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ABSTRACT

. With the exception of recent laboratory experiments on the reldtion-
ship of technetium in soil and vegetation, data on the ervirommental
behavior ofatechnetium.are Vimited. Significant radiological exposures
have been estimated forrhypothetical atmospheric releases of Tc;99 from
gaseous diffusion facilities when Vegqtation-to—soil‘concentration ratios

. représéﬁtatiVe of laboratory-experfmeﬁfs afe sub;tifﬁtéd,for generic_

~ default values assumed in current regulatory models. To test the rele-
vancy of these laborator’ ratios, field investigations were conducted
to obtain measurements oi the vegetation-to-soil concentration ratio for
Tc-99 in samples collected near operating jaseous diffusidn facilities
and to qbserve the dynamic behavior of +achnetium in soil and vegetation

. following a single app]icafion o7 a sprayed solution of 95mTé0;.
Compafison of observed field concentration ratios and calculated

~ steady-state concentration ratios Qith ratios obtained from previous
laboratory experiments indicates that concentration ratios obtained from
field data are one to two orders of magnitude léss than those obtained
from the laboratory. Furthermore, a substantial accumulation of tech-
netium in soil and vegetation may not occur over long periods of time,
since concentrations of technetium in both envirommeatal media were

~ observed to decrease with time subsequent to initial application of
gsmTcoz. The decrease of technetium concentrations in vegetation is
suspected to be “he result of leaching by precipitation, particle

removal by wind actfon and dilution by tissue growth.




Although considerable conservatism may exist in other parameters
used *n radiolegical assessment models, the difference between field and
Taboratory concentration ratios would aecount for a reduction in the
predicted dose of at least one order of ﬁagnitude over that calculated
Ausing»a'value of the;vegetation=to-soil concentration ratie repreéepta-
tfve of laboratory experiments. Consideyatign of the dynamic behavior of
technetium in soil and vegetationnwou1dtreduce the predicted dose by 1
mbre than/two orders of»magnitude. The poss1bzl1ty is a.knouledged that
if the technetium in soil is in a chemlcal form of relatlvely Tow
mobility, accumulatlon over long time perlcds may occur. The amounts of
techneti.m observed in vegeta*ion sempled near the gaseous Hiffusion
fac:lities could result from root uptake of a residual quantity of
‘otherwise immobile technetium that has become solub]e in soil water.

The relationship between the Tc-99 in vegetation and:the soluble Tc-99
in soil water is similar to the high laboratory vegetation-to-soilr

" _concentration ratios that have all been obtained eith technetium per-
sisting as a pertechnetate solution in soil. 7

Measured vegetation’concentrations of Tc-99 in samples obtained
near the gaseous diffusion facilities are, nevertheless, substantially
less than concentrat1ons calculated using laboratory derived vegetation-
to-soil concentration ratios. Extrapolation of the results obtained
from the present field experiments to assessments of the radiological
impact for other locations, vegetation types, and time periods must be
made witn due caution until the general‘applicabi]ity of these results
can be confirmed throujgh future validation experiments and environ-

mental monitoring programs.

X1
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“**-.aquatic food cha1ns. and thus ccntrol ‘the ava11ab1l|ty of radionuclides L

| ’*‘f.ebehavior of radionuclides in the environment are therefore useful to

,,Vsane b1ogeochemical processes that eycue es:ential and nonessertlal
~elements within and among ecosystems. These p-ocesses deternlne bip-

. ~ accumulation during tfahsport of radionuclides thr0u9h~terrestriai and - "féi

e
e
T

1. INTRQDUCTION

Radlonucltdes introduced into the btosphere are affected by the

- to populations and comuun1t1es of °Fganisms } Investigations on- the 13; ot

'17, elucidate mechanism; control]lng the flow of minerais through ecosysten55

~as well as to assess the potential environﬁenta]‘significance of enhanced

anthropogen*c levels of these radlonuclides.

' The env1ronmental 51gn1f1cance of anthropogenic 1ntroductions of

' radvonuc11des to the biosphere will depend upon the magnitude of the

intfoduction and the potential for orgahisms to be exposed to radiation. _
This exposure potentiel will_be i ffacted Ly the inéorporation of radio-
nucl.des in air, water, food; and other substances compoging the biotic

and abiotic componentsrof an organism’s habitat and by the organism’s
utilization of its habitat. Ecosystem responses to radiation are only
exoected following very large rates of radionuclide introduction to the
plosphere, such as the aftermath of a nuciear war (ﬁooduell, 1965). Low-
level, routine releases of radionuclides from the normal operation of
nuclear fuel cycle facilities, on the other hand, are not expected to
produce consequences that can be considered ecologically significant.

At these Tow levels, the structure and function of ecosystems, including



the abundance and distribution «f organisms will be unaffected (Auerbach,
A971; Schultz and Whicker, 1972). In the absence of eccsystem or
popu]ationjleyel effgéié, criteria fof r;gulétihg the peaéefui uses of
radionu%lideg ara based uﬁ‘liniaizaiion of health eifects among human
ﬁopulatfons aﬁd'kgeping tho rigks af obtaining'detrinenﬁal ef%ects Sx 
any individualwithin levels considered acceptable (ICRP, 1977). )

C At le#éls of gkpésurg to raﬂionuclidés équivuleht to mcximur per-
f>missiblé standé}dsﬁfor membe: s pf_ﬁhe general public, detection of

- o e v . . ; e ~. .
 deleterious effects among individuals within populations of humans ard

S ’oiher orgénisms«is difficult, if not impossible, due to thé‘re]atively

';'high incideneg of such effects induced by causes other than exposure to

radionuclides (NRC, 1972; NRC, 1980). The significance of radionuclides

introduced to the biosphere through routine emissions from nuclear )
facilities is thus based primarily on the exposure or dose received by
‘individuals o}'groups of individuals within the human population.

The evaluation of the potential environme:tal significance of tech-
netium (Tc) is dependent'on tne acquisicion of quantitative information
describing bioaccumulation of this radicelement in pathways of mineral
cycling‘which.may influence human exposure. Investigations initiated
herein on the behavior of technetium in soil and vegetatién have been
directed toQard this end. Emphasis has b2en placed on the acquisition
of field data rather than data derived from contyrolled laboratory

experiments to obtain information relevant for the prediction of the

behavior of technetium in the environment.
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Direct applicatior of the information obtained from these investi-
gations to generalizations pertaining to mineral cycling processes is at
present difficult. Although the chemistry of technetium (McFadden, 1980)

most closely reseubies rhenium (Re) and to a lesser extent manganese (Mn),

behavioral similarities in the environment have not been fully doéumentedi

The ease of plant accumﬂlation of Tc from low levels in soils, hauever,,
suggests that pertechnetate (Tc04) may be functioning as a nutrIent
analog. Preliminary stud1es have demonstrated a strong compet1tron
bLetween nutrient solutions of SO%»,«SeO HQ 2P04, and Tco4 for:
uptake by soybean plants (rataldo et al., 1978). Transport analogs
potent1ally affecting the soil-plant transfer of TcO4 are expected to be
Re04, H2P04, and 504, (Garland et ai . 1979). Nevertheless, technetium

introdiced to soils as ggftoi at relatively Tow concentrations

- (>0.01 ug/qg} has also been shown to be toxic to vegetation (Cataldo et al.,

1978; Gast et al., 1979).

1.1 Sources of Technet‘um in the Environment

Technetium is one o} two elements (the other being promethium) with
an atomic number lcwer than bismuth for which there are no stable
isotopes. Although technetium is produced in nature by the spontaneous
ficsion of naturally occurring elements, the major source of technetium
in the environment stems from ¢ie fission of 235U and 239Pu in nuclear
weapons and reactors and from the application of technetium isotopes in
medicine (Cataldo et al., 1978). Among the most important of the tech-
netfum isotopes is 99Tc, which exhibits a high fission yield from 235U

of 6.2% and a long half-Tife of <.. x 10° yr (Evans, 1970).




Only limited data are available on the global inventories of Fre.
Detection of gch at current env1ronmental concentrat1ons is d1ff1cult
-because of the Tow energy (max. 0.292 MeV) of its beta emissions.

. . Cataldo gg_gl_ (1978) est1mate that weapons fallout has contributed to -

99

;.a soil coocentratron of 6.3 x 107 Bqlkg soil. Direct measurements of T»}l‘

" in ralnfall by Enrbardt and Attrep (l978) have indicated concentratlons

-5

ranglng from 6. 7 x lO to 1.3 x l0 Bq/l. Based on an. analySIS of

e these data, Ehrhardt and ‘Attrep conclude that the concentratvons . :yf; ~

observed in rain cannot entlrely be attrlbuted to ueapons fallout and
that some of the - Tc measured mlght be accounted for by releases from
nuclear fuel cycle fac1l1tves 7

i Iora typical pressurized water reactor, approximately 0.84 kg~of

99Tc is produced per metric ton of uranium fuel. This can be compared

to 1.3 kg of '3/Cs and 0.55 kg of “USr per metric ton of uranium fuel
{finney et al., 1976). Releases from reactors, however, are expected

to be small with respect to other fuel cycle facilities because

* essentially all of the 997¢ formed will be contained in the fuel

elenents.

During the reprocessing‘of spent reactor fuel, technetium is pre-
dominantly converted to pertechnetic acid (HTc04) during the dissolutior
phase. A portion of the technetium follows the uranyl nitrate throuch
the solvent extraction process and is converted to technetium heptaoxide
(Tc207) during the denitration or calcinlng step (Story, 1974). It is
at this stage in the nuclear fuel cycle that controlled releases of

technetium to the environment are first expected to occur. Routine



e+

" phere from an enrichment facility: have been reported with values,ranging‘

releases of gch to the atmosphere at a reprocessing facility arej
projgétcd to be about 5.2 GBg/yr (Palms et al., 1977).

-In the UF6~conversion process, technetium carried oyer with
regycle& uranium reacts with fluoride to fbnm volatile compounds thafi :
move through the gasev:a~diffusioﬁ énrichmehff§tep{ Small amounts of

the technetium may then be released to the environment via gaseous and

Tiquid effluent streams. Measured and ca!culatéd releases to the atmos-

between 2.2 €EBq/yr (USDOE, 1979a) and 2 2 x 10 GBq[yr (USERDA ]977)

Releases to the aquatic environment range “rom 1.5 x 102

' 1979b) to 6.5 x 10° GBg/yr ,Anderson ot al., 1979).

9

Potential releases of 9 Tc may also occur from other nuclear fuel.

cycle fac1]1t1es, such as waste disposal sites, but spec1f1c lnfonnatIOn
on releases from these facilities is not yet available. The predominant

chemical forms of *°Tc released to the environment have not been deter-

mined. The most stable chemical species in aerited aqueous solution is

the pertechnetate ion (1u0;), and this is the chemical form that might be

expected to enter surface soils.

- 1.2 The Behavior of T~chnetium in Soil and Vegetation

Unti1 recently, virtually no data were available in the literature
on the uptake of technetium (Tc) by plants or the behavior of technetium

compounds in soils. This lack of information is partly due to the fact

. that low jevels of naturally occurring technetfum isotopes are difficult

to detect, and that enviionméntal contamination from 99Tc in weapons 4

GBq/yr (USDOE.

e @

AT TN .
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failout has received only limited attention. In liey 6f information
about technetlum in soils and vegetation, Ng et al. (1968) rel1ed upon

a series of assumpt1ons which related the behavior of tecnnet1um in the’

7, environment to that of lodlne These assumpt1ons enabled-them to derive

a plunt-to-so1l concentration ratio (CR) of 1.0 (gch/kg dry nlant -

.og-r

tISsUe per c/kg dry so1|) This value, converted to 0.25 by assuming

© that 25 of the fresh weight of plant tissue is dry matter, is the sofl-
: to-plant CR value for technetlum that has been adoptcd throughout the
w assessment llterqture (Baker et.al., 1976; K11.oagh and McKay, 197b, |

s

USNRC, 1977).

Recent laboratory studies, bewever, have demonstrated an exception-
ally lafge potential for bisaccumulation of Tc ir vegetation (Cataldo
et al., 1978; Gast et al., 1979; Routson and Ca*aldo, 1972; Mousny et
21., 1979; Wildung et al., 1976, 1977, 1979). Vegetation grown in .
poiﬁed soils containing a solution of 997co; effectively removed up to
90% ~f the Tc from soil at EOncentrations below 0.1 ug/g. At soil con-
centrétions above 0.1 ;g/g the uptake was sufficient to produce toxic |
effects in vegetation (Wildung et al., 1975, 1977; Gast et al., 1979;
Cataldo et al., 1978). Plant-to-soil concentration ratios (CR) from

labcratory pot experiments are amcng the highest known for non-nutrient

“elements. Reported CR values range from 95 to 1890 for wheat seedlings

(Gast et al., 1976); 67 to 380 for soybeans and wheat (Wildung et al.,
1577); and 54 to 881 for cheatgrass and tumbjeweed (Routson and Catalao,
1978; Cataldo, 1979a). '
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1.2.1 Vegetatlon Interception and Reientiorn

No data are available on the Interception and retentlon of tech-:
netium deposz:ed on and 1ncorpor:ted-u1th'n vegetatlon. ,Such informa-
tion is typically not obtained from iaboratory pot expeviments.-

Laboratory plants grown in potted soils are usually bfotécted'?'om

factors norma]ly preva)ent 1n the freld such as wind, rain. and gr321ng

which could szgn1f1cantly reduce the Tc lnvertory in vegetatlon (Tukgy,»
1970; Beaufbrd et l > 1977; Batzl1,‘!978) Furthermore, Tc is usually

app11ed only-to the soil in pot exporIments for the spec1f1c purpose of

-~

‘observing soil-plant interactions. No attempt has been made to szmglate :

the total effe.t of éfmosﬁﬁeric deposition whereby the soil and Vegéta-
tion are simultaneously exposed to Tc. -

Miller (1980) summarizecd the resuits of experiments on the inter-
ception of a varizty of non- technetium aerosols by vegetation.’ P strong
correlation was evident between the fraction f deposited aerosols
init’aily intercepted by standing foragé vegetation (R} and standing
crob biomass (Yv, dry weigh;). For example, -the range nf observed

interception fractions for forage vegetation was from 0.02 to 0.82.

- The range of values representing the observed ratio of the interception

fraction to standing crop biomass (R/Yv) was from 1.0 to 4.0 mZ/kg.

The ratio R/Y, is often referred to as a "mass 1ntercept{on factor”
since the product of this ratio and the total ground area deposition is
the concentration per mass vegetation. Values of R/Yv can be obtained
through direct mzasurement of the concentration of initially deposited

material per mass vegetation (C )) and dividing by the total ground

v(o
area deposition (d).



R/Y, )/d (1)
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Miller and Hoffman (1979} reviewed a number of field studies on the
retent1on by kerbaceous vegetation of a variety of radioisotopes depos-
ited-as aerosols. Correctlng for radioactive decay, the envirommental
half-t1mes (T;) associated uifh the retention of these materials ranged
- from 3.7 to 27 days during the grouidg season ﬁith a2 median valye of
- ?3.4 days. - A winter valde of 71 dayé for a solution of 85SrC]2 sprayed
| on grassland was -also reported in »hts review. Partieulate deposition
on desert rhrubs exh1b1ted values ot T ranging from 13 to 28 days. Mo

1nd1cat1on was glven as to the possible effect-of dilution of activity
'by'increasing biomass during regetafion growth. It ig generally essumed,
however, that values of Tw-dre relevant oniy to the retention of aerosols
initially deposited on the plant syrfaces. The degree to which the
reviewed values included ine retention by vegetation of material taken
up from soil and incorporate.: within plant tissue4was not specified.
Although the envirommental half-time (Tﬁ) is often presumed to
represent removal due to weathering, correlations between (Tw) and
specific meteorological variables such as precipitation and wind have
generally aot been confirmed. Arkhipdv and Fevraleva (19279), however,

895r, applied as a solution to a

showed that the foliar content of
variety of crops, is inversely correlated with post-ccntamination rain-
fall, Beauford et al. (1977) demonstrated that salt particles, wax
rodlets, cuticular and other vegetation surface fragments containipg
metals inftially taken up from soil could be dislodged fiom vegetafion

through surface abrasion and leaf behding induced by wind action.
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1.2.2 Retention of Technetium in Soil .

Most studies on the retention of Tc in soil have been confined to
taboratory experin‘entsbof the distribution coefficient (K,, the ratio of
the amount sorbed per g soil to the amount in solute per ml equilibrat-
ing solution). Under aerobic conditions, Wildung et al. . (1979) reported 7
Ky values for pertechnetate (equilibr&ted for 24 hours) that range from
0.007 to 2.8, indicating the petential for high mobility in soil. How-
ever, 981 sorptfon has been observed for équilibrating periods of two

to five weeks and for soil conditions tending to be anaerobic (Landz et

~ al., 1977). An estimate of the removal rate of Tcl from the root zone

of soils has been pgrfoﬁned by Baes (1979)"-'in whichrthe loss rate is -
considered to be.. function of the velocity of vertical water peréalation
ia soil, the depth of the soil root zone, soil bulk density, soil water
content, and values of Kd' Using median values for all parameters, Baes
estirated a median rate constant for the ' aching of Tc0, from the 0-15
cm root zone of soil of 2.6 per yea~, equivalent to an environmental
half-time of about 700 days. Because of the large variability in
reported values of the velocity of vertical water percolatiuh and in

Kd’ Baes emphasized the uncertainty associated with his estimate and

recommended confirmatory field measurements to validate his results.

1.2.3 Devauit Values Assumed in USNRC Regulatory Guide 1.109

Without available information specific tc the behavior of Tc in
vegetation and soils, the present version of the environmental assess-
ment model used by the U. S. Nuclear Regulatory Commission (NRC) assumes
that initial interception (R) 1s 20-25% (USNRC, 1977). These values are

recommended in default of site-specific information. Equivalent values



of the mass interzeption factor’(R/Yv) derived from the NRC mode! are
1.4 mzlkg for irrigation spray and 1.1 mzlkg for particulates. Tnese
values are derived from default values of R and Yv used by the model in
1i2u of element-specific or site-specific data. “Retention of materia]s
deposited diréctly on the surfaces of vééetationvis assumed to be
equivalent to an environmental half-time T" of 14 days. In soil, the
NRC model adopts the pessimistic assumption that all deposited material
will eventually reside in the root zone-of soil (0-15 cm depth) with
‘the only source of removal from the soil being radidactive decay. A
Retention in soil is, therefore, assumed to be complete. The default
CR value:describiﬁg the uptake of Tc from soil by vegetation, as men-
tioned earlier, is 0.25 (Tc in fresh vegetation per Tc in dry soil)} or
1.0 (Tc in dry vegetation per Tc in dry soil).

1.3 Assessmenis of the Radinlogical Impact of Re’:ises of Tc to the
Terrestrial Environment

Assessment models using the default CR value of 1.0 (dry weight
plant tissue) for the uptake of Tc from soil by vegetation have.not
irdicated significant radiological impacts with respect to known release
rates of 99Tc from nuclear facilities and current statutory limits
(Hoffman and Kaye, 1976). Partially for this reason, the environmental

99T::

behavior of has not received the attention that has been given to

other radionuclides such as °H, 13c, 30sy, 137, 1291 137c¢ ond the
transuranium elements.,
To examine the potential significance of the large plant-to-soil CR

values derived from laboratory pot experiments, Ti11 et al. (1979)
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~ Linuous release of 37 GBq {1 Ci) per year of

11

assumed a CR value equivalent to 200 (dry wt plant).* They then used
this value in’the terrestrial food chain model given in Regulatory Guide
1.109 (USNRC, 1577} to estimate the dose to humans resulting from
releases of 99Tc to the atmosphere. They recognized, however, ihat a
value based'én potted plant experiments might not be relevant to condi-
tions in the field, but the absence 6f pertinent data precluded justi-
ficatign of an alternative.

The dose assessment performed by Till gg_gl,fpredicted that 5 con-
91c from a height of 20 m
would, at a downwind distance of 1600 m (1 mf!e), accumuTate approximately
25 Bg/kg in the 0-15 cm root zone of soil, after a release period of 15
years. The concentration, when multiplied by the dry weight plant-to-
soil CR value of 200, produced a calculated concentration in vegetation
of 5000 Bg/kg dry wt plant tissue. An adult individual assumed to ingest
vegetables, meat and milk produced at this location was estimated to
receive a maximum annu2) dose of 18 mrem (1.8 x 10'4 Sv) to the G. I.

tract and 80 mrem‘(B.O x 10'4 Sv) to the thyroid. These calculated doses

approach and exceed, respectively, the Uranium Fuel Cycle Standards

»promulgated by the U.S. Environmental Protection Agency (1977) of 25 mrem

(2.5 x 10'4Sv) to all organs of the human body except the thyroid and 75
mrea (7.5 x 10'4Sv) to the thyroid.
Met.eorological data for their analysis were taken from Roddy et al.

(1976) and used within the AIRDOS-II computer code (Moore, 1977) to -

*The value of 200 is derived from the value of 50 (Tc/g wet plant tissue
per Tc/g dry soil) used by Ti11 et al. (1979) assuming that only 25% of
fresh plant tissue s dry matter.

T B T
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calculate the air concentration and ground deposition rate of %

9

Tc at
the point of exposure: Although the concentration of ““Tc in vege-
tables, meat, and milk was computed fo]lguing procedures outlined by the
U.S. Nuclear Requlatory Commission (1977), revised values of transfer

coefficients were used for the transfer of *°Tc in milk'of 9.9 x 107

day/liter (Ng et al., 1977) and in meat of 8.7 x 1073

day/kg (N1 et al.,
1968). Concentrations of 99Tc predicted in vegetables, meat, and milk
160G m from a release of 37 GBg/yr (1 Ci/yr) using olant-to-soil CR
values gf 1.0 and ZOO'are,given in Table 1. The rates of conéumption
of\vegeiables (1/5 g/day) and milk (0.3 liter/day) were thoselgiven for
"Reference Man" (ICRP, 1975). The rate ¢i meat consumption (300 g/day)
was the same as assumed by the U.S. Nuclear Regulatory Commission (1977).
The calculations of dose were performed using Cusimetric data provided
by Killough et al. (1973).

Ti1l et al. (1979) concluded that, since releases of 91¢ to the
atﬁosph re on the order of 37 GBq per year are comparable to reported
releases for operating gaseous diffusion facilities handling reprocessed
fuels, an investigation of the actual behavior of 91¢ in soils and
vegetation in the environs of these facilities is in order to test the
relevancy of soil-to-plant concentration factors obtained from labora-
tory experiments. They recommended that data be obtained from concen-
trations of 99Tc in soil represehtative of levels to be expected from
routine releases from nuclear facilities and that CR values be derived
under equilibrium conditions and specifiea for the edible portions of

plant tissue.



Table 1. Concentration of gch Jredicted in vegetables, meat, and milk -
1600 m from a release of 1 Ci/year to the atmosphere

99 .
Assumed plant-to-soil Tc concentration in:

concentration for

99T¢ ratio (CR) Vegetables Meat MiTk

(Ba/kg dry wt) . (Bq/kg fresh wt) (Bq/1iter)

.00 349 IR 4.8%

200° 5000° 560° ~ 630°

£1

aAssum1ng a release height of 20 m and 15 years of continuous accu-
mulation in soil, note also that 1 Ci equals 3.7 x 1010 Bq.

Ber value typically assumed (on a dry wt basis) in radiological
environmental assessment models.
| (-
®CR value used by Till e et al. (1979) after reviewing results of
laboratory experiments.

dApproximater 20% of the gch was contributed via direct deposition
onto above ground vegetat1on -

Contr1bution from direct deposition is 1nsign1f1¢ant.
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1.4 Objectives o" Experimental Research

The objective of the experimental research performed in this study

. was to study the behavior of technetium in soil and vegetation under

. field conditions to test the relevancy of high 99Tc vegetation/soil CR

values observed in laboratory and greenhouse experiments. ,Fieid sampling
was designed to monitor concentrations of 99Tc in soil and vegetation

collected in thetimmediate’envirops of currentlyroperating uranium %

;_gnrichmeht. gaseous dif?usion plants located near Paducah, Kentucky; | § %

:; Portsmouth, Ohio; and Oak Ridge, Tennessee. For the ‘detection of

99Tc

in =nvironmental samples, analyses were performed using radiochemical
separations and low-level beta counting techniques (Hoffman et al.,
1980), with selected samples re-analyzed using iso’ "pe dflution mass
spectroscopy (Anderson and Walker, 1980) to ensure that the detected
radioactivity uas:gch.

A series of field experiments was designed to record the behavior
of Tc in soil and vegetation subsequent to a single application of 95mTc i
as the pertectnetate anion, Tc0;. The objectives of these experiments
were to obtain data relevant to field éonditions which can be compared
with interception ;nd retention values assumed in envirommental assessment
models and which can be used to estimate concentrations of Tc in soil and
vegetation at steady state. Estimates of vegetation retention of Tc were
made from observations of the initial contamination of the soi1l as well as
direct deposition onto plant surfaces. These estimates included the com-
bined effects of root uptake and removal of Tc from the surfaces and tis-

sue of vegetation. The retention of technetium in soil was determined
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from observations of Tc concentrations at various depths over time

subsequent to initial deposition.
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2. [EXPERIMENTAL METHODS

2,1 Samp'ing of e in v egetation and Soils _in the Vicinity of
uperating Gaseous lefus1on Facilities .

Within the uranium fue' cycle, the most predominant sources of
release of 99Tc to the atmosphere are asscciated with géseous diffusion
plants which enrich reprocessed uranium fuelé. lh the U.S.A., current
nperacing gaseous diffusion plants (GDP) are Tocated near Paducah.
kenitucky; Portsmouth, Ohlo, and Oak Ridge, Tennessee.

Because of the recogn1zed difficulty in detectlng ow levels of

~9gTc in environmental samples, sites were selected just outside the
perimetér fence of each gaseous diffusion pianrt to enhance the probabil-

ity of collecting detectable quantities -f technetium. The herbaceous

végetation at each- site was dominated by Festuca arundinacea (fescue
~grass). These siies were iocated approximately in the predominant wind
direction from estimated sources of release (Figs} 1, 2, and 3). The
windrose diagrams in these figures depict the direction toward which the
wind is blowing. The approximate distance from the source of release to
the sampling sites is estimated to vary between 800 and 1600 .. A1l of
‘these sites are Incated within areés controlled by the'U.S. Depart-
ment of Energy. The first sampling of vegetztion and soils involved
collectfon of above-ground vegetation by hand and collection of large
guantities of soil using a shovel to obtain a sample representative of
the root zune (0-15 cm). A11 samples were piraced n plastic bags and
transported to Oak Ridge National Laboratory where they were dried,

prepared, and analyzed for 99Tc.
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Fig. 1. Sampling locations for Oak Ridge Gaseous Diffussion Plant
(sampling sites are indicated by numbered dots, x-x-x
indicates the location of the peripheral fence. and the
annual windrose indicates the direction in which the wind
is blowing).
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Fig. 2. Sampling locations for Paducah Gaseous Diffusion Plant
(sampling sites are indicated by numbered dots, x-x-x
indicates the iocation of the peripheral fence, and the

annual windrose indicates the di-ection in which the wind
is blowing).
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ORNL-DWG 79-20800R
PORTSMOUTH GASEOUS DIFFUSION PLANT
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Fig. 3. Sampling locations for Portsmouth Gaseous Diffusion Plant
{sampling sites are indicated by numbered dots, x-x-x
indicates ‘he Incation of the peripheral fence, and the
annual windrose indicates the direction in which the wind
is blowing).
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Concurrent experimental research indicated that most of the deposited
technetihm_(deposited»as 95'“TCOQ) would be found initia]iy in the top 2 am
of soil. Therefore, subsequent samplings of soil in the vicinity of the
gaseous diffusion plants were differentiated between 0-2 cm and below 2 cm.

- The maximum depth of soil sampling varied bztween 10 and 15 cm, depending

“on the rock content of soil. In addition to analysis for 9

Tc, soils were
also analyzeé for pH (measured in 0.01 !_CaClz solution [Z.S-parts-solution
to 1 part soil]) and organic matter content (weight loss on ignition for 8
or more hours at 450 E;'to search for any potential correlations with gch
- uptake by blants. Specific aspects of sampling at each facility are dis-

>Acussed be]dw. Details of the radiochemical procedures and sample prepara-
tion for radiochémical separation of ?ch from vegetatioq and soil are pre-

sented in ORNL/TM-7386 (Hoffman et al., ]980).

2.7.1 Oak Ridge Gaseous Diffusion Plant

The two locations at which vegetation ard soils were collected near
~ the Oak Ridge Gaseous Diffusion Plant are depicted in Fig. 1. At sam-
pling lTocation No. 1, the soil type was Dewey silt loam. At sampling
location No. 2, the soil‘type was Sequatcnie very fine sandy loam. On
July 14 and November 10, 1978, multiple samples of vegetaticn and soils
were pooled into one large sample representative of each 2500 mz. On
July 5, 1975:‘samp1es were taken from three sites within each sampling
location, and estimates were made of the standing cropvbiomass (g’ﬁz) of
vegetation. The area over which samples were taken at each of these
_sites was approximately 400 mz. Soils s;mp1ed prior to Novemkter 10,

1978, were not differentiated between the 0-2 cm and below 2 cm depths.
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2.1.2 Paducah Gaseous Diffusion Plant

The two locations at which vegetation and soils were collected
near the Paducah Gaseous Diffusion Plant are depicted in Fig. 2. Soils
at both of these locations were in the Henry silt loam series..-On
July 20 and Gctober 23, 1978, multiple §amples of vegetation and soils
were _pooled into one largé sample representative of each sampling loca-
tion. The approximate area over wﬁich samples were taken was 2500 mz.
On August 21, 1979, samples were taken from three sites within each
sampling locatibn;;and estimates wére made of the standing crbp biomass
(g/mz) of vegetation; The area over which samples were taken at each of
these sites was approximately 400 mz. Soils were not differentiated
between the 0-2 cm and below 2 cm depths for samples taken prior to
October 23, 1978. Because of the extent of the rock content of the soil

in the locations sampled at Paducah, the maximum sample depth did not

exceed 10 cm.

2.1.3 Portsmouth Gaseous Diffusion Plant

The ten locations at which vegetation and soils were collected
neér the Portsmouth Gaseous Diffusion Plant are depicted in Fig. 3. All
of thevsoils collected from these 1ocatioﬁs belong to the Monongahela-
Philo-Tyler series. For the first period of sampling on October 31,
1978, only two sites (A and B) were selected. Because of difficulties
in detecting significant quantities of 99Tc in vegetation, the sampling
regime was expanded on April 5, 1979, to include locations 1 through §
along the periphery 6f the perimeter fence. At each location multiple

samples were pooled to form one large sample represertative of the site,
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Samples at each location were taken . - an area of approximately 2500
m’. On September 7, 1979, samples were collected by the »taff of
Goodyear Afomic Corporation inside the perimeter fence at locations 25,
26, and 29. These samples were collected because of difficulties in
detecting 99Tc in previous samples of vegetatidh”(and because access

to Portsmouth Gasébﬁs Diffusion Plant during September 1979 was untimely

because of a union strike). Five subsamples of vegetation obtained from

location 25 and three subsamples each from locations 26 and 29 were

orepared for analysis of 99Tc at Oak Ridge National Labofatory. Two
subsamples of soil from the samples obtained from all three locations
were also prepared for analysi;. Unlike the initial sampling at the Oak
Ridge and Paducah Gaseous Diffusion Plants, the soils samaled at Ports-
mouth were all separated into a sample collected at the 0-2 cm depth

and a sample collected at the below 2 cm soil depth.

2.2 Field Experiments Using 95“TC0;

To observe the dynamics of Tc in soil and vegetation, field experi-

ments using 95"'Tc were conducted in a 2500 m2

cld .field within the 0800
area of the U. S. Department of Energy Oak Ridge Reservation, Oak Ridge,
——  Tennessee. The soil in this field is a Captina silt loam composed of
13.7% sand, 75.2% silt, and 11.1% clzy by weight. Soil organic matter
is about 6 to 8%. The soil cation exchange capacity is 14.4 meq/100 g.
Prior to the establishment of experimental plots, the old field was

mechanically mowed to enhance dominance of herbaceous vegetation.

Fescue grass (Festuca arundinacea) was the most abundant cover vegetation

present after mowing, with Lespedeza cuneata occurring in increasing
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abundance duriny the latter nhases of each experiment. Technetium

was applied 6nce to each plot as a solution of gsmTcoi. This solution
was sprayed by hand (600 to 1500 um diameter droplets) through a per-
forated 1id attached to one-liter polyethylene bottlies. Care was exer-

cised to maintain uniform apbliéation over each experimental plot.

2.2.1 Expériments 0.1 Initial Bare Soil Plots
To provide an estimate of the uptake and retention of technetium in

2 plots were

vegetation following contamination of the soil, fifteen }jm
randomly selected in which all vegetation was removed prior to applica-
tion of 95'““rCEto expose bare soil (hereafter ihese plots will be

referred to as the bare soil plots). Each plot received approximately

95"Tc. Nine day§ after application of 95'“Tc, a 2 cm diameter

7.4 IBq of
soil core was taken to a depth of 15 cm from each plot. The cores were
segﬁented into 0-1, 1-2, 6-8, and 14-15 cm depths. Soil samples were
taken at weekly intervals during the first month of the experiment,
followed by biweekly sampling during the second month, and monthly
saﬁpling during the ensuing four months.

Secondary grnwth vegetation emerging from the bare soil was not
sampled until after the twentieth day post-application,'at which time
sufficient biomass, composed primirily of fescue grass, had accumulated
within the plots to permit collection. Vegetation was then removed
from each plot by clipping small quantities (0.1 to 0.3 grams) of living
green tissue within the plot at several random locations. Subsequent
vegetation samples were taken at the same time as the soil cores. The

plots were covered by clear plastic tents for the first two months of
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the experiment to prevent contamination of emerging vegetation by rain
splash. During this time the plots were ‘:atered artificially by a
light spray to an amount prescribed by ambient rainfall. The duration

of the experiment was from September 26, 1978, to April 27, 1979.

2.2.2 Experiments on Foliar Plots

To estimate the erfective retention of technetium in vegetation
after direct deposition onto leaves and subsequent root uptake of
technetium deposited in the soil, as well as the initial interception

of deposited Tc by vegetation, four ]-m2 plots were selected in

- which *he standing vegetation was not disturbed after initial mowing

(hereafter these plots-will be referred to as fo]iér plots). Each plot
received approximately 0.37 MBq of dmre.

The experimont was conducted in two series with slight modifications
in sampling technique. In the first series, a single plot (Foliar Plot
A) was studied from April 25, 1979, to Juiy 30, 1979. Three vegetation
samples»gomﬁosed mainly of fescue were obtained at random from the piot
during each sampling period. Standing biomass was estimated by clipping
vegetation to a height of 2 cm above the soil from three adjacent 400
cm2 areas outside the plot and oven drying at 60°C prior to weighing.
Six sampling periods occurredvduring the first week, and weekly samples
were taken during the following five weeks. Sampling was conducted
biweekly thereafter.

After the first six weeks of the experiment, three soil cores were
obtained'at the same intervals as for vegetation. The first samples of

soil were taken only from the 0-2 cm soil depth. The final four samples
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of soil included the same depth intervals as were taken from the 15 bare
soil plots. Two replicate samples of Lespedeza were taken in addition
to samples of fescue grass as the result of the appearance of this
former plant one month after ihitiai application of technetium.

In the second series, three replicate plots (Foliar Plots B, C,
and D) were studied from July 17, 1979, to October 19, 1979. Three
samples of vegetation and soil were obtained during each sampling
period. As with the initial bare soil plots, soil cores were taken at
the 0-1, 1-2, 6-8, and 14-15 cm depths. The sampling pzriods were on
a daily schedule during the first week of the experiment followed by
weekly sampling periods thereafter. During each sampling period,
standing biomass was estimated in a similar manner as for Foliar Plot A.
At the termination of this experiment, plant species differences in Tc
concentration were determined by sampling five distinct species at five

locations within each of the three nlots.

2.2.3 Sample Preparation, Counting Procedures, and Data Analysis

Sample preparation and counting procedures were the same for fhe
foliar plots as for the initial bare soil plots. All samples wer: placed
in preweighed counting tubes and counted prior to drying using gamma
spectroscopy in a deep-well multichanrel Na-I crystal linked to a pulse -
height analyser. Soil and plant *issue were subsequently dried in a
forced draft cven at 70°C for 24 hours and weighed. A1l measurements
of radioactivity in vegetation and soil were corrected for radioactive
decay of 95mT: (61 day half-life). A1l data were subject to analysis
using a statistical package, SAS (Helwig and Council, 1979), from

|
|
|
|
i
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vihich tinear regressions of log-transformed observations with time were

used to estimate retention of Tc ir vegetation and soil.
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3. EXPERIMENTAL RESULTS

3.1 Concentrations of Technetium-99 in Vegetation and Soils Collected
Near Operating Gaseous Diffusion Plants

The concentrations of gch in vegetation and soil ]iste& in Tables
2 through 4 were determined by radiochemical analysis in the Analytical
Chemistry Division of Oak Ridge National Laboratory. Selected samples
’reana]yzed with isotope dilution mass spectroﬁetry to test for possible
error in the radiochemical techniques copfirmed the accnracy of these
values (Hoffman et al., 1980). A compzrison of samples analyzed with
radiochemical techniques and isotope dilution mass spectrometry is given
iﬁ Table 5. The estimated concentration in soil due to global fallout
of gch from nuclear weapons tests is 6 x 10'3 Bq/kg (Wildung et al..

1979).

3.1.1 99Tc in Vegetation and Soil Near 0ak Ridge Gaseous Diffusion Plant

The concentrations of 99Tc in vegetation sampled near the Oak Ridge
Gaseous Diffusién Plant range from 42 to 84 Bq/kg (dry wt) at sampling
location No. 1 and from 35 to 200 Bq/kg (dry wt) at sampling location
No. 2. The geometric mean value of all vegetation concentrations is 74
Bq/kg with a geometric standard deviation of 1.8. The soil concentra-
tions range from 5.0 to 30 Bq/kg in the top 2 cm samples and from 3 to
12 Bq/kg in the below 2 cm samples taken from location No. 1. For
sampling location No. 2 the soil concentrations in the top 2 cm range
from 15 to 62 Bq/kg and from 3 to 23 Bq/kg in the below 2 c¢cm samples.
The geometric mean for all soil samples taken at the 0 to 2 cm depth is

19 Bq/kg with a geometric standard deviation of 2.3, At the below 2 cm

e
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Table 2. Concentrations of “’Tc in vegetation and soils in the vicinity of Oak Ridge Gaseous

Diffusion Plant

Concentrations (Bq/kg dry wt)

Soil Soi]b Biomass 1nC;z2try Date of

Vegetation  Soil® (0-2 cm) (below 2 cm) (kg « dry wt/mz) (Bq/ma) Location collection
< 80 < 20 . - - - No. 1 7/14/78
200 < 80 - - - - No, 2 7/14/78

84 + 30° 14 2 7.3 %1 . - No. 1 11/10/78

150 =+ 30 47 + 3 8.9+ 1.5 - - No. 2 11/10/78
67 + 1° 30 + 3 12+ 2 0.3 21 No. la  7/5/79
42 = 5 10 + 2 10 » 2 0.19 8 No. b 7/5/79
53+ 5 15 + 2 512 0.14 4.9 No. 2a 7/5/79
52 + 5 22 + 2 3+2 0.27 o 14 No. 2b 7/5/79
92 + 7 62 + 3 23 ¢ 2 0.30 28 No. 2¢ 7/5/79

“No differentiation made between various depths of soil.
“Samples taken varv from 2 io Y and 2 to 12-cm depth,
3Uncertainties represent two standard deviations of counting error.

“Improved radiochemical analysis resulted in a lower detection limit for samp1es obtained after
Novcmber 10, 1978.

82



Table 3. Concentrations of 99Tc in vegetation and soils in the vicinity of Paducah Gaseous
Diffusion Plant .

Concentrations (Bq/kg dry wt)

] a Soil Soi]b Biomass 2 1nc;:2§ry Date of
Vegetation Soil (0-2 cm) (below 2 cm) (kg + dry wt/m®) . (Bq/m¢) Location collection
250 < 80 - N - - No. 1 7/20/78
1300 <100 - - - - N2 7/20/78
450 + 30° 13+1.8  9.9:1.5 . - No., 1 10/23/78
1300 + 50 120 + 0.5 38 : 3 - ; No. 2 10/23/78
300 + 207 62 + 3 58 + 3 0.506 150 No. la  8/21/79
480 : 20 27 + 3 a0 + 3 0.526 250 No. 1b 8/21/7
230 + 20 52 + 3 28 + 3 0.470 | 110 No. 1c 8/21/79
1600 = 30 68 * 3 65 + 3 0.198 320 No. 2a 8/21/79
1400 = 30 90 £ 5 85 5 0.184 260 No, 2b 8/21/79
1200 * 30 92 £ 5 47 + 3 0.213 260 No. 2¢ 8/21/79

%No differentiation made between various depths of soil.
bSamples taken vary from 2 to 9 and 2 to 10-cm depth.
®Uncertainties represent two standard deviations of counting error,

dImproved radiochemical amalysis resulted in a lower detection 1imit for sémples obtained after
July 20, 1978, '

62
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Table 4. Concentratinns of 99Tc in vegetation and soils in the
vicinity of Portsmouth Gaseous Diffusion Plant

Concentrations (Bq/kg dry wt)

Soil Soil - Cate of

Ve € *ation (0-2 cm) (below 2 cm)*  Location  collection

<80 0.8 + 0.7 1.0+0.8  SiteA  10/31/78

$ 80 251 0.3:0.0  SiteB  10/31/78
1357 1.:2 9.5:0.8  Site ] 4/5/79
57 » 20 3.0 + 1 5.3 2 1 Site 2 4/5/79
48 + 15 2.3%1 1.8 + 1 Site 3 4/5/79
177 0.73 + 0.80 1.3+ 0.87  Site 4 4/5/79
5+ 3 0.70: 0.84  1.z+0.9  Site5  4/5/79
| 25+ 11° 12:7 12 + 54 Site 25  9/7/79
190 = 54/ 13z 57 132 7 “Site 26°  9/7/79
1+ 9.2: ¢ 1.7 21,7 site 29 9/7/79

B an

Samples taken from 2 to 15-cm depth.

bUncertainties are two standcrd deviations of counting error.
“Average of five subsamples.

dAverage of two subsamples.

€Collected by personnel of Portsrouth Gaseous Diffusion Plant
inside perimeter fence.

fhverage of tiree subsamples.
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Table 5. Comparison of detected gch concentrations in selected
soils and vegetation using radiochemical analysis (RCA)
and isotope dilution mass spectrometry (IDMS)

99

Tc_concentrations (Bq/kg) .
Grass Soil
Sample location RCA IDMS Ratio RCA  IDMS- Ratio
Paducah No. 2a 1600 1700 0.94 68 62 1.1
Paducah No. 2b 1400 1200 1.2 90 94 0.96
Paducah No. 1c . 230 180 1.3 28 32 0.88

Portsmouth No. 26c  120°  4¢® 3.0 - - -
Portsmouth No. 26b 270° 230 1.2 - - -

YResults of reanalysis after interferences in beta counting
were eliminated; initial results were:- Portsmouth No. 26a, 230
Bq/kg; Portsmouth No. 26b, 400 Bq/kg.

bValue suspected to be subject to error due to weak signal.

R —
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depth, the geometric mean for all soil samples is 7.3 Bq/kg with a
geometric standard deviation of 2.0.

The concentrations per gram vegetation sampled on July 5, ]979, are
equive.ent to a geometric mean of the inventory of activity in vegetation
of 11 and 12 Bq/m2 for sampling locations No. 1 anq No. 2, respectively,
when acchnt is taken for the estimated standing crop biomass of each
sample site (plant 99rc inventory = biomass x concentration). The concen-
trations of 99Tc detected for each sample collected in the vicinity of
Oak Ridge Gaseous Diffusion Plant including the estimated values of

" standing crop biomass and pTEnt 99Tc inventory are listed in Table 3.

3.1.2 99Tc in Vegetation and Soil Near Paaucah Gaseous Diffusion Plant

The concentrations of 99Tc in vegetation sampled near the Paducah
Gaseous Diffusion Plant range from 230 to 480 Bq/kg (dry wt) at sampling
location No. 1 and from 1.2 x 103 to 1.6 x 103 Bg/kg (dry wt) at sampling
location No. 2. The geometric mean value over all vegetation concentra-
tions is'670 Bq/kg with a geometric standard deviation of 2.2. The §bi1
concentrations range from 13 to 62 Bq/kg in the top 2 cm samples and from
9.9 to 58 Bq/kg 1n the below 2 cm samples taken from location No. 1. For
sampling location No. 2 the soil concentrations in the top 2 cm range
from 68 to 120 Bq/kg and from 38 to 85 Bq/kg in the below 2 cm samples
taken at the 0 to 2 cm depth is 54 Bq/kg with-a geometric standard devia-
tion of 2.1. The geometric mean at the below 2 cm depth for all soil
samples is 40 Bg/kg with a geometric standard deviation of 1.9;

When account is taken of the estimated standing crop bimass of

vegetation sampled during August Zi, 1979, the concentrations (Bq/kg) of
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99Tc in vegetation can be cenverted to estimates of an inventory

99Tc in vegetation (plant 31Tc inventory = biomass x concentration).

of
The geometric mean for the inventory of activity in vegetation is 160
Bqlmz for sampling location No. 1 and 280 Bq/m2 for sampling location

No. 2. The concentrations of 99Tc detected for each sample collected in
the vicinity of the Paducah Gaseous Diffusion Plant including fhe esti-
mated values of standing crop biomass and plant 99Tc inventory are listed

in Table 4.

99

3.1.3 ““Tc_in Vegetation and Soil Near Portsmouth Gasegus Diffusion Plant

The concentrations of 99Tc in vegetation sampléa near the Portsmouth
Gaseous Diffusiui Plant rawge from 5.0 to 190 Bg/kg dry wt for all sam- ,‘,
pling locations. The concentrations in the top 2 cm of soil range from
0.7 to 13 and from 0.33 to 13 Bq/kg in the below 2 ¢cm soil samples. The
geometric means and standard deviations for vegetation and scil are:

29 Bq/kg and 3.0 for vegetation, 3.2 Bq/kg and;3.3 for soil sampled at a
“depth of 0-2 cm, and 2.5 Bq/kg and 3.5 for soil sampled at a depth below
 2 cm. The large gebmetric standard deviations are influenced by the
E higher concentrations associated with sampling locations 25, 26, and 29 _
which were situated within the perimeter ferce. Considering only the
locations sampled outside the perimeter fence, the geometric means and
standard deviations are: 20 Bg/kg and 2.7 for vegetation. 1.8 Bq/kg and
2.7 for soil (0-2 cm), and 1.7 Bg/kg and 3.1 for soil (below 2 ecm).
Table 4 1ists the 99Tc concentrations in vegetation and soil for the
Portsmouth Gaseous Diffusion Plant. No quantitative estimate of
standing crop biomass was obtained for the vegetation sampled at

Portsmouth,
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3.1.4 Comparison cf Results of Radiochemical Analysis and Iscutope
Mass Spectrometry

The results of a comparison of detected 99Tc concentrations in
selected soils and vegetation using radiochemical analysis (RCA) and
isotope dilution mass speétrometry (IDMS) indicate no bias associated
with the RCA method, with the difference in concentrations reported by
the two methods being on the order of 10% (Table 5). Because of the
“expense incurred with the IDMS method, the criteria used to select
samples for tésting were based on apparent discrepancies in results
reported with the RCA method. Paducah samples were ;elected because
concentrations appeared to be significahtly "arger than those reported
for the other two facilities. Portsmouth sampies were selected because

of suspected contamination during preparation for radiochemical analysis

by an unknown low-energy beta emitter,

»

3.1.5 Plant-to-Soil Concentration Ratios

Plant-to-soil concentration ratfnsr(CR) were calculated from the con-
centrations in vegetation and soils by estimating a soil concentration
(CS) that is indicative of a 0-15 om root zone and dividing this esti-
mated concentration into the observed concentration in vegetation for
each sampling site and sampling period. Where the concehtration in soil
was differentiated into two depths, 0-2 cm and below 2 cm, the concen-

tration (CS) for 0-15 c¢cm was estimated by

(CS(O-Z am) * 2 cm) + (cs(below 2 em X 13 cm)
Cs(0-15 cm) * 5o . (3)

Plant-to-soil CR values derived in this manner are listed in Table 6

for each gaseous diffusion facility.



Table 6. Plant-to-soil concentration ratios (CR) for 99Tc

o

B w0 AR PO B S S A ey £ b P s R b R s e

Oak Ridge Gaseous Diffusion Plant

_&

Paducah Gaseous Diffusion Plant

Portsmouth Gaseous Diffusion Plant

(vegetaggonlsoil) Location Date (vegetngzon/soil) Location Date ~ (vegetagﬁon/soil) Location Date

10 No. 1 11/10/78 4 No. 1 10/23/78 1.4  Site 1 4/5/79

n No. 2 11/10/78 3] No. 2 10/23/78 n Site 2 4/5/79

4.7 No. la  7/5/79 5.1 No. 1a  8/21/79 26 Site 3 4/5/79

4.2 No. b 7/5/79 13 No. 1b  8/21/79 14 Site 4 4/5/79

16.0 No. ¢ 7/5/79 7.4 No. le  B/21/79 4.4 Site 5 4/5/19

5.5 No. 2a 1/5/79 24 No. 2a 8/21/79 2.1 Site 25 9/7/79

9.4 No. 2b  7/5/79 16 No. 2b  8/21/79 15 Site 26 9/7/79

3.3 No. 2¢  7/5/79 23 No. 2c  8/21/79 12 Site 29 9/7/79
St ceometri | oaomtrtc,
D7 D 2.0 I

[@)

[
n

T B “‘m" —




The highest CR values are assnciated with Paducah. The most varia-
bility is associated with the CR values calculated for Portsmouth. The
CR values estimated for the Oak Ridge Gaseous Diffusion Plant range from
3.3 to 16.0 with a geometric mean of 7.0 and a geometric standard devia-
tion of 1.7. The range of CR values for Paducah is from 5.1 to 44 with
; geoﬁetric mean of 16 and a geometric standard deviation of 2.0. For
Portsmouth the range is from 1.4 to 26 with a geometric mean of 7.4 and a
geometric standard deviation of 2.8.

A probability plot of the pocled CR values from all three facilities
is shown in Fig. 4. This pooled assemblage of CR values appears to be
reasonably lognormal with an overall geometric mean of 9.5 and a geo-
metric standard deviation of 2.4. Table 7 presents a statistical summary
of the pooled assemblage of'gch CR values. ‘

No correlation could be ascertained between soil pH, organic matter
content of soil, and the plant-to-soil concentration ratio. With the
exception of sites 1 and 29'at Portsmouth, which had a soil ph rarging
from 4.7 to 5.7, all other sampling locations had soil bH valyes ranging
from 6.0 to 7.3. The top 2 cm of soil generally contained about twice
the organic matter (6 to 19%) as sdi] samples obtained below 2 cm (4 to
7%). Table 8 presents the results for those soils for which pH and

organic matter content were determined.
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Fig. 4. Lognormal probability plot of soil-to-plant concentration
factors pooled from all three gaseous diffusion facilities.



Table 7. Statistical summary of 99Tc soil-to-plant

concentration factors combined from all
sampling sites

Number of values 24
Maxir.um value (Paducah) 44
Minimum value (Portsmouth) 1.4
Arithmetic mean 14
Standard deviation . 10
Standard error | 2.0
Geometric mean” ' 9.5
Geometric standard deviation? 2.4
Geometric standard error® 1.2

dceometric mean = exponential of the mean of
logtransformed data.

bGeometric standard deviation = exponential of
the standard deviation of logtransformed data.

“Geometric standard error = exponential of the
standard error of logtransformed data.
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3.2 9™ Field Experiments

3.2.1 Retention Subsequent to >™™Tc Uptake from Soil (Bare Soil Plot)

3.2.1.1 Retention in Vegetation. When 95'“Tcog was applied to the

fifteen bare soil plots, the concentration of Tc in emerging secondary
growth vegetation decreased with time (Figure 5). Retention of ?c in
vegetation was approximated by an effective first order rate constant of
0.016 days’] (+0.00091 S.E.). This effective first order rate constant
was equivalent to an enviypnmeﬁtal half-time of 43 days and included the
éombined processes of continuous uptake of Tc from soil, dilution of Tc
in vegetation from the addition of plant biomass during growth, and
physical removal of Tc via weathering from vegetation with time. Growth
dilution was presumed to be minimal because winter conditions inhibited
growth from the third to the beginning of the seventh month. Direct
measurement of standirg crop biomass was not made because of the sparse
recovery ~f vegetation in the plots and extreme variability in biomass
among plots. An upper estimate of standing biomass based on qualita-
tive observations would be 10 to 20 g/m2 between the second and sixth
months of the ‘experiment. Because growth dilution was minimal, Tc was
apparently removed from vegetation at a gréater rate than it was taken
up from soil. Results obtained for each of the fifteen plots illustrate
the consistency in the effective loss of Tc from vegetation (Table 9).

No correlation was found between precipitation and retention.

3.2.1.2 Retention in Soil. In soil, a downward movement of Tc was

evident. A significant (P < 0.01) loss of Tc was observed from the top

0-2 cm of soil with increases in Tc concentrations observed at the 6-8
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Table 9. Evfective first order rate constants (1Y, corrected for
radioactive decay) and associated envirommental half-times
(Tw) for secondary growth vegetation in which 25"Tc0, was
) initially applied as simulated rainfall to bare soil.
Plot R:ie(ﬁg;f}?nt Enviro¥ze?§:;)ha]f-time rz‘
1 0.0135 51.3 0.885**
2 0.0140 49.5 0.929*%*
3 0.0175 39.6 0.818**
4- 0.0171 40.5 0.336**
5 "~ 0.0129 53.7 0.649*
6 0.0140 49.5 0.993**
7 0.0181 38.3 0.888**
8 0.0128 54.2 0.477
9 0.0198 35.0 0.796**
10 0.0185 37.5 0.621*
11 0.0197 35.2 0.906**
12 0.0115 60.3 0.559
13 0.0188 36.9 0.955**
14 0.0115 60.3 0.885**
15 0.0176 39.4 0.755**
*p < 0.05.

* %k
P < 0.01.
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and 14-15 cm soil depth (Figure 5). The effective first order Eate
constant calculated for the loss of Tc in the top 1 cm of soil was

0.0065 d-](i0.0009 S.E.), equivalent t> an envirommental half-time of
106 days. The rate constant calculatec for the 0-2 cm soil depth was
C.0058 d'](10.0009 S.E.) equivalent to an envirommental half-time of 120
days. Interpolating between the amor=% of Tc sampled at the 0-2, 6-8,
and 14-15 cm soil depths to produce an ostimate of the total Tc in the
0-15 o soil core resulted in a rate constant approximating the effective
rate of removal of Tc from 0-15 cm.root zone of 0.06365 d (0.001 S.E.),
equivalent to an environmeﬁtal half-time of 190 days (Fig. 6). Because
of large between plot variability, negative correlations_between soil
technetium and time were small (r = - 0.31). Uptake by vegetation had
little effect on the removal of Tc from the soil because the total Tc

in vegetation was less than 0.3% of the total estimaced in the 0-15 cm
root zone of soil.

3.2.2 Interception and Retention of 9"';'"Tc Subsequent to Direct
Deposition (Foliar Plots)

3.2.2.1 Initial Interception. The initial interception fraction

(R) and the mass interception factor-(R/Yv) for each foliar plot are
presented in Table 10. The estimated initial interception (R) ranged
from 0.079 to £.166. The mass interception factor (R/YV) ranged from
0.652 to 1.10 mzlkg. The Tower value of R/Yv for Foliar Plot A was
measured after a light rain which occurred immediately after application

of Tc04.

3.2.2.7 Retention in Vecetation. In the foliar plots, both the

concentration and the total amount of Tc in vegetation decreased with
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Table 10. Values of interception fractions (R) and mass interception fractions (R/Yv)
obtained from Foliar Plots A through D.
Tc/m2 Tc/mass veg. :
Plot (initial app%ication) (at T-1 ar.) RLYy B1oma§s R
‘dpm,’m dpm/g (m¢/kg) (kg/m<) (unitless)
A 2.22 x 107 1.45 x 10° C.652 0.254 0.166
B 2.22 x 10 2.24 x 10° 1.01 . 0.078 0.0787
c 2.22 x 107 2.46 x 10° 1.10 0.135 0.150 o
D 2.22 x 107 2.40 x ’l04 1.08 0.135 0.146
combined 7
(8,C,D) 2.22 x 10 1.06 £ .05

(\

80 e e A IO
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time (Figs. 7 and 8);7 As in the brevious experiments, these results
indicated a physical removal of Tc from vegetation. Some influence

of growth dilution on estimates of the envirommental half-time Tw was
evident. Values of T, obtained from regressions of the concentration
of Tc per mass vegetation included the effects of growth dilution and
were consistently shorter than values of Tw obtained from regressions

- of Tc per unit area of ground which effectively excluded thé'effects of
growth dilution (Table 13). Values of the environmental half-time (Tw)
which included growth dilution ranged from 15.9 days to 18.7 days.
Values of Tw which excluded growth dilution ranged from 21.6 to 28.7
dayé.

Vegetation in the foliar plots which was not present at the time
of initial deposition of Tc also exhivited a reduction of Tc with time.
Lespedeza sampled in Foliar Plot A upon its appearance one month after
initial application (Fig. 7) effectively lost technetium at a rate com-
parable to that estimated for fescue. The environmental half-time (Tw)
for the decay corrected concentration of Tc in Lespedeza was 18.4 days.

Two leaf samples from a black-eyed Susan (Rudbeckia hirta) within Foliar

Plot A also indicated an effective loss of Tc from the plant (Fig. 7).
With the exception of Foliar Plot A, no correlation was found
between the retention of Tc by vegetation and the amount of precipita-
tion accumulated between each sampling period. For Foliar Plot A, a
small (r = -0,57) but significant (P < 0.05) negative correlatio' was
determined between retention of Tc and accumulated rainfall, Emersing
vegetation in distilied water prior to counting had a discernable effect

on the estimated quantity of Tc in vegetation (Table 12). Simulated
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Table 11. Values of effective first order rate constants ()y) and

49

corresponding environmental half-times (Ty,) describing the

retention of Tc by foliar plot vegetation.

conc .a

inv.

b

A 7 conc.” r2 A 7 inv.’ 2
Plot W W w v
(day~1) (days) (day~1) (days)
A 0.0372 18.7 0.803 0.0241 28.7 0.447
B 0.0410 16.9 0.904 0.0274 25.3 0.857
C 0.0436 15.9 0.511 0.0322 21.6 0.735
D 0.0424 16.3 0.687 0.0300 ~  23.1 0.532
combined
(8,¢,D) 0.424 6.3  0.775 0.0300 23.1. 0.657

9conc. refers ic values obtained through regressions with time of

decay corrected Tc concentration in vegetation (dpm/g).

binv. refers to values obtained through regressions with time of
decay corrected Tc inventory in vegetation (dpm/m2).
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Table 12. Results of leaching and washing fescue grass blades
containing Tc.

Experiment Ratio
Laboratory leaching of fescue” T%égglﬁzfzggh::'g;:pqgr

Series A 0.70

Series B , 0.58

Series C ' 0.91
Washing of field vegetatioﬁbi T%é?g'ﬁ;::gh::”g;;pggr

Foliar Plot B 0.70

0.87

Foliar Plot C 0.90

0.88

Foliar Plot D 0.9

TExperiment using simulated rain to Teach ®5™c from blades of
fescue)subsequent to root uptake of 35Tc0, (Lucas and Garten, unpub-
lished).

bHashing performed by rinsing blades of fescue and leaves of
other types of old field vegetation in distilled water and blotting
with tissue paper prior to counting and comparison with an unwashed
sample of vegetation.
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rainfall was alsc effective in removing technetium from blades of
fes;ue under laboratory conditions in which the roots of the planis
accumulated 95"'Tcoz from contaminated sand. In this experiment growing
fescue leached with a fine spray of distilled water contained as much
as 427 less technetium than did fescue which was not treated with

simulated rain (Table 12).

3.2.2.3 Variability Among Species. Sampling of Tc concentrations

in herbaceous vegetation.in Foliar Plots B, C, and D at the end of the
experiment revealed considerable species variation (Table 13). This
variability may reflect true differences among species, or differences
related to the time after the initial application of 9“i"Tc when dif-
ferent species appeared in each plot. It is possible that new growth
for all species was sufficiently abundant so that only a few samples
taken at the end of the experiment contained Tc which was directly
deposited onto the plants at time zero. A large increase in sample
variability among all plots, about one month after initial Tc applica-
tion (Fig. 8), coincided with the appearance of new growth and suc-

cessional growth vegetation.

3.2.2.4 Retention in Soil. Technetium in soil samples taken from

Foliar Plot A were not significantly corrclated (P > 0.05) with time
a1though the concentration of Tc in the top 2 cm tended to exhibit
lower values towards the end of the experiment (Fig. 9). Soil samples
from Foliar Plots B, C, and D were taken over a substantially longer
period of time (96 days) than from Foliar Plot A (49 days). Therefore,
samples pooled among Foliar Plots B, C, and D indicated a significant
decrease of Tc (P < 0.05) with time in the top 2 om of sofl and a

[}



Table 13.

Concentrations of technetium in various species of herbs.*

Species

Foliar plot B

Foliar plot C

Fyliar plot D

A1l plots
combined

Geometric mean and (Geometric standard deviation)

Festuca arundinacea

Lespedeza cuneata

Panicum sp.

Sorghum sp.

Rubus sp.

243

678

960
35.3
4.4

(1.92)
(1.66)
(1.46)
(3.28)
(2.62)

54.5
426
278

44.4

(2.79)
(4.60)
(1.45)
(1.51)

125
218
822
17.6
124

(1.69)
(1.96)
(4.19)
(1.73)
(2.76)

125%
398P
6057
28.5%
108%

(2.50)
(2.85)
(2.72)
(2.17)
(2.57)

*Values with the same alphameric superscript are not statistically different (P > 0.05);
within plot differences not tested.

2s



CONCENTRATION IN SOIL (dpm/q)
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significant (P < 0.01) increase in Tc concentration at depths of 6-8 and
14-15 cm (Fig. 10). The effective first order rate constant calculated
for the Toss of Tc in the top 1 cm of soil was 0.00899 d”'(:0.0023 S.E.),
equivalent to an envirommental half-time of 78 days. The rate constant
calculated for the 0-2 cm soil depth was 0.0085 d”'(:0.0017 S.E.),
equivalent to an environmental half-time of 150 days. Significant

trends (P < 0.05) for the concentrationrof Tc within the entire 0-15

cm soil profile of these Foliar Plots could not be detected, perhaps due

to insufficient length of the experiment.

3.2.3 Plant-to-Soil Concentration Ratios

3.2.3.1 Observed Concentration Ratios. In both the plots of

initial bare soil and foliar plots, the concentration of 95mTc in Qége-
tation decreased more rapidly with time than the concentration in the
top 0-15 cm of soil. Therefore, vegetation/soil CR values observed at
specific sampling pé}iods, decreased with time (Figs. 11 and 12). For
the initial plots of bare soil, observed CR values diminished at a rate
of 0.012 per day (Tw = 56 days). The CR values pooled from Foliar Plots
B, C, and D diminished at a rate of 0.044 per day (Tw = 15.7 days). No
regressions of the observed CR value with time were performed Jor Foliar
Plot A because of the limited p2riod in which Tc was observed in soil.
The trends within Foliar Plot A are, however, similar to the other
foliar plots.

In the foliar plots higher initial CR values were observed because
direct deposition and uptake of Tc from soil contribute to the Tc con~
centration in vegetation. The higher rate of decline in observed foliar

plot CR values can be attributed to substantially greater rates of
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growth diiution as well as insufficient time in which to detect a loss
of Tc from the 0-15 cm soil depth.

Vegetation/soil»concentration ratios (cR), determined by dividing
the Tc concentration in vegetation by the concentration of Tc in the
top 2 cm of soil at approximately 50 days after the initial time of T-
application, are comparable lor each field experiment. The geometric
mean CR value derived from the fifteen plots of initial bare soil is
2.5. The geometric mean CR value for Foliar Plot A is 4.2. The geo-

metric mean CR value for the combined samples of vegetation and soil from

Foliar Plots B, C, and D is 2.6. This similarity in CR values is of

interest because vegefation which grev. into the initial bare soil plots
obtained Tc entirely through root uptake whiie veqgetation in tre foliar
plots received Tc through both direct deposicion ontn above ground plant
surfaces and root uptake from soil. Therefore, root uptake of Tc from
soil is considered to contribute to the total Tc content in vegetation
fer each field experiment and lo.< of Tc from vegetation in the foliar

plots may include both the removal of surface deposited material and

"material incorporated within the piant via rocc uptake.

3.2.3.2 Estimated Steady-State Z“oncentration Ratios. The CR value

as defined in radiological assessment ::0odels is relevant to steady state
conditions resulting from a continuous ratier than a single application
of technetium to the soil-plant system. Tnerefore, the rate constants
for the decrease of technetium in vegetation and soil (from Figs. 5, 6

and 7) were used in a model to estimate steady state (R values.
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Steady state CR values were calculated by estimating the time-
integrated concentration of Tc in vegetation (ch) and dividing by the

time-integrated concentration of Tc in soil (SCS).

()
<

[-%

P

|

CR =

steady state (4)

(g
w

Q.

(ad

O™ [0\ §

The time-integrated concentration in vegetation was calculated using
the initial amount of Tc deposited onto (or taken up by) vegetation
Cv(o)vand dividing by the rate of decreased concentration of Tc

observed "+ vegetation (Aw).

ch dt=—x-(2)- (5)
o w

The time-integrated concentration in soil was calculat 4 as the initial
amount of fc deposited onto the soil Cs(o) divided by the rate of Tc

decrease observed in soil (Az).

4 C
Scs dt=—S§(9-)- (6)
re A

w

For the experiment in which 95Tcof‘ was applied directly to the bare

soil plots, the initial amount of Tc in vegetation (Cv(o));was 106 Bq/kg

with an effective rate constant (Aw) of 0.016 day'].

The initial amount
of Tc in soil (Cs(o)) was 3.4 x 104 Bq/kg with an effective rate constant
(A;) of 0.,00365 day']. For the experiment in which 95mTc0; was applied

to the folfar plots, an initial amount (C )) of 4.1 x 105 Ba/kg and an

v(o



effective rate constant (Aw) of 0.0424 day'] were used for Tc in
vegetation. The initial concentration in the 0-15 cm root zone of soil
(cs(o)) was taken as 1.6 x 103 Ba/kg with an effective rate constant
(Az) assumed from the bare soil plots of 0.00365 day']. This assumption
was made.because, although no loss of 7c from the 0-15 cm of soil in the
foliar plots could b determined, downward movement of Tc was evident
and the effective rates of removal from the top 0-2 cm soil depth for
both the foliar plots and the bare soil pldts were comparable. As men-
tioned in Section 3.2.2.4, insufficient length of the experiment was the
most probable factor influencing the estimate of an effective removal
rate ronstant for the entire 0—15 cm soil depth of the foliar plots.

For the bare soil plots, a median steady state CR value of 6.7 was
calculated. A median steady-state CR value of 22 was calculated for the
foliar plots. The 95 percent confidence intgrva]s about these esti-
mated median values were 1.8 to 8.4 for the bare soil plots and 12 to 36
for the foliar plots.

The primary difference between these results can be attributed to
the technetium uptake in the bare soil plot experiments being only from
soil, while in the foliar plots, both the effects of direct deposition
onto the surfaces of vegetation and uptake from soi? were included. In
the foliar plots, growth dilution was more prevalent than in the bare
soil plots because the foliar plot experiments were ccnducted during the
rapid growth periods of late spring and early summer. Most of the first
experiment involved the relatively dormant periods of late fall, winter,
and early spring. A comparison between calculated steady-state CR values
and CR values observed at the beginning and end of the bare soil and

foliar plot experiments is presented in Table 14.
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Table 14. A summary of observed CR values and calculated steady-state
CR values for ?9MTc0; applied to bare soil and foliar plots.

Bare soil plots Foliar plots

?
E
3
v
7
¥
5
H
&
;
1
.
S
£
¥
M

(B, C and D)
Initial observed CR 3 2907
(95% confidence interval) 20-54 150-550
Final observed CR 2.6° 8.7d
(95% confidence interval) 1.8-3.8 ~ 5.8-13 -
Calculated steady-state CR 6.7 22

(95% confidence interval) 1.8-8.4 12-36

%Observed 20 days after initial application of 95'"TcOl".
bObserved one hour after initial application of 95"'Tcol].
“Observed 213 days after initial application of *>"Tc0j.
dobserved 94 days after initial application of 95mTCOZ.

(Note: all values are based on concentrations in vegetation and soil
which have been corrected for radiological decay of 25WTc).
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4. DISCUSSION OF RESULTS

4.1 A Comparison of CR Values

In general, field derived CR values for technetium are one to two
orders of magnitude less than CR values derived from potted plant experi-
ments and are almost one order of magni tude Qreater than the generic CR
value assumed in radiological assessments pF%br to the availability of
laboratory or field data (Table 15). There -are several plausible enpla-
nations for why an apparent discrepancy exists between laboratory and
field CR values. In laboratory experiments with potted plants a greater
ratio of root-to-soil volume may exist, thus enhancing the capacity for

root uptake of technetium. Laboratory experiments with other radionu-

134cS and 85

clides ( Sr) have shown CR values to decrease with increased
pot size (Cataldo, 1979b). Artificially enhanced aeration of the soils
in pot experiments may also occur during preparation of the soil prior

to sowing with seeds. Enhanced aeration could inhibit the capacity of
the soil to reduce the technetium to less soluble chemical compounds.
Labora.ory pot experiments are also conducted in such a manner that vege-
tation is protected from conditions occurring in the field such as wind,
fog, and rain. These conditions could contribute to the removal of tech-
netium from vegetative tissue. Research performed on a variety of less
soluble chemical elements has effectively demonstrated the removal of
mineral substances incorporated within vegetative tissue by precipitation
leaching and wind action (Tukey, 1970; Beauford et al., 1977). The leach-
ing of small quantities of technetium from foliage by simulated rain has

been performed under laboratory conditions (Myttenaere et al., 1980).
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Table 15. A compariscr between technetium plant-to-soil CR values
weasured a2t urz2rnium enrichment facilities and CR valuves
derived fro— “ield studies, potted plant experiments,
and generic a2ssessments. .

Source CR value

Geometric mean for all urarir, 9.5
enrichment facilities (6.5 - 18)°
Geometric mean for Portsmout~ :-2-.=:' 7.4

(3.1 - 18}
Geometric mean for Paducah GDP 16

(8.9 - 23}
Geometric mean for Oak Ridge GCP 7.0

(4.5 - 11)
95%¢ field experjment 6.7
(bare soil plots) (1.4 - 8.4) =
350 field experiment 22
(foliar plots)” {13 - 36)
99Tc laboratory experiment - 689
(Gast et al., 1976, 1979) (570 - 810)
99Tc Jaboratory experiment 180
(Wildung et al., 1977} (110 - 290)
99Tc laboratory experiment 240
(Cataldo, 19759a) (160 - 360)
Til et al. (1976) 200%
U. S. NRC Reg. Guide 1.109 (1977) 1,3¢

“yalues in parenthesis'represent 3 951 confidence interval
about the geometric mean.

bGDP s Gaseous Diffusion Plant.

“Steady-state CR values (decay corrected) calculated using
data on the behavior of a 25Tc in soil and vegetation subsequent
to a spike application.

dValue assumed for calculation purposes after reviewing avafl-
able literature on laboratory derived CR data for technetium.

“Generic value used in lieu of site-specific information;
derived from a recommended CR value of 0.25 (wet weight vegetation)
by assuming 25 percent of vegetation fs dry matter and that after
15 years of accumulation of Tc in soil, direct deposition fiom the
atmosphere contributes an addivional 30 percent to the activity in
the aerfal portions of vegetation.
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Two laboratory studies report a decline in the observed plant-to-
soil concentration ratio with time (Routson and Cataldo 1978, Cataldo
1979a). Iﬁ these studies, reduction of Tc to the IV valence state is
mentioned as a possible mechanism which decreases the availability of
Tc in soil. Landa et al. (1977) and Gast et al. (1979) also report an B
increase in the sorption'of 99Tc0; by soils with time. Their experiments
suggest increased sorption might be due to the role of the living organic
fraction of s2il1. Anaerobic conditions did not anpear to be a prerequi-
site for 99Tc soil sorption.

Another possible explanation for the discrepancy between laboratory
and field CR values is that the concentrations of 99Tc applied in some
potted plant experiments are so high that the ferrous ion and organic
matter content of the soil are not sufficient to reduce and/or sorb a
significant fraction of the applied technetium. At concentrations typi-
cal of what would pravail in the environment following routine discharges,
the available ferrous ions and organic matter might be more effective in
reducing or sdrbing the chemical form of the appliéd Tc. The soil con-
centrations in the experiments performed by Gast et al. (1976) were on
the order of 1 ug/g. The soil concentrations in the experiments per-
formed by Wildung et al. (1977) ranged from 0.001 to 5 ug/g. The concen-
trations in soil taken from the vicinity of the three operating gaseous
diffusion facilities ranged from approximately 5 x 10'7 to 2 x 10'4 ug/g
(1 Ba/ky = 1.6 x 10'6 wg/g for 99Tc), and the concentrations of 95'"Tc

applied in the field experiments rangedrfrom 2 x 10'8 to 2 x 10'9 ug/g

soil.
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Although the field experiment involved different plant species
than were used in the laboratory experiments, plant-to-soil concentration
ratios among all species studied in the laboratory are consistently
larger than CR values observed in the field. For example, the largest '
plant-to-soil concentration factor observed at the termination of the
field experiment using > *Ic0 in Foliar Plots B, C, and D was 10, which
was the value associated with panic érass (Panicum sp.). The lowest con-
centration factor observed at the end of the experiment was 0.5, associ-

ated with Johnson grass (Sorghum halepense). These CR values are one to

two orders of magnitude less €han CR values derived from laboratory
studies. The observed field CR values, however, are not directly
related to the steady-state CR values of 22 and 6.7. The steady-state
CR values were calculated using information on the dynamic behavior of
technetium pooled among all species sampled in the field foliar plots.
A1l of the above reasons for the obsefved disc “epancy between tﬁe
results obtained from potted plant experiments and field studies are
speculative. Further research will be needed to test these suggested
explanations and to identify which of these explanations contribute most

significantly to the differences in results.

4,2 The Dynamic Behavior of 95'"Tc in Vegetation and Soil

4.2.1 Interception and Retention by Vegetation

The results from the bare soil plots and the foliar plots indicate
that technetium is removed from vegetation. This phenomenon appears
to be evident regardless of whetner the technetium content in vegetation

is from direct depositicn onto plant surfaces or from root uptake and



subsequent translocation into the above-ground portions of the plant.

The prevalence of an apparent constant rate in which Tc was lost from

‘vegetation indicates that either uptake of Tc from soil decreases with

time or that the removal of Tc from vegetation increases with time.

Reduction in soil of the soluble Tc(VII)OZ to less soluble oxidation

states [Tc (VI, V and/or IV)] could account for diminished root uptake.

Chemical reduction is suspected because only 33 percent of the Tc in
soil could be leached using distilled water. Of that remaining, only 2
percent was extracted with 0.1 N NaCl. However, a cold, 5 percent H,0,
solution, which would oxidize Tc(IV) to Tc(VII) removed 46 percent more
of the soil technetium. The likely reductant is Fe(II).

Leaching by precipitation is the mechanism assumed to remove Tc from
vegetation (Myttenaere et al., 1980; Tukey, 1970), although the release
from vegetation of submicrometer-sized particles during periods of high
transpiration and rapid growth, as well as the release of larger particles
induced by wind action, is also possible {Beauford et al., 1977). Leach-
ing of inorganic substances from vegetation is a widespread phenomenon,
but loss rates may differ with the age of the plant as well as the inten-
sity and volume of precipitation (Tukey, 1970). According to Tukey,
mature vegetation is more susceptible to leaching than new growth, and
rain falling as a light continuous drizzle is more efficient as a leach-
ing agent than is a large quantity of rain falling during a short period.
ho attempt was made in this study to specify the maturity of vegetation
sampled or the specific type, intensity and volume of precipitation

received by vegetation, and the loss rate of Tc from vecetation could



not be explained by a simple function of rainfall accumulated between
sampling periods.

In general, a stronger correlation occurred between time and the
concentration of Tc in vegetation (dpm/g) than with time and the inven-
tory of Tc in vegetation (dpm/mz). This stronger correlation is because
growth dilution, a time-dependent process, is included in regressions of
Tc concentration in vegetation with time. Values of effective half-time
T, (15.9 to 18.7 days) which include the process of growth dilution
(Table 11) are comparable to the median value (13.4 days) reported in the
literature for the retention of radioactive aerosols by herbaceous vege-
tation during the growing season (Miller and Hoffman, 1979). Values of
Tw (21.6 to 43.4 days) based on the Tc inventory in vegetation (Table 11)
and dormant winter growth vegetation (Fig. 5) are more comparable to the
maximun values for radioactive aerosols reported in the literature.

The use ¢ Tw for vegetation in assessment models assumes that

removal of radioﬁctive substances occurs primarily from plant surfaces.

The results obtained in this study only partially support this assumption.

The environmental half-times (Tw) obtained from these field experiments
include the combined effects of physical removal of Tc from vegetation,
uptake of Tc from soil and dilution of Tc by tissue growth.

Estimates (Table 10) of the mass interception factor (R/Yv) and the
initial interception fraction (R) for 95'"Tc: are near the lower end of the
range of values reported in the literature for radioactive aerosols and
fine water droplets (Miller, 1980). Factors influencing these results
might be related to the intensity of the spray in which 95mTc0; was ini-
tially applied to the foliar plots, the growth form of the vegetation
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and the prevailing meteorological conditions at the time of application.
The amount of standing biomass in each foliar plot at the time of Tc
application may also have been an influencing factor. Neverthei»ss, the
results obtained in this study for interception and retention of Tc by
vegetation are comparable to the genefic default vafues recommended in
the enviroﬁmental radiological assessment models of U. S. NRC Regulatory
Guide 1.109 (1977). The predicted concentration of Tc in vegetation at
equilibrium (Table 16) is only slightly different depending on whether
values of RIYv and T“ are taken from this study or generic default values

are taken for these parameters from the NRC Regulatory Guide.

4.2.2 Retention in Soil

Unlike the assumption in Regulatory Guide 1.109 (USNRC, 1977), that
no loss of Tc other than radioactive decay will occur in the 0-15 cmn root
zone of soil over a time period of 15 years, the results suggest a down-
ward migration of Tc in soil. The median prediction for a leaching rate

constant for Tcoi of 2.6 yr.']

ectimated by Baes (1979) is comparable to
“values (2.1 and 1.6 yr.']) obtained for the top 2 cm of soil. Baes'
estimate, however, is specific for the 0-15 cm root zone. The estimated
effective first order rate constant for the loss of Tc from the 0-15 cm
root zone of soil was approximately 1.3 per year (:0.36 S.E.) for the
fifteéﬁ bare soil plots. This is a factor of two less than Baes' pre-
dicted median value. The NRC assumption of no loss of Tc from the soil

root zone is conservative and would result in predicted soil concentra-

tions of 99Tc after 15 years of continuous deposition approximately 20
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Table 16. The predicted concentration of Tc in vegetation resulting
from a continuous deposition rate of Tc using values of
R/Yy and Ty, obtained from the Foliar Plots A, B, C, and D
and default values recommended by the USNRC.

Foliar Plot A Foliar Plot B Foliar Plot C Foliar Plot D NRC

Assumed deposition rate, d (dpm/m2 - day)

1.0 1.0 1.6 1.0 1.0

Mass interception factor, R/Y, (m2/kg)

0.652 1.01 1.10° 1.08 119
Environmental half-time, Tw (days)

18.7 16.9 15.9 16.3 142
Predicted concentrations of Tc in vegetation at equilibrium, Cy (dpm/kg)®

17.6 24.6 25.2 25.4 22.2

INRC value assumed for aerosol deposition.
bExcludes the process of uptake from scil.
cEqui]ibrium concentration of Tc in vegetation Cv is calculated as

Cv = d R/Yv Tw/1n 2.
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times greater than would occur if the movement of Tc out of the 0-15 cm

root zcne can be characterized by a rate constant of 1.3 yr.'l.

4.3 Implication for Radiological Assessments

4.3.17 The Implication of Field CR Values

The vegefation-to-soil CR values obtained from field studies are
substantially lower than values oBtained from laboratory pot experiments.
In radiological assessments of the significance of 99Tc releases, the
use of field CR values would have a direct influence on the predicted
dose, provided that the assumed accunulation of 99Tc in soil was of such
a magnitude as to predominate over the additional contribution of 99Tc to
vegetation from direct atmospheric deposition. The CR value chosen by
Till et al. (1979) after reviewing data from laboratory pot experiments
was equivalent to 200 (dry weight vegetation). The geometric mean
obtained from ;he distribution of CR values pooled from vegetation and
soil collected near the three operating gaseous diffusion plants is 9.5.

99Tc from the 0-15 cm root

Because Til1l et al. (1979) assumed no loss of
zone of soil during a release period of 15 years, the use of a CR value
"of 10 would reduce their estimated doses by a factor of 20.

For a hypothetical routine release rate of 1 Ci of 99Tc per year
(3.7 x 10'0 Bq/yr), Till et al. (1979) estimated doses of 18 mrem/yr
(1.8 x 1074 Sv/yr) to the gastrointestinal tract and 80 mrem/yr (8.0 x
1074 Sv/yr) to the thyroid of an adult individual located 1600 m (one

mile) downwind from the source of release. These calculated doses

approach and exceed, respectively, the current standards for the uranium
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fuel cycle promulgated by the U. S. Environmental Protection Agency.
(USEPA, 1977). The use of a field CR value of 10 would result in revised
dose estimates which are less than 10 percent of these standards. Never-
theiless, a field CR value of 10 in radiological assessments will still z
entail a conservative bias if, as is currently the practice, the loss of
99Tc from the 0-15 cm root zone of soil is assumed to be entirely due to
physical decay of the nuclide. This practice should result in an over-
estimate of the concentration of 99Tc in vegetation for situations
involving long periods of 99Tc release, as ignoring processes othg} than
radiological decay would essentially result in a linear accumulation of
99Tc with time for release periois on the order of 15 years (SNRC, 1977)
to 100 years (Moore et al., 19%0).

For example, the calculation of the concertration of 99Tc in vegeta-
tion due to uptake from soil receiving a continuous deposition of the

nuclide can be estimated as

. S
der (1 -e Dyt 2l

S

p Oy +2y)

where

C. = the concentration of 99Tc in vegetation

a-s<
1]

the continuous rate of deposition
CR = the vegetation-to-soil concentration ratio

= the effective surrface soil density for a given root zone depth

w o

4> = the ~ffective first order rate constant for the removal of
technetium from the rout zone of soil
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99TC

-
-y
1]

the radiological decay coastant for

-+
L]

the duration of the release poriod.

If no loss from the root zone other than radiological decay is
assumed and the value of t is ver, auch smaller than is the value of
I/Ai (which is the case for 99Tc release periods less than 100 years),

then

¢, = . (8)

However, if otner losses are assumed and the value of (Az + Ai)_l
is much smaller than t, then
p(x3 + 1)
W i

“v (9)
Because the radiological decay constant (Ai) for 99Tc is nuch smal-

ler than values of Aj observed in this study, equation (9) becomes

c, - 4R | (10)

Therefore, the degree of conservatism between the assumption of no
Tosses from the root zone of soil other thar radiological decay and
assumbtions which include ot .er removal pr.cesses will ve eqguivalent to
the difference betwee.. equation (8) and equation (1C) when values of the
reciprocal of the effective first -ider rate constants for removal of
technetium from the root zone of soil ave much smaller tran values
assumed for the duration 2¢ release. For values »f xa on the order of

those observed in this study and release periods in excess of ten years,
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the degree of conservatism associated with ignoring losses from the soil
root zone would be substantial.

An additional source of conservatism associated with field derived
CR values is that the concentration of gch in vegetation could be from
direct atmospheric deposition onto the above-ground plant surfaces as
well as from soil uptake. For example, the estimated steady-state CR

35mrc foliar plot

value of 22 calculated from data obtained from the
experiments includes the effect of direct deposition. Thic value is

comparable to about the 83rd percentile of the distribution of field CR
values obtained near the three gaseous di{fusion plants (Fig. 4) and is
only a factor 2.3 greater than the 50th percentile of that distribufion.

The steady-state CR value of 6.7 calculatea from the 95m

Tc bare soil plot
experiments does not include contamination of vegetation through direct
deposition. This value is comparable to about the 33rd percentile of

the distribution of field CR values obtained near the gaseous diffusion
plants. Therefore, if the observed field CR values do include toth pro-

cesses of direct deposition and root uptake of 99

Tc, the use of those
values in current radiological assessment models would be conservative
because the process of direct deposition would be accounted for twice.
However, the degree of conservatism in accounting twice for direct
deposition would not be substantial. The steady-state CR value of 6.7
derived from the bare soil plot experiment excludes contamination from
direct atmospheric deposition and is comparable to the order of magnitude
of the steady-state CR value calculated from the foliar plot experiments

99

ard the observed field CR values for ““Tc.
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The use of the steady-_tate CR values derived from the 95mTc foliar -
plot and bare soil plot experiments should not be used in radiologicai
assessments without also considering the dynamics of Tc in soil. This
is because these steady-state CR values were calculated from data des-
cribing the dynamic behavior of Tc in soil and vegetation. For example,
the use of a CR value of 22 would reduce the dose estimates of Till et
al. (1979) by apprbximately one order of magnitude, but as mentioned '
previously (Section 4.2.2) an additional reduction by a factor of 20
would occur when the effective first order rate constant of 1.3 per year
is used to describe the efrective loss of 99Tc from the 0-15 cm depth of
soil. This was the rate constant used in Section 3.2.3.2 to estimate
steady-state CR values for both the foliar plot and bare sbil plot ex:
periments. The resulting dose estimates would be less than one percent

of the current U. S. Environmental Pr-otection Agency standards.

4,3.2 The Implication of Data on the Dynamic Behavior of Tc in Vegetation

As indicated in the previous Section, consideration of the data per-
taining to the dynamic behavior of Tc under field conditions could have a
dramatic effect on the estimated radiological impact. Till et al. (1979)
calculated an annual average air concentration 1 m above ground of 1.2 x
10'3 Bq/m3, assuming a release height of 20 m and a receptor located
1600 m downwind of the facility. Their calculated air concentration
corresponds to a deposition rate of 1.1 Bq m'z d'] resulting from both
wet and dry deposition processes. A fractional mass interception (R/Yv)
by herbaceous vegetation of about 1.1 m2/kg (concentration per kg vege-

tation/concentration rer m2 deposit) was measured fn the field experiments
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using 95mTcog. The effective first order rate constants for the effective
loss of Tc from vegetation reflect the possible combined effect of several
processes, including: Tleaching from vegetation, uptake from soil, leach-
ing from soil, reduction of technetium in soil to a biologically less
available chemical form, and dilution of activity as the result of
increasing biomass with vegetation growth. The implicit consideration of
these possible effects through the use of an effective environmental half-
time (T") for vegetation in assessment models would result in the estimated
gch concentrations in vegetation being much less than if adjustments are
made only to account for difference§ in laboratory and field-derived
plant-to-soil concentration ratios.

Using a value of 16 days for Tw describing the net response of Tc in
vegetation subsequent to an application of Tc to the soil and above-

ground surfaces of vegetation (Fig. 8) results in a calculated vegetation

concentration at equilibrium of 28 Bq/kg dry matter,

C, = dxR/Y, x T /In2
= (1.18gm2 a7 ) (1.1 nP/kg) (16 d/1n2)
= 28 Bq/kg, (11)
where

C_ is the concentration in vegetation at equilibrium,

is the deposition rate (Bq w2 aly,

Q.

R/Y. is the fraction of an area deposit intercepted per mass vegetation
(mZ/kg), and
T 1is the effective environmental half-time resulting from removal

of Tc from vegetation and soil and from vejetation uptake of Tc

from soil (d).
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This concentration would correspond to calculated dos2s of 0.1 mrem

(1 x 1076 Sv) to the 6. I. tract and 0.45 mrem (4.5 x 1076 Sv) to the
thyroid gland using the same assumptions for subseqdent food chain trans-
port dietary habits and internal 99Tc dosimetry as usgglby Till et al.
(1979). These calculated doses are also less than lz‘of current U. S.
EPA standards. Therefore, if further research can confirm the relevancy
of the effective .virommental half-times observed in the foliar plot

99

experiments to other situations involving prolonged releases of ““Tc, the

estimated radiolcgical impact should be reduced substantially.

- 4.3.3 Sources of Uncertainty

4.3.3.1 Relevancy of Parameter Values. Extrapolation of data

obtained in this study to other locations, food crops and animal feeds
potentially exposed to releases of gch is certainly questionable.
Further research and specific environmental monitoring will be necessary
to verify the general applicability of these results. Nevertheless,
vegetation-to-soil CR values obtained near the three cperating gaseous
diffusion plants are representative of the o’.ly locations in the U.S.A.
to date which have received detectable quantities of gch during enrich-
ment of reprocessed reactor fuels.

The present field data are limited to herbaceous forage-type vege-

tation (primarily Festuca arundinacea and Lespedeza cuneata), although

in both the field and laboratory, the variability in observed CR values
among different vegetation species in each experimental situation is
smaller than the difference in CR values observed between the labo-atory

and the field (Table 17). In fact, the only laboratory CR values that

I
|
|
|
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. .ﬂ_ﬁ; 17;‘4% ,c\au\éni:an of laboratery and fid3d CR values for different kinds of plants.’

Vs Spetfsf L '::\;\ <L value® » \Experi-egtﬂ'-!.'onditim ‘ Reference
3: Soybean-{Blyttpe mar). T O 1 {238 - Naboratory -3 . Wildumg et al. (1977)
TorswemTi - UL 2609 (3.3) ©laboratery - .-

T LeavasT ~ .. <15 @.5) - laboratory s *
“Bud L T 12.2 {2.2) “. - Taberatory R -
g < 'Cg:_ylfeon ) 528 (3.7) - .. laboratory R -
Wheat (Triticun aestivim) 210 (3.6) 0 . -laboratory - S -
- RS SN o ’ ' e
iglade v - 0 39 {lz) - laboratory. . r
© Culm C TR HLSY Y laboratory o .
Head _ . 0.630) . Taboratory-. - .
Tumbleweed (Salsole kali) 26 (L7} 7 lgboratavy..o - | Routson and Cataldo (1978)
Cheatgrass (Bromus tectorws) 161 (1.8) laboratory .
Tumbleweed (Sajsola kalf) 223 (2.4) iaboratory Cataldo (1979a)
Cheatgrass (Bromus tectorum) 252 (2.0) laboratory "
Barley” 156 (1.7) laboratory Gast et al. {1979)
Wheat® 162 (1.3) laboratory "
Gats” 144 (1.8) - Taboratory "
Radish® ,
roots 54.7 (2.4)° laboratory Gast et al. (1979)
shoots 288 {1.2) laboratory F
Soybeans” 4 (1.3) Taboratory ‘ "
Corn® G767 (1s) taboratory X .
Hheatd . ’
first leaves -329 (1.9} laboratory . "
new leaves 14.5 (2.0) Taboratory "
seeds 1.37 (2.2) 7~ laboratory - "
Fescue (Festuca arundinacea)’ 1.7 (2.5) field (fg!i}( p‘l:ots) ‘This study
Lespedeza cuneata’ 5.4 (2.9) tield (_’fo'.iar plots) "
Panicum sp.° 8.2 (2.7) field {foliar plots). .
Sorghum sp.° 0.39 (2.2} field (fol{ar plots} "
Rubus sp.€ 1.5(2.6) ~ field (foliar plots) -
Mixed speciesf 9.5 1..4) field (gaseous diffusion "
. plant)

-

“CR value = Tc per kg dry vegetation: Tc per kg dry sofl.
e )

bValues in parmiheses are geometric standard deviations; values to the left of parentheses are
geometric means.

“Ten day old seedlings germinated and grown in 1/3 strength Hoagland solutfon (CR value = Tc per g
dry vegetation: Tc per ml solution).

5

dHature wheat piants receiving 10 to 20 uCi (3.7 x 127 to 7.4 x 105 Bq) at different stages of plant

development.

“Field CR values observed 94 days after application of a solution of 95'"1\:05 to the surfaces of vege-
tation and sofl, These values are not to be confused with the steady-state CR values calculated previously,

"Veqcu tion primarily composed of fescue and Lespedeza.
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currently are comparable to the magnitude of observed field CR values
for individual species are those for specific plant parts, such as the
new leaves, seeds, culm, and head of mature wheat and the bud of soy
bean {(Table 17).

Estimates of radiological impact using any of the data on technetium
proéuced thus far, inciuding field CR values or data on the dynamic
behavior of technetium ir soil and vegetation, may not be relevant to the
timg periods of release typically considered for most assessment situa-
tions (15 years or more). The relevancy of such estimates will ultimately
be tested through long-term environmental monitoring. If the data on the
behavior of technetium in soil and vegetation can be demonstrated to be
of sufficient relevancy for génera] assessment purposes, then evaluation
of values associated with other environmental transport and dosimetry
parameters will be necessary to improve the prediction of <he radio-
logical impact of technetium. For example, current values used for the
transfer of technetium into animal food products and absorption of tech-
netium by the human gastrointestinal tract have been based on the
behavior of Tc0; in solution. In the absence of any data on technetium,
transfer coefficients for iodine have often been substituted because of
alleged chemical similarities betseen I™ and TcOi (Ng et al., 1968, 1977).

There is evidence that the assumed persistence of TcOi during food
chain transfer may be conservative. Sullivan et al. (1979) demonstrated
that small mammals fed vegetation grown hydroponically on pertechnetate
sc¢lutions absorbed substantially less technetium from their gastrointes-

tinal tracts than when a pertechnetate solution was introduced directly
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intc the animal's stomachs,'suggesting that organic binding of tech-

net um in vegetation reduces biological avaitability to herbivores.
Decreased gastrointestinal tract absorption of 99Tc ingested by herbi-
vores should therefore result in lower transfer coefficients to the milk
and flesh of these animals than those currently assumed (USNRC, 1977;
Moore et al., 1980; Till et al., 1979). Thus, an additional bias may be
inherent with present radiological assessment models, which could result
in overestimations of dose incurred from the milk and meat pathways of .
exposure, provided.that all other parameter values are relevant and that
the model structure is basically correct. Decreased human gastrointes-
tinal tract absorption of technetium incorporated»{nto the tissue of
ingested vegetation could also result in a Tower dose to the thyroid
gland, but because of the increased amount of 99Tc that is transferred
through to the lower large intestine, an increase in the dose to the

gastrointestinal tract would occur.

4.3.3.2 Parameter Variability. Another source of uncertainty

affecting the predictions of assessment models is the variability of
parameter data. Although the only reliable method for testing predictive
accuracy is model validation (whereby predictions are compared to inde-
pendent sets of observations), in the absence of validation predictive
uncertainiy can be inferred through analysis of the variability in model
predictions as propagated by the inherent variability in all model
parameters. This process has been referred to as an "imprecision analy-
sis,” because only an estimation of the potential variability of model

predictions is given; the deviation of these predicticns from reality
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remains unknown (Schwarz, 1980). The amnalysis is most useful for esti-
mating predictive uncertainties when parameter values are relevant to a
given assessment situation and the situation is correctly represented by
the structure of the model (Shaeffer, 1980; Hoffman and Baes, 1979).

For model assessments of 99Tc releases, both the relevancy of
parameter values and the structure of the model are subject to question.
However, the prédictive'bias is probably conservative when losses from
the soil root zone are¥%gnored,;transfer coefficients are assumed based
on the persistence of 99TcOZ in vegetation, measurements of field CR
values include significant 99Tc contributions from‘direct atmosphéric
deposition, and the exposed individual is assumed to receive all of his
food from a location that is in the vicinity of the maximum deposition
of Prc.

The variability associated with *he geometric means of observed
field CR values for 99Tc, the mass interception factor (R/YV) for 95mTcO‘;,
and th;_effective first order rate constants (x:) for the retention Tc
in the vegetation of the foliar plot and bare soil plot experiments is
small compared to the variability in parameter values for other radio-
nuclides obtained from the literature (Table 18). The variability in
the geometric means of observed 99Tc field CR values and calculated
steady-state CR values is also less than the difference between labora-
tory and field CR values (Table 15). However, as mentioned previously,
many parameter values are still lacking data on technetium, and vélues

for these parameters have been derivad by assuming a similarity in chemi-

cal behavior between TcOi and iodine. Therefore, a complete "imprecision



Table 18, A comparison of the variability associated with parameters obtained in this study for
technetium and average values for other model parameters obtained from the literature.

Parameter

variability index?

Reference

Mass interception factor (R/Yv)

spray solution (gsmTcoa)
other aerosols

Rate constant for vegetation retention (x:)
gg:;c field foliar plot experimentsb

¢ field bare soil plot experiments
other aerosols®

b

Observed CR value
9
iodine
Milk transfer factor for dairy cows (F,)
iodine
strontium
cesium

Beef transfer factor (Ff)

cesium

0.74

This study (Table 10)
Hoffman and Baes (1979)

This study (Table 11)
Hoffman and Baes (1979)

This study (Table 15)
Schwarz and Hoffman
{in press)

“ Hoffman and Baes (1979)
[]

SThe variability index is the variance (oc2) of log-transformed parameter values.

blncludes the process of soi]kuptake of Tc; values are corrected for decay of

®Impertance of soil uptake is not specified.

95"'Tc.

dVariance of the logarithms of the three geometric mean values obtained for each gaseous diffusion

plant site.

18
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analysis" of the prediction of the radiological consequence of 9

Tc
releases cannot be performed at this time.
For the assessment of the food chain transport and internal dosim-

etry of ]311

imprecision analyses have indicated a tenfold difference
between the predicted median value of dose and a dose estimate associated
with a 99% probability of not being exceeded (Hoffﬁan and Baes, 1979;
Schwarz and Hoffman, 1981). If an order of magnitude error were to be
associated with assessments of fhe food chain transport and {nternal
dosimetry of technetium, model predictions incorporating data on the
dynamic behavior of technetium in soil and vegetation would still have a
very low probability (P < 0.01) of being within one-tenth of the radio-
Togical impact indicated by Till et al. (1979), even when sources of
conservative bias are ignored. The application of field results
obtained on the dynamic behavior of Tc in soii and vegetation within
. environmental radiological assessments therefore negates the significance,
with respect to current standards,’of gch releases to the atmosphere on
the order of 37 GBq (1 Ci) per year.

However, because of the 'ong half-life of 99Tc and the assumption
of the absence of a threshold dose below which health effects do not
'occur, considerations must still be given to the collective dose obtained
by the population pbtentia]ly exposed to releases of 99Tc. These con-
siderations are designed to ensure that the total health impact to
human populations will be as low as reasonably achievable in comparison
to the societal benefits derived from activities related to the dfscharge
of %9Tc (ICRP, 1973, 1977). Estimates of collective dose will be

dependent on the size of the population exposed as well as the magnitude
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99r¢ witt

of the release of gch. The envirommental dispersion of
| depend on its mobility.

There are indications that the dispersion of pertechnetate, the
most mobile chemical form of technetium, will be limited in non-oxidizing
situations (McFadden. 1980; Bondietti and Francis, 1979). The results
obtained herein also indicate that technetium introduced into soil as the
mobile Tcoa becomes less available to vegetation with time. Therefore,
it is likely that the collective dose from releases of 2°Tc will be
mitigated by environmental factors affecting the persistence of pertech-

netate.

4.4 Comparisons with 99Tc Data Obtained Near Operating Gaseous Diffusion
Plants

Monitoring of concentrations of 99

Tc in soil and vegetation can be
used as a source of data for validating model predictions. However,
detailed information on the characteristics of the release rates and
site-specific meteorological conditions prevailing at the time of the
release will be necessary before a valid comparison can be made between
measured concentrations of 99Tc obtained in the vicinity of the three
geseous diffusion plants and predicted concentrations using radiological
assessment models. Unfortunately, detailed information of this type is
not readily available, and direct comparison of measured and predircted
quantities cannot be used to provide a definitive statement on the
validity of model predictions.

Table 19 presents the results of calculated vegetation and soil

concentrations using the methods of the USNRC (1977), Till et al. (1979)



Table 19. A comparison of calculated and measured gch concentrations in soil and vegetation.

' . b
. Measured concentration Calculated concentrations (Bg/k
Location Sample type (Bq/kg)? U§ﬁﬁEz-——nrrrrzﬁriijg——-ﬂnmﬁ%—%45%&75E33

Oak Ridge GOP vegetation 80.7 (1.7)7 32.6 5020 27.9
soil (0-15 cm) 10.7 (1.8) 25.1 25.1 1.3
Paducah GDP vegetation 665 (2.2; 32.6 5020 27.9
soil (0-15 cm) 42.4 (1.9 25.1 25.1 1.3
Portsmouth GDP vegetation 28.7 (3.0) 32.6 5020 27.9
s6il (0-15 cm) 2.8 (3.1) 25.1 25.1 1.3

“Values are geometric means of individual samples.

Calculations based on assumed 1 Ci (3.7 x 10]0 Bq) per year release rate, annual average meteorology
fo; the Oak Ridge, Tennessee, region, and a distance 1600 m downwind of the point of release.

“USNRC (1977) assumes no loss from soil over a release period of 15 years and a CR value (including
direct deposition as well as uptake from soil) of 1.3.

5Ti11 et al. (1979) assume no loss from soil over a release period of 15 years and a CR value of
200 (uptake from soil is predominant).

“Data derived from gsmTc folier plot and bare soil plot experiments, xz assumed to be 1.3 per year

and lw assumed to be 0.043 per day.

“Values in parentheses are geometric standard deviations.

v8
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and data on the dynamic field behavior extrapolated from the results of ‘
field experiments with 95mTco;". These calculated coacentrations are then
compared in Table 19 to the geometric mean 9ch concentrations for samples
collected near the operating gas>ous diffusion plants. Discrepancies in
the results can probably be attr.buted to differentes between actual and
assumed release and dispersion conditions as wéi] as differences in the
behavior of gch in soil and vegetation.

The calculated values assume a continuous release of 1 Ci (3.7 x
lo]qu) per year ofigch,for a fifteen year period and a location 1600 m
downwind from the point of reléase with annual average meteorological
conditions being typical of the Oak Ridge, Tenmnessee, region. All of
these assumptions may be in error. Furthermore, the close proximity of
sampling locations to the large building structures of the gaseous dif-
fusion plant complexes (Figs. 1, 2 and 3) probably subject the atwospheric
dispersion of released 99Tc to substantial micrometeorological effects
brought about by building wakes.

Despite potential discrepancies between actual and assumed condi-

tions, the predicted 99

Tc vegetation concentrations of Till et al. (1979)
exceeded measured concertrations in every case. In two cases, Oak Ridge
and Portsmouth, the predicted vegetation concentrations of Till et al.
(1979) exceeded measured concentrations by about two orders of magnitude.
The soil concentrations predicted by Ti1l et al. (1979) and the USNRC
(1977), however, are somewhat comparable to measured soil concentrations
at Oak Ridge and Paducah, which is surprising since the predicted con-

centrations ignore all loss processes. Because of the hign values of CR

assumed by Ti11 et al. (1979), their predicted soil corcentrations should
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tend to overestimate actual soil concentrations. When vegetation-to-soil
CR values are very large, the uptake of 99Tc from soil by vegetation
should be substantial enough to reduce the accumulation of technetium in
soil, especially if recycling of Tc from vegetation to soil is affected
by harvesting of vegetation'(Schwarz and Hoffman, 19°0). At Portsmouth, b
‘however, soil concentrations calculated by Till et al. (1279) and the
USNRC (1977) exceed measured concentrations by an order of magnitude.

_”1 ; On the other hand, soil and vegetation concentratfans predicted with the

PP

95mTc field data are in very good agreement with measured concentrations

at Portsmouth. These predicted concentrations are within an order of

[P ——

magnitude of measured values at_0zk Ridge, but fhey are more than an order

of magnitude less than measured values at Paducah. General agreement is ;

therefore only achieved between calculated steady-state CR values using

the 95mTc field data and observed 99Tc CR values for the three operating

= " gaseous diffusion facilities (Table 15, page 63). \_ : %
There is a possibility that the agreement among calculated steady- g

state CR values and observed field CR values is entirely fortuitous.

The data on the dyhamic behavior of 95”Tco; introduced into the bare

soil plois and foliar field plots indicates that losses from soil and

vegetation will preclude a continuous accumulation of technetium over long

time periods. The measured 99Tc concentrations in soil near Oak Ridge-

and Padvcah Gaseous Diffusion Plants indicate that such long-term

accumulation may be a possibility, provided that the discrepancies N

between assumed and actual release rates and atmospheric dispersion are

not of overwhelming importance. Such an accumuiation in soil might be

explained by a deposition of 99Tc in a chemical form that is less mobile

[ f ! J | I
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in soil than is TcOi, or by transformation of 991co; in Soil to a less

mobile form.

HcFadden (1980} states that the most ’lke]y fonm of gth reieasei
from gaseous dlfqulon p]ants during the enrlchment of recycled reactor

fuels will be chFG. The ch (VI) is less soluble than 99Tc (VII)

The availability of reduced forms of 99Tc for urtake by vegetatton lsu:r“

probably limited. The conééntratic*s of 99Tc observed in végetation; B

however, may be either the rosu]t of dlrect depOSItlon from the atmos— g

phere or high uptake of a residual quantlty of 99Tc in soxl that has

been oxidized over long time per1ods to 99Tc04. The absence of substan--

tial atmospheric 2Tc releases in recent years reported for the Paducah

Gaseous Diffusion Plant (USDOE 1979a) is an indication that the latter

phenomenon méy be predominant. Nevertheless, this effect was not

observed in the 95mTc field experiments.

The absernce of an observed prolonged uptake of technetium- from soif
by vegetation in the 95'“Tc field plot experiments may, however, be due
to several factors. During the course of the expzriments, the rate of
loss of 95ch from vegetation may have exceeded the rate of uptake from
soil. The duratior. of the field plot experiments may alio have been
insufficient to produce prolonged uptake by vegetation of a residual
amount of 95"'Tcof‘ in soil., Thus, the possibility cannot be excluded
that a small quantity of otherwise immobile technetium in soil may have
been available for nlant\uptake. For example, CR values observed at the
end of each gs"ﬁc field plot experiment (Figs. 11 and 12, pages 56 and
57) are still of the same order of magnitude as are the observed 99Tc CR
values, even though regressions of the 95mTC CR values indfcate a con-

tinuous decrease with time,
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5. SUMMAEY AND CONCLUSIONS

Field studies have been conducfed on the behavior of technetium

(95mT¢0;) ip'aoii and vegetation and on the ratio of concentrations of

"99Tc in soil and veyetation collected ﬁéar'operating gaseous diffusion

fagi]ifies. The incentive for these experiments was the relative absence

/'x of data on the envirommental behavior of technetium and high vegetation-
. to-soil CR value: for ggtcoi reported from laboratory axperiments. The

. consequence of usfﬁg CR values representative of laboratory experiments ~

in radiological assessment models was the prediction cf doses to maxi-

- mally exposed individuals infringing on current regulatory standards when

99

releases of “’Tc to the atmosphere are on the order of those reported for

operating gaseous diffusion plants. Therefore, a primary objective of

. cthis research was to test the relevancy of laboratory data under field

conditions representative of those locations where gaseous diffusion
plants are in cperation.

The results of these studies indicate that salues of interception
and retention of technetiu: deposited onto herbaceous vegetation as a
simylated rain composed of a solution of 95mTcoi are comparable to

generic default values assumed previously in generic radiological assess-

"ment, models. The significance of this comparison is emphasized by the

fact these default vai.es are based on interception and retention data
for rodionuclides and non-radioactive aerosols other than technetium.
The main difference between these results and previous assumptions is
that the observed retention of technetium by vegetation reflects a com-
biration of the processes of uptake from soil, dilution by vegetaiion

growth, and loss of technetium from vegetation. Generic assessment
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models assume retention is affected specifically by the removal of
material deposited on the surfaces of vegetation.

Technetium applied in the field as a solution of TcOi is mobile in

soil, although uptake of Tc from soil by vegetation appears to diminish

with time. Effective first oéder rate constants describing the loss of
Tc from the root zone of soil are comparable in magnitude tu predicted
estimates for losses of pértechnetate due to leaching by precipitation.
The assumption in currént generic assessment models of no loss of tech-
netium in the root zone of soil other than radioactive decay could result
in large overestimates of the concentration of‘gch in soil for situations
having similar soil characteristics and climatic regimes and for gch
releases over prolonged periods of time (years or decades).

The relevance of the data on interception and retention of tech-
netiuh obtaihed from these experiments to situations involving prolonged
.releases of gch remains to be testéd through field validation studies.
Different soil types, vegetation species, and longer periods of exposure
to 99Tc, as well as releases of»gch that differ chemically from TCOZ,
could potentially produce results that deviate from the trends reported
in this study. Comparable results, however, have been produced between
measured vegetation/soil CR values for 99Tc monitored near operating
gaseous diffusion plants and calculated steady-state CR values cai-ulated

95"'Tc. These

using data reported herein on interception and retention of
similarities may be fortuitous, as differences between predicted and
observed 99Tc soil concentrations indicate a potentially reduced mobility
of 99Tc in soil with the possibility of a résidual amcunt of 99Tc avail-

able for uptake by vegetation. Contrary to these indications, data on
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the dynamic behavior of 95"'Tc tend to preclude long-term accumulation
of technetium in vegetation and soil due to the comparatively large
values of ihe effective rate constants for the loss of technetivm from
vegetation: and soil. Nevértheless. all concentrations of 99Tc measured

in vegetdtion sampled near operating gasecus diffusion plants are Eub-

$tantidlly less than concentrations predicted using vegetation-to-soil.

CR_vhlues derived from laboratory experiments. Direct extrapolation of
ghboratory CR values for calculations performed with current radiological
assessment models will, in all likelihood, resu]tiin gross overestimations
of actuwal radiological consequences for releases of gch to the atmos-

phere and the subsequent contamination of food chains.
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