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Interception and Retention of Technetium by Vegetation and Soil’ 

F. OWEN HOFFMAN*, CHARLES T. GARTEN, JR.’, JOHN W. HUCKABEE‘, AND DEBORAH M. LUCASJ 

ABSTRACT 
Field experiments were performed to quantify the initial intercep- 

tion and retention of technetium (Tc) by herbaceous vegetation as a 
consequence of direct deposition and uptake from soil. A simulated 
rain containing a solution of 95mTc0,- was applied to plots of bare soil 
and plots with standing vegetation. Vegetation emerging in the bare- 
soil plots obtained Tc predominantly from root uptake. Vegetation 
standing during the initial application obtained Tc from both direct 
foliar interception and root uptake. For the plots with standing 
vegetation, the estimated initial interception fraction (r) ranged from 
0.079 to 0.17. The mass interception factor (r/ YJ ranged from 0.65 to 
1.1 m’/kg. The retention of Tc by Vegetation receiving direct foliar 
contamination varied with environmental half-times (T,) ranging 
from 15.9 to 18.7 days. Adjusting for the effects of growth dilution in- 
creased the values of T, (range 21.6-28.7 days). For vegetation emerg- 
ing from the plots of initial bare soil, retention was equivalent to a T, 
of 43 days. These data indicated that uptake of Tc from soil 
diminished with time and that Tc was removed from plant tissue. In 
soil, a downward movement was evident, because Tc in the top 2 cm 
decreased with lime and concentrations at lower soil depths (6-8 and 
14-15 cm) increased with time. The application of these data to pre- 
dict steady-state coacentntjons of Tc in vegetation resulting from 
continuous deposition does not differ substantially from predictions 
based on the use of generic-default parameter values recommended in 
Regulatory Guide 1.109 of the U.S. Nuclear Regulatory Commission 
(iwn. 

Addirlonal Index Words: pertechnetate, radioecology. environ- 
mental assessment. 
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Technetium is a radioactive element of potential long- 
term importance in the environment. The long-lived iso- 
tope 99Tc (TI,, = 212,000 years) exhibits a high rate of 
production during fission of nuclear fuels with yields of 
6.1 and 6.4% from ”’U and 239Pu, respectively. The 
pertechnetate anion (Tc0,-) is highly soluble in water 
and poorly sorbed to soil, and thus is potentially mobile 
in biogeochemical cycles. 

Laboratory studies have demonstrated exceptional 
bioaccumulation of Tc in vegetation (Cataldo et al., 
1978; Cast 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 9 9 T ~ 0 4 -  effectively removed up to 90% of the Tc 
from soil at concentrations below 0.1 pg/g. At soil con- 
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centrations above 0.1 p g / g  the uptake was suffici 
produce toxic effects in vegetation (Wildung 
1975, 1977; Cast et al., 1979; Cataldo et a]., 
Plant/soil concentration ratios (CR; 99Tc/kg dry 
tion per 99Tc/kg dry soil) from laboratory pot 
ments are among the highest known for non-n 
elements. Reported CR values range from 95 to 
for wheat seedlings (Triticum aestivum L. v 
(Cast et al., 1976); 67 to 380 for soybeans (G 
cv. Williams) and wheat (Triticum aes 
INTA66R) (Wildung et a]., 1977); and 54 
cheatgrass (Bromus tectorum) and tumblew 
kali) (Routson and Cataldo, 1978; Cataldo, 

strated that the use of laboratory-derived pl 
values for Tc in radiological assessment 
would result in releases of 99Tc from U 
facilities potentially infringing on U.S. Environm 
Protection Agency (EPA) standards for the U fuel 4 
(USEPA, 1977). In their analyses they questioned 
relevancy of laboratory data for such assessment 
culations. The questions raised by Till et al. (1979) J 
pear to be valid because recent field data on “Tc in 4 
and vegetation obtained near operating U-enrichmq 
facilities show that field CR values are substantially q 
than those derived from laboratory pot experimcpl 
(Hoffman et al., 1980). These field CR values raw 
from 1.4 to 44, with a geometric mean of 9.5. 

Prior to the present study there were no field data4 
the interception and retention of Tc deposited on a~ 
incorporated within vegetation. Typically, thiJ 
information is not obtained from laboratory pot ex* 
ments. Vegetation grown in the lab on potted soils& 
usually protected from factors normally prevalent in 
field, such as wind, rain, and grazing, which could ~b 
duce the Tc inventory in field vegetation (Tukey, 1% 
Beauford et al., 1977; Batzli, 1978). Furthermore, noat. 
tempt has been made in the lab experiments to s i m u k  
the effects of direct deposition whereby the soil ad 
vegetation are simultaneously exposed to Tc. 

A recent review by Miller (1980) summarizes the rb 
sults of experiments on the interception of  a varietyd 
radioactive and other aerosols by vegetation. .4 strow 
correlation is evident between the fraction of deposited 
aerosols initially intercepted by standing forage *(eget, 
tion (r) and standing crop biomass (Y,; k g / d  dry wt). 
The range of observed interception fractions for foW 
vegetation is from 0.02 to 0.82, while the range cf vdUa 
representing the observed ratio of the interceptior 
fraction to standing crop biomass (r /Yv)  is from I.UI0 
4.0 m*/kg. The observed ratio r /Y ,  is often referred 
as a “mass interceDtion factor’’ since the Droduct o f [ b  

In the absence of field data, Till et al. (197 
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Miller and Hoffman (1979) reviewed a number 0‘ mat 
field studies on the retention by herbaceous begera[!@ I 1 

1 0 2 4 1 8 3  



t to 
at., 
78). 
Ita- 
eri- 
ent 
890 
:ra) 
?ax 

for 
oh 

m- 
'R 
'ns 
.n I 
ral 
:le 
he 
al- 
IP- 
oil 
:nt 

cv. 

ess 
Its 
ed 

on 
nd 
l i s  
ri- 
is 

he 
-e- 
'0; 

Ite 
nd 

-e- 
of 
nS 
ed 
a- 
[). 
Be 
es 
311 
to 
IO 
lis 
Jn 
-r- 
:d 
e- 

d 

3f - 

111 

ables such as precipitation and wind generally have not 
ken confirmed. Arkhipov and Fevraleva (1980) showed 
tbar the foliar content of "Sr, applied as a solution to a 
variety of crops, was inversely correlated with post-con- 

1024184 

radioactive decay. Retention in soil is, therefore, as- 
sumed to be complete. 

In this study, field experiments were designed to 
record the behavior of Tc in soil and vegetation sub- 
sequent to a single spike application. The objectives of 
this study were to obtain data relevant to field condi- 
tions that could be compared with interception and re- 
tention values assumed in environmental assessment 
models. 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 
in order to include the combined effects of root uptake 
and removal of Tc from plant tissue. The retention of 
Tc in soil was estimated through observations of Tc con- 
centrations at various depths over time subsequent to 
initial deposition. 

MATERIALS AND METHODS 

Field experiments were conducted in a 2,500-m' old field within the 
0800 area of the U.S. Department of Energy Oak Ridge Reservation, 
Oak Ridge, Tenn. The soil in this field is a Captina silt loam (typic 
Fragiudult) composed of 13.7% sand, 75.2% silt, and 11.1% clay by 
weight. Soil organic matter is about 6-8%. The soil cation exchange 
capacity is 14.4 meq/100 g, and the pH is 5.0. 

Prior to the establishment of experimental plots, the old field was 
mechanically mowed to enhance dominance of herbaceous vegetation. 
Fescue grass (Fesrucu urundinuceu) was the most abundant cover 
vegetation present after mowing, with sericea lespedeza (Lespedeza 
cuneuru) occurring in increasing abundance during the latter phases of 
each experiment. Technetium was applied once to each plot as a solu- 
tion of carrier-free 95mT~0 , -  sprayed (600- to 1,500-pm diameter drop- 
lets) by hand through a perforated lid attached to a 1-liter polyethy- 
lene bottle. Care was exercised to maintain uniform application over 
each experimental plot. The radionuclide and radiochemical purity of 
the 95mTc was 99%. 

To provide an estimate of the retention of Tc in vegetation follow- 
ing root uptake from soil, 15 1-m' plots were randomly selected in 
which all vegetation was removed to expose bare soil prior to the 
application of 9SmT~ (hereafter these plots will be referred to as the 
bare-soil plots). Each plot received approximately 200 pCi of '""Tc. 
Nine days after application of 95mTc, a 2-cm diameter soil core was 

Table 1-Sampling schedule and accumulated rain during 
each field exmriment. 

~~ ~ _ _  ~ ~ _ _  

Bare-soil plots Foliar Plot A Foliar Plots B, C, D 
126 Sept. 1978- (25 Apr. 1979- (17 July 1979- 

19 Oct. 1979) 27 Apr. 19791 

Sample dayt R a i d  Sample dayt Rain$ Sample day? R a i d  

30 July 1979) - 

9 
14 
20 
24 
41  
57 
84 

148 
171 
213 

Total 

1.279 
0.769 
0.00 
0.00 
1.529 
9.63 

14.99 
27.99 
13.74 
17.58 
87.48 

0 
1 
2 
5 
6 
7 

16 
26 
34 
40 
47 
65 
83 
96 

Total 

1.271 0 0.001 
1.30 1 0.00 
0.00 2 0.00 
0.23 6 12.67 
0.00 13 8.56 
0.00 20 0.00 
4.50 31 4.09 
3.35 41 5.11 
9.04 50 5.21 

13.16 66 5.03 
0.41 80 4.57 
2.08 94 2.36 

Total 47.60 12.19 
21.23 
68.76 

t Time of sample in days since 9 5 m T ~  applied to experimental field plots. 
$ Rainfall accumulated since time of previous sample. 
9 Rainfall simulated by hand watering. Thirteen liters of water per plot 

applied on 2 Oct. 1978: 7.6 liters of water per plot applied on 9 Oct. 1978. 
25 Oct. 1978, and 30 Oct. 1978. One centimeter of rain is equivalent to 
literslm' plot. Plastic tents removed from plots on 3 Nov. 1978. 

7 Rainfall accumulated during the day in which 9 5 m T ~  was applied to ex- 
perimental field plots. 
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---9 
taken to a depth of 15 cm from each plot. The cores were segmented 
into 0- to I-, 1- to  2-, 6- to 8-, and 14- to  15-cm depths. Soil samples 
were taken during 10 sampling periods at intervals of decreasing fre- 
quency during the213-day duration of the experiment (Table 1). 

Secondary growth vegetation emerging from the bare soil was not 
sampled until after the 20th day post-application, at which time suf- 
ficient 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 (0.1-0.3 g, dry wt) 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 5 weeks of the ex- 
periment to prevent contamination of merging vegetation by rain 
splash. During this time the plots were watered artificially by a light 
spray of distilled water to an amount prescribed by ambient rainfall 
(Table 1). The duration of the experiment was from 26 Sept. 1978 to 
21 Apr. 1979. 

To estimate the effective retention of Tc in vegetation after direct 
deposition onto the leaves and subsequent root uptake of Tc deposited 
in the soil, as well as initial interception of deposited Tc by vegetation, 
four I-ma 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 10 pCi 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 25 Apr. 1979 to 30 July 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 ad- 
jacent 400-cm' areas outside the plot, and oven-drying at 70°C prior 
to weighing. 

Six sampling periods occurred during the 1st week, with eight sam- 
pling periods occurring at decreasingly frequent intervals throughout 
the remainder of the %day experiment (Table 1). After the first 6 
weeks of the experiment, three soil cores were obtained at the same 
intervals as for vegetation. The first samples of soil were taken from 
the 0- to 2-cm soil depth only. The final four samples of soil included 
the same depth intervals as were taken from the I5 bare-soil plots. 
Two replicate samples of Lespedeza were taken in addition to samples 
of fescue grass, as the result of the appearance of the former 1 month 
after initial application of Tc. 

In the second series, three replicate plots (Foliar Plots B, C, and D) 
were studied from 17 July 1979 to 19 Oct. 1979. Three samples of 
vegetation and soil were obtained during each sampling peirod. As 
with the initial bare-soil plots, soil cores were taken at the 0- to I - ,  1- 
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Fig. I-Geometric means and standard errors (n = 15) of decay- 
corrected 95mT~ Concentrations in vegetation and soil. Technetium 
was applied as a simulated light rain directly to 15 1-m' plots of 
initial bare soil. 

to 2-, 6- to 8-, and 14- to 15-cm depths. Four sampling periods &, 
curred during the 1st week of the experiment, followed by eight arm 
pling periods occurring at decreasingly frequent intervals (Table I, 
During each sampling period, standing biomass was estimated in I 
similar manner as for Foliar Plot A. At the termination of this a. 
periment, plant-species differences in Tc concentration were 
termined by sampling five distinct species at five locations within 
of the three plots. 

For each foliar plot, the mass interception factor WY,) was 
tained directly by dividing the Tc concentration per mass vegmtiop 
(taken 1 hour after application of 95mTcO~-) by the total knob 
amount of Tc applied to the plot. The interception fraction (r) wU 
then obtained by multiplying the mass interception factor ( r /Yv)  by 
the estimated standing biomass (Y,) present at the time of Tc apph, 
cation: 

I 

f = ( f /Y")  (Y,). [I! 

Sample preparation and counting procedures were the same forth 
foliar plots as for the bare-soil plots. All fresh samples were placed in 
preweighed'counting tubes and counted using gamma spectroscopy in 
a deep-well multichannel Na-I crystal linked to a pulse height analyza 
(PHA). Soil and plant tissue were subsequently dried in a forced-drafl 
oven at 7OoC for 24 hours, and weighed. All measurements of radic- 
activity in vegetation and soil were corrected for radioactive decay of 
g 5 m T ~  (61-day half-life). All data were subject to  analysis using I ' 

statistical package, SAS (Helwig and Council, 1979), from which 
linear regressions of logtransformed observations were used to sti. 
mate retention of Tc in vegetation and soil with time. 

RESULTS 
In the 15 bare-soil plots, the concentrations of Tc in ' 

emerging vegetation decreased with time (Fig. 1). Re- 
tention of Tc in vegetation was approximated by an ef- 
fective first-order rate constant of 0.016 days-' 1 
(*O.o0091 SE). This effective rate constant was equiva. 
lent to an environmental half-time of 43 days and most 
probably included the combined processes of continu- 1 
ous 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. 1 
Growth dilution was presumed to be minimal because 
winter conditions inhibited growth from the 3rd to the , 
beginning of the 7th month. No direct measurement of 
standing-crop biomass was made, due to the sparse re- 

Table 2-Effective first-order rate constants, A, (corrected for 
ratioactive decay), and associated environmental half-times 
T,, for secondary-growth vegetation in which smTcOd- 
was initially applied as simulated rainfall to bare soil. - 

Rate constant Environmental half-time 
Plot A,,, (day-') T,,, (day) r't - 
1 0.0135 
2 0.0140 
3 0.0175 
4 0.0171 
5 0.0129 
6 0.0140 
7 0.0181 
8 0.0128 
9 0.0198 
10 0.0185 
11 0.0197 
12 0.0115 
13 0.0188 
14 0.0115 
15 0.0176 

51.3 
49.5 
39.6 
40.5 
53.7 
49.5 
38.3 
54.2 
35.0 
37.6 
35.2 
60.3 
36.9 
60.3 
39.4 

0.885** 
0.929" 
0.818" 
0.836" 

0.888'' 

0.649' 
0.903** ' 

0.477 
0.796** 
0.621' ' 

0.559 
0.955.' 
0.885'' 
0.7555 ' 

0.906** 

P < 0.05. 
**P <0.01. 
t f = coefficient of determination 
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@kc,, of vegetation in the plots. Nevertheless, results 
iorcach of the 15 plots illustrate a consistency in the ef- 

sod, a downward movement of Tc was evident. A 
flcant ( P  <0.01) loss of Tc was observed from the 

Z b - 2  cm of soil with increases in Tc concentrations 
Mr\ed at the 6- to 8- and 14- to 15-cm soil depth (Fig. 
1, The effective first-order rate constant calculated for 
&loss of Tc in the top centimeter of soil was 0.0065 

' ' by-' ( * 0.009 SE), equivalent to an environmental half- 
of 106 days. The rate constant calculated for the 0- 

a 2-cm soil depth was 0.0058 day-' ( *O.O009 SE), 
a qulr'alent to an environmental half-time of 120 days. 1 The amount of Tc sampled at the 0- to 2-, 6- to 8-, 

md 14- to 15-cm soil depths was determined by multi- 
*ne the activity concentration (dpm/g) by the bulk 

I hsrc! for the intact soil at a specific sampling depth 
yon'), and by the volume of the sample taken from 
d~ core (3.14 cm2 x length [cm] of the sample seg- 
ment) The soil bulk densities for the three sampling 
drpths were 1.21, 1.57, and 1.57 g/cm', respectively. 

Linear interpolation between the amount of Tc 
1 mpled at the 0- to 2-, 6- to 8-, and 14- to 15-cm soil 
I depths produced an estimate of the total Tc in the 0- to 
, Il-cm soil core. Regression of the total core Tc with 

Clme resulted in a rate constant approximating the ef- 
fective rate of removal of Tc from the 0- to 15-cm root 
mne of 0.00365 day-' ( f 0.001 SE), equivalent to an en- 

; Wonmental half-time of 190 days. Negative correla- 
bons between soil Tc and time were small but significant 

I (r  = -0.31, P <0.01), due to large between-plot 
mability. Uptake by vegetation had little effect on the 
mnoval of Tc from the soil because the total Tc in 
Qetation was <0,3% of the total Tc estimated in the 
0 10 15-cm root zone of soil. 

3 Vpe loss of Tc from vegetation (Table 2). 
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Table %-Values of estimated interception fractions (e and mass 
interception fractions (r/Yu) obtained from 

Foliar Plots A-D. 
- - _ _ _  

(initial vegetation 
Plot application) (at T= 1 hour) fl, Biomass r 

-----dpm----- m'kg kglm* 
2.22 x 10' 1.45 x 10' 0.652 0.254 0.166 
2.22 x 10' 2.24 x 10' 1.01 0.078 0.079 
2.22 x 10' 2.46 x 10' 1.10 0.135 0.150 
2.22 x 10' 2.40 x 10' 1.08 0.135 0.146 

A 
B 
C 
D 

Combined 
(B,C,D) 2.22 x 10' 2.37 X 10' 1.07 0.116 0.125 

*0.11 x 10' t0.05 *0.003 t0.04 

The initial interception fraction ( r )  and the mass inter- 
ception factor ( d Y V )  for each foliar plot are presented 
in Table 3. 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 m2/kg. The lower value of 
r /Y ,  for Foliar Plot A was measured after a light rain 
that occurred immediately after application of Tc04-. 

In the foliar plots, both the concentration and the 
total amount of Tc in vegetation decreased with time 
(Fig. 2 and 3). As in the previous experiments, these re- 
sults indicated a physical removal of Tc from vegeta- 
tion. Some influence of growth dilution on estimates of 
the environmental half-time T, was evident. Values of 
T,  obtained from regressions of the concentration of Tc 
per mass vegetation included the effects of growth dilu- 
tion. These values were consistently shorter than values 
of T ,  that were obtained from regressions of the con- 
centration of Tc in vegetation per unit area of ground. 
Values of T ,  based on regressions of the inventory of Tc 
in vegetation effectively exclude the effect of growth 
dilution (Table 4). Values of the environmental half- 
time (T,) that include growth dilution ranged from 15.9 
to 18.7 days; values of T ,  that exclude growth dilution 
ranged from 21.6 to 28.7 days. 

I I I 1 107 N' 

1 5  Q E, 
SLOPE = -0.0299 d-' z 

- 2  Q 

: 106 ; 
- 5  - t- 

105 
- E . e--4 TECHNETIUM INVENTORY IN 
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T, = 232 days 
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SLOPE = -0.0424 d- 
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Table 4-Values of effective first-order weathering rate 
constants (A,) and corresponding environmental 

half-times (Tu) describing the retention of Tc 
by foliar plot vegetation. 

Plot A,concn.+ ~ , c o n c n . t  ,q ~ , , inv .$  ~ , i n v . t  9 

day-' days day-' days 
A 0.0372 18.7 0.808** 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 
(B,C.D) 0.0424 16.3 0.775** 0.0300 23.1 0.657** 

P < 0.05. 
** P <0.01. 
t Concn. refers to values obtained from regressions against time of decay- 

$ Inv. refers to values obtained from regressions against time of decay- 

5 r' = coefficient of determination. 

corrected Tc concentration in vegetation (dpdg) .  

corrected Tc inventory in vegetation (dpdmz). 

Species of vegetation in the foliar plots that were not 
evident at the time of initial deposition of Tc also ex- 
hibited a reduction of Tc concentration with time. 
Lespedeza sampled in Foliar Plot A, upon its appear- 
ance 1 month after initial application (Fig. 2). lost Tc at 
a rate comparable to that estimated for fescue. The en- 
vironmental half-time (T,) for the decay-corrected con- 
centration of Tc in Lespedeza was 18.4 days. Two leaf 
samples from a black-eyed Susan (Rudbeckiu hirta) 
within Foliar Plot A also indicated a loss of Tc from the 
plant (Fig. 2). 

Sampling of Tc concentrations in herbaceous vegeta- 
tion in Foliar Plots B, C, and D at the end of the experi- 
ment revealed considerable species variation (Table 5). 
This variability may reflect true differences among 
species, or differences related to the time after the initial 
application of Tc when different species appeared in 
each plot. It is possible that new growth for all species 
was sufficiently abundant so that most samples taken at 
the end of the experiment did not contain surface con- 
tamination of Tc from direct deposition at time zero. 
The large increase in the variability of vegetation con- 
centrations sampled among all plots, about 1 month 
after initial Tc application (Fig. 3), coincided with the 
appearance of new growth and successional growth 
vegetation. 

With the exception of Foliar Plot A, no correlation 
was found between the retention of Tc by vegetation 
and the amount of precipitation accumulated between 
each sampling period. Accumulated rainfall for each ex- 
periment is given in Table 1. For Foliar Plot A, a small 
( r  = - 0.57) but significant (P <0.05) negative correla- 
tion was determined between retention of Tc and ac- 
cumulated rainfall. Removal of Tc from vegetation by 
precipitation is suspected because simulated rainfall has 
been demonstrated to be effective in removing Tc from 
vegetation under laboratory conditions in which the 
roots of the plants accumulated 99Tc0,- from contami- 
nated Hoagland's solution (Myttenaere et al., 1980). 

Technetium in soil samples taken from Foliar Plot A 
were not significantly correlated with time (P >0.05), 
although the concentration of Tc in the top 2 cm tended 
to exhibit lower values towards the end of the experi- 
ment (Fig. 4). Soil samples from Foliar Plots B, C, and 
D were taken over a substantially longer period of time 
(94 days) than samples from Foliar Plot A (56 days). 

138 J. Environ. Qual., Vol. 11, no. 1,1982 

A i A--4 6 - 0 c m  SLOPE = -0.004 d-' 
r2 =O.OO% 

0 

6 50 
v) 

z t  

D-- -o  44-15cm SLOPE =-0,007 d-' 

rz = 0.463 

2 

4 I 1 
4 0  6 0  80 00 

TIME ( days I 

Fig. 4-Decay-corrected concentration of 95mTc in various soil d* 
within Foliar Plot A.  Each point represents the result for an 1, 
dividual soil sample at a given time period. 

Therefore, samples pooled among Foliar Plots B, c, 
and D indicated a significant decrease of Tc (P c0.W 
with time in the top 2 cm of soil and a significant ( p  
<0.01) increase in Tc concentration at depths of 6-d 
and 14-15 cm (Fig. 5). For Foliar Plots B, C, and D, the 
effective first-order rate constant calculated for the loa 
of Tc in the top centimeter of soil was 0.00899 day' 
( f O.OO23 SE), equivalent to an environmental half-time 
of 78 days. The rate constant calculated for the 0- to 2- 
cm soil depth was 0.0045 day-' (*0.0017 SE), equiva- 
lent to an environmental half-time of 156 days. Signifb 
cant trends (P < 0.05) for the concentration of Tc with 
in the entire 0- to 15-cm soil profile of these foliar ploU 
could not be detected, perhaps due to insufficient length 
of the experiment. 

DISCUSSION 
The results from the application of 95mT~01- to the 

bare-soil plots (Fig. 1) and the foliar plots (Fig. 2 and31 
appear to indicate that Tc is physically removed from 
vegetation, regardless of whether the Tc content in 
vegetation is from direct deposition onto plant surfaca 
or root uptake from soil and translocation into above 
ground portions of the plant. In addition, decreasing 
availability of Tc in soil for plant uptake, due to iu 
transformation to less soluble forms, in combination 
with growth dilution could explain some of the decr- 
in plant Tc concentrations over time. The prevalence 0' 
an apparent constant rate in which Tc was lost from 1 
vegetation also implies either that uptake of Tc from I 1 
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of vegetation sampled or the specific type, intensity, and 
volume of precipitation received by vegetation. The loss 
rate of Tc from vegetation could not be explained by a 
simple function of rainfall accumulated between 
sampling periods. 

In general, a stronger correlation occurred between 
time and the concentration of Tc in vegetation (dpm/g), 
than between time and the inventory of Tc in vegetation 
(dpm/m2). This stronger correlation is because the pro- 
cess of growth dilution is included in regressions of Tc 
concentration in vegetation (dpm/g) and time. Values 
of effective half-time, T, (15.9-18.7 days) that include 
the process of growth dilution (Table 3) are comparable 
to the median value of T, (13.4 days) reported in the 
literature for the retention of radioactive aerosols by 
herbaceous vegetation during the growing season 
(Miller and Hoffman, 1979). Values of T, (21.6-43.4 
days) based on the Tc inventory in vegetation (Table 3) 
and dormant winter-growth vegetation (Fig. 1) are more 
comparable to the maximum values of T, reported in 
the literature for radioactive aerosols. 

The conventional use of T, for vegetation in assess- 
ment models assumes that removal of radioactive sub- 
stances occurs primarily from plant surfaces. The 
results obtained in this study only partially support this 
assumption. The effective environmental half-times T, 
obtained from these field experiments include the com- 
bined effects of physical removal of Tc from vegetation, 
uptake of Tc from soil, and dilution of Tc by tissue 
growth. 

Vegetation/soil concentration ratios (CR), de- 
termined by dividing the Tc concentration in vegetation 
by the Tc concentration in the top 2 cm of soil at ap- 
proximately 50 days after the initial time of Tc applica- 
tion, were calculated for each field experiment in order 
to make comparisons between plots having different 
modes of contamination. It should be noted, however, 
that CR values will vary if the depth of soil chosen for 
the calculation changes. A median CR value derived 
from the 15 plots of initial bare soil (Fig. 1) was about 
2.5; for Foliar Plot A (Fig. 2 and 4). approximately 4.2; 
and for the combined samples of vegetation and soil 
from Foliar Plots B, C, and D (Fig. 3 and 3, approxi- 
mately 2.6. This similarity in CR values is of interest be- 

Table +The predicted concentration of Tc in vegetation 
resulting from a continuous deposition rate of Tc 

using values of r/Y and T, obtained from the 
Foliar Plots A, B, 6, and D and default values 

recommended by the U.S. NRC. 
Foliar Plot A Foliar Plot B Foliar Plot C Foliar Plot D NRC 

Assumed deposition rate. d (dpmlm' . day) 
1 .o 1 .o 1.0 1.0 1.0 

0.652 1.01 1.10 1.08 l.lt 
Mass interception factor, r/Y, (m'kg) 

Environmental half-time, T ,  (days) 
18.7 16.9 15.9 16.3 14t 

Predicted concentrations of Tc in vegetation at equilibrium, C, (dpmlkg)$ 
17.6 25.6 25.2 25.4 22.2-J 

t NRC value assumed for aerosol deposition. 
-J Excludes the process of uptake from soil. 
8 Equilibrium concentration of Tc in vegetation (CUI is calculated as 
C, = d flu TJln2. 
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cause vegetation that grew into the initial bare-soil plots 
obtained Tc entirely through root uptake, while vegeta- 
tion in the foliar plots received Tc through both direct 
deposition onto above-ground plant surfaces and root 
uptake from soil. Root uptake of Tc from soil is con- 
sidered to contribute significantly to the total Tc content 
in vegetation for each field experiment, especially since 
much of the vegetation sampled in the later phases of 
the foliar plot experiment was not present at the time of 
initial Tc application. 

Estimates (Table 2) of the mass interception factor 
(r/Yv) and the initial interception fraction (r)  are near 
the lower end of the range of values reported in the 
literature for radioactive aerosols and fine water drop- 
lets (Miller, 1980). Factors influencing these results 
might be related to the intensity of the spray in which 
95mT~0, -  was initially applied to the foliar plots, the 
growth form of the vegetation and prevailing meteoro- 
logical conditions at the time of application, and the 
amount of standing biomass in each foliar plot. Never- 
theless, the results obtained in this study for intercep- 
tion and retention of Tc by vegetation are comparable 
to the generic-default values recommended in the 
environmental radiological assessment models of the 
NRC Regulatory Guide 1.109 (USNRC, 1977). The pre- 
dicted concentration of Tc in vegetation at equilibrium 
(Table 6)  is only slightly different, depending on 
whether values of r/Y, and T,  are taken from this study 
or from the generic default recommendations given in 
the NRC Regulatory Guide. 

Unlike the assumption in Regulatory Guide 1.109 
(USNRC, 1977) that no loss of Tc other than radioac- 
tive decay will occur in the 0- to 15-cm root zone of soil 
over a time period of 15 years, the results (Fig. 1 and 5 )  
suggest a downward migration of Tc in soil. The median 
prediction for a leaching-rate constant for Tc0,- of 2.6 
years-' estimated by Baes (1979) is comparable to values 
(2.1 and 1.6 years-') obtained for the top 2 cm of soil. 
Baes' estimate, however, is specific for the 0- to 15-cm 
root zone. The estimated effective first-order rate con- 
stant for the loss of Tc from the 0- to 15-cm root zone of 
soil for the 15 bare-soil plots was approximately 
1.3 year-' ( *0.36 SE). This is a factor of two lower than 
Baes' predicted median value. The NRC assumption of 
no loss of Tc from the soil root zone is conservative and 
would result in predicted soil concentrations of "Tc 
after 15 years of continuous deposition approximately 
20 times greater than would occur if the movement of 
Tc out of the 0- to 15-cm root zone could be character- 
ized by a rate constant of 1.3 years-'. 

The relevance of the data on interception and reten- 
tion of Tc obtained from these experiments to situations 
involving prolonged releases of 99Tc remains to be tested 
through field validation studies. Different soil types and 
vegetation species, and longer periods of exposure to 
9 9 T ~ ,  could potentially produce results that deviate from 
the trends reported in this study. Comparable results, 
however, have been produced between measured 
vegetation/soil CR values5 for 9 9 T ~  monitored near 

'F. 0. Hoffman, C. T. Garten, Jr., D. M. Lucas, and J .  W. 
Huckabee, 1981. Environmental behavior of technetium in soil and 
vegetation-implications for radiological assessment. Environ. Sci. 
Techno]. (submitted), Note that the CR values referred to in this refer- 
ence are based on soil concentrations in the 0- to 15-cm root zone and 
are therefore different than values reported in this manuscript. 
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operating gaseous-diffusion plants, and estima 
steady-state CR values calculated using data rep h 
herein on interception and retention of 9 5 m T ~ .  ''q 
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Relationship Between Land-Use Practices and Fecal Bacteria in Soils’ 

MARIA A. FAUST* 

ABSTRACT 
~ ~ e p l  and other bacteria populations in soils from pasture, corn- 

md, and forest sites were assessed at the Rhode River watershed. 
l0ul coliform (TC), fecal coliform (FC). total streptococci (TS), fecal 
dnpttoeocci (FS), and aerobic heterotrophic bacteria (TVC) numbers 
( v e ~  determined seasonally. They were also determined with depth to 
ficm in soils from the pasture. Bacterial numbers per gram of pasture 

from the surface 1 em were: 252-1.603 TC, 10-3% FC, 317-2,270 
m, 163-1,330 FS, and 1.665.1 x 10‘ TVC. The numbers declined 
~rfred ly  with depth, except that TS and TVC numbers remained near 
the surface values. Fecal coliform numbers varied seasonally, from 22 
(0 3% MPN/g soil in fall and spring when cattle were grazing, and 
from 10 to SO MPN/g soil in winter and summer when cattle were 
absent from the pasture. The cornfleld and forest surface soils con- 
Uined equally low FC numbers ranging from 3 to 27 MPN/g soil. 
Aerobic heterotrophic bacteria were similar in magnitude at all three 
Imd-use sites. NO readily discernable seasonal pattern was noted. The 
proportion of coliform bacteria differed with land use. I n  pasture soils 
67Vo of iSOlPtes were confirmed as Escherichia coli, 22% were Enter+ 
bpetu aerogenes, and 11% belonged to other species. In  cornfield 
soils only 8% were E. Coll, 77% E. aerogenes, and 15% other species. 
In fomt soils only E. coli were the dominant species. Thus, the pro- 
portion of E. coli was directly related to the degree of fecal pollution 
of the soils, and the proportion of E. aerogenes increased with remote- 
ness of the soil from potential polluting agents. 

AddirioMI Index Words: pasture, forest and cornfield soils, total 
and fecal coliforms, total and fecal streptococci, aerobic hetero- 
lrophic bacteria. soil discharge and retention. 

Faust, M. A. 1982. Relationship between land-use practices and fecal 
bacteria in soils. J. Environ. Qual. I1:141-146. 

The Rhode River watershed is representative of the 
coastal plain of the eastern United States. The water- 
shed has a mosaic of land uses, primarily row crops, 
pasture, and forested areas. As these areas are managed 
for a multitude of uses, water quality in the streams, 

’ Research supported in part by the U.S. Environmental Protection 
Agency, Grant no. R-804536-01, and the Smithsonian Institution’s 
Environmental Science Program. Received IO Jan. 1981. 

‘Microbial ecologist, Smithsonian Institution-Chesapeake Bay 
Center for Environmental Studies, P.O. Box 28, Edgewater, MD 
21037. 

and therefore the receiving estuary, is commonly af- 
fected. A comprehensive investigation of the fecal bac- 
teria in water runoff from the Rhode River watershed 
into the estuary has so far indicated that the greatest 
concentrations of fecal bacteria originated from pasture 
land and the least from forested areas (Faust, 1976; 
Faust and Goff, 1977). There is, however, a lack of in- 
formation as to whether fecal organisms are dislodged 
from the surface or move through the soils before enter- 
ing the estuary through runoff. 

Geldreich et al. (1962) investigated the relationship 
between land use and fecal coli and aerogenes bacteria 
in various soils and found that these organisms are pres- 
ent in relatively low numbers in undisturbed soils (i.e., 
“virgin forests”) and that their numbers increased 
sharply in pasture soils. Fecal contamination of soil and 
the subsequent entry of contamination into water 
supplies presents a more complex situation than was 
noted from addition of diluted fecal material (Van 
Donsel et al., 1967; Evans and Owens, 1973). Soil types, 
the availability and survival rates of organisms during 
their residence in soil, and the likelihood of their being 
washed out by water runoff are factors to be con- 
sidered. Since pollution of the soil surface presents a 
situation difficult to control at the source, knowledge of 
the characteristics of soil contamination is necessary. 
Therefore, this study was initiated to determine the con- 
centrations of total and fecal coliforms and total and 
fecal streptococci in soils and to attempt to relate their 
characteristics to land-use practices and the possibility 
and distribution of estuarine contamination. 

MATERIALS AND METHODS 
Description of the Watershed 

The Rhode River watershed is located on the western shore of f he 
Chesapeake Bay, south of Annapolis, Md., and has a total watershed 
area of 3,332 ha. The watershed is divided naturally into experimenrai 
basins, which vary in size from 6 to 1,229 ha and are in land use f r o m  
single- to multi-purpose use (Correll et ai., 1978). The present study 
reports on only small, single land-use forest or mixed cornfield lZeu 
muys L.) and pasture partially covered with forested watersheds 
These areas are as follows: a cornfield of 16.4 ha (No. 109), a foresr of 
6.3 ha (No. i lo), and a pasture of 5.4 ha (No. I 1  I )  watersheds. Ten 
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