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ABSTRACT

The data base on the environmental behavior and fate of " T c has been improved substantially

since 1979, when the radiological assessment of 99Tc releases to the atmosphere demonstrated

the need for further research. Despite this improvement, there is sti l l much uncertainty in

estimating parameter values to predict the transfer of " T c into terrestrial and aquatic food

chains. In this study, numerical simulation techniques are used to produce a probable range of

predicted values from estimates of uncertainty assigned to the parameters of radiological

assessment models. This range is used to indicate the uncertainty in the model's prediction. The

importance of individual parameters and exposure pathways is determined by their relative

contribution to this simulated uncertainty index.

The major pathways of exposure to humans resulting from airborne emmissions of 99Tc are those

involving the consumption of vegetables, vegetable products, and poultry eggs. Exposure pathways

involving the ingestion of milk and meat are negligible by comparison because of a low

gastrointestinal tract absorption of Tc by grazing animals. The most important model parameters

are related to the mobility of 99Tc in soil, the incorporation of 99Tc into the edible portions of

crops, its transfer from vegetation to poultry eggs, and its atmospheric deposition. Uncertainty in

the dose for individuals exposed to "Tc-contaminated liquid discharges is dominated by the

bioaccumulation of this isotope in aquatic food chains and by the possibility that contaminated

surface water wil l be used as a source of drinking water.

The results of this study suggest that future reductions in the present estimates of uncertainty

wil l lead to the dismissal of " T c as an environmentally important radionuclicte, provided that &

minimis dose levels are eventually adopted and releases of 99Tc from individual nuclear fuel cycle

facilities wi l l not be substantially larger than 1 Ci/year to the atmosphere and 100 Ci/year to the

aquatic environment. These conclusions do not account for the possibility of a large, long-term

accumulation and remobili2ation of 99Tc in aquatic sediment and/or surface soils. Further

research is recommended to test situations which may promote these conditions.



INTRODUCTION

Prior to the late 1970s, l i t t le attention was given to the investigation of

the environmental behavior and fate of 99Tc. Environmental assessments

of the radiological impact of technetium releases were based on the

predictions of mathematical models that, in the absence of data on

technetium, contained parameter values that were based on a series of

assumptions relating the chemical behavior of the pertechnetate anion

(TcO4~) to that of iodide []]. Radiological dose estimates calculated using

these models for aquatic and atmospheric releases of Tc were well within

acceptable limits [2,3].

in 1974, data became availble from potted plant experiments [4) that

indicated that the Tc uptake from soil by vegetation may be substantially

higher than was assumed in environmental assessment models. By 1977,

other investigators had reported similar results [5-8]. To investigate the

implications of these data for radiological impact assessment, Ti l l et al.

[9] substituted the assumed default value of 0.25 (pCi/kg, fresh wt. tissue

per pCi/kg, dry wt. soil) with a value of 50 for the vegetation/soil

concentration ratio (CRV s). Their calculations for an atmospheric release

of 1 Ci/year from a hypothetical uranium enrichment facil i ty produced

dose estimates for adult members of crit ical population groups that

infringed upon and/or exceeded radiation protection standards proposed by

the U. 5. Environmental Protection Agency for the commercial uranium fuel

cycle 19]. These results provided increased incentives for Tc research.



At present, the data that quantify the environmental behavior of

technetium are stil l far from complete, but the amount of information has

increased substantially since 1979. Quantitative information is now

available on the uptake of Tc from soil by vegetation under field

conditions, the transfer of Tc from vegetation to animal food products, the

mobility of Tc in surface soils, and the accumulation of Tc by aquatic

organisms. A recent review by Till et al. [10] surveyed more than 130

references and recommended a probable range and an "expected value" for

many of the assessment model parameters used to predict the

environmental transport and fate of Tc. The authors intended their

estimates of these ranges to encompass the uncertainty associated with

the quantification of these parameters.

In this report, we use this information to analyze the significance of the

various environmental pathways of human exposure to Tc. The purpose of

this new analysis is to reassess the results and implications of the 1979

estimates published by Till et al. [9] and to recommend research that wil l

contribute to reducing the uncertainty associated with assessing the

environmental impact of Tc.



METHODS

Expected values and estimates of the possible range of values for each of the parameters used in

radiological assessment models were obtained from an analysis of the literature (Table I), these

ranges represent attempts to account quantitatively for the uncertainty associated with each

parameter used to predict the environmental transport and foodchain bioaccumulation of Tc. The

sources of uncertainty encompassed by these ranges are (a) limitations in the quantity and

scope of available data, (b) unexplained variability in the available data, and (c) differences

between the conditions under which data were obtained and those for which model predictions are

intended.

The uncertainty in model predictions is estimated by (a) assigning frequency distributions

intended to encompass the uncertainty associated with each model parameter, (b) performing

iterative model computations using parameter values selected randomly from the assigned

distributions, and (c) statistically summarizing the results [11] . All parameters, except iggg,

were vsried over their ranges according to log-triangular distributions ( 1 ^ , the rate of human

consumption of eggs, was varied from a uniform distribution). The equations used in this

analysis (Appendix I) are similar to those used in a variety of environmental radiological

assessment models (for exampels, see refs. [ 12 and J 33). Procedures to estimate the final

uncertainties associated with model predictions can involve a variety of analytical and numerical

methods [11,14,15}.

The estimate of uncertainty in the model's prediction of dose is indicated in this analysis by two

quantities: (a) an "Uncertainty Factor" (UF) and (b) a probable range. The uncertainty factor

is calculated as

where Gsd is the geometric standard deviation (the exponential of the standared deviation of

transformed values).



The probable range is equivalent to a 95S5 probability interval for a lognormal distribution,

whereby the maximum value of the range is

max = Gm x UF,

and the minimum value is

min = Qm / UF,

where Gm is the geometric mean (the exponential of the mean of the log transformed values) of

the distribution of dose estimates.

An index of the relative importance of an exposure pathway or a specific model parameter is

represented by the percent contribution of their uncertainty to the uncertainty in the model's

result. This index can be calculated in a number of ways. The ratio of the variance of model

parameters and model predictions is often adequate for simple additive mor1*1* or, for

multiplicative models, the ratio of the variances of the log-transformed VD.UJS [15]. The

square of Spearman's correlation coefficient (the simple correlation coefficient of the

rank-transformed values of model parameters and predictions) is useful when model

predictions are monotonic functions of model parameters f 15] and the parameters contribute at

least 20£ to the prediction uncertainty. For less sensitive parameters or parameters that are

correlated with one another, the best estimates are based on multivariate regression techniques

[14,16].

The significance of potential exposure pathways is determined by the magnitude of the calculated

dose and the percent contributions of each exposure pathway to the uncertainty in the dose

estimate. These results are then compared with the 1979 estimates published by Till et al. [9]

using an assumed release of 1 Ci/year to the atmosphere and 100 Ci/year to a freshwater

stream and substituting organ-specific dose conversion factors for dose conversion factors used

to estimate effective dose equivalents (Table I f). The stimates of effective and organ-specific

dose equivalents made in this study are based on using recently published internal dose

conversion factors [ 17] adapted from ICRP Publication 30 dosimetric models end dat8 bases

[ 183. An atmospheric release of 1 Ci/y is consistent with the value initially used by Till et al.

in 1979 [93. The assumption of a release of 100 Ci/y to fresh water streams is based on Till's

recent estimates [ 10] indicating that aquatic releases of 99Tc from uranium enrichment

facilities may be as much as two orders of magnitude greater than releases to the atmosphere. In

the Unites States, freshwater streams are the primary recipients of current environmental



releases of 99Tc, the principal source of which is liquid effluents from operating uranium

enrichment facilities [ !0 ] .

Using the same meteorological and release height assumptions employed by Till et al.

in 1979 [ 9 ] , the downwind air concentration at-1600 m resulting from a 1 Ci/year release is

approximately 3 x 10~2 pCi/m3. For the aquatic environment, a minimal rate of dilution of

40 m3/s of water is assumed as an annual average, giving a 99Tc water concentration of

approximately 80 pCi/L. This minimum rate of dilution is similar to assumptions made by

other investigators, who have previously evaluated the potential impact of 99Tc releases to the

aquatic environment [3,19].

The specific exposure pathways considered in this stud/ are the transport of 99Tc into

(a) vegetables, (b) milk, (c) meat, and (d) eggs from a unit air concentration for a 30-year

continuous release of 99Tc to the atmosphere, and the transport of 99Tc into (e) aquatic biota

from a unit concentration of 99Tc in freshwater systems. The analysis is performed both with

and without a correlation of -0.7 between the uptake of 99Tc from soil by vegetation (In CRV s

snd In CRp s) and the effective half-life of 99Tc in the root zone of soil (In Ts).

This correlation is based on the assumption that the migration of Tc out of the soil root zone and

its uptake by vegetation should depend to a large extent on the mobility of Tc in soil. From their

review of the literature, Baes and Sharp [20] report strong negative correlations ( r = - 0.83)

between the logarithms of soil solid phase/solution phase distribution coefficients (Kd) end

plant/soil concentration ratios (CRV s , andCRp s ) for 21 different elements. They estimated

the same correlation from a single study [21] that reported on the relationship between the

extractability of 95mTc from a Captina silt loam and its uptake by old field vegetation.

The inhalation and drinking water exposure pathways are also included in this study, but they

are assumed to h3ve negligible uncertainty. External exposure pathways to 99Tc are

unimportant because of the weak beta energy emitted by this isotope (0.292 MeV). The

potential for uncertainty in the estimate of the conversion factors used to estimate dose

equivalents from a unit intake of 99Tc is also excluded from this analysis because this paper

emphasizes the evaluation of the relative Importance of environmental pathways of exposure.



RESULTS

The calculated relationship between a concentration of 99Tc in terrestrial

and aquatic foods and a unit concentration of 99Tc in air and water,

respectively, is presented in Table 111. The highest concentrations and

smallest uncertainties are for the air-deposition-soil-vegetable pathway.

For this pathway, probable ranges cover one-to-two orders of magnitude,

depending on the assumption as to whether or not there is a correlation

between the residence of 99Tc in the root zone of soil and uptake by

vegetation. For the other food types, probable ranges cover two-to-three

orders of magnitude. The assumed relaf ioship between plant uptake and

soil residence exerts a more noticeable effect on the concentration in

vegetables than for any other food type.

The calculated effective dose equivalents resulting from exposure to all

terrestrial pathways are given in Tables IV and V. Table IV includes the

correlation between plant uptake and 99Tc residence in the soil root zone,

whereas this effect is excluded from Table V. The dose due to exposure to

all combined terrestrial pathways is dominated by the ingestion of

vegetables. All other exposure pathways are negligible contributors to the

total dose, with the exception of the consumption of 99Tc in eggs which

has the highest maximum value of the probable range when covariance is

assumed between plant uptake and soil residence.



For aquatic pathways, effective dose equivalents from a unit

concentration of 99Tc in water are given in Table VI. Although the

uncertainty associated with exposure to combined pathways is totally

controlled by the uncertainty in the water-aquatic organ ism-hum an

pathway, the uncertainy factor for exposure to combined pathways is

almost eight times less than that for the water-aquatic organ ism-hum an

pathway alone. This is because the minimum value of the probable range

of the dose from exposure to combined pathways is determined using the

exposure to contaminated drinking water. This pathway is assumed to

have no uncertainty.

For terrestrial and aquatic sources of 99Tc the model parameters and

exposure pathways that contribute most significantly to the uncertainty in

the dose estimates are identified in Table VII. For terrestrial pathways,

the amount of 99Tc in both pasture vegetation and vegetables comes

primarily from the soil. By contrast, direct interception of atmospheric

deposits is negligible. The assumption of a correlation between soil

retention of 99Tc and vegetation uptake increases the importance of the

air-deposition-soil-vegetation-chicken-egg pathway and decreases the

importance of the uncertainties in the parameters CRV s ; CRp s; and Ts.

For the aquatic pathways, 70% of tht total uncertainy is associated with

the uncertainty in the estimate of the aquatic organism/water

bioaccumulation factor (Bp).
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The importance of these exposure pathways is put into better perspective

by multiplying the normalized dose calculations in Tables IV and VI to air

and water concentrations that are related to hypothetical releases of

ICi/year to the atmosphere and 100 Ci/year to a fresh water stream. For

atmospheric releases, the maximum effective dose-equivalent is 0.3

mrem/y (Table VIM). The minimum is three orders of magnitude lower.

This minimum is dominated by direct inhalation of contaminated air.

However, if the predominant chemical form of inhaled 99Tc is a halide,

hydroxide, nitrate or oxide, the inhalation dose would increase by nearly

one order of magnitude. This is likely, given that the chemical form of the
99Tc released to the atmosphere from uranium enrichment facilities is
99TcF6 [ 10]. Considering the possibility that a freshwater stream

receiving "Tc may not serve as a source o,r drinking water, estimates of

effective dose-equivalents range from 0.001 to 1 mrem/year for the

aquatic exposure pathways.

Comparing our results to the 1979 estimates by Till et al. [93 shows a

marked reduction in both the calculated doses and the contribution of milk

and meat to the total dose from exposure to multiple terrestrial pathways

(Table IX). Maximum dose estimates to the thyroid and gastrointestinal

tract have been reduced by factors of approximately 60 and 20,

respectively. In the earlier estimates by Till et al. [9], milk and meat

contributed almost as much to the total dose as did the vegetable pathway.

In this study, dose estimates from the milk and meat pathways havs been

reduced by several orders of magnitude.



DISCUSSION AND CONCLUSIONS

The reasons for the large discrepancies between the results calculated in

this analysis and those produced in 1979 are (a) data that show the uptake

of 99Tc from soil by field vegetation are from one to two orders of

magnitude less than values reported from potted plant greenhouse

experiments [213, (b) data indicating that the transfer of 99Tc across the

gastrointestinal tract of ruminants is several orders of magnitude less

than it is for iodine [22-24] and (c) the fact that this analysis accounts

for the removal over time of 99Tc from the root zone of soil. The major

difference between the calculational approach of this study and that of the

earlier one is the application of numerical simulation (Monte Carlo)

techniques, to propagate uncertainties of model parameters through

mathematical models of similar structure.

In contrast to the 1979 results [9], none of the current dose estimates for

releases of 99Tc infringe on any known radiation protection standard. At

present, the U.S. Nuclear Regulatory Commission is considering the

proposal of dose limits that would define levels below which the health

risk to critical groups and average members of the public would not

warrant additional measures to limit releases of radioactivity. These

suggested de minim is levels are effective dose equivalents of

1 mrem/year to members of critcal population subgroups and

0.1 mrem/year to members of the general public. In general, the effective

dose equivalents, calculated in this study for hypothetical releases of

1 Ci/year to the atmosphere and 100 Ci/year to a freshwater stream,

approach or exceed these de minimis levels at only the upper limits of

10



their estimated range (Table VIII). Barring conditions that could produce

substantially larger releases of 99Tc than have been assumed here, further

research to reduce the large uncertainties in the prediction of the

environmental fate and behavior of 99Tc should lead to the conclusion that
99Tc is not an environmentally important radionuclide.

in the terrestrial environment, priorities for further research should focus

on reducing the uncertainty in predicting (a) the transfer of 99Tc from soil

to the edible portions of vegetation types of importance to the human diet;

(b) the long-term residence of 99Tc in the root zone of soil; (c) the

relationship between soil residence and vegetation uptake of 99Tc for

specific soil properties, plant species and agricultural practices; (d) the

transfer of 99Tc into vegetation potentially consumed by poultry, with

subsequent transfer into eggs; and (e) the prcresses of wet and dry

deposition as they affect the transfer of 99Tc from the atmosphere to the

earth's surface.

In addition, research is needed to identify and investigate potentially

important exposure pathways that have been excluded from this analysis.

A specific example is 99Tc cycling via transfer from contaminated ground-

water into the tissues of deep-rooted vegetation and the subsequent

deposition and accumulation of 99Tc on the ground surface following tissue

senescence and decomposition. Evidence for such cycling processes

occurring in the vicinity of shallow land waste burial sites has been

reported by Olsen et al. [24].

11



In the aquatic environment, research should focus on reducing the

uncertainty associated with predicting the food-chain bioaccumulation of
99Tc in those species of aquatic organisms potentially consumed by

humans. To date, few measurements on the uptake of 99Tc by aquatic

organisms have been made under field conditions [25,26]. Because of the

long half-life of 99Tc, research should also determine the extent to which

prolonged aquatic releases could result in large sediment concentrations

and the conditions under which 99Tc in sediment could be remobilized and

incorporated into-aquatic and terrestrial food products. The potential for

sediment accumulation and long-term remobilization of 99Tc was not

included in this analysis.

If the concept of de minirnis levels of risk is not accepted by either the

scientific community involved with radiological protection or the general

public, then research on all aspects of the environmental behavior of 99Tc

will be necesssary to increase confidence in collective dose predictions.

The prediction uf collective dose will potentially involve extremely small

exposures to individuals over time periods that extend for thousands of

years into the future.

12
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Table I. Parameter values for the prediction of the environmental transport and human

dosimetry resulting from releases of 99Tc.

Input parameter units mm. mode max. references

Dose conversion factors

Inhalation

DCFinn mrem/pCi

Ingestion

ingDCFinn mrem/pCi

m'Vy

Rates of intake

'air

•milk

'meat

'eggs

'vegetables

'water ] /V

'aquatic organisms

kg/y

Concentration ratios a

Milk/Pasture vegetation

1 x 1O"6

1.5x 10"6

[17]

[17]

8.4 x 103

1.1 x 1O2

1.1 x 102

[23]

[9]

[9]

5.2 x i O 1 7 .3 x i O 2 1.1 x l O 3 assumed range

6.4 x 10

Sx 102

[93

[28]

1 x 10° 1.4 x 101 ! x JO2 [29]

CRm,p Ci/1 perCi/kg 1 x 10"5 1 x 10~3 1 x 10~2 [10]

Meat/Pasture vegetation

CRT-p Ci/kg per Ci/kg 8 x 10"6 8 x 10"4 6 x 10"3 [10]



Table I. (Continued)

Input parameter units min. mode max. references

Concentration ratios a

Eggs/Pasture vegetation

Ci/eggperCi/kg 9x 10"5 9 x 1 0 " 3 9x I0 " 2 [10]

Vegetables/Soil

CRV>3 Ci/kg per Ci/kg 1 x 1 0 ° 2 x 1 0 ° 2 x 101 [10]

Pasture vegetation/Soil

CRpS Ci/kg per Ci/kg 1x10° 2x 101 2 x 1 0 2 [10]

Wet + Dry deposition

V i o t a ] m/d 1.7 x 102 i x l O 3 3 x l O 3 [30,31]

initial mass interception by vegetation

Vegetables (fresh weight)

r/Yveg m2/kg 3x 10"2 1.2 x i O " 1 3 x 10"' [10]

Pasture vegetation (dry weight)

r /Y p a s t u r e m2/kg 7 x 1 0 " ' 2 x ! 0 ° 4 x 1 0 ° [10]

Effective haft-life on vegetation

Tw days 5 x 1 0 ° 1.3 x 101 3 x l O ! [10]

Effective half-life in the root zone of soil

Ts days 2 x l O 2 I x l O 5 S x l O 3 [10,20,32]



Table I. (Continued)

Effective density of the soil surface (to a depth of 15 cm)

p kg/m2 i x i O 2 2.1 x 102 3 x 1 0 2 [29]

Exposure time for pasture vegetation

tgp days l .Sx iO 1 .4x 1O1 2x 102 [29]

4 x 1 0 ' 7.5x 101 1.8x 102 [29]

I . l x l O 4

Aquatic food chain bioaccumulation

Organism/Water

Sp Ci/kgperCt/1 1x10° 3x 101 1 x 103 [10J

a pasture and soil are given on a dry weight basis, all other values are given as fresh weight.

b calculations based on the relationship between K$ and the downward movement of water in

surface soil; total natural and artificial precipitation (irrigation) assumed to approximate
lOOcm/y.

Exposure time

*e,v

i for vegetables

days

Exposure time for soil (30 y)

*
ls

days



Table II. A comparison of dose conversion factors for internal
exposure to 99Tc

Dose Conversion Factors
(mrem/pCi)

organ inhalation ingestion

References

Till et aL Killough and Eckerman Till el a). Killeugh and Eckerman
19) [17] [9] [17]

effective n.c.a 1.0x10~6Db n.c. 1.5 x 1C~6

8.3x10~6Wc

total body 1.7 x i O " 7 n.c. 2.1 x 10~7
n.c.

thyroid 1.1 x 10~5 4 5 x 10~5 D 1.4x 10 5 6 . 0 x i 0 6

4.0 x 10" 5 W

G.I. t ract 5.1 x 10" 7 2.1 x 10" 6 D 3.2 x i O " 6 3.8 x 10~6

2.3 x 10"6W

a n.c. = not calculated

" 0 = clearance class for all compounds of Tc other than oxides, hydroxides, halites, and
nitrates.

c W = clearance class for Tc oxides, hydroxides, haiidss, 3nd nitrates.



Table III. The calculated relationship between the concentration of ^ T c
in terrestrial and aquatic foods and the concentration in air and
water, respectively.

" T c Concentrations

Food
product units

Geometric Uncertainty
mean factora

Probable range ̂
min. max.

Terrestrial foods0

Vegetables (pCi/kg, fresh wt. per pCi/m3, air)

covananceu

no covariance

Eggs (pCi/egg per

covariance e

no covariance

22000

. 22000

pCi/m3,air)

340

370

Meat (pCi/kg, fresh wt. per pCi/nr

covariance e

no covanance

Milk (pCi/ltr per

covariance e

no covariance

31

34

pCi/m3,air)

46

49

3.7

6.9

23

30

3,air)

24

35

22

29

Fresh water aquatic organismsf (pCi/kg, fresh wt.

31 17

6000

3200

15

120

1.3

1.0

2.1

1.7

per pCi/ltr, water)

1.8

82000

150000

7900

11000

760

1200

1000

1400

530

8 Uncertainty factor = (Geometric standard deviation)2.
k min. = Geometric mean/(Geometric standard deviation)2,

max. = Geometric mean x (Geometric standard deviation)2.
c Assumed release duration of thirty years.
d Assumed correlation between CRV s and Ts ( r=-0.7) .
e Assumed correlation between CRp s and Ts ( r=-0.7).
f Accumulation in sediment and potential long-term remobiiization of Tc is not considered.



Table IV. The relative significance of environmental exposure pathways
as indicated by predictions of the effective dose equivalent
resulting from a g9Tc concentration of 1 pCi/m3 in above
ground air (covariance is assumed between vegetation uptake
and retention in soil with a correlation coefficient of -0.7).

Effective

Exposure Geometric
pathway mean

all pathways

inhalation

ingestion

vegetables

2.9

o.ooa<

2.9

2.1

Dose Equivalent

Uncertainty
factor*

3.5

3.5

3.7

(mrem/y)

Probable
min.

0.83

• not computed -

0.83

0.57

range5

max.

10

10

7.6

0.34 26 0.013 8.8

meat 0.005' 25 0.00020 0.13

milk 0.0075 22 0.00034 0.16

3 Uncertainty factor = (Geometric standard deviation)2

b Probable range is determined by:

min. = Geometric mean/(Geometric standard deviation)2, and

max. = Geometric mean x (Geometric standard deviation)2,

approximating 8 955S probability interval for a lognormal distribution.



Table V. The relative significance of environmental exposure pathways
as indicated by predictions of the effective dose equivalent
resulting from a 99Tc concentration of 1 pCi/m3 in above
ground air (no correlations assumed between vegetation uptake
and retention in soil).

Effective Dose Equivalent (mrem/y)

Exposure
pathway

Geometric,
mean

Uncertainty
factor3

Probable range5

min. max.

all pathways 3.4 7.2 0.47 24

inhalation 0.0084

ingest ton 3.4 7.2

not computed

0.47 24

vegetables 2.1 6.9 0..30 15

eggs 0.37 33 0.011

meat 0.0056 35 0.00016 0.20

milk 0.0082 29 0.00028 0.24

Uncertainty factor = (Geometric standard deviation)2

Probable range is determined fay:

min. = Geometric mean/(Geometric standard deviation)2, and

max. = Geometric mean x (Geometric standard deviation)2,

approximating a 9535 probability interval for a lognorma] distribution.



Table VI. The relative significance of environmental exposure pathways
as indicated by predictions of the effective dose equivalent
resulting from a 99Tc concentration of 1 pCi/ltr in fresh water.

Effective Dose Equivalent (mrem/y)

Exposure Geometric Uncertainty Probable range
pathway mean factor min. max.

all pathways G.0022 40 0.0012a 0.016a

drinking water 0.0012 not computed

ingestion of aquatic organisms

0.00052 30 0.000017 0.016

3 Minimum value is determined by the drinking water pathway, maximum value is determined
by the ingestion of aquatic organisms.



Table VII. The relative significance of environmental exposure pathways and model parameters
as indicated by estimates of the percent contribution to the uncertainty in the
predicted dose.

Dose Exposure
estimate pathway

From all terrestrial pathways

Vegetables

Eggs

Parameter Uncertainy contribution8

without covariance with covariance

vtot

(TS,CRV)S)

CRegg,p

From ingestion of vegetables only
Uptake from soil

Direct deposition

From ingestion of eggs only

(CRViS,Ts)

CRegg,p

(CRps>Ts)

vtot

From fresh water pathways
Ingestion of aquatic organisms

BP

<ab

14%

80*

60*

20*

9%

99$

75%

16*

<1X

65*

28*

S*

70%

30$

36*

67%

34%

32£

16%

995S

49SB

'54%

<]%

70%

19%

6%

n.a.

n.a.

a Calculated using methods described by Hoffman and Gardner { ! 5 ] and Gardner [ H i ;
uncertainty contributions refer to uncertainty in dose estimates; analysis performed with and
without assumed covariance between Ts and CRV s , and between Ts and CRp s ( r= -0 .7 ) .

n.a. = Not applicable.



Table VIII. Dose estimates for an assumed release of 1 Ci/y of 99Tc to the
atmosphere and 100 Ci/y to a freshwater stream.

Exposure
pathway

Effect ive Dose Equivalent fmrem/y) "
Geometric Probable range

mean min. max.

combined te r res t r i a l pathways'*

0.09 0.03 0.3

inhalation

ingestion

vegetables

eggs

meat

milk

0.0003

. 0.09

0.07

0.01

0.0002

0.0002

combined aquatic pathwaysc

drinking water

0.2

0.1

~ assumed constant--

ingestion of aquatic organisms
0.04

0.03

0.02

0.0004

6x 10-6

1 x 10

0.1

-5

0.3

0.2

0.3

0.004

0.005

1.0

— assumed constant- -

0.001 1.0

a the effective dose rate after an assumed release duration of thirty years; all values 8re rounded
to one significant digit.

b the assumed downwind air concentration at 1600m is 3 x 10" 2 pCi/m3; covariance is
assumed between vegetation uptake and retention in soil ( r = -0.7).

c the assumed downstream water concentration is 80 pCi/ltr.; accumulation in sediment and
potential long-term remobilization of Tc is not considered



Table IX. A comparison of dose estimates for atmospheric releases of
"Tc.

Dose Equivalent (mrem/y)a

Exposure Till et al. [9]b This study c

pathway organ min. max.

Combined terrestrial pathways

Thyroid 80

6.1. tract 18

Vegetables

Heat

Milk

Eggs

Thyroid

G.I. tract

Thyroid

6.1. tract

Thyroid

G.l. tract

Thyroid

S.I. tract

31

7

22

5

26

6

n.c

n.c

0.1

0.07

0.08

0.05

2.5 x

1.6 x

4.3 x

2.7 x

10"5

10"5

10"5

10"5

1.3

0.8

1.0

0.6

0.016

0.01

0.02

0.013

4.1x10-4 1.1

2.6xlO-4 0.8

a assuming a 1 Ci/y release with a downwind air concentration at 1600m of 3 x 10~2 pCi/m3.

b the duration of the release is assumed at 15y with no credit given for losses of Tc from the soil
root zone.

c the duration of the release is assumed at 30y; covariance is assumed between vegetation uptake
and Tc retention in soil ( r = -0 .7) ; values given represent a probable range.



APPENDIX I

Equations for the calculation of the environmental transport and dose

resulting from a unit concentration of 99Tc in air and water.

Terrestrial Pathways

Dose from combined pathways

Dose from inhalation

(2)

Dose from combined ingestion pathways

Ding * DCF i n g*{( lm i lk * Cmi1k) • ( t m e a t * Cmeat) •

('eggs * ceggsJ + ('vegetables * Vegetables^ ( 3 )

Concentration in milk

cmilk = cpasture * CRm ,p

Concentration in meat

= cpasture * CR f ,p

Concentration in eggs

ceggs = cpasture * ^

Concentration in vegetables

Vegetables = c ( v ) direct deposition + c ( v ) uptake from soil



Concentration via direct deposition from the atmosphere

c (v) direct deposition = cair * vtotal * ^vegetables *

Tw/ln 2 * {1 -e"tJ n 2 / Tw * le.v>} (6)

Concentration via uptake from soil

c( v) soil uptake " cair * vtotal * CRv,s * V 1 n 2 * 1 'P *

Concentration in pasture

^pasture = C( p) direct deposition + C(p) uptake from soil

Concentration via direct deposition

c(p) direct deposition = ^ i r * vtotal * r/Ypasture *

T w / l n 2 * { 1 - e ^ l n 2 / T w * V } ( H )

Concentration via uptake from soil

c(p) uptake from soil = cair*vtotal *CRP i S«T s / ln2* i /p«

{ 1 _ e - ( l n 2 / V t s J } (12)

Aquatic Pathways

Dose from combined water pathways

Dwater = DCFing * W 'water * ^ater^ +

^ 'aquatic biota * caquatic biota^

Concentration in aquatic biota

caquatic biota = ^ater * Bp


