﬁsed as the fractidn‘of 99Tc’originally iq

so]ution,'C/Co Vs. time; showed that all Nicollet surface soil sampies

sorbed 10% or les§ of the 99TC from solution over a period of 2 to

3 weeks (F1g. 10) wh1ch is consistent with earlier results for aerated

5011 suspens1ons. In contrast, all Bergland samples showed s1gn1f1cant1y

99

greater Tc sorpt10n than ‘the Nicollet soils over the same period. .

However, there were differences between the sorption rates for the different

A» samples of Bergland soil; i.e. sorption rates were greater for samples

2 and 4 compared to samples 1 and 3

_ An examlnat1on of the physical and chem1cal propertles of these
semp]es (Table 4) show that the Nicollet samp]es are all very sxml]ar
which may explain their similar sorption'behaviorQ, Samp]es 2 and 4 of
the Bergland soil were elso quite similar in terms of pH, clay content

and organic'carbon. ‘Sample 3 differed in that it had a somewhat Tower
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Table 4. Chemical and physicé] charactefistics of five sampTes of Nicollet

and Bergland surface soils taken at djfferént locations.

t

pH : Texture % Org. g

Soil - (H0) (KC1) % Sand %Silt % Clay € Fel;
Nicollet - orig.” - 5.9 - 4.8 32.3  48.0  24.3 2.3 - 1.18
" -1 7.0 5.9  43.3 31.5 25.2 1.5 1.62
noo 2 5.5 4.7 - 38.1 357  26.2 2.6 1.62
w3 6.1 5.1 41.0 3.1 2.0 2.1 1.19
"L g 7.4 6.4 336 39.2 27.2 2.6  1.05
Bergland - orig.” 6.2 5.4  20.2 26.0 53.9 4.8  3.00
" -1 .58 . 48 8.7 5.5 39.8 7.3  2.06
" -2 5.9 4.9 15.8  43.5 . 61.5 8.5 2.30
" -3 5.4 4.1 2.8 20.7 76.5 4.7 3.00
" -4 6.1 5.0 3.9 24.0 .72 9.3 - 1.66
*

Original soil samples used
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carbon content, a high clay content and a higher free iron oxide content.

In.cbntrast, sample 1 had a low clay content and a high carbon content.

99

While these results do give some indication that the ““Tc sorption

_properties are related to differences in their chemical and physical

- properties, the sorption mechanisms are still far from clear. As shown

ear]ier; sterilization of the Bergland soil eliminated its 99Tc sorptioﬁ
property. While these studies were conducted in closed containers |
compared to the aerated systems used'here, the results do indicate

that a m1crob1a1 process is in some way involved. However, it seems
highly unlikely that the m1crob1a] population wou]d be greatly different
between the Nicollet and Berg]and soils, much less between four

samples of Bergland soil sampled in the same geograph1ca] area.

~ Effects of inoculation, dextrose addition and incubation on .

sorption of 9ch: Inoculation of the previously non-sorbing Nicollet

subsurface soil‘with 1% of Nicollet surface soil, had relatively little,

99

if any effect on the sorption of ““Tc by the subsufface s0il regardless

of the degree of aeration or incubation (Figs. 11, 12, 13, 14).

‘contrast, the addition of dextrose resulted in significant sorption of

99Tc by the subsurface soil both with and without aeration and/or incubation.

99

In add1t1on, the rate of Tc sorpt1on 1ncreased w1th 1ncreas1ng ]eve]s

. of dextrose addition (Figs. 11 and 13) and was genera]ly greater under

anaerobic (closed bottle) conditions than under aerobic (bubbling) eonditiohs

for a giveh Tevel of dextrose. Also the kinetics of 99Tc sorption

increased when soils 1nocu1ated w1th dextrose were first 1ncubated than

soils with no incubation per1od

These results along with the observation that the addition of dextrose

alone without prior inoculation with surface soil resulted in sorption -

all point toward a close re]ationship'between 9ch sorption and microbia1




Nicollet subsurface soil, no incubation, closed-bottle system

incubation, on ~sorption in a closed bottle system. The
. points plotted represent the means of duplicate samples with
standard errors indicated by brackets.
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Nicollet subsurface soil, no incubation, aerated conditions:

1.00

.80
60 . - | | ' :

i SR Subsurface soil only
40 -

20

1.00 i . s
Subsurface soil plus:

5 - a) 1% surface soil

: - b) 1% dextrose
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0 1 | | 11 i 1 1 | ]
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Fig. 12. Effect of dextrose addition tg Nicollet subsurface
4 soil, with no incubation, on 97c sorption under
' aerated conditions. The points plotted represent
the means of triplicate samples with standard errors
indicated by brackets.




* Nicollet subsurface soil,

incubated 10 days, closed=bottle system
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Fig. 13. Effect of dextro§s add1t10n to Nicollet subsurface soil, incubated

for 10 days, on ““Tc sorption in

a closed bottle system. The

points plotted represent the means of dup11cate samp]es with

standard errors 1nd1cated by brackets : - o o |
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activity and that the lack of anAenergy source is éppareht]y the limitingﬁf
' i factor in the non-sorbing Nicollet soil rather than a lack of the o
necessary microbial population. |

Effeét of methiolate on 99

Tc sorption by soil: As in the case of steam
" sterilization shown earlier (Fig. 6), the addition of 0.01% methiolate
__e]imihated 99Tc sorption in the previously sorbing Nicollet subsurface

soil plus ]% dextrose system (Fig. 15). The soil receiving the additional

99

1% dextrose dose showed very little increase in the kinetics of “1¢

sorption (Fig. 15).. This again indicates that microbial.activity is

either directly or indirect]y involved in the sorption process.

99

Plant Uptake of 77Tc:

Uptake from simple solution: Results of the solution uptake eXpefimehts .

(Table 5) show that significant amounts of 99

Tc can cross the solution/
root interface and be translocated into the photosynthetightissue'of all
the crops studied. Uptake from distilled water and 0.5 mM CaC12 showed

essentially the same patterns ihdicating that plant uptake of_99

Tc is
not greatly affected by the presence of minimal amounts of free éalts.
The most apparent difference between crops ithhe high root/shodt

' Foncentratibn'ratio found for the dicotyledon speciés‘(radishes and.'
”"Soybeans) as compafed to that for the monbcots (cofn, oats, barley
and wheat) indicating that:signifiqaht physiological differenéés may'bb
exist between_p]ant.species. |

Uptaké from irrigated soils: Plant uptake from Unferti]iied,

irrigated soils (Table 6) show between 42 and 67% of the applied gch
in the aerial tissue of the wheat seedlings. Results of the solution .
uptake studies (Table 5) indicate that another ‘5 to 7% of the applied
" activity may be.in the root tissue. Apparent1y; any interaction-that

99

may have occurred between the “°Tc and the soil during the relatively
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Fig. 15.
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- Nicollet subsurface soil, incubated 10 days with 1% surface soil
- and 1% dextrose, aerated conditions:
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: 99Tc sorption from Nicollet subsurface soil, under aerated conditions,

_treated with either dextrose or methiolate after a 10 day incubation
period in the presence of 1% dextrose. The points plotted represent

the means of triplicate samples with standard errors indicated by brackets.




Table 5. Plant uptake of 9T¢  from distilled water and 0.5 mM CaClp. Tabulated values are means
of three replicates with standard errors of the means indicated in parentheses.

uCi Tc-99 per

Root/Shoot

% added Tc-99 in
_ - segment _ g tissue* conc, ratio**
Plant Species and Segments dist. = 0.5 mM 0.5 mM . 0.5 mM
S H,0 CaCl, . CaCl, "~ caCl
2" . ki 2 2
dheat ~shoot 18(2.4)  11(2.6) 1.44(0.17) 1.04(0.07) 0.11(0.006) 0.12(0.008)
A root 2(0.3) 2(0.3) 0.16(0. 0.13(0.01) -
Barle shoot 18(3.8) 9(2.0) 1.00(0. 0.54(0.07) 0.16(0.06) 0.15(0.003)
y root - 2(0.3) 1(0.2)  0.13(0. 0.08(0.01)
dats -~ _shoot 9(0.8) 6(0.2)  0.57(0. 0.51(0.05) 0.20(0.03) 0.16(0.01)
root  -2(0.3)  1(0.1) 0.12(0. 0.08(0.01)
Radish - shoot 23(2.1) - 30(9.3) .0.85(0. 1.11(0.29)  1.33(0.09) 0.85(0.17)
e ‘root . 9(0.6) 7(1.3)  1.12(0. 0.85(0.11) 3
Savbean " shoot 58(1.8). 63(5.7) 1.67(0. 2.12(0.07) 0.51(0.06) 0.43(0.05)
oy root 15(0.8) 13(0.6)  0.84(0. 0.91(0.10) -
corn shoot 30(6.4) . 20(2.4) 0.61(0. 0.57(0.12) 0.22(0.02) 0.20(0.06)
root 8(1.8) 5(0.1)  0.14(0. 0.10(0.01)

uCi/g tissue

- * concentration factors (uCi/g solution

(uCi/g)shoot

** proot/shoot concentration ratio = {2£1§9%399£‘~'

) can be obtained by multiplying tabulated values by 50.

19.



‘Tabie 6. ‘Uptake of 99

937¢ labeled water.

indicated in parentheses.

Tc by aer1a1 parts of wheat seed11ngs from unfertilized and fertilized s0ils irrigatea wwth
Tabulated values are means of 3 replicates with standard errors of the means

——

o+ Concentrat1on factors, (&

_*;** Tissue concentration means for Unferti1ized VS

Ci/g tissue

C1/g sotl

~different at the 5% and 1% level of probability respectively.

~), can be obtained by mu1t1p1y1ng (uC1/g) by 50

Soil Tissue dry weight (mg) % of added Tc-99 in aerial tissue Tc-99 conc?néfjt;on in plant tissuet¥
: L uCi/g
A unfert, fert. unfert, fert. ggjggg; fert.
Bearden 231(12)  225(8) 64(2.2) 35(3.4) 16.6 bcd** 9.2 c
Hegne | 165(5)  191(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**  14.3 efg
" Nicollet 169(12)  179(2) 67(0.8) 52(4.7) 24.0 f* - 17.5 gh
(surface) . | _
. Nicollet - 161(7) .186(3) 57(2.2) A62(3.2) 21.3 ef 19.9 h
(subsurface) o - ' '
omega  193(6)  211(8) 42(0,1)  31(3.5) 13.1 ab* 8.9 be
Bergland 195(4)  207(0.1) 62(1.2)  54(0.6) 19.1 de*+ 16.0 fg
Arveson | ]91(2) 206(5)  -44(2.8) : 17(0.6) 13.7 ab** 5.0 a
Waukegan . 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** - 16.5 fgh
peat - 275(4)  350(25) " | 54(3.0) 77(2.3) 11.8 a 13.2 def

Means in same-column fo1lowed by same letter are not s1gn1f1cant1y d1fferent at the 5% Tevel by Tukey s test
~(Steel and Torme, 1960). . .

. fertilized treatments (for a given.soi]) significant]y :

29
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short contact period in these studies had relatively Tittle effect on .

jts availability for plant uptake. These results are consistent with thoée

reported earlier in this report which show that soil sorption periods of

from 2 to 6 weeks may be required to reach'equilibrium gch concentrafions

in soil-water systems with considerable variation in the amount of sorption

bgtween soils and with different experimental condftions.
Application of N-P;K reduced the tissue concentration of 99Tc in all

but the Nicollet subsurface- and peat-grown seedlings. Plants grown in

both the true solutions and irrigated soils appeared to have normal growth

characteristics.

Uptake from incubated soils: Plants germinated and grown in soils
99 '

Awhiqh'had been moist incubated with ““Tc for 2 months general]y showed
severe growth reduction compared to those for the irfigated soils as
evidenced“by both viéua] observation and final tissue dry wéights,(Tab]es ,v
6 and 7). Even though yields from the incubation and irrigation studies

are not directly comparable due to differences in harvest times, this,

alone cannot account for the large differences in tissue weight. While

the seeds had germinated and emerged by the fifth day aftér planting, the

- first leaf failed to grow out of the coleoptile on many of thé plants.

Dessication and death soon followed on SUéh p]ants.  Leaves of the

'SUrviving plants were often very dark green with some yellowing of the

tips, and displayed a twisted and stunted growth habit.
Since most of the soils showed sighs of fungal growth‘at the end
of the 2 month moist incubation period, it was thought that the poor

plant growth might be due to a plant pathogen. However, macroscbpic

_examination of the seedlings by plant pathologists failed to reveal

any symptoms of infectious disease, and fungicide-seed treatment failed
to stimulate growth on similarly incubated soils. The severe_stunting

observed also suggested that a nutrient deficiency might be responsible



" Table 7. Upta%g of.gch of aerial parts of wheat seedlings from unfertilized and fertilized soils moist-incubated
: Tabulated values are means of three replicates with standard

with

Tc  for two months prior to seeding,
errors of the means indicated in parentheses.

Concentrat1on factors, (&

* Means in same co]umn followed by same letter are not swgn1f1cant1y different at the 5% 1evel by
and Torrie, 1960).

test (Su£1

Ci/g tissue

uCi/g so1l

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

Soil ;' . Tissue dry Weighf (mg) % of added Tc-99 in aerial tissue Tc-99 conc?nér?tgon in p1ant tlssue+*
A . : uL1/g
, “unfert, _fert. _unfert. fert. unfert. _fert.

Bearden 54(6)  249(11) 17(1.4) 8(2.0) ©19.4 bed 1.9 a

Hegne 30(2)  119(6) 7(0.3) - 7(0.9) 14.2 abc 3.8 ab
 Hibbing . “' 43(13) 170(5) 15(4.4) | 22(3.7) 29.8 e | 7.0 abé

Nicollet 32(2)  9%6(18) 14(2.0) 22(3.9) 25.5 de 14.1 cd

(surface) ‘ . v ' ‘

Nicollet 10(0.4) 26(7) : 5(0.6) 11(2.3) | 26,2 de -~ 26.1 e

(subsurface) e - o ' \

Omega . 105(26)  159(7). 12(4.5) 12.4(1.3) 5.9 a 4.7 abe
_Bergland 55(6)  141(11) 13(1.2) 23(2.7) 14.4 abc  *10.1 abed
Arveson 72012)  177(15) AA 12(3.4) 21(1.6) 10.5 ab 7.0 abc
Waukegan  17(3) 27(5) 701.2) 8(1.4) 23.4 cde 17.7 de
Zimmerman - 18(3)  121(13) ©5(0.3) | 23(4.1) 6.1 abed  11.9 bed
peat ©  28(5) 64(8) 7(0.7) - 18(2.8) 14.3 abc 17,

2 de

Tukey's

49



- systems studied and the

'a poor extractant of sorbe

65

for poor growth, perhaps due to microbial immobilization of essential

'e]ements during incubation. However, irrigétion with 1/10 stfength

Hoagland solution fai]ed to stimulate growth, indicating thfs is not
the case. ‘ |
While plant growth in the incubated soils was poor in most cases,

the 2°

Tc tissue concentrations are in general quite similar to fhoSe
found in the irrigation studies (Table 6)._ This would not'bevexpected
from the results of soil sorption experiments reported earlier unless
either (1) sorbed technetium is readily plant-available, or (2) the
incubated soil system is not analogous to the ear]ier'soii sorption
gch remains unsorbed.

Since 0.01-ﬂ_CaC]2 is said to approximate the total e]ectro]yte‘
concentration in the soil solution of noh-éa]fne soils at optimum'field
water content (Peech, 1965), it was used és an extracting agent to testA‘
for non-sbrbed 99Tc. Ovérnight shaking of Bearden, Hibbing and wéukeéan

99

soil samples, which had sorbed 88% or more of added “~Tc in previous

laboratory experimehts,‘resulted in 11% or less of the sorbed fraction

" being released to the 0.01 M_CaC]zusolution; Thus, as 0.01 _N_I_CaCl2 is

d.gch, it should give some indication of

99

the quantity of free, non-sorbed ““Tc présent in a soil sample. Therefore, |

a single pot'ofAeach of thé'unfertilized, incubated soils was sampled,

extracted overnight with CaC]2(1:3Soi1:CaC12 by wt.) and the solution

99

assayed for ““Tc. The results (Table 8) indicate that a large percent B

of the applied gch is. still "free" after 2 months of moist'incqbation,"

99

Thus, the high plant “Tc tissue concentrations observed are not

inconsistent with those from the irrigation study. While the‘high CaC12
extraction figures appear to agree with the high tissue concentrations -

observed, the linear regression correlation coefficient between the two



Table 8.

Extraction of 99

Tc from moist-incubated soils by 0.01 M

CaCl.. Tabulated values are means of triplicate samples

2

wi-th standard errors of the means indicated in parentheses.

- Soi]

Percent Extractable

" Bearden

Hegne
Hibbing

Nicollet (surface)

Nicollet (subsurface)

Omega

Bergland

- Arveson

Waukegan
Zimmerman

Peat

70 (3.8) -
72 (1.1)
79 (2.4)
78 (2.7)
101 (2.9)
31 (1.4) |
67 (0.3)
79 (3.2)
84 (2.2)
62 (1.9)
100 (7.9)




parameters was only 0.58 . The reason for the high percentage of non-

sorbed 99Tc aftef 2 months of soil contact is not clear, but may'be'

related to aeration effects.

99

Effect of “°Tc on germinating seeds and young seedlings: Yield results

" for the 6 crop species germinated and grown for 10 days in solutions

99

containing increasing amounts of ““Tc show that all are sensitive to

9

low concentrations of 9Tc (FigS. 16 and 17). Corn and soybeans showed

a significant yield increase (p <0.001) on the first 99Tc addition

- indicating a possible stimulation effect. Greatest yield reduction in

both shoot and root tissue of the three small grains and radishes occurred

between initial solution concentrations of 0 to 2.5 uCi 99Tc/50 ml (0-2f8

. ug Te/m1) (Fig; 16). Soybeans and corn behaved somewhat differently in

that the greatest yield reductions appeared beyoﬁd initial solution
concentrations of 2.5 uCi 99Tc/50 ml (Fig. 17). -

“Results for the experiment in which_wheét seedlings were gérmihated

-and grown for 10 days in 50 m] of Hoagland solution containing initial

991¢ concentrations of 0-1.0 uCi/50 ml are shown in Fig. 18, identified

as P-10. There was an initial yield reduction following the 99Tc addition

of 0.0125 uCi/50 m1 (0.014 ug Tc/ml1), variable results for additions

gch

between 0.0125 and 0.25 uCi/ml and a general decline in jie]d for
additions beyond this point. Results for wheat seedlihgs from the expefiment

shown in Fig. 16 (identified as P-8) and from an earlier'experimentﬁf

(Landa et al., 1977) (identified as P-7) are also shown in Fig. 18 for

comparison purposes. While there may be some question as to whether

| there is a "threshold level” between additions of 0 and 0.25 nCi/50 ml,

99

the overall results suggest that ““Tc is progressively toxic with

increasing concentration.
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n

Technetium-99 concentrations in shoot and root tissue of the plants

whose yields are shown in Figs. 16 and 17 increased with additions up to

6.7 uCi/50 ml (Tables 9 and 10).  Increasing the 99Tc addition to 10.0

uCi/50 ml1 resulted in a continued increase in tissue concentration in

~some instances and either little changé or a decrease in 6thers.‘*$hoot

tissue concentrations in wheat, barley, oats and radishes at the 2.5 nCi

99Tc/50 ml level rahged from 9.0 to 19.6 uCi ?ch/g tissue or 523 to

10,248 ug Tc/g tissue; i.e. ug Tc/g tissue = (uCi 99Tc/g tissue) x
(58.1). By comparison, concentrations in the shoot tissue of soybeans

and corn at the same level of 99Tc addition were 2.3 and 3.8 uCi 99Tc/g

or 134 and 221 ug Tc/g, respectively. These differences ih tissue con?

- centration may well account for the relative differences in response of

the small grains and radishes (Fig. 16) vs. soybeans and cornA(Fig. 17 to

£ 99

the levels o Tc addition in the growth media;. i.e. even though there

9

was a greater total 9 Tc uptake by the shoots of soybeans and corn

(0.83 and 0.84 uCi, respectiveTy) compared to wheat and barley (0.34 and

0.38 uCi, respectively), the tissue concentration was significantly less

in the case of soybeans and corn due to greater total dry matter production.

99

In the case of radishes,‘there was both a greater ““Tc concentration and

greater total growth resulting in a greater total gch uptake'of 1.32.

uCi. The root/shoot concentration ratios tended to increase with increasing

99Tc additions for the small grains while values for corn were sdmewhat

variable (Table 10). Roots rinsed with running déionizéd water as

compared to washing with .5 mM CaC]2 showed no significant difference in

99

results (p‘> .50) indicating that the “’Tc was not sorbed on the rodf

- surface.




TébIe 9. Technetium-99 concentration in shoot tissue of 10-day-0l1d seedlings of 6 crop species germinated and
grown in 50 ml of 1/3 strength Hoagland solution containing increasing amounts of 99Tc.*

gch So]n conc.” Wheat ~ Barley Oats Radish Soybeans
uCi  wg Tc 9971¢ 91¢ - 997¢ 997¢ 997c
soml - ml - (uCi/g) (uCi/g) ~ .  (uCi/g) (uCi/g) (uCi/g)
" Control 0 0 0 A 0 0
0.025  0.03 0.07. 0.10 03 0.12 0.03
0.25 0.3 0.96 1.04 ootz 1.3 - 0.25
1.0 1.2 4.9 53 . 5.7 T 1.2
2.5 3.0 5.0 1.4 - 06 2.3
5.0 5.8 - 13.7 12 S101 37.7 | 5.9
6.7 7.8 25.1 14.8 e ©39.6 6.8
10.0

M6 2ls 106 - 137 . 54.0 N

Corn

99Tc
(uCi/g)

0

0.05
0.66
1.7
3.8

74

8.2
9.4
7.2

* (uCi PTesq) (58.1)

ug Te/g



A T | e L o 99 v | 4 |
Table 10. Technetium-99 concentration in root tissue, uCi/g, and Tc root to shoot concentration ratio, R/S,
of 10-day-old seedlings of 6 crop species ggrminated and grown in 50 m1 of 1/3 strength Hoagland
solution containing increasing amounts of Z7Tc.*

v

99Tc soln conc. Wheat | 'Barley ' © Qats Radish Soybeans Corn
uCi- ug Tc 99Tc | . 99Tc, Pre , e Pre e
50m1 ml (uCi/g) R/S  (wCi/g) R/S (uCi/g) R/S (uCi/g) R/S (uCi/g) R/S  (uCi/g) R/S
Control 0 o 0 0 0 0 o o 0 0 0 0
0.025 0.03 0.02 0.21_ 0.01. - 0.10 0.05 0.36 0.2 . 0.12 0.04 1.45 | 0.03 0.67
0.25 0.3 018 0.9 013 012 0.23 0.21  0.20 0.16 0.25 0.97  0.12 0.18
1o 2 1.3 . 0.27 1.5  0.29 1.5 0.26 0.55 0.12 1.1 0.99 0.46  0.27
2.5 3.0 4 0.52 4.0 0.35 -= - 2.2 011 2.4 1.06 1.4 0.37
5.0 5.8 6.5 0.47 9.5 055 8.6 0.85 4.8 0.3 4.7 079 3.2  0.39
6.7 7.8 8.0 0.32 14.6 0.99 9.2 0.79 4.8 0.12 5.3 077 5.2 0.56
110.0 11.6 0.7 0.50 131 1.23  12.8  0.94 10.0 0.19 7.1 1.33 5.5 0

.76

% (uei Presg)  (58.1) = g Te/g



~ equation (Lapp and Andrews ]972):

74

gch induced toxicity could be either chemically or radiologically

The

“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]ogical effects by using a radionuclide with

99

nuclear properties similar to “°Tc but known not to cause chemical toxicity

in the concentration range examined. However, thié would require getting

the rad1onuc11de 1nto the plant in concentrations, and with macro- and

99

micro-distributions similar to that for Tc, and that would be difficult.

Alternately, tissue dose rates were calculated ps1ng the following

Dose rate = (Co) (EB) (5.92 x 10'4) rad sec”!
Where C, = radioisotope concentration in tissue, uCi g'] ‘

EB = average beta energy of radioisotope, Mev.

gch tissue concentrations were expressed on a wet weight basis for

these calculations as-succulent tissue is being irradiated in the living

99

plants. The average beta energy for ““Tc was taken as 0.1 Mev.

A tlssue dose rate of 2 rads/day at the time of harvest was ca1cu1ated

for the 1.0 uCi/50 ml - treatment, where shoot tlssue y1e]d depress1on |
was first observed. A dose rate of 16 rads/day was ca]cu]ated for the
shoot tissue at the hlghest level of added 99

or lower dose rates may have been'encountered prior to harvest depending -

.upon the relative rates at which technet1um accumu]ated and new tissue

product1on occurred over the per1od of the exper1ment
These dose rates appear to be qu1te Tow when compared with those
required in other Specieé to produce growth inhibition (Casarett, 1968).

Unfortunately, no reports of studies dealing specifically with wheat

~seedling growth inhibition in response to chronic irradiation were

found in the literature. However, a study of the effect of acute

Tc or 20 uCi/50 m1. Higher -
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x-irradiation of wheat seed]fngs by Zirkie and Lampe (1938) showed that
expdsures of about 400-500 R were required to produce a 20% reducfion o
in shoot growth. While ijkle and Lampe class whedt seed]ings as highly o
radiosensitive, their data makes a 2 rad/day dose rate seem an ud]ike]y o
' ~cause for the growth reductions observed here. | |

99Tc toxicity is chemical rather than

The above arguments suggest that
radiological in nature. Also, the 9ch toxicity symptoms resemble those
associated with damage by 2,4-D and related selectively translocated
herbicides. Such herbicides function as weed control agents by accumulating
to toxic levels in the meristematic regions and inducing ée]]'division |
and enlargement, callus and tumordformation, ahd'tissue crushing. This
| unregulated growth ]éads to complete disorganizatiod of the vascular
tissues, and thus, lacking the ability to translocate water, salts
and metabojites, the p]ants,dié. Symptoms of 2,4-D'injury include a
twisting or bending of stems and leaves, (resu]twng from d1fferent1a1 |
growth rates in pet1oles, pu1v1n1, and e]ongat1ng regions of the stem)
and a cessat1on of growth followed by death of tissues (Crafts and Robbins,

1962)

Tc toxicity is chemical in nature, it might be expected that
the symptoms would be similar to those for stable analogs of pertechnetate
such as iodiate whose physiological behavior resembles that of Tc04 ’

at least in animals. Lewis and Powers (1941) found about 20% depression
in top t1ssue yields of barley grown in a nutrient solution containing
0.50 ppm added jodine (tissue iodine content was 160 ppm) At 1.0 ppm
added iodine, all plants died. Tissue concentrations as Tow as 6 ppm
have resulted in reduced growth. However, the toxicity symptoms
described include a general chlorosis, yellow intervenal patches and

9

brown necrotic spots, and are unlike those seen with ““Tc in wheat

seedlings.



Based on the earlier yield data for wheat seedlings germinated and 4'
99

grown in the presence of “’Tc to an age of 10 days, we had genera11y4

concluded that the-period of greatest sensitivity to gch was during

germination and very early growth. This conclusion was confirmed by the

results obtained when wheat seedlings were again grown for 10 days with

either 1 or 5 uCi additionsA(Fig. 19-). Plants grown under the same

conditions, but to a total age of 18 days, continued to show greater yield

reductions for early 99Tc additions. However, there was a significant

yield reduction at the 5 uCi level for the later additions also

99

indicating fhat seedlings may be sensitive to ""Tc toxicify at later

stages. of growth than initially thought.

99

Tissue yield and ""Tc distribution in mature,wheat;g]ants: Results

of the experiment where wheat plants were gfown to maturity on Bergland

and Nico]]et-surface soil-sand mixtures with either 10 or 20 uCi of

99Tc added in eitﬁer three equal increments on day 7, 17 ;nd 33'ofiin
one increment on day.7 or 33 after planting show the fo]]o@ing generai-
results (Tab]e.ll).~ | ‘

1. The 20 uCi additions seVere]y altered plant growth_characteristics'
on both soils at all times of addition. Additions of 99Tc.in"thre'e
increments on day 7, 17 and 33 or in‘one increment on day 7 prevented
seed formation, while seed yields were gkeat]y reduced-by a'single 
20 uCi addition on day 33. |

2. Addition of 10 uCi resulted in redﬁcediseed produttion on both soils
with the greater reductions at the earlier times of‘addition. |

3. The 10 uCi addition reduced shoot tissue yields on the Nicollet bﬁt
not the Bergland soil. This differencé can probably be related to

a lower ““Tc concentration and percent uptake from the Bergland

than the Nicollet soil.
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Tissue yield of 10 and 18 day-o0ld wheat seedlings grown in 50 -

ml of 1/2 strength Hoagland solution containing either 1.0 or

- 5.0 uCi of 99
germination.

Tc added with increasing time after the start of
Values aremeans of triplicate samples with

standard errors of the means indicated by brackets
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Table 717.Yields and Fc-99 content of mature wheat plants and sceds grown on Nicollet and Bergland surface soils containing 10 or 20 uCi of Tc-99
added at different stages of plant growth. Tabulated values are means of three replicates with standard errors of the mean indicated in

parentheses.
Tc-99 added per pot* - . ' Yield L Tc-99 content of plant tissue and seeds
Total uCi per . day of Tops. . Seeds 1st Jeaves** : New Jeaves¥* Seeds .

added ' , uCi % of uCi Z of uCi % of
(uCi) - addition addition (g) , (9) 9 added g added ] added

~ Nicollet Soil

Control 0 : 0 4.02(.16)  0.96(.09) 0 0 0 0 ‘
10 3.33 7,17,33 3.512.05 o.zeé.oag‘ , 2.295.103 ao.sgs.s; ' -- - : 0.03§.002) 0.07(.01)
10 " 10 7 3.16(.03). 0.47(.03 1.29(.02) 41.1{0.5 - - 10.03(.004) 0.15(.02)
10 {0 B 33 2.92(,16)  0.53(.10) 0.48(.01) 13.0(0.1) ° R -- 0.01(.001) 0.02(.01)
20 . 6.67 7,17,33 2.42(.17) -- -3.12(.06)  38.3(0.7) 0.32(.15)  4.1(2.1) - --
20 20 _ 7 1.65(.18) - 2.06(.07) 18.6(0.6) 0.47(.13)  4.1(1.3) -- -- -
20 20 ‘ 33 2.39(.02)  0.03(.03) 7.01(.22)  91.0(2.7) -- -— - - ®
_ Beraland Soi}
Control -- , - '3.01(.15)  1.58(.07) -- - - . - -- -
BT 3,33 7,17,33 3.16(.13)  0.29(.09) 1.18(.09)  37.3(2.9) -- -- , - .-
10 10 7 ©3.40(.08)  0.11(.05 0.63(.02) 22.0(0.6) -- - S -
10 0 33 3.1a§.25; 0.41(.09) . -- - -- - 0.01(.C01) 0.02(.002)
200 6.67 7,17,33 - 1.95(.16 - 1.61(.07) 14.9(0.6; 0.11(.01) 1.1(.11; _ -— --
20 20 7 2.34§.38g -- . 5.30(.02)"  54.2(0.2 0.43(.13) 5.0(.54 -
20 20 33 2.69(.07)  0.08(.06) -- -

- T 0.01(0.001) 0.01(0.00)

¥ Each greenhouse pot contéinedllooo g of 2:1 sand-soil mixture.

i** Where data for 1st leaves only is given it repreéents results for total vegetative tissue,
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4. The first (or older) leaves showed much greater gch concentrations

than the newer leaves, indicating that 99Tc is not readily translocated

from older to newer tissue.

gch concentrations in wheat seed was approximately 40 to 80 times

‘less than in vegetative tissue of the plant. _
From theselresults it can generally be concluded that gch can reduce

~ both vegetative growth and seed production even when added at fairly 1afe

99

stages of plant growth and that there is limited transfer of ““Tc to the

seeds. The results also suggest that there may be a difference in 9

Tc
availability between the 2 soils studied, but this will havexto be

confirmed by further study.



Movement of 9Q.Tc in Minnesota Soils:

Soil Characterization by Soil Column Layer Chromatography: The

soils characterized for the sorption study (Tables 1 and 2) were also
used for the CLC study of 99Tc movement. Distribution parameters for
these 10 mineré] soils were'determined'ffom each rep]itate chrdmatograph.
column. An additional 15 surface and 16 subsurface soils from.Minnesota
were also included in the soil CLC study. These mineral soiTé, with a
wide range 6f physical and chemica] properties;'were characterized by Pluth |

99

et al. (1970) (Tables 12 and 13). The ““Tc distribution for these 31

soils was determined by bulk extraction of the replicate chromatograph

column segments.

Distribution of 29Tc in Soil CLC: The distribution of 2°Tc in soil

CLC piates is defined by(thhee 'R' parameters defined as:

Distance of front of solute movement -
Distance of water frqnt movement

L Re s

R = Distance of peak solute concentration
p Distance of water front movement

R, = Distance of the back of solute movement
b = Distance of water front movement

whefé all distances are measured from the pofnt of introduction of the
solute. These values, in conjunction wfth ofher chromatographic parameters
such as Kd’ bu]k density, and porosity;.characterize radionuclide
distribution (Table 14, Figure 20-24). |

99Tc moves with the water

- The general trend of Rf indicates that
front under the expérimental éonditfons of aerobic uhsaturated f]ow.on
the'soi] CLC plates (Table 14). Using one way analysis of variance and
the 'honest significant difference' for sample mean separation, bnly 8

of the 41 soils tested had'Rf significantly different than unity at the
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Table 12. Physical properties of additional soils used in soil CLC analysis of 99Tc.1

: Subgroup : Location Depfh : Particle Size Surface Water Retention
Soil Serfes  Classification Horizon " (Minn, Co.)  Sampled - Sand - OSilt Clay Area - 1/3 bar 15 bar
‘ {(in)  -eaee (% dry weight) emv-- : (mzlg) (gHzo/g dry soil)
Bearden Reric Ap Norman 0-6 7.3 62,0 - 30.7 187 0.37 0.24
. Calciaquolls - Clca,C2ca 18-24 12.6 63.8 23.6 96 0.27 0.14
Blue Earth Cumulic ' Ap . Watonwan 0-6 9.3 56.2 34.5 186 ‘ 0.63 0.40
Haplaquolls Bg : 18-24 . 15.7 52.7 31.6 178 0.59 0.38
" Brainerd Aquic . A1, A2 Crow Wing - =~ 0-6 52.9 34.7 12.4 87 - 0.24 0.15
: Fragiochrepts A&B, B&A ) 21-27 74.1 19.6 6.3 94 0.09 . 0.05
Canisteo - ~ Typic ) Al Steele - - 0-5 37.3 32.3 30.4 160 ' 0.37 0.29
’ Haplaquolls Bg. T 17-23 46.4 28.7 24.9 270 - 0.25 0.15
Fargo Vertic . Ap " Norman . 0-6 1.2 48.9 49,9 324 0.43 0.32
Haplaquolls ‘Blg , 14-18 1.0 44.7 54.3 382 0.39 .~ .0.28
Fayette Typic - - Al, A2 0Imsted : 0-6 " 6.8 76.2 17.0 85 0.29 0.13 2
‘ - Hapludalfs - B2t o 16-22 6.6 66.5 26.9 155 - 0.28 0.14
Hegne - Typic ' Ap ) Norman 0-6 4.4 49.3 46.3 . 343 ’ 0.43 . 0.31
Calciaquolls C2ca o . 14-18 1.5 . .49.1 49.4 269 - 0.3 0.22
Hubbard . Udic . . Ap " Sherburne 0-6 83.1 10.1 6.8 60 0.09 0.04
o Haploborolls B2 _ . : - 16-20 . 83.9 10.4 5.7 - 52 0.08 0.04
Kranzburg Udic - Ap . Pipestone 0-6 7.5 - 60.4 32.1 1224 . 0.18 0.16
Haploborolls - B21 : 15-21 5.4 62.6 ~32.0 227 0.18 ~0.16
- Lester Mollic . A1, A2 Steele . 0-6 61.2 25.1 13.7° 100 0.18 0.09
: Hapludalfs B2t o - . 16-22 58.5 21.6 19.9 172 0.19 0.08
Milaca - Typic : Al, A2 . . Benton . 0-6 62.0 21.2 6.8 24 0.17 0.06
o Fragiochrepts B21x . 20-26 68.1 25.7 6.2 - 73 - o.n - 0.04
Nicollet Aquic Ap Steele 0-6 401 38.0 21.9 150 0.24 0.12
Hapludolls : B2 . 15-21 45.9 . 301 24.0 166 0.23 0.1
~ Ontonagon Typic . . A2 .. Carlton . 1-6 8.8 3.8 59.4 209 0.36 . 0.22
. * . Eutroboralfs " B2t . . : .. 10-16 1.7 7.3 91.0 k3| . 0.47 0.27
‘Ulen © Aquic ' Ap Norman 0-6 '77.3 10.3 12.4 101 0.15 0.08
. Haploborolls " Clea N S 19-25 85.7. 7.8 6.5 48 0.07 - 0.03
Zimmerman Alfic -~ = .. Al, A3 Sherburne 0-6 93.7 3.0 3. 19 - "0.06 0.03
, Udipnsamments BorCt . . 15-21 95.1 2.6 2.3 52 . 0.03 o 0,02
Svea ' Pachic Udic B21, B22 Swift 14-21 22.5 52.1 25.4 162 0.32 0.2}
: Haploborolls o .
Veharacterdzed by Pluth et al. (1970).
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Table 13. Chemica1-properties of additional soils used in soil CLC analysis of ""Tc'.
Organic CaC03 Free Iron Extractab]é Exchangeable
Soil Series pHH 0 Carbon Equivalent Oxide CEC P K '
2 , . S
......... ) (%) (meq/100g)(ibs/acre) (ppm)

Bearden A2 7.7 3.00 - 0.2 . - 30.6 1.6 230
. B 8.0 . 0.10 - 0.2 9.4 - 0.8 80
Blue Earth A 7.7 11.0 2.2 0.5 36.4 1.6 215
. B- 7.6 8.3 2.4 0.4 27.0 1.6 . 125
Brainerd A~ 5.4 3.0 -— 1.1 15.2 16.0 100
B 5.4 0.10. - 1.3 5.8 2.0 30
Canisteo. A 7.8 7.30 1.0 0.3 43.5 1.6 170
o B 7.9 0.60 1.1 0.2 18.8 S N4 135°
Fargo A 7.0 5.20 e 0.7 45.2 1.2, 780
B 7.2 1.70 0.2 0.9 38.4 0 350
Fayette A 5.4 2.30 --- 1.0 15.1 30.8 165
) 8 5.5 0.50 --- 1.4 37.8 6.0 126
Hegne. A 8.0 4.30 1.7 0.2 37.8 2.2 300
B 7.8 0.60 3.3 0.3 35.6 3.0 280
Hubbard A 5.8 1.00 - 0.6 6.4 8.8 65
B 6.0 0.40 --- 0.7 4.9 3.2 20
Kranzburg A 6.6 3.10 --= 1.2 26.8 2.4 135
C B 7.3 1.00 L m—- 1.2 23.8 1.6 130
Lester A 6.3 2.30 --- 0.8 16.4 6.0 100
‘ ' B 5.5 0.40 -—- 1.1 9.0 2.4 85
Milaca A 5.7 1.70 -—- 1.5 6.2 22.0 60
B 5.6 0.20 e 1.6 22.0 3.2 45
Nicollet A 6.0 ‘2,80 BT 0.7 20.4 10.4 95
B 5.3 0.60 - 0.8 15.4 2.0 95
Ontonagon . A 5.2 3.50 -—- 2.9 40.2 6.4 200
: B 6.5 0.60 --- 2.3 44.4 4.8 265
Ulen A 8.3 1.80 1.2 0.2 n.7 8.0 60
B 8.6 0.30 2.7 0.3 2.2 4.0 25
Zimmerman A 5.5 0.7 --- 0.5 3.8 10.8 40
B 5.7 0.2 ©ma— 0.6 3.2 12.8 20
Svea B 6.4 0.8 --- 1.2 18.7 0.8 135

Veharacterized by Pluth et al. (1970).
2Surface

?Subsurface
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3Soils used for subsequent stﬁdy of C1° and movement of 9ch>in soil columns.

4Rf signiffcantly-less.than unity.
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samples with standard errors indicated by brackets.
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:0.05 1eve]~(Snedecbr and Cochran, 1967). Re values df unity imp1y that
~at least some of the radionuclide moved with the water front. Those

soils with Re values less than unity included Bearden, Hibbin§,~Brainerd .

surface, Blue Earth surface, Blue Earth subsurface, Zimmerman 5ubsurface,
Canisteo surface,'and Nicd]let surface. These sof]s all have class 4
Rf (Helling and Turner, 1968)f In ordér to gaih a more complete concept-:
of 99Tc movement, all the 'R’ factors must be considered as a-dﬁstribution.
pattern. -These paramétefs wi]],be discussed with consideration of
current chromatographic and miscible disp]acementAtheories.

The bulk movement of water in soil as described by Darcy's Law Has
proven inadequate for clear definitibn of the movément and diétribution
of so]ute§ in the soi]Asystem (Nielson and Bigger, 1961). ‘The hovement

of ionic and molecular species in the soil water system is governed by

“mass flow (convection), diffusion, hydrodynamic dispersion, and chemical

adsérption. The comp1ex.dynamiés of solute and so]Venf flow with soil
surface interaction has been charaéterized in terms of chromatographié and

miscible disb]acement models (Bigger and Nielson, 1963; Breener et a],, 

_ 1965; Frissé] and Poelstra, 1967; Kirkham and Powers, 1972; Nie]éon3and

Bigger, 1961).

.-Distribution of 36C1 in soil CLC: The six soils chromatographically

eluted with _were'se]ected to represent the range of Rf vaTues'for_v

Tc found in the soil CLC analysis. The distinct Poisson distribdtion of
36¢17 for the Canisteo, Nicollet, Ulen, Brainerd and Kranzburg surface

soils with Re of unity suggests that.there'is little inorganic anion

| exchange occurring (Table 15 and Figures 25-26). The 36C1; distribution

in the Hibbing soil presents an anomalous situation with obvious retention

of chloride in the column (Figure 26). In this case retention could have



} \

|

l ' Table 15. Chromatographic distributioh pattern: of 36C1,

f |

% v Soil Series Rf. Re c]as; Ry Rb"‘. Kd _ Db3 Porgsitg

§ | - , _ ' B \ {g/cm”)  (em’/cm®)

). o

U Nicollet surface 1.00 5 1.00 .51 0.00 1.55 -~ 0.41

N ' Hibbing 85 4 09 0 4.60x107% 1.56 0.40
'/ ; ~ Ulen! | 1.00 5 1.00 .19 0.00  1.69 -  0.36
- | Brainerd! 1.00 5 1.00 .67 0.00 - 1.45 - 0.43
3 Canisteo!  ~ 1.00 5  1.00 ..80 0.00 .21 0.50-
o Kranzburs'. 00 5 1.00 .61 0.00  1.32 0.47

l i
_ f :]Soiis_chafécterized by Pluth et al. (1970).
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been prompted by a combination of Tow pH and relatively high iron oxide

- content creating an anion exchange potential higher than for the other

- five soils (Mott, 1970). A high silt content in the Hibbing soil with

many CLC column m1cropores would 1ncrease solute retent1on in these
stagnant sinks. However, because Minnesota soils are genera]]y dominated
by three-]ayer clays and Tow hydrous oxide content, retention of 36C]

by inorganic anion exchange appears to be_Un]ike]y in most cases.

36

Comparing the “"C17 distribution patterns, as a standard for a

99

non-sorbing anion, to the ““Tc distributions, shows a definitely

99

increased retention of ““Tc in terms of tailing and R factor retardation

(Figures 20, 23, 24, 25, 26 and Tables 14 and 15). It is obvious that

99

some retention mechanism is responsible for the decreased ““Tc flux in

comparison to 3%C17. This increased retardation of 99Tc'is in addition
to unsaturated miscible d1sp1acement as demonstrated by the asymmetr1c
nature of the d1str1but1on curves

A]though 1norgan1c»an1on exchange retention may be partially

99

responsible for ““Tc retention in the Hibbing soil, the general trend for =

the soils analyzed does not,indicate this mechanism will operate in most

. "cases. Soils used in this study were also fairly low in hydrous ox1des

(Berg and Thomas, 1959; P]uth et al. 1970). This does not suggest that
the anion exchange capacity that does exist in these soils will»nof

gch distribution.

affect the
In basic anion exchange resins~TcO4'-is more selectively absorbed
than is €1 (Markl and Bobleter, 1966; Ryabchikov and Pozdnyakov, i965)°
The pertechnate fon,is often removed from these anion exchange resins with
nitrate and perchlorate ions. This selective sorption may be a result of .

the pertechnate ion having'a_smaiTer hydration sphere than the ch]oridel'

ion (Kawashima, 1962;‘Kotegov et al., 1968; Markl and Bobleter, 1966;




Ryabchikov and Pozdnyakov, 1965). These trends cou]d'indicate that gch .

is held with greater tenacity by the weak s0i1 anion exchange complex .

than is 38

C17, but with less v1gor than the nitrate ion. This cou]d
part1a11y account for the greater mobility of the ch]or1de 1on in
-comparison to the pertechnate ion, at least under acidic conditions in
the soil CLC. " |

The maximum elution time of any of the soil CLC plates did not exéeed

twenty-five hours. Within this time, no fixed sorption of 93

Tc has‘been'
found in this study or by wi]duhg et al. (1974); The hypothetical microbial
fixation or organic matter interaction as found in the static‘sorption
experimenté is not operating strongly in these short times. |

Considering the stability of the pertechnate ion in the range of the
given soils pH's aﬁd oxfdation potentia]s under the aerobic soi] CLC .

991¢ (VII) will be reduced and prec1p1tated

COnditiohs, it is unlikely that
as insoluble oxides or sulfides (Kotegov et al., 1968). N

| A11 of the soils chromatographically studied were divided into two';
‘grbups for statistical analysis based upon difference of mean soil
parameters. We separated those soils with Rf values not sidnificant]y
Avdifferent froh unity frém those soils with Re va]ues significént]y less
than unity. The méan so0i] parameteré were determfﬁed for both groups and
compared via the t—teét‘(Snedecor and Cochran, 1967). At the 0.05 1eve1,v
" the onjy paraméter significantly different wés organic matter content.
vAnofher group separation was based upon Rf cTasses, with one group as -
class 5 (Rf 1.00-0.90) and the other as class 4 (Rf 0 89-0.65)
(Helling and Turner, 1968). Again the t-test showed the organ1c matter
'content to be the only significantly d1fferent so1] parameter Statlst1ca]]y,
."h1gher organ1c matter in selected Minnesota so115 is re]ated to retardation

99

of frontal Tc movement




It is particularly worth noting that there were no significant

differences in free iroh oxide content, pH, percent clay, or surface area
among soils in the two Re groups. On a statistical basis this indicates ..

that inorganic anion exchange capacity of a soil does not hinder frontal
gch<in the studied soi]s."This does not mean that anion

gch distributions.

iransporf of
exchange does not function in‘asymmetrical tailing of
Regression ana1ysis of the Re and K, parameters with soil parameters _:
did not indicate any significant re]ationships. This may haverccurred‘. :
because the Rf and Kd values of many soils were not significantly different.

Visual inspection of the soil parameters in c]ass 4 1nd1cates that -

" there is comparat1ve]y high organic matter in the Bearden, Blue Earth

. surface and subsurface, Brainerd surface, and Canisteo surface soils.

However in the Hibbing, Arveson, Hubbard surface, Nicollet surface, and

~Zimmerman subsurface soils the organic matter content is not dissimilar

to that in mahy class 5 soils. The lower Re in these cases may be due to

greater unsaturated dispersion and diffusion related to clay and silt
micropores(with secondary weak retention by organic matter. Possib]y thei‘

structura] compos1t1on of the organic matter cou]d also be related to

:~99Tc e]ut1on retent1on

99

| As prev1ous]y ment1oned Tc solvent -extraction and separat1on on

'an1on exchange resin is facilitated by the presence of basic e]ectron

, donor groups. Increased 0:C atom rat1o of the extracting organic solvent

with increased polar concentration will increase the extraction of the

_pertechnate ion (Boyd and Larson, 1960). Aromatic substituted compounds,

ketones, a]coho]s, am1nes, and organo phosphorous compounds a]so extract

99

the relatively unhydrated Tc (VII) quite readily (R1chards and Ste1gman,i

- 1974). In general, organic molecules with highly po]ar basic functiona]

- groups will promote the retention of the pertechnate ions. This suggests



diffusion sinks for

that the polar fulvic and humic acid fraction of the soil okganic matter

could be potentially responsible fof additional 99Tc coiumn retention -and )

asymmetric distribution patterns; | | | |
Including the class 5 soils in this qualitative analysis, the polar

organic matter Substraté;coﬁ]d bé contfibuting to the gch sbi] CLC tailing, -

partiéu]ar]y for the soils with @ Tower pH. Tailing also increased for

| those soils with relatively high silt and clay content, although .the R¢

value may have been in the rahge of unity. The greater number of stagnant
micropore sinks for finer textured soils would provide a greater diffﬁsioh

99Tc. waever, the'relative1y slow water front movement

retention of
in these soils, particularly for the clays, would allow greater diffusion
and dispersion of the pertechnate ion Qith the water front. .This would |
cause an Rf value approéching unity, but also allow for'increased‘columnjv
tailing compounded by thg presence of the organic matter. |

B In sandy soils the degree of tailing is not as greét, as micropbre
gch,are not as‘numefous. This Situatfon will be
modified by the amount of organic matterApresent in the soil. Unsaturated
dispersion and diffusion effectslappeaf to .be operating to such én extent;
however, that the_Zimmerhan subsurface soil did significantly retain 99Tc
in the thin layer column. Of coufse, it should be realized these . B
postulated retention forces are not vefy tenacious. This islexemblified.“
by the ease and nearly complete extraction of the pertechnate ion with thé
CaC]2 solution from the soil CLC.Segments. The concentrated 99Tc in the
column 'spot' is initially held by the éoi]_brganic matter as well as by
other anion exchange mechanisms. As the so]uﬁibn is.disp]age& upward
in the thin-]ayérlﬁolumn the organic matter is no longer ab]é to hold the '.
pertechnate ion against the decreasing concentration gradient. These |

factors, including miscible displacement behavior in the soil CLC éo]umns,




. so0ils used for

- elution of

97

will create the various ~asymmetric elut1on d1str1but1ons observed for the
movement - of 99 Tc (F]gures 20-24 and Table 14- 15).

'b The sox]s character1zed for so11 CLC in this report and by P]uth
et a1 R (1970) had duplicate soil ser1es samp]es including Nicollet

surface and subsurface, Hegne surface, and Z1mmerman surface. The elution

‘patterns for the Nicollet subsurface, Hegne surface, and Zimmerman_surfaee

were similar. However, for the Bearden surface and Nicollet surface

_there was a Re class difference between samples from the same series.

Although the frontal movement was differentia]]y'retained the distribution

pattern itself was similar. This observed difference in behavior ‘

,demonstrateslthat variability can be expected'within samples from the same

soil series, as well as between series.

Conventional Soil Column E]utioh of 22

3¢

Tc: The six representative

soil CLC were also used for the conventlona] co]umn

991, The conditions of each soil co]umn (Tab]e 16) and the

gch elution patterns (Figures 27-32) were monitored'for these,six soi]s.

For all co1umns the 99Tc leaching behavior exhibited'the asymmetric pattern -
of anion flow as described by the miscible disp]aeement studies‘previous1y '

cited. In all cases some measurable 2 Tc was present in the first

- -milliliter aliquot of the leaching solution. The major portion of the

97¢ was eluted in the next four aliquots. Only the Brainehd‘suhface‘soil '

exhibited any appreciable tailing. - The slight tailing in most cases

indicates that'gch retention forces are not very effective under these

‘leaching conditions.

The maJor concentratlon of the pertechnate ion appear1ng 1n the first
few a]1quots was probably a result of the 99Tc so]ut1on mov1ng through the
very large pores quite rap1d1y (Peterson and D1xon, 1971) Dur1ng the

column e]ut1on the bulk of the added aliquot could be observed pa551ng




| Table 16. Soil column 1eaching parameters used to monitor movement of 9ch.

Bulk - Porosity ‘Suction Aliquot Drainage Depth of

- Soil Series "~ Density o Time Column
(g/cm3) ‘ (cm3/cm3) o (bars) (minutes) | (cm)
Nicollet Surface  ~ 1.07 ; 'o'.59 , 0.33 0 5
Hibbing Surface ~  1.18 0.55 0.33 » 60 5
Ulen Surface 1.2z 0.5 0.0 10 5
Brainerd Surface 1.04 a - 0.59 - 0.33 . - 15 | 5
' Canisteo Surface  0.96 . 0.60 00 0 5
»'.A,Kranzburg'surface . 1.04 | 058 7 0.33 E 30 5
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Figure 27. Conventional soil column 1eachfng distribution of 397c for‘Nico]lef

surface. Values represent means of triplicate samples with
standard errors indicated by the bracket at the top of each bar.
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Figu.r'e 30. Conventional soil co]umn','leachin'g dis‘tribUtion.of -99Tc for Brainerd
. surface. Values represent means of triplicate samples with standard
errors indicated by the brackets at the top of .each bar. - '
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Figure 31. Conventional soil ¢o1umn_1eaching~distr1bution»of 99 Tc for Canisteo

surface. Values represent means of triplicate samples with standard

errors indicated by the brackets at the top of each bar.
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" Figure-32. ‘Conventional soil column leaching distribution of 9,
s _ . .for Kranzburg surface. Values represent means of .triplicate

-+ 'samples with standard errors indicated by the brackets at
the top of each bar..
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99Tc‘was.retained

through the large inter- aggregate pores. Tﬁe residual
in the aggregate m1cropore solution sinks. Possib]y}with greater column
depth and under continuous flow, greater elution curve resolution may
 have been achieved. However under the present cond1t10ns,,the 99Tc

flow in these conventional soil columns appears to be similar to non-
sorbihg anion flow. The rapid rate of.efution may have prevented an'
equilibrium to occur between the soil organic matter polar suustrate and
the pertechnate ion. o | |

General Comments on the Movement of 99Tc through Minnesota Soi]s;

With the soil CLC modeling solute movement in aggregates and conventional
columns approximating macropore and channel flow a general trend in
99,

pertechnate flow in selected Minnesota soils has been observed.- Tc

moves through the soil as a relatively large anion exhibiting characteristic

miscible displacement with some'asymmetric‘tailing. 99

Tc exhibits greater
retention than C1~, which may be.attributed statisticaTTy to weak binding'
by organic matter° Anion exchange processes induced by'clay and'oxfde
surfaces appear to be very weak as chemica] retention factors.. It is.~
questionable whether‘this retention phenomenon is related to the static
sorption activity'reported in the first part of this study. The soil CLC_:
and conventional columns are short‘term, dynamic, aerobic systems. The

~sorption observedvprevigus1y was re]atedlto ldng term; static, and usua]iy

_ anaerobic~conditions Genera]]y under the present experimental parameters -
‘,99Tc remains quite mobile in the studied Minnesota so1]s

Translating these results to a more general situation,3it might be
expected in a fie]d.situation that at least some of any 99Tc present
would move with or near the infiltrating water front. Unless there were

considerable periods of waterlogging and anaerobic conditions, continued .

rewetting of the s0il would cause the mobile pertechnate anion to move
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deeper within the soil profile. Once the soluble and non-sorbed 99Tc
reached the subsurface horizons with low organic mattef; solute flow would ~

continue following the pattern of miscible displacement.
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SUMMARY AND CONCLUSIONS

Technetium-99, a long-lived beta-emitting radionuclide, is being

produced and released into the environment in increasing quantities from
such sources as atmoSphericAdenotations, losses during reactor fuel bfocessing”
~ and from increased medical and industrial applications.: while'there had.
been relatively éxtensive studies of gch in animals and humans, fhere'was
little information availab]e concerhing its behavior in soils and plants
at the time‘thisAstudy was initiated. This report then deals with thé
" results of thfee years of study dealing with the magnitude and mechanisms of
99Tc sorption by soils and uptake by plants. o |

Results show thaf 99Tc was sorbed from solution over a period of two to
five weeks by 8 of 11 sdi]s studied. The slow rates of sorption ahd}the -
“removal of trace quantities of 99Tc from solution in the presence of large -
amounts of chloride and phosphate fend to rq]é put anion exchange as the
sorption mechanism. The lack of sorption by low organic matter soiis; the
reduction_fo]]owing hydrbgen peroxide'digestion of the soil and_high recov;

99Tc on extraction with sodium hydroxide suggest alrole fbr

eries of sorbed
. the living and/or non-living organic fraction of the soi]{ The e]iﬁinétidn'
of sorption following §teri]ization and increased sorption fo]]owihg o
addition of dextrose point to a micfobial rofe in the sorbtiqn process.
However, it has not been established wﬁether this is a direct'or indirect
ro]e-nor is it possible at this time to ciear1y predict the conditions
| - Under which sorption will occur or if sorbed 99Tc is avai]ablesfor'p]ant -
uptake. | o

Resu]ts.of‘plant uptake‘studies show that 99Tc can be taken»up and
translocated iﬁto the photoéyntheticvtiSSUe of higher plants with

concentrations in seeds much less than in vegetative tissue. Technetium-99

was also shown to be toxic to plants at low concentrations and evidence
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_suggests'that this is a chemically rather than a rédio]ogiéa]]y induced

toxicity. However, this remains to be completely resolved as well as

whether there is a threéhb]d level of PTc required before toxiéify‘océurs.
In short term, dynamic, and aerobic systems gch will movéAthrough
sof] with characteristic Chromatbgraphic and unsaturated miscible
displacement patterns§ Asyﬁmetrica] tai]ing'of'the s0il CLC distribution 
of 99Tc will occur in response to Unsaturated~hydrodynamic dispersion |

and weak interaction with soil organic matter. This organic matter

- complexation does not appear to be related to the static, anaerobic, and"i

long term sorption process initially discussed in this report.
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