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ABSTRACT

With the exception of recent laboratory experiments on the relation-
ship of technetium in soil and vegetation, data on the environmental
behavior of technetium are limited. Significant radiological exposures
have been estimated for hypothetical atmospheric releases of Tc-99 from
gaseous diffusion facilities when vegetation-to-soil concentration ratios
representative of laboratory experiments are substituted for generic
default values assumed in current regulatory models. To test the rele-
vancy of these laboratory ratios, field investigations were conducted
to obtain measurements of the vegetation-to-soil concentration ratio for
Tc-99 in samples collected near operating gaseous diffusion facilities
and to observe the dynamic behavior of technetium in soil and vegetation

following a single application of a sprayed solution of 95m

Tcoi.
Comparison of observed field concentration ratios and calculated
steady-state concentration ratios with ratios obtained from previous
laboratory experiments indicates that concentration ratios obtained from
field data are one to two orders of magnitude less 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 environmental media were
observed to decrease with time subsequent to initial application of
95mTc0;. The decrease of technetium concentrations in vegetation is

suspected to be the result of leaching by precipitation, particle

removal by wind action and dilution by tissue growth.
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Although considerable conservatism may exist in other parameters
used in radiological assessment models, the difference between field and
laboratory concentration ratios would account for a reduction in the
predicted dose of at least one order of magnitude over that calculated
using a value of the vegetation-to-soil concentration ratio representa-
tive of laboratory experiments. Consideration of the dynamic behavior of
technetium in soil and vegetation would reduce the predicted dose by
more than two orders of magnitude. The possibility is acknowledged that
if the technetium in soil is in a chemical form of relatively low
mobility, accumulation over long time periods may occur. The amounts of
technetium observed in vegetation sampled near the gaseous diffusion
facilities could result from root uptake of a residual quantity of
otherwise immobile technetium that has become soluble 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-soil
concentration ratios that have all been obtained with technetium per-
sisting as a pertechnetate solution in soil.

Measured vegetation concentrations of Tc-99 in samples obtained
near the gaseous diffusion facilities are, nevertheless, substantially
less than concentrations 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 With due caution until the general applicability of these results
can be confirmed through future validation experiments and environ-

mental monitoring programs.
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1
1. INTRODUCTION

Radionuclides introduced into the biosphere are affected by the
same biogeochemical processes that cycle essential and nonessential
elements within and among ecosystems. These processes determine the
level of bioaccumulation occurring during transport of radionuclides
through—terrestrial and aquatic food chains. These processes also con-
trol the availability of radionuclides to populations and communities
of organisms. Investigations on the behavior of radionuclides in the
environment are therefore useful to elucidate mechanisms controlling the
flow of minerals through ecosystems as well as to assess the potential
environmental significance of enhanced anthropogenic levels of these
radionuclides. |

The environmental significance of anthropogenic introductions of
radionuclides to the biosphere will depend upon the magnitude of the
introduction and the potential for organisms to be exposed to radiation.
This exposure potential will be affected by the incorporation of radio-
nuclides in air, water, food, and other substances composing the biotic
and abiotic components of an organism's habitat and by the organism's
utilization of its habitat. Ecosystem responses to radiation are only
expected following very large rates of radionuclide introduction to the
biosphere, such as the aftermath of a nuclear war (Woodwell, 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 low levels, the structure and function of ecosystems, including
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the abundance and distribution of organisms will be unaffected (Auerbach,
1971; Schultz and Whicker, 1972).

In the absence of ecosystem or population-level effects, criteria
for regulating the peaceful uses of radionuclides are based on minimiza-
tion of health effects among individuals within human populations and
keeping the risks of obtaining detrimental effects by any individual
within levels considered acceptable (ICRP, 1977). At levels of exposure
to radionuclides equivalent to maximum permissible standards for members
of the general public, detection of deleterious effects among individuals
within populations of humans and other organisms, which can be directly
attributable to the presence of anthropogenic radionuclides in the bio-
sphere, is difficult, if not impossible, due to the relatively high
incidence of such effects induced by causes other than exposure to radio-
nuclides (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 or groups of individuals within the human population.

The evaluation of the potential environmental significance of tech-
netium (Tc) with respect to the predicted radiological impact to members
of the human population is dependent on the acquisition of quantitative
information describing bioaccumulation of this radioelement in pathways
of mineral cycling which may influence human exposure. Investigations
initiated herein on the behavior of technetium in soil and vegetation
have been directed toward this end. Emphasis has been placed on the
acquisition of field data rather than data derived from controlled
Taboratory experiments in order to obtain information relevant for the

prediction of the behavior of technetium in the environment.
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Direct application 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 resembles rhenium (Re) and to a lesser extent manganese (Mn),
behavioral similarities in the environment have not been fully documented.
The ease of plant accumulation of Tc from lTow levels in soils, however,
suggests that pertechnetate (Tcoa) may be functioning as a nutrient
analog. Preliminary studies have demonstrated a strong competition

between nutrient solutions of soﬁ', Seog', Ms+

, HZPOE, and TcOi for uptake
by soybean plants (Cataldo et al., 1978). Transport analogs potentially
affecting the soil-plant transfer of TCOZ are expected to be ReOE, HZPOX,
and 502~ (Garland et al., 1979). Nevertheless, technetium introduced to
soils as 991co; at relatively low concentrations has also been shown to

be toxic to vegetation (Cataldo et al., 1978; Gast et al., 1979).

1.1 Sources of Technetium in the Environment

<

Technetium is one of two elements (the other being promethium) with
an atomic number lower than bismuth for which there are no stable
isotopes. Although technetium is produced in nature by the spontaneous

fission of naturally occurring elements, the major source of technetium

239

in the environment stems from the fission of 235U and Pu in nuclear

weapons and reactors and from the application of technetium isotopes 1in

medicine (Cataldo et al., 1978). Among the most important of the tech-

netium isotopes is gch, which exhibits a high fission yield from 235U

of 6.2% and a long half-life of 2.1 x 105 yr (Evans, 1970).
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Only limited data are available on the globail inventories of 99Tc.
99

Detection of “°Tc at current environmental concentrations is difficult
because of the low energy (max. 0.292 MeV) of its beta emissions.

Cataldo et al. (1978) estimate that weapons fallout has contributed to

a soil concentration of 6.3 x 10'3Bq/kg soil. Direct measurements of 9ch

in rainfall by Ehrhardt and Attrep (1978) have indicated concentrations

-5 to 1.3 x 1073 Bq/1. Based on an analysis of

ranging from 6.7 x 10
these data, Ehrhardt and Attrep conclude that the concentrations
observed in rain cannot entirely be attributed to weapons fallout, and
that some of the 99Tc measured might be accounted for by releases from
nuclear fuel cycle facilities.

In a typical pressurized water reactor, approximately 0.84 kg of

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

]37Cs and 0.55 kg of 905r per metric ton of uranium fuel

to 1.3 kg of
(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 gch formed will be contained in the fuel
elements.

During the reprocessing of spent reactor fuel, technetium is pre-
dominantly converted to pertechnetic acid (HTcO4) during the dissolution
phase. A portion of the technetium follows the uranyl nitrate through
the solvent extraction process and is converted to technetium heptaoxide
(Tc207) during the denitration or calcining 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
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releases of 99Tc to the atmosphere at a reprocessing facility are
projected to be about 5.2 GBq/yr (Palms et al., 1977).

In the UF6 conversion process, technetium carried over with
recycled uranium reacts with fluoride to form volatile compounds that
move through the gaseous diffusion enrichment step. Small amounts of
the technetium may then be released to the environment via gaseous and
liquid effluent streams. Measured and calculated releases to the atmos-
phere from an enrichment facility have been reported with values ranging
between 2.2 GBq/yr (USDOE, 1979a) and 2.2 x 102 GBq/yr (USERDA, 1977).
Releases to the aquatic environment range from 1.5 x 102 GBq/yr (USDOE,
1979b) to 6.5 x 10° GBq/yr (Anderson et al., 1979).

Potential releases of gch may also occur from other nuclear fuel
cycle facilities, such as waste disposal sites, but specific information
on releases from these facilities is not yet available. The predominant
chemical forms of gch released to the environment have not been deter-
mined. The most stable chemical species in aerated aqueous solution is
the pertechnetate ion (TCOZ), and this is the chemical form that might be

expected to enter surface soils.

1.2 The Behavior of Technetium in Soil and Vegetation

Until 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 levels of naturally occurring technetium isotopes are difficult

to detect, and that environmental contamination from 99Tc in weapons




fallout has received only limited attention. In lieu of information
about technetium in soils and vegetation, Ng et al. (1968) relied upon

a series of assumptions which related the behavior of technetium in the
environment to that of iodine. These assumptions enabled them to derive
a plant-to-soil concentration ratio (CR) of 1.0 (99Tc/kg dry plant
tissue per 99Tc/kg dry soil). This value, converted to 0.25 by assuming
that 25% of the fresh weight of plant tissue is dry matter, is the soil-
to-plant CR value for technetium that has been adopted throughout the
assessment literature (Baker et al., 1976; Killough and McKay, 1976;
USNRC, 1977).

Recent laboratory studies, however, have demonstrated an exception-
ally large potential for bioaccumulation of Tc in vegetation (Cataldo
et al., 1978; Gast et al., 1979; Routson and Cataldo, 1978; Mousny et
al., 1979; Wildung et al., 1976, 1977, 1979). Vegetation grown in
potted soils containing a solution of 99Tcoi effectively removed up to
90% of the Tc from soil at concentrations below 0.1 ug/g. At soil con-
centrations above 0.1 ug/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
laboratory pot experiments are among 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.
1977); and 54 to 881 for cheatgrass and tumbleweed (Routson and Cataldo,
1978; Cataldo, 1979a).
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1.2.1 Vegetation Interception and Retention

No data are available on the interception and retention of tech-
netium deposited on and incorporated within vegetation. Such informa-
tion is typically not obtained from laboratory pot experiments.
Laboratory plants grown in potted soils are usually protected from
factors normally prevalent in the field such as wind, rain and grazing
which could significantly reduce the Tc inventory in vegetation (Tukey,
1970; Beauford et al., 1977; Batzli, 1978). Furthermore, Tc is usually
applied only to the soil in pot experiments for the specific purpose of
observing soil-plant interactions. No attempt has been made to simulate
the total effect of atmospheric deposition whereby the soil and vegeta-
tion are simultaneously exposed to Tc.

Miller (1980) summarized the results of experiments on the inter-
ception of a variety of non-technetium aerosols by vegetation. A strong
correlation was evident between the fraction of deposited aerosols
initially intercepted by standing forage vegetation (R) and standing
crop biomass (YV, dry weight). For example, the range of 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 m2/kg.

The ratio R/Yv is often referred to as a "mass interception 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 measurement of the concentration of initially deposited
material per mass vegetation (cv(o)) and dividing by the total ground

area deposition (d).



R/YV = CV(O)/d (])

Miller and Hoffman (1979) reviewed a number of field studies on the
retention by herbaceous vegetation of a variety of radioisotopes depos-
jted as aerosols. Correcting for radioactive decay, the environmental
half-times (Tw) associated with the retention of these materials ranged
from 8.7 to 27 days during the growing season with a median value of
13.4 days. A winter value of 71 days for a solution of 855rC12 sprayed
on grassland was also reported in this review. Particulate deposition
on desert shrubs exhibited values of Tw ranging from 13 to 28 days. No
indication was given as to the possible effect of dilution of activity
by increasing biemass during vegetation growth. It is generally assumed,
however, that values of Tw are relevant only to the retention of aerosols
initially deposited on the plant surfaces. The degree to which the
reviewed values included the retention by vegetation of material taken
up from soil and incorporated within plant tissue was not specified.

Although the environmental half-time (Tw) is often presumed to
represent removal due to weathering, correlations between (Tw) and
specific meteorological variables such as precipitation and wind have
generally not been confirmed. Arkhipov and Fevraleva (1979), however,
showed that the foliar content of 895r, applied as a solution to a
variety of crops, is inversely correlated with post-contamination rain-
fall. Beauford et al. (1977) demonstrated that salt particles, wax
rodlets, cuticular and other vegetation surface fragments containing
metals initially taken up from soil could be dislodged from vegetation

through surface abrasion and leaf bending 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
laboratory experiments of the distribution coefficient (Kd, 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
Kd values for pertechnetate (equilibrated for 24 hours) that range from
0.007 to 2.8, indicating the potential for high mobility in soil. How-
ever, 98% sorption has been observed for equilibrating periods of two
to five weeks and for soil conditions tending to be anaerobic (Landa et
al., 1977). An estimate of the removal rate of TCOZ from the root zone
of soils has been performed by Baes (1979) in which the loss rate is
considered to be a function of the velocity of vertical water percolation
in 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
estimated a median rate constant for the leaching of TCOZ from.the 0-15
cm root zone of soil of 2.6 per year, equivalent to an environmental
half-time of about 100 days. Because of the large variability in
reported values of the velocity of vertical water percolation and in
Kd’ Baes emphasized the uncertainty associated with his estimate and

recommended confirmatory field measurements to validate his results.

1.2.3 Default Values Assumed in USNRC Regulatory Guide 1.109

Without available information specific to 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) is 20-25% (USNRC, 1977). These values are

recommended in default of site-specific information. Equivalent values
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of the mass interception factor (R/Yv) derived from the NRC model are
1.4 mz/kg for irrigation spray and 1.1 m2/kg for particulates. These
values are derived from default values of R and Yv used by the model in
lieu of element-specific or site-specific data. Retention of materials
deposited directly on the surfaces of vegetation is assumed to be
equivalent to an environmental half-time Tw 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 radioactive decay.
Retention in soil fs, therefore, assumed to be complete. The default
CR value describing 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 Assessments of the Radiological Impact of Releases 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
indicated significant radiological impacts with respect to known release
rates of gch from nuclear facilities and current statutory limits
(Hoffman and Kaye, 1976). Partially for this reason, the environmental
behavior of 99Tc has not received the attention that has been given to
other radionuclides such as 3H, ]4C, 9OSr, ]311, ]291, ]37Cs, and the
transuranium elements.

To examine the potential significance of the large plant-to-soil CR

values derived from laboratory pot experiments, Till et al. (1979)
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assumed a CR value equivalent to 200 (dry wt p]ant).* They then used
this value in the terrestrial food chain model given in Regulatory Guide
1.109 (USNRC, 1977) to estimate the dose to humans resulting from
releases of 9ch to the atmosphere. They recognized, however, that a
value based on potted plant experiments might not be relevant to condi-
tions in the field, but the absence of pertinent data precluded justi-
fication of an alternative.

The dose assessment performed by Till et al. predicted that a con-
tinuous release of 37 GBq (1 Ci) per year of 99Tc from a height of 20 m
would, at a downwind distance of 1600 m (1 mile), accumulate approximately
25 Bq/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 Bq/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 annual dose of 18 mrem (1.8 x 10'4 Sv) to the G. I.

4

tract and 80 mrem (8.0 x 10° ' 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

4

(2.5 x 1077Sv) to all organs of the human body except the thyroid and 75

mrem (7.5 x 'IO'4

Sv) to the thyroid.
Meteorological 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 Ti1l et al. (1979) assuming that only 25% of
fresh plant tissue is dry matter.
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calculate the air concentration and ground deposition rate of 99Tc at

the point of exposure. Although the concentration of 99Tc in vege-
tables, meat, and milk was computed following procadures outlined by the
U.S. Nuclear Regulatory Commission (1977), revised values of transfer
coefficients were used for the transfer of gch in milk of 9.9 x 10'3 |
day/liter (Ng et al., 1977) and in meat of 8.7 x 1073 day/kg (Ng et al.,
1968). Concentrations of ggfc predicted in vegetables, meat, and milk
1600 m from a release of 37 GBg/yr (1 Ci/yr) using plant-to-soil CR
values of 1.0 and 200 are given in Table 1. The rates of consumption

of vegetables (175 g/day) and milk (0.3 liter/day) were those given for
"Reference Man" (ICRP, 1975). The rate of 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 dosimetric data provided
by Killough et al. (1978).

Ti11 et al. (1979) concluded that, since releases of P1¢ to the
atmosphere 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 99Tc 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 representative of levels to be expected from
routine releases from nuclear facilities and that CR values be derived
under equilibrium conditions and specified for the edible portions of

plant tissue.
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1.4 Objectives of 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. Field sampling
was designed to monitor concentrations of gch in soil and vegetation
collected in the immediate environs of currently operating uranium
enrichment, gaseous diffusion plants located near Paducah, Kentucky;
Portsmouth, Ohio; and Oak Ridge, Tennessee. For the detection of 99Tc
in environmental samples, analyses were performed using radiochemical
separations and low-level beta counting techniques (Hoffman et al.,
1980), with selected samples re-analyzed using isotope dilution mass
spectroscopy (Anderson and Walker, 1980) to ensure that the detected
radioactivity was 9ch.

A series of field experiments was designed to record the behavior
of Tc in soil and vegetation subsequent to a single application of 95mTc
as the pertechnetate anion, TéOZ. The objectives of these experiments
were to obtain data relevant to field conditions which can be compared
with interception and retention values assumed in environmental 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 soil 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 Sampling of gch in Vegetation and Soils in the Vicinity of
Operating Gaseous Diffusion Facilities

Within the uranium fuel cycle, the most predominant sources of
release of 99Tc to the atmosphere are associated with gaseous diffusion
plants which enrich reprocessed uranium fuels. In the U.S.A., current
operating gaseous diffusion plants (GDP) are located near Paducah,
Kentucky; Portsmouth, Ohio; and Oak Ridge, Tennessee.

Because of the recognized difficulty in detecting low levels of
99Tc in environmental samples, sites were selected just outside the
perimeter fence of each gaseous diffusion plant to enhance the probabil-
%ty of collecting detectable quantities of technetium. The herbaceous

vegetation at each site was dominated by Festuca arundinacea (fescue

grass). These sites were located 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 m. All of
these sites are located within areas controlled by the U.S. Depart-
ment of Energy. The first sampling of vegetation and soils involved
collection of above-ground vegetation by hand and collection of large
quantities of soil using a shovel to obtain a sample representative of
the root zone (0-15 cm). A1l samples were placed in plastic bags and
transported to Oak Ridge National Laboratory where they were dried,

prepared, and analyzed for gch.
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Concurrent experimental research indicated that most of the deposited
technetium (deposited as 95mTcoi) would be found initially in the top 2 cm
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 between 10 and 15 cm, depending
on the rock content of soil. In addition to analysis for gch, soils were
also analyzed for pH (measured in 0.01 M_CaC]2 solution [2.5 parts solution
to 1 part soil]) and organic matter content (weight loss on ignition for 8
or more hours at 450 C) to search for any potential correlations with 9ch
uptake by plants. Specific aspects of sampling at each facility are dis-
cussed below. Details of the radiochemical procedures and sample prepara-
tion for radiochemical separation of gch from vegetation and soil are pre-
sented in Appendix A along with information relevant to preparation for

analysis with isotope dilution mass spectrometry (IDMS).

2.1.1 0Oak Ridge Gaseous Diffusion Plant

The two locations at which vegetﬁtion and soils were collected near
the Oak Ridge Gaseous Diffusion Plant are depicted in Fig. 1. At sam-
pling location No. 1, the soil type was Dewey silt loam. At sampling
location No. 2, the soil type was Sequatchie very fine sandy loam. On
July 14 and November 10, 1978, multiple samples of vegetation and soils
were pooled into one large sample representative of each 2500 mz. On
July 5, 1979, samples were taken from three sites within each sampling
location, and estimates were made of the standing crop biomass (g/mz) of
vegetation. The area over which samples were taken at each of these

sites was approximately 400 m2. Soils sampled prior to November 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 Toam series. On
July 20 and October 23, 1978, multiple samples of vegetation and soils
were pooled into one large sample representative of each sampling loca-
tion. The approximate area over which samples were taken was 2500 m2.
On August 21, 1979, samples were taken from three sites within each
sampling location, and estimates were made of the standing crop 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
near the Portsmouth Gaseous Diffusion Plant are depicted in Fig. 3. All
of the soils collected from these locations 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 Tocations 1 through 5
along the periphery of the perimeter fence. At each location multiple

samples were pooled to form one large sample representative of the site.
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Samples at each location were taken over an area of approximately 2500
mz. On September 7, 1979, samples were collected by the staff of
Goodyear Atomic 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 vegétation (and because access
to Portsmouth Gaseous Diffusion Plant during September 1979 was untimely
because of a union strike). Five subsamples of vegetation obtained from
Tocation 25 and three subsamples each from locations 26 and 29 were
prepared for analysis of gch at Oak Ridge National Laboratory. Two
subsamples of soil from the samples obtained from all three locations
were also prepared for analysis. Unlike the initial sampling at the Oak
Ridge and Paducah Gaseous Diffusion Plants, the soils sampled 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.

95m.

2.2 Field Experiments Using TcOi

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

2 01d field within the 0800

ments using 95mTc were conducted in a 2500 m
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% clay 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 during the latter phases of each experiment. Technetium
was applied once to each plot as a solution of 95mTc‘Oi. This solution
was sprayed by hand (600 to 1500 um diameter droplets) through a per-
forated 1id attached to one-liter polyethylene bottles. Care was exer-

cised to maintain uniform application over each experimental plot.

2.2.1 Experiments on Initial Bare Soil Plots

To provide an estimate of the uptake and retention of technetium in
vegetation following contamination of the soil, fifteen l-mz plots were
randomly selected in which all vegetation was removed prior to applica-
tion of 95mTc to expose bare soil (hereafter these plots will be
referred to as the bare soil plots). Each plot received approximately

7.4 MBq of 2¥™1c, 95m

Nine days after application of Tc, a 2 cm diameter
soil core was taken to a depth of 15 cm from each plot. The cores were
segmented 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
sampling during the ensuing four months.

Secondary growth vegetation emerging from the bare soil was not
sampled until after the twentieth day post-application, at which time
sufficient biomass, composed primarily 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




24
the experiment to prevent contamination of emerging vegetation by rain
splash. During this time the plots were watered 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 effective 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 1-m2 plots were selected in
which the standing vegetation was not disturbed after initial mowing
(hereafter these plots will be referred to as foliar plots). Each plot
received approximately 0.37 MBq of 95mTc.

The experiment 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 July 30, 1979. Three vegetation
samples composed mainly of fescue were obtained at random from the plot
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 occurred during 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 initial 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 periods 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 plots.

2.2.3 Sample Preparation, Counting Procedures, and Data Analysis

Sample preparation and counting procedures were the same for the
foliar plots as for the initial bare soil plots. All samples were placed
in preweighed counting tubes and counted prior ta drying using gamma
spectroscopy in a deep-well multichannel Na-I crystal linked to a pulse
height analyser. Soil and plant tissue were subsequently dried in a
forced draft oven at 70°C for 24 hours and weighed. All measurements
of radioactivity in vegetation and soil were corrected for radioactive

95m

decay of Tc (61 day half-l1ife). A1l data were subject to analysis

using a statistical package, SAS (Helwig and Council, 1979), from
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which Tinear regressions of log-transformed observations with time were

used to estimate retention of Tc in 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 listed in Tables
2 through 4 were determined by radiochemical analysis in the Analytical
Chemistry Division of Oak Ridge National Laboratory. Selected samples
reanalyzed with isotope dilution mass spectrometry to test for possible
error in the radiochemical techniques confirmed the accuracy of these
values (Hoffman et al., 1980). A comparison of samples analyzed with
radiochemical techniques and isotope dilution mass spectrometry is given
in Table 5. The estimated concentration in soil due to global fallout
of ?9Tc from nuclear weapons tests is 6 x 103 Bq/kg (Wildung et al.,
1979).

3.1.1 gch in Vegetation and Soil Near Oak Ridge Gaseous Diffusion Plant

The concentrations of gch in vegetation sampled near the Oak Ridge
Gaseous Diffusion 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 Bg/kg in the top 2 cm samples and from 3 to
12 Bg/kg in the below 2 cm samples taken from location No. 1. For
sampling location No. 2 the soil concentrations in the top 2 c¢m range
from 15 to 62 Bg/kg and from 3 to 23 Bg/kg in the below 2 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
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Table 4. Concentrations of 99Tc in vegetation and soils in the
vicinity of Portsmouth Gaseous Diffusion Plant

Concentrations (Bg/kg dry wt)

Soil Soil Date of
Vegetation (0-2 cm) (below 2 cm)® Location collection
< 80 0.8 + 0.7 1.0 £ 0.8 Site A 10/31/78
< 80 2.5+ 1 0.3 ¢ 0.0 Site B . 10/31/78
13+ 7 10 + 2 9.5 + 0.8 Site 1 4/5/79
57 + 20 3.0 £ 1 5.3+ 1 Site 2 4/5/79
48 + 15 2.3 ¢ 1 1.8 + 1 Site 3 4/5/79
17 + 7 0.73 + 0.80 1.3 £0.87  Site 4 4/5/79
5+ 3 0.70 + 0.84 1.2 + 0.9 Site 5 4/5/79
25+ 11° 12+ 72 12 + 59 Site 25°  9/7/79
190 + 547 13+ 59 1379 Site 26°  9/7/79
32 + 15 9.2 + 52 1.7+ 179 site 20°  9/7/79

%samples taken from 2 to 15-cm depth.

bUncertainties are two standard deviations of counting error.

“Average of five subsamples.

dAverage of two subsamples.

®Collected by personnel of Portsmouth Gaseous Diffusion Plant
inside perimeter fence.

fAverage of three subsamples.
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Table 5. Comparison of detected 99Tc concentrations in selected
soils and vegetation using radiochemical analysis (RCA)
and isotope dilution mass spectrometry (IDMS)

99

Tc concentrations (Bg/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% a® 3.0 - - -
Portsmouth No. 26b 270% 230 1.2 - - -

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

bVa]ue suspected to be subject to error due to weak signal.
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depth, the geometric mean for all soil samples is 7.3 Bg/kg with a

geometric standard deviation of 2.0.

The concentrations per gram vegetation sampled on July 5, 1979, are
equivalent to a geometric mean of the inventory of activity in vegetation
of 11 and 12 Bq/m2 for sampling locations No. 1 and No. 2, respectively,
when account is taken for the estimated standing crop biomass of each

99Tc inventory = biomass x concentration). The concen-

sample site (plant
trations of 9ch detected for each sample coliected in the vicinity of
Oak Ridge Gaseous Diffusion Plant including the estimated values of

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

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

The concentrations of 99Tc in vegetation sampled near the Paducah
Gaseous Diffusion Plant range from 230 to 480 Bg/kg (dry wt) at sampling

3 40 1.6 x 10° Bq/kg (dry wt) at sampling

location No. 1 and from 1.2 x 10
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 soil
concentrations range from 13 to 62 Bq/kg in the top 2 cm samples and from
9.9 to 58 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 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 Bq/kg with a geometric standard deviation of 1.9.

When account is taken of the estimated standing crop biomass of

vegetation sampled during August 21, 1979, the concentrations (Ba/kg) of
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9ch in vegetation can be converted to estimates of an inventory

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

of
The geometric mean for the inventory of activity in vegetation is 160
Bq/m2 for sampling location No. 1 and 280 Bq/m2 for sampling location
No. 2. The concentrations of gch detected for each sample collected in
the vicinity of the Paducah Gaseous Diffusion Plant including the esti-

mated values of standing crop biomass and plant 99Tc inventory are listed

in Table 4.

3.1.3 99Tc in Vegetation and Soil Near Portsmouth Gaseous Diffusion Plant

The concentrations of 99Tc in vegetation sampled near the Portsmouth
Gaseous Diffusion Plant range from 5.0 to 190 Bq/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 c¢m soil samples. The
geometric means and standard deviations for vegetation and soil 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 geometric standard deviations are influenced by the
higher concentrations associated with sampling locations 25, 26, and 29
which were situated within the perimeter fence. Considering only the
locations sampled outside the perimeter fence, the geometric means and
standard deviations are: 20 Bq/kg and 2.7 for vegetation, 1.8 Bq/kg and
2.7 for soil (0-2 cm), and 1.7 Bq/kg and 3.1 for soil (below 2 cm).
Table 4 Tists 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 of Results of Radiochemical Analysis and Isotope
Mass Spectrometry

The results of a comparison of detected 99Tc concentrations in
selected soils and vegetation using radiochemical analysis (RCA) and
isotope dilution mass spectrometry (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 testing were based on apparent discrepancies in results
reported with the RCA method. Paducah samples were selected because
concentrations appeared to be significantly larger than those reported
for the other two facilities. Portsmouth samples 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 ratios (CR) were calculated from the con-
centrations in vegetation and soils by estimating a soil concentration
(CS) that is indicative of a 0-15 cm root zone and dividing this esti-
mated concentration into the observed concentration in vegetation for
each sampling site and sampling period. Where the concentration in soil
was differentiated into two depths, 0-2 cm and below 2 cm, the concen-
tration (Cs) for 0-15 cm was estimated by

_ (Cs§0-2 cm) * 2 cm) + (Cs(below 2 cm 13 cm) (3)

- 15 cm

Cs(0-15 cm)

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

for each gaseous diffusion facility.
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The highest CR values are associated 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
a geometric 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 pooled 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 9ch 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 ranging
from 4.7 to 5.7, all other sampling locations had soil pH values ranging
from 6.0 to 7.3. The top 2 cm of soil generally contained about twice
the organic matter (6 to 19%) as soil 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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Table 7. Statistical summary of gch soil-to-plant
concentration factors combined from all
sampling sites

Number of values 24
Maximum value (Paducah) 44
Minimum value (Portsmouth) 1.4
Arithmetic mean 14
Standard deviation 10
Standard error 2.0
Geometric mean® 9.5
Geometric standard deviationb 2.4
Geometric standard error® 1.2

%Geometric 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.



Table 8. Summary of pH and organic matter (OM) content of soils
sampled in the vicinity of gaseous diffusion facilities

Soil depth
(0-2 cm) (below 2 cm)
Soil
Facility location pH % OM pH % OM
Oak Ridge No. la 6.4 1.7 6.8 5.5
No. 1b 6.2 7.7 7.0 6.1
No. Tc 7.0 8.5 6.9 6.3
No. 2a 6.5 15.3 6.9 6.8
No. 2b 6.8 16.4 7.1 6.8
No. 2c 6.7 18.8 7.1 6.3
Paducah " No. 1la 6.6 7.5 6.6 5.5
No. 1b 6.5 13.2 6.8 7.3
No. 1c 6.0 14.2 6.6 5.9
No. 2a 6.9 7.3 6.7 5.5
No. 2b 6.4 7.2 7.0 4.5
~ No. 2c 7.1 10.0 7.1 6.0
Portsmouth Site 25 6.8 10.0 6.6 6.4
Site 26 6.8 7.3 6.5 4.9
Site 29 5.5 5.6 4.9 4.0
Site 1 5.2 a 5.0 a

Site 2 7.0 7.0

Site 3 6.8 6.9

Site 4 6.3 7.0

Site 5 6.8 7.3

%0rganic matter content not determined for remaining sites.
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3.2 9™ Field Experiments

3.2.1 Retention Subsequent to 95mTc Uptake from Soil (Bare Soil Plot)

95m

3.2.1.1 Retention in Vegetation. When Tcoi was applied to the

fifteen bare soil plots, the concentration of Tc in emerging secondary
growth vegetation decreased with time (Figure 5). Retention of Tc 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 environmental half-time of 43 days and included the
combined 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 standing crop biomass was not made because of the sparse
recovery of 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 greater 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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radioactive decay) and associated environmental half-times

(Ty) for secondary growth vegetation in which °5MTc0, was
initially applied as simulated rainfall to bare soil.

Rate constant

Environmental half-time

Plot Ax (day-1) T, (day) r?

1 0.0135 51.3 0.885%**
2 0.0140 49.5 0.929**
3 0.0175 39.6 0.818**
4 0.017 40.5 0.836**
5 0.0129 53.7 0.649*
6 0.0140 49.5 0.903**
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.

ko
P < 0.01.
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and 14<15 cm soil depth (Figure 5). The effective first order rate |
constant calculated for the loss of Tc in the top 1 cm of soil was
0.0065 d'](:0.000Q S.E.), equivalent to an environmental half-time of
106 days. The rate constant calculated for the 0-2 cm soil depth was
0.0058 d'](t0.000Q S.E.) equivalent to an environmental half-time of 120
days. Interpolating between the amount of Tc sampled at the 0-2, 6-8,
and 14-15 cm soil depths to produce an estimate of the total Tc in the
0-15 cm soil core resulted in a rate constant approximating the effective
rate of removal of Tc from 0-15 cm root zone of 0.00365 d'](to.001 S.E.),
equivalent to an environmental 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 estimated in the 0-15 cm
root zone of soil.

3.2.2 Interception and Retention of 95mTc 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 0.166. The mass interception factor (R/Yv) ranged from
0.652 to 1.10 mz/kg. The Tower value of R/Yv for Foliar Plot A was
measured after a 1ight rain which occurred immediately after application

of Tc04.

3.2.2.2 Retention in Vegetation. In the foliar plots, both the

concentration and the total amount of Tc in vegetation decreased with
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time (Figs. 7 and 8). As in the previous experiments, these results

indicated a physical removal of Tc from vegetation. Some influence

of growth dilution on estimates of the environmental half-time Tw was
evident. Values of Tw 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 the effects of
growth dilution (Table 11). 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
days.

Vegetation in the foliar plots which was not present at the time
of initial deposition of Tc also exhibited 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 correlation was
determined between retention of Tc and accumulated rainfall. Emersing
vegetation in distilled 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 () and
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corresponding environmental half-times (T,,) describing the

retention of Tc by foliar plot vegetation.

a
A conc.

T conc.? P2 A T inv. P2
Plot W -1 W W 1
(day™!) (days) (day~?) (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 0.811 0.0322 21.6 0.735
D 0.0424 16.3 0.687 0.0300 23.1 0.532
combined
(8,C,D) 0.424 16.3 0.775 0.0300 23.1 0.657

b

decay corrected Tc inventory in vegetation (dpm/m2).

Yconc. refers to values obtained through regressions with time of
decay corrected Tc concentration in vegetation (dpm/g).

inv. refers to values obtained through regressioné with time of
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Table 12. Results of leaching and washing fescue grass blades
containing Tc.

Experiment Ratio

Tc/g leached sample per

. a
Laboratory leaching of fescue Tc/g unleached sample

Series A 0.70
Series B 0.58
Series C 0.9

Tc/g washed sample per

. . . b
Washing of field vegetation Tc/g unwashed sample

Foliar Piot B 0.70
0.87
Foliar Plot C ' 0.90
0.88
Foliar Plot D 0.91

dexperiment using simulated rain to leach %5MTc from blades of
fescue)subsequent to root uptake of 25MTcO, (Lucas and Garten, unpub-
lished).

bwashing 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 also effective in removing technetium from blades of
fescue under laboratory conditions in which the roots of the plants
accumulated 95mTCOZ from contaminated sand. In this experiment growing
fescue leached with a fine spray of distilled water contained as much
as 42% 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 95mTc 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 correlated (P > 0.05) with time
although the concentration of Tc in the top 2 cm tended to exhibit
Tower 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 cm of soil and a
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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 loss of Tc in the top 1 cm of soil was 0.00899 d-](i0.0023 S.E.),
equivalent to an environmental half-time of 78 days. The rate constant
calculated for the 0-2 cm soil depth was 0.0045 d™' (£0.0017 S.E.),
equivalent to an environmental half-time of 150 days. Significant
trends (P < 0.05) for the concentration of Tc within the entire 0-15
cm soil profile of these Foliar Plots could not be détected, 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 vege-
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 periods, 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 for Fo]iér
Plot A because of the limited period 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 dilution 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 Tc
application, are comparable for 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 vegetation which grew into the initial bare soil plots
obtained Tc entirely through root uptake while vegetation in the foliar
plots received Tc through both direct deposition onto 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
for each field experiment and loss of Tc from vegetation in the foliar
plots may include both the removal of surface deposited material and

material incorporated within the plant via root uptake.

3.2.3.2 Estimated Steady-State Concentration Ratios. The CR value

as defined in radiological assessment models is relevant to steady state
conditions resulting from a continuous rather than a single application
of technetium to the soil-plant system. Therefore, 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 CR values.
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Steady state CR values were calculated by estimating the time-
integrated concentration of Tc in vegetation (SCV) and dividing by the

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

S CV dt
PO - S,
CR steady state ® (4)
S C, dt

The time-integrated concentration in vegetation was calculated using
the initial amount of Tc deposited onto (or taken up by) vegetation

c and dividing by the rate of decreased concentration of Tc

v(o)
observed in vegetation (Aw).
( Cvfo}
C, dt = (5)
°V )\w

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

decrease observed in soil (Az).

¢ c
S C dt = -§§91 (6)
J A

For the experiment in which “>Tc0, was applied directly to the bare
soil plots, the initial amount of Tc in vegetation (Cv(o)) was 10° Bq/kg

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

) was 3.4 x 104 Bq/kg with an effective rate constant
1

of Tc in soil (CS(O)

(x;) of 0.00365 day”

. For the experiment in which 95mTcO4 was applied

to the foliar plots, an initial amount (Cv(o)) of 4.1 x 105 Bq/kg and an
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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) 3 Bq/kg with an effective rate constant
(A;) assumed from the bare soil plots of 0.00365 day']. This assumption

) was taken as 1.6 x 10

was made because, although no loss of Tc from the 0-15 cm of soil in the
foliar plots could be 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 plots 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 constant 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 con?ﬁdence intervals about these esti-
mated median values were 1.8 to 8.4 for the bare soil plots and 13 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 soil were included. In
the foliar plots, growth dilution was more prevalent than in the bare
soil plots because the foliar plot experiments were conducted 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 95MTcO; applied to bare soil and foliar plots.

Foliar plots

Bare soil plots (B, C and D)
Initial observed CR 33 2907
(95% confidence interval) 20-54 150-550
Final observed CR 2.6° 8.7%
(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

95m

Y0bserved 20 days after initial application of Tcoi.

bObserved one hour after initial application of 95mTc04.
95mrc0-

4.
95m.. ~-
Tc04.

®Observed 213 days after initial application of
dObserved 94 days after initial application of

(Note: all values are based on concentrations in vegetation and soil
which have been corrected for radiological decay of 25MTc).
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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 magnitude greater than the generic CR
value assumed in radiological assessments prior to the availability of
laboratory or field data (Table 15). There are several plausible expla-
nafions 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-
clides (134Cs and 85Sr) have shown CR values to decrease with increased
pot size (Cataldo, 1979b). Artificially enhanced aeration of the soils
in pot experimenfs 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 éompounds.
Laboratory 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 comparison between technetium plant-to-soil CR values
measured at uranium enrichment facilities and CR values
derived from field studies, potted plant experiments,
and generic assessments.

Source CR value
Geometric mean for all uranium 9.5
enrichment facilities (6.5 - 14)°
Geometric mean for Portsmouth GDPb 7.4

(3.1 - 18)
Geometric mean for Paducah GDP 16

(8.9 - 29)
Geometric mean for Oak Ridge GDP 7.0

(4.5 - 11)
95mTc field expergment 6.7
{bare soil plots) (1.4 - 8.4)
95mTc field exgeriment 22
(foliar plots) (13 - 36)
99Tc laboratory experiment 689
(Gast et al., 1976, 1979) (570 - 810)
99Tc laboratory experiment 180
(Wildung et al., 1977) (110 - 290)
99Tc laboratory experiment 240
(Cataldo, 1979%) (160 - 360)
Ti et al. (1976) 200%
U. S. NRC Reg. Guide 1.109 (1977) 1.3¢

%values in parenthesis represent a 95% confidence interval
about the geometric mean.

bGP = Gaseous Diffusion Plant.

®Steady-state CR values (decay corrected) calculated using
data on the behavior of a ?5MT¢ in soil and vegetation subsequent
to a spike application.

dVa]ue assumed for calculation purposes after reviewing avail-
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 is dry matter and that after
15 years of accumulation of Tc in soil, direct deposition from the
atmosphere contributes an additional 30 percent to the activity in
the aerial 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). In 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
increase in the sorption of 99TCOZ by soils with time. Their experiments
suggest increased sorption might be due to the role of the living organic
fraction of soil. Anaerobic conditions did not appear to be a prerequi-
site for gch 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 experiménts are éo 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 prevail in the environment following routiné discharges,
the available ferrous ions and organic matter might be more effective in
reducing or sorbing the chemical form of the applied Tc. The soil con-
centrations in the experiments performed by Gast et al. (1976) were on
the order of 1 pg/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 Bq/kg = 1.6 x 1078 ug/g for 9%Tc), and the concentrations of B

8

applied in the field experiments ranged from 2 x 107" 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

95'"Tc0; in Foliar Plots B, C, and D was 10, which

field experiment using
was the value associated with panic grass (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 than 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.
A11 of the above reasons for the observed discrepancy between the
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 95mTc 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 whether the technetium content in vegetation

is from direct deposition onto plant surfaces or from root uptake and
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subsequent translocation into the above-ground portions of the plant.
The prevaience 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)Oi 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 H202
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.
No 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 vegetation could
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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
Tw (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
Titerature for the retention of radioactive aerosols by herbaceous vege-
tation during the growing season (Miller and Hoffman, 1979). Values of
T, (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
maximum values for radioactive aerosols reported in the literature.

The use of Tw for vegetation in assessment models assumes that
removal of radioactive 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

95mTc are near the lower end of the

initial interception fraction (R) for
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 95mTcoi was ini-

tially applied to the foliar plots, the growth form of the vegetation




68
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. Nevertheless, the
results obtained in this study for interception and retention of Tc by
vegetation are comparable to the generic default values recommended in
the environmental 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 R/YV and Tw 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 cm 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

1 estimated by Baes (1979) is comparable to

constant for Tcoa of 2.6 yr.”
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
fifteen 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 T, 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 1.0 1.0 1.0
Mass interception factor, R/Y, (m2/kg)
0.652 1.01 1.10 1.08 1.19
Environmental half-time, T (days)
18.7 16.9 15.9 16.3 147
Predicted concentrations of Tc in vegetation at equilibrium, C, (dpm/kg)°

17.6 24.6 25.2 25.4 22.2

ANRC value assumed for aerosol deposition.

bExc]udes the process of uptake from soil.

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 zone can be characterized by a rate constant of 1.3 yr.'].

4.3 Implication for Radiological Assessments

4.3.1 The Implication of Field CR Values

The vegetation-to-soil CR values obtained from field studies are
substantially Tower than values obtained from laboratory pot experiments.
In radiological assessments of the significance of gch releases, the
use of field CR values would have a direct influence on the predicted
dose, provided that the assumed accumulation of 99Tc in soil was of such
a magnitude as to predominate over the additional contribution of 9ch to
vegetation from direct atmospheric deposition. The CR value chosen by
Ti1l et al. (1979) after reviewing data from laboratory pot experiments
was equivalent to 200 (dry weight vegetation). The geometric mean
obtained from the distributibn of CR values pooled from vegetation and
soil collected near the three operating gaseous diffusion plants is 9.5.
Because Ti11 et al. (1979) assumed no loss of 997¢ from the 0-15 cm root
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 gch per year
(3.7 x 1010 Bq/yr), Ti1l 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
10'4 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




71

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-
theless, a field CR value of 10 in radiological assessments will still
entail a conservative bias if, as is currently the practice, the loss of
gch 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 other than
radiological decay would essentially result in a linear accumulation of
99Tc with time for release periods on the order of 15 years (USNRC, 1977)
to 100 years (Moore et al., 1980).

For example, the calculation of the concentration of 99Tc in vegeta-

tion due to uptake from soil receiving a continuous deposition of the

nuclide can be estimated as

. s
d CR (1 - e[y * >‘th)

S
p (A, + 1)

where

C., = the concentration of 9ch in vegetation

QA<
i

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

p = the effective surface soil density for a given root zone depth

wn

2> = the effective first order rate constant for the removal of
technetium from the root zone of soil
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>
1]

the radiological decay constant for 9ch

ct
u

the duration of the release period.

If no loss from the root zone other than radiological decay is
assumed and the value of t is very much smaller than is the value of

1/2; (which is the case for B¢ release periods less than 100 years),

then
CdCRt
c, = 5 - (8)
However, if other losses are assumed and the value of (x; + xi)']
is much smaller than t, then
C =—-—d—C_R-—-. (9)

v 3
p(Aw + Ai)
Because the radiological decay constant (Ai) for 99Tc is much smal-

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

c, =94CR (10)

v s
P A,

Therefore, the degree of conservatism between the assumption of no
losses from the root zone of soil other than radiological decay and
assumptions which include other removal processes will be equivalent to
the difference between equation (8) and equation (10) when values of the
reciprocal of the effective first order rate constants for removal of
technetium from the root zone of soil are much smaller than values
assumed for the duration of release. For values of A; 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 9ch 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
value of 22 calculated from data obtained from the 95mTc foliar plot
experiments includes the effect of direct deposition. This value is
comparable to about the 83rd percentile of the distribution of field CR
values obtained near the three gaseous diffusion plants (Fig. 4) and is
only a factor 2.3 greater than the 50th percentile of that distribution.
The steady-state CR value of 6.7 calculated from the 95mTc 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 both pro-
cesses of direct deposition and root uptake of gch, 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

and the observed field CR values for ~oTc.
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The use of the steady-state CR values derived from the 95mTc foliar
plot and bare soil plot experiments should not be used in radiological
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 approximately one order of magnitude, but as mentioned
previousiy (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 yeér
is used to describe the effective 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 soil plot ex-
periments. The resulting dose estimates would be Tess than one percent

of the current U. S. Environmental Protection 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¢c 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

2 d-]

corresponds to a deposition rate of 1.1 Bg m” resulting from both
wet and dry deposition processes. A fractional mass interception (R/Yv)
by herbaceous vegetation of about 1.1 mz/kg (concentration per kg vege-

tation/concentration per m2 deposit) was measured in the field experiments




using 95mTcoi. The ‘ffective first order rate constants for the effective
loss of Tc from vegetation reflect the possible combined effect of several
processes, includingt Teaching from vegetation, uptake from soil, leach-
ing from soil, redu-fion of technetium in soil to a biologically less
available chemical flbrm, and dilution of activity as the result of
increasing biomass W th vegetation growth. The implicit consideration of
these possible effedts through the use of an effective environmental half-
time (Tw) for vegeta:tion in assessment models would result in the estimated
99Tc concentrations fin vegetation being much less than if adjustments are
made only to account for differences in laboratory and field-derived
plant-to-soil concefftration ratios.

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

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

concentration at eqWiilibrium of 28 Bq/kg dry matter,

Cv = d x R/Yv Tw/1n2
= (1.1 8q mf2 ¢"1) (1.1 m%/kg) (16 d/1n2)
= 28 Bq/kg, (11)
where

CV is the concfntration in vegetation at equilibrium,
d is the depofition rate (Bg m~2 d']),
R/Y  is the frackion of an area deposit intercepted per mass vegetation
(m/kg), art
T is the effettive environmental half-time resulting from removal

of Tc from fregetation and soil and from vegetation uptake of Tc

from soil ().
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ated doses are also less than 1% of current U. S.
fore, if further research can confirm the relevancy
ironmental half-times observed in the foliar plot
situations involving prolonged releases of 99Tc, the

al impact should be reduced substantially.

certainty

4.3.3.1 Relev

ncy of Parameter Values. Extrapolation of data

obtained in this st
potentially exposed
Further research a
to verify the gene
vegetation-to-soil
diffusion plants a
to date which have
ment of repfocesse
The present fi
tation (primarily
in both the field
among different ve
smaller than the d

and the field (Tab

dy to other locations, food crops and animal feeds
to releases of 9ch is certainly questionable.
specific environmental monitoring will be necessary
1 applicability of these results. Nevertheless,

R values obtained near the three operating gaseous
representative of the only locations in the U.S.A.

eceived detectable quantities of 99Tc during enrich-

reactor fuels.

:1d data are limited to herbaceous forage-type vege-

stuca arundinacea and Lespedeza cuneata), although

d laboratory, the variability in observed CR values
tation species in each experimental situation is

ference in CR values observed between the laboratory

17).

In fact, the only laboratory CR values that




Table 17. A comparis
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of laboratory and field CR values for different kinds of plants.

Species CR value? Experimental Condition Reference
Soybean (Glycine max) 160 (2.3)° laboratory Wildung et al. (1977)
Stem 46.9 (3.3) laboratory "
Leaves 115 (1.5) laboratory .
Bud 12.2 (2.2) laboratory "
Cotyledon 528 (3.7) laboratory "
Wheat (Triticum aestivum) 210 (1.6) laboratory "
Blade 389 (1.2) laboratory *
Culm 2.1 (1.5) laboratory "
Head 0.6 (3.0) laboratory »
Tumbleweed (Salsola kali) 214 (1.7) laboratory Routson and Cataldo (1978)
Cheatgrass (Bromus tector : 161 (1.8) laboratory e
Tumbleweed (Salsola kali) 223 (2.4) laboratory Cataldo (1979a)
Cheatgrass (Bromus tectoru 252 (2.0) laboratory L
Barley® 156 (1.7) Taboratory Gast et al. (1979)
Wheat® 162 (1.3) laboratory "
Oats® 144 (1.8) Taboratory 5
Radish® b
roots 54.7 (2.4) laboratory Gast et al. (1979)
shoots 284 (1.2) laboratory i
Soybeans® 48 (1.3) laboratory i
Corn® 76.7 (1.5) Taboratory J
wheaﬁi
first leaves 129 (1.9) laboratory .
new leaves 14.5 (2.0) laboratory "
seeds 1.37 (2.2) laboratory "
Fescue (Festuca arundinacef)® 1.7 (2.5) field (foliar plots) This study
Lespedeza cuneata® 5.4 (2.9) field (foliar plots) "
Panicum sp.® 8.2 (2.7) field (foliar plots) -
Sorghum sp.° 0.39 (2.2) field (foliar plots) v
Rubus sp.® 1.5 (2.6) field (foliar plots) »
Mixed speciesf 9.5 (2.4) field (gaseous diffusion "
plant)

%CR value = Tc per k

®Values in parenthese
geometric means.

°Ten day old seedlin
dry vegetation: Tc perm

dMature wheat plants
development.

®Field CR values obs
tation and soil. These v

fVegetation primaril

leceiving 10 to 20 uCi (3.7 x 10

ry vegetation: Tc per kg dry soil.

are geometric standard deviations; values to the left of parentheses are

germinated and grown in 1/3 strength Hoagland solution (CR value = Tc per g
solution).

5 to 7.4 x 105 Bg) at different stages of plant

ved 94 days after application of a solution of 95”Tcoa to the surfaces of vege-
ues are not to be confused with the steady-state CR values calculated previously.

composed of fescue and Lespedeza.
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currently are compafable to the magnitude of observed field CR values

for individual spe

new leaves, seeds,

bean (Table 17).

Estimates of

produced thus far, |

behavior of techne
time periods of rel
tions (15 years or
be tested through 1
behavior of techne
of sufficient rele
of values associat
parameters will be
logical impact of
transfer of techne
netium by the huma
behavior of TcOi i
transfer coefficie
alleged chemical s
There is evid
chain transfer may
that small mammals

solutions absorbed

tinal tracts than

es are those for specific plant parts, such as the

ulm, and head of mature wheat and the bud of soy

diological impact using any of the data on technetium
ncluding field CR values or data on the dynamic

um in soil and vegetation, may not be relevant to the
ase typically considered for most assessment situa-
ore). The relevancy of such estimates will ultimately
ng-term environmental monitoring. If the data on the
um in soil and vegetation can be demonstrated to be
ncy for general assessment purposes, then evaluation
with other environmental transport and dosimetry
ecessary to improve the prediction of the radio-
chnetium. For example, current values used for the
um into animal food products and absorption of tech-
gastrointestinal tract have been based on the
solution. In the absence of any data on technetium,

s for iodine have often been substituted because of
ilarities between I~ and TcOZ1 (Ng et al., 1968, 1977).
ce that the assumed persistence of TcOi during food

e conservative. Sullivan et al. (1979) demonstrated
ed vegetation grown hydroponically on pertechnetate
ubstantially less technetium from their gastrointes-

en a pertechnetate solution was introduced directly
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into the animal's sfomachs, suggesting that organic binding of tech- |
netium in vegetatiofl reduces biological availability to herbivores.
Decreased gastroint@stinal tract absorption of 9ch ingested by herbi-
vores should thereffre result in lower transfer coefficients to the milk
and flesh of these #nimals than those currently assumed (USNRC, 1977;
Moore et al., 1980;fTi11 et al., 1979). Thus, an additional bias may be
inherent with presefit radiological assessment models, which could result
in overestimations §f dose incurred from the milk and meat pathways of
exposure, provided fhat all other parameter values are relevant and that
the model structurefis basically correct. Decreased human gastrointes-
tinal tract absorption of technetium incorporated into the tissue of
ingested vegetation! could also result in a lower dose to the thyroid
gland, but because §f the increased amount of 99Tc that is transferred

through to the lowelr large intestine, an increase in the dose to the

gastrointestinal triict would occur.

4.3.3.2 Paramkter Variability. Another source of uncertainty

affecting the predittions of assessment models is the variability of
parameter data. AlEhough the only reliable method for testing predictive
accuracy is model vlilidation (whereby predictions are compared to inde-
pendent sets of obgkrvations), in the absence of validation predictive
uncertainty can be finferred through analysis of the variability in model
predictions as pro-fgated by the inherent variability in all model
parameters. This fgrocess has been referred to as an “imprecision analy-
sis," because only fan estimation of the potential variability of model

predictions is givén; the deviation of these predictions from reality




remains unknown (Séhwarz, 1980).

mating predictive

given assessment s
the structure of t

For model ass
parameter values a
However, the predi
the soil root zone
on the persistence
values include sig
deposition, and th
food from a locati
of gch.

The variabili
field CR values fo
and the effective
in the vegetation
small compared to
nuclides obtained
the geometric mean
steady-state CR va
tory and field CR
many parameter val
for these paramete

cal behavior betwe

{alues (Table 15).
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The analysis is most useful for esti-
certainties when parameter values are relevant to a
tuation and the situation is correctly represented by
2 model (Shaeffer, 1980; Hoffman and Baes, 1979).
ssments of 99Tc releases, both the relevancy of

4 the structure of the model are subject to question.
tive bias is probably conservative when losses from
are ignored, transfer coefficients are assumed based
of 99TcOi in vegetation, measurements of field CR
ificant 99Tc contributions from direct atmospheric
exposed individual is assumed to receive all of his

n that is in the vicinity of the maximum deposition

y associated with the geometric means of observed

99Tc, the mass interception factor (R/YV) for 95m

TcOy,
irst order rate constants (Ax) for the retention Tc

f the foliar plot and bare soil plot experiments is

he variability in parameter values for other radio-

rom the literature (Table 18). The variability in
of observed °°Tc field CR values and calculated

ues is also less than the difference between labora-
However, as mentioned previously,
es are still lacking data on technetium, and values

s have been derived by assuming a similarity in chemi-

n TcOi and iodine. Therefore, a complete "imprecision
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gch

diction of the radiological consequence of

performed at this time.

flant of the food chain transport and internal dosim-
ision analyses have indicated a tenfold difference

d median value of dose and a dose estimate associated
ty of not being exceeded (Hoffman and Baes, 1979;
1981). If an order of magnitude error were to be

ssments of the food chain transport and internal

ium, model predictions incorporating data on the

technetium in soil and vegetation would still have a
(P < 0.01) of being within one-tenth of the radio-

ated by Ti11 et al. (1979), even when sources of

e ignored. The application of field results

mic behavior of Tc in soil and vegetation within

ogical assessments therefore negates the significance,

ent standards, of 9ch releases to the atmosphere on

(1 Ci) per year.

gch and the assumption

e of the Tong half-life of
threshold dose below which health effects do not
s must still be given to the collective dose obtained

99Tc. These con-

itentially exposed to releases of
gned to ensure that the total health impact to

11 be as Tow as reasonably achievable in comparison
2fits derived from activities related to the discharge
1977). Estimates of collective dose will be

ve of the population exposed as well as the magnitude



of the release of
depend on its mobi

There are ind
most mobile chemic
situations (McFadd
obtained herein al
mobile TcO, become
it is likely that
mitigated by envir

netate.

4.4 Comparisons w
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99

Tc. The environmental dispersion of ““Tc will

‘ty.
ations that the dispersion of pertechnetate, the

form of technetium, will be limited in non-oxidizing
» 1980; Bondietti and Francis, 1979). The results
indicate that technetium introduced into soil as the
less available to vegetation with time. Therefore,
e collective dose from releases of 99Tc will be

mental factors affecting the persistence of pertech-

h 99Tc Data Obtained Near Operating Gaseous Diffusion

Plants

Monitoring of
used as a source o
detailed informati
site-specific mete
release will be ne
measured concentra
gaseous diffusion
assessment models.
not readily availa
quantities cannot
validity of model

Table 19 pres

concentrations usi

99

oncentrations of ““Tc in soil and vegetation can be

data for validating model predictions. However,

on the characteristics of the release rates and
ological conditions prevailing at the time of the
ssary before a valid comparison can be made between
ions of 99Tc obtained in the vicinity of the three
lants and predicted concentrations using radiological
Unfortunately, detailed information of this type is
le, and direct comparison of measured and predicted
e used to provide a definitive statement on the

redictions.

nts the results of calculated vegetation and soil

g the methods of the USNRC (1977), Til1 et al. (1979)




*SUOL}eLASp paepue}s OL438u036 suae sasayjuaded ul mmzpm>k

& *Aep 4ad ¢y0°0 99 03 paunsse n
aeaf 4ad ¢°| 99 03 pawnsse o ‘sjuawiJaadxa 30|d [LOS B4eq pue 30|d JeL|04 upsmm Wwou3 PaALAIP BIRQ,

.Apcmcwsonm;amw—Pomso;mmxwpa:voom
40 dNn|eA ¥ © pue S4RIA G| JO POLU3d ISBIAU B UIAO | LOS WOUL4 SSO| OU Jwnsse (6/6L) -L[© 39 LLLL,

€71 40 (LLOS wouy dYe3dn se [[3M se uot}isodap 3294Lp
Butpniout) anjeA Y) e pue suedl G| 4O poLuad 9SI|d4 B UIAO |LOS WOAS SSO| OU SAWNSSP (£L61) 2¥NSN,

Y pue

"9sed[aJ Jo julod dYyj JO pulMumop w Q9| dJUeISLP B pue ‘uoLbau ‘99ssauua] ‘sbpLy 3ep ayyl Joy
A60|040918W db6eUdAR |BNUUR d]eU 3SPA|BA UL uad (bg opo— x [°€) L) | pawnsse uo paseq m:owum_zu_mu@

*s9|dwes |enpLALpUL JO Suedw JL433wW0a6 due santep,

| =
€L 1°62 L°52 (Lg) 82 (w> G1-0) LLos
6°L2 0205 9°2¢ (0°g) £°82 uo1ye1aban d@9 Yanousyaog
€1 L*62 L°52 (6°1) -2 (w G1-0) Ltos
6°L2 0205 9-2¢ (2:2) $99 uo13e3863A dd9 yeonpey
€ (8°1) (uw GL-0) Llos

221Bp P|3Ly d) pl® 38 11l 5JuNSH (6%/bg)
4 (D1/b8) mmwpumgu:mucou pare[noje) uotgeu1tiaouos paunsesy 2dfy a|dues il Tl

*uo13e3a6dA pue [L0S UL SUOLILAFUBIUOD Ol PaJnseauw pue paje|nojed 4o uostuedwod y 6| 3(qe]




85
and data on the dymtmic field behavior extrapolated from the results of
field experiments W' th 95mTcoa. These calculated concentrations are then

gch concentrations for samples

compared in Table T to the geometric mean
collected near the bperating gaseous diffusion plants. Discrepancies in
the results can prdbably be attributed to differences between actual and
assumed release and dispersion conditions as well as differences in the
behavior of 99Tc i soil and vegetation.

The calculated values assume a continuous release of 37 GBq (1 Ci)
per year of 9ch fd~ a fifteen year period and a Tocation 1600 m downwind
from the point of Welease with annual average meteorological conditions
being typical of tHe Oak Ridge, Tennessee, region. A1l of these assump-
tions may be in erfor. Furthermore, the dose proximity of sampling
locations to the 1d~ge building structures of the gaseous diffusion plant
complexes (Figs. 1§ 2 and 3, pages 17-19) probably subject the atmospheric

dispersion of reledsed 2

Tc to substantial micrometeorological effects
brought about by bdilding wakes.

Despite potenfial discrepancies between actual and assumed condi-
tions, the predictds e vegetation concentrations of Till et al. (1979)
exceeded measured @oncentrations in every case. In two cases, Oak Ridge
and Portsmouth, th& predicted vegetation concentrations of Till et al.
(1979) exceeded medsured concentrations by about two orders of magnitude.
The soil concentrafions predicted by Ti1l et al. (1979) and the USNRC
(1977), however, afe somewhat comparable to measured soil concentrations
at Oak Ridge and P&ducah, which is surprising since the predicted con-

centrations ignorefall Toss processes. Because of the high values of CR

assumed by Ti1l etfal. (1979), their predicted soil concentrations should
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actual soil concentrations. When vegetation-to-soil
arge, the uptake of gch from soil by vegetation
1 enough to reduce the accumulation of technetium in
recycling of Tc from vegetation to soil is affected
etation (Schwarz and Hoffman, 1980). At Portsmouth,
trations calculated by Till et al. (1979) and the
measured concentrations by an order of magnitude.
0il and vegetation concentrations predicted with the

in very good agreement with measured concentrations
e predicted concentrations are within an order of
d values at Oak Ridge, but they are more than an order
nan measured values at Paducah. General agreement is
ved between calculated steady-state CR values using
a and observed 99Tc CR values for the three operating
acilities (Table 15, page 63).
sibility that the agreement among calculated steady-
observed field CR values is entirely fortuitous.

95m

amic behavior of TcOi introduced into the bare

ar field plots indicates that losses from soil and

clude a continuous accumulation of technetium over long

easured 99Tc concentrations in soil near Oak Ridge
Diffusion Plants indicate that such long-term
a possibility, provided that the discrepancies
actual release rates and atmospheric dispersion are
importance. Such an accumulation in soil might be

sition of 99Tc in a chemical form that is less mobile
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in soil than is Tc@,, or by transformation of 99TcOi in soil to a less

mobile form.

McFadden (198

from gaseous diffu

fuels will be 99

The availability o
probably Timited.

however, may be ei

phere or high uptake

been oxidized over
tial atmospheric 9
Gaseous Diffusion
phenomenon may be
observed in the °°

The absence o
by vegetation in t
to several factors
loss of 95mTc from

soil. The duratio

insufficient to pr§

amount of 95mTcOi
that a small quant
been available fo
end of each 95mTc
57) are still of t

values, even thoug

tinuous decrease
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99

) states that the most likely form of ““Tc released

ion plants during the enrichment of recycled reactor

o 9 9

9c (VI) is less soluble than “oTc (VII).

99

Th

Tc for uptake by vegetation is
99

reduced forms of
he concentrations of ““Tc observed in vegetation,
ner the result of direct deposition from the atmos-

M1c in soil that has

of a residual quantity of
long time periods to 99TcOZ{. The absence of substan-
c releases in recent years reported for the Paducah
Tant (USDOE 1979a) is an indication that the latter
redominant. Nevertheless, this effect was not
¢ field experiments.
an observed prolonged uptake of technetium from soil
e 95mTc field plot experiments may, however, be due
During the course of the experiments, the rate of
vegetation may have exceeded the rate of uptake from
of the field plot experiments may also have been
duce prolonged uptake by vegetation of a residual
n soil. Thus, the possibility cannot be excluded
ty of otherwise immobile technetium in soil may have
plant uptake. For examp]é, CR values observed at the
ield plot experiment (Figs. 11 and 12, pages 56 and

99

e same order of magnitude as are the observed ““Tc CR

95

regressions of the “>"Tc CR values indicate a con-

th time.
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5. SUMMARY AND CONCLUSIONS

ave been conducted on the behavior of technetium
d vegetation and on the ratio of concentrations of
etation collected near operating gaseous diffusion
entive for these experiments was the relative absence
onmental behavior of technetium and high vegetation-
r 99TcOi reported from laboratory experiments. The
CR values representative of laboratory experiments
ssment models was the prediction of doses to maxi-
iduals infringing on current regulatory standards when
the atmosphere are on the order of those reported for
iffusion plants. Therefore, a primary objective of
0 test the relevancy of laboratory data under field
tative of those locations where gaseous diffusion
tion.
these studies indicate that values of interception
chnetium deposited onto herbaceous vegetation as a

sed of a solution of 95m

TcOi are comparable to

ues assumed previously in generic radiological assess-
ignificance of this comparison is emphasized by the
alues are based on interception and retention data

nd non-radioactive aerosols other than technetium.
between these results and previous assumptions is

etention of technetium by vegetation reflects a com-

cesses of uptake from soil, dilution by vegetation

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 order rate constants describing the loss of
Tc from the root zone of soil are comparable in magnitude to predicted
estimates for losses of pertechnetate due to leaching by precipitation.
The assumption in current 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 99Tc in soil for situations
having similar soil characteristics and climatic regimes and for 99Tc
releases over prolonged periods of time (years or decades).

The relevance of the data on interception and retention of tech-
netium obtained from these experiments to situations involving prolonged
releases of 99Tc remains to be tested through field validation studies.
Different soil types, vegetation species, and longer periods of exposure

to 99

Tc, as well as releases of 99Tc that differ chemically from Tcoi,
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 calculated

95mTc. 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 s0il with the possibility of a residual amount of 99Tc avail-

able for uptake by vegetation. Contrary to these indications, data on
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the dynamic behavior of 95mTc tend to preclude long-term accumulation
of technetium in vegetation and soil due to the comparativeiy large
values of the effective rate constants for the loss of technetium from
vegetation and soil. Nevertheless, all concentrations of 99Tc measured
in vegetation sampled near operating gaseous diffusion plants are sub-
stantially less than concentrations predicted using vegetation-to-soil
| CR values derived from laboratory experiments. Direct extrapolation of
laboratory CR values for calculations performed with current radiological
assessment models will, in all Tikelihood, result in gross overestimations
of actual radiological consequences for releases of 9ch to the atmos-

phere and the subsequent contamination of food chains.
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Appendix A. Preparat1on of Samples for Radiochemical Analysis of
9%Tc in Vegetation and Soil

The two materials (soil and vegetation) analyzed in this study were
handled differently in preparation for the radiochemical separation of
gch (Hoffman al., 1980). Duplicates of both materials were processed
for each sample, and one portion of each sample was spiked with 95mTc
which was used as a tracer to determine chemical recovery.

Soil samples were dried, milled, sieved, and leached with sodium
hypochlorite and hydrogen peroxide to bring the 99Tc into solution. The
solutions were made to volume, and duplicate aliquots were taken with

95m

one aliquot being spiked with Tc. The vegetation samples were dried

and milled and duplicate portions taken for analysis with one portion

being spiked with 95m

Tc. Both test portions of the vegetation samples
were saturated with ammonium hydroxide, redried, charred, and ashed at
500°C. This procedure resulted in less than 3% loss of technetium due
to volatilization. The ashed material was fused with potassium carbonate
and then dissolved in water.

After the materials were prepared for analysis, the same radio-
chemical separation scheme was used for both materials to chemically
isolate and purify Tc as outlined in Fig. A.1. The scheme involved the
extraction of TcOi from a basic aqueous solution with methyl ethy!l
ketone, evaporation of the ketone extract over water, and the precipi-
tation of hydroxides from the water to remove other radioelements. The
water containing the Tc isotopes was extracted with methyl ethyl ketone

which was then evaporated over another portion of water. The unspiked

sample was dried on a counting disc and counted on a low-background
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counter for the determination of 99Tc beta activity. Yield determina-
tions were made by evaluating the 95mTc recovery in the spiked sample by
gamma-ray spectrometry and assuming that the recovery for the unspiked
sample was identical to the spiked one. After the 99Tc concentrations
were determined by beta counting, several samples of various concentra-
tions were selected to be analyzed by isotope dilution mass spectrometry
to validate the results.

Special preparations were performed for the mass spectrometry

95m 97

analysis. The samples containing the Tc spikes were spiked with “'Tc,
and all of the Tc isotopes were adsorbed on four 0.3-mm anion resin
beads. The beads were subsequently sent to the mass spectrometry

laboratory for analysis.
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