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for a Proposed Landfill at Paducah Gaseous Diffusion Plant 

J. C. Wang, D. W. Lee, R. H. Ketelle, and R. R. Lee 
Energy Division 

and 

D. C. Kocher 
Health Sciences Research Division 

Oak Ridge National Laboratory 
Oak Ridge, TN 37831-6185 

ABSTRACT 

The operating limits for radionuclides in sanitary and industrial wastes were determined 
for a proposed landfill at the Paducah Gaseous Diffusion Plant (PGDP), Kentucky. These 
limits, which may be very small but nonzero, are not mandated by law or regulation but are 
needed for rational operation. The approach was based on analyses of the potential 
contamination of groundwater at the plant boundary and the potential exposure to 
radioactivity of an intruder at the landfill after closure. The groundwater analysis includes 
(1) a source model describing the disposal of waste and the release of radionuclides from 
waste to the groundwater, (2) site-specific groundwater flow and contaminant transport 
calculations, and (3) calculations of operating limits from the dose limit and conversion 
factors. The intruder analysis includes pathways through ingestion of contaminated 
vegetables and soil, external exposure to contaminated soil, and inhalation of suspended 
activity from contaminated soil particles. In both analyses, a limit on annual effective dose 
equivalent of 4 mrem (0.04 mSv) was adopted. The intended application of the results is 
to refine the radiological monitoring standards employed by the PGDP Health Physics 
personnel to determine what constitutes radioactive wastes, with concurrence of the 
Commonwealth of Kentucky. 
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INTRODUCTION 

The determination of operating limits for radionuclides in sanitary and industrial wastes 
is a subject of current interest in radioactive waste management. These limits, which may 
be very small but nonzero, are not mandated by law or regulation but are needed for 
rational operation, especially for wastes containing naturally occurring radionuclides such as 
uranium. The primary advantages of establishing such operating limits include (1) 
technically defensible screening criteria for landfill-destined solid wastes, (2) significant 
reductions in the required capacity of radioactive waste storage and disposal facilities, and 
(3) reductions in costs associated with storage and disposal of radioactive materials. 

A new sanitary/industrial landfill is being developed at the Paducah Gaseous Diffusion 
Plant (PGDP), Kentucky for the disposal of wastes that may contain small amounts of 
radioactive materials. To determine concentration limits for radionuclides in wastes that are 
consistent with the protection of public health and the environment, the potential 
contamination of groundwater at the plant boundary and the potential exposure to 
radioactivity of an intruder at the landfill after closure were analyzed. The 
groundwater-contamination analysis includes (1) a source model describing the disposal of 
waste and the release of radionuclides from waste to the groundwater, (2) site-specific 
groundwater flow and contaminant transport calculations, and (3) the determination of 
operating limits from the dose limit and conversion factors. In the intruder-exposure analysis 
at the landfill, the pathways considered include ingestion of contaminated vegetables and 
soil, external exposure to contaminated soil, and inhalation of suspended activity from 
contaminated soil particles. The results of this work will be used to refine the radiological 
monitoring standards employed by the PGDP Health Physics personnel to determine what 
constitutes radioactive wastes, with concurrence of the Commonwealth of Kentucky. At 
present, trash surveys at the PGDP are conducted utilizing hand-held friskers (Blewett 1991). 
All sanitary waste from radiological areas at the PGDP is transported to a trash sorting and 
monitoring facility, and emptied onto tables. Any waste registering above 100 counts per 
minute (45 pCi) above background is considered to be contaminated with radionuclides and 
unacceptable for disposal in the landfill (Feldman et al. 1993). 
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DESCRIPTION OF PROPOSED LANDFILL AND WASTES 

The proposed landfill is located 3.2 km (2 mi) southwest of the Ohio River inside the 
northern boundary of the PGDP (Fig. 1). The waste disposal area has a size of 9.19 ha 
(22.7 acres), and is located 210 m (700 ft) east and 370 m (1200 ft) south of the plant 
boundary. The wastes to be disposed of consist of plant refuse and construction/demolition 
materials with very low levels of radioactivity. The average annual disposal volume is 
estimated to be 6,500 m3 (7,200 yard3) with a density of 0.6 g/cm3 (1,000 lb/yard3). The 
landfill will be lined, and leachate will be collected and discharged to sediment ponds located 
within the permitted landfill boundary. 

The waste disposal area has a capacity for 200 years based on the estimated disposal 
rate. In the present analysis, the southern half of the proposed site with an area of 4.4 ha 
(11 acres) was treated as a disposal site for the next 100 years (Fig. 2). This site, for 
simulation purposes, was subdivided into 5 parts which would be filled one-by-one starting 
from the southern end. Each part was assumed to have a 20-year capacity and was modeled 
as an independent landfill. The time-dependent contaminant releases to the groundwater 
of all five parts were superimposed in the transport calculations. 

As a 2 3 5U enrichment facility using the gaseous diffusion process, the most abundant 
radionuclides found in wastes at the PGDP are uranium isotopes. Smaller amounts of 
2 4 1 Am, ^Pu, ^Pu, ^Np, and "Tc are also found. The transuranic radionuclides come from 
chemical operations and also from historical storage activities at the PGDP (Kornegay et al. 
1991). Technetium in storage at the PGDP originated from the early French breeder 
reactor program (Feldman et al. 1993), but also is produced naturally by spontaneous fission 
of uranium isotopes. Table 1 lists the half lives and specific activities of radionuclides 
considered in this study. 
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Table 1. Half lives and specific activities 
of radionuclides considered in this study. 

Nuclide Half-life Specific 
(year) Activity 

( C i / g ) 

" T C 2 . 1 3 X 1 0 5 1.70X10" 2 

23*u 2 . 4 5 X 1 0 5 6 . 2 5 X 1 0 * 3 

2 3 5 u 7 . 0 4 X 1 0 8 2 . 1 6 X 1 0 " 6 

2 3 6 u 2 . 3 4 X 1 0 7 6 .47X10" 5 

2 3 8 u 4 . 4 7 X 1 0 9 3 . 3 6 X 1 0 " 7 

s> 2 . 1 4 X 1 0 6 7 .05X10" 4 

2 3 8 p u 8 . 7 7 X 1 0 1 1 . 7 1 X 1 0 1 

2 3 9 P U 2 . 4 1 X 1 0 4 6 .22X10" 2 

2 4 1 A m 4 . 3 3 X 1 0 2 3 . 4 3 

SOURCE MODEL 

For simulation purposes, the southern half of the proposed landfill site was subdivided 
into 5 parts which were filled one-by-one over a period of 100 years (Fig. 2). The source 
model for each part assumed that waste was placed uniformly over the whole part at a 
constant rate during its period of operation, t 0 = 20 years, and was capped at closure to 
reduce infiltration. The cap and liner of each part were assumed to remain intact for 30 
years after the closure (from t 0 to t l 5 with tj being 50 years). The hydraulic resistivities of 
the cap and liner were assumed to deteriorate afterwards to become those of local soils with 
an assumed decay constant, a. The value of a was assumed to be 0.1/year. 

The volume of the waste pile for each part was assumed to be V(t), with dV/dt = b = 
6,500 nrVyr (7,300 yard3/yr) for t < t 0 and dV/dt = 0 afterwards. The flux of water from 
precipitation passing through the waste pile was assumed to have the following mathematical 
form, 
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'o F(t) = fx , fOI t <> tc 

= f2 , for t 0 < t i ^ 

f, + ( f \ - f , ) e 
2 3 for t > tx ( i ) 

-atfc-tj) 

where f„ fj, and f3 are constants. This assumed form was intended to represent the effects 
of the liner, cap, and their deterioration after closure. The value of fj was taken to be the 
average groundwater recharge of the area, 12 crny r̂ (4.7 in^r), obtained from the 
groundwater-flow model calibration. The value of f2 was assumed to be fj/lO due to the 
capping at closure. At large t, Eq. (1) reduces to F(t) = f3, which was also assumed to be 
12 cm/yr (4.7 in/fyr). For t < t1 } it was assumed that a fraction of the water flux, f ^ t ) , 
reached the water table and the rest was collected as leachate. The magnitude of f,, was 
assumed to be 0.1 for t < t, and 1 for t > tv 

The rate of contaminant emplacement to the waste pile can be written as, 

dV 
~di ' Kt) = C0^ , (2) 

where Q is the initial contaminant concentration in waste prior to disposal. The rate of 
contaminant removal from the waste pile, S(t), was assumed to be proportional to the 
average concentration C(t) and the water flux F(t), 

Sit) = -±rdt)Fit) , (3) 
Kd 

where Kd is the distribution or sorption coefficient. 

The contaminant removal rate S(t) and emplacement rate I(t), and the average 
concentration in waste C(t) are related by, 

_ f[Ijt)-Sit)]dt 
Cit) = J. < 4 > 

VU) 
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By eliminating C(t) from Eqs. (3) and (4), a differential equation for S(t) is obtained, 

* 4 VIF\e)'" * s ( r ) = I U ) • ( 5 ) 

This equation was solved for each of the three time intervals separated by t 0 and tv and for 
each of the five parts of the modeled area. The various rates were calculated and used in 
the transport calculations. Some of the results for part 1 of the modeled area (see Fig. 2) 
are shown, as an example, in Fig. 3. The value 1^=27 mL/g was estimated from 
experimental results provided by the PGDP for uranium (Story 1993). This relatively large 
value of Kj is responsible for the slow concentration change shown in the figure. The time 
dependence of the contaminant release rate, S^)^ during the first 100 years reflects the 
assumed effects of the liner and cap. 

GROUNDWATER FLOW AND CONTAMINANT TRANSPORT CALCULATIONS 

The PGDP has a nominal land elevation of 116 m (380 ft) above mean sea level and 22 
m (73 ft) above the average pool elevation of the Ohio River which lies 5 km (3 miles) to 
the northeast (Fig. 1). Proceeding from the surface downward, the plant is underlain by 
loess, Pliocene-Pleistocene continental deposits, Tertiary and Cretaceous sediments, and 
Mississippian bedrock. The loess deposits range in thickness from 1.5 to 7.6 m (5 to 25 ft) 
with an average of 4.6 m (15 ft). The continental deposits subdivide into different 
hydrogeologic units (Clausen et al, 1992). The upper continental system is formed by 
laterally discontinuous but correlatable sands with occasional pebbles and is referred to as 
the shallow sand (see Fig. 4). The shallow sand is underlain by a sedimentary unit which 
varies from all clay to all sand, but usually is predominantly clay, silt, or clayey silt (labeled 
as upper clay in Fig. 4). This unit forms a confining layer separating the unconfined 
groundwater system in the shallow sand from the underlying regional gravel aquifer (RGA). 
The RGA is in the lower facies of continental deposits and is predominantly gravel with silt 
and sand, but sometimes found locally as all sand or as a cobbley gravel. The RGA has an 
average thickness of 9 m (30 ft) and is the major aquifer in the area. The continental 
deposits rest unconformably on Tertiary and Cretaceous sediments (McNairy Formation), 
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which have a total thickness ranging from 69 m (225 ft) to 91 m (300 ft) near the plant. The 
bottom of the Cretaceous sediments slopes southward on the truncated subcrop of 
Mississippian bedrock, which structurally dips moderately to the northeast toward the Illinois 
Basin. 

The RGA is recharged by infiltration of precipitation through the shallow sand and 
upper clay layers, and discharges to the Ohio River (Fig. 4). North of the PGDP, the RGA 
is in direct contact with the underlying McNairy Formation. The hydraulic communication 
between the two formations is uncertain, but because the McNairy Formation has a much 
lower hydraulic conductivity, the amount of contaminant entering it from the RGA is 
expected to be small. At least 150 m (500 ft) of Mississippian carbonate bedrock underlies 
the McNairy Formation. Near the PGDP, very little data on the bedrock aquifer are 
available. 

The finite difference code FTWORK (GeoTrans 1990a) was used in developing a 
groundwater flow and contaminant transport model for the PGDP area. The size of the 
rectangular modeled area, as shown in Fig. 5, is about 29 km3 (18 mi2). Also shown in the 
figure are some of the boundary conditions used in the groundwater flow model. The model 
uses the Ohio River as the northern boundary and consists of four layers: the shallow sand, 
the upper clay, the RGA, and the McNairy Formation. Only the upper 30 ft of the McNairy 
Formation immediately beneath the RGA is included in the model as the fourth layer (Fig. 
4). 

The 3-D groundwater flow model grid consists of 41 columns (south-north) and 61 rows 
(west-east) with a uniform block size of 137 m by 137 m (450 ft by 450 ft) (Fig. 5). The 
model was calibrated by comparing calculated and average observed heads (monthly 
measured data from July 1991 to June 1992) at 45 wells in the RGA, and 30 wells in the 
shallow sand and upper clay layers. The root mean square difference for the calibrated 
model is 1.3 m (4.4 ft). Table 2 summarizes the hydraulic properties obtained from the 
model calibration. These values are comparable to the values obtained by GeoTrans (1990b, 
1992) in two groundwater flow models for the same general area shown in Fig. 5. The 
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recharge for the calibrated model is 12 cm/yr (4.7 in/yr), which is about 10% of the 117-cm 
(46-in) average annual precipitation. 

Table 2. Hydraulic conductivities used in the calibrated 
groundwater flow model. (1 ft/d = 3.53 x io"4 cm/s) 

Layer Conductivity (ft/d) 
horizontal vertical 

Shallow sand (layer 1) 3. 3. 
Upper clay (layer 2) 1. .00092 
RGA (layer 3) 560. 560. 
McNairy (layer 4) .01 .01 

The 137 m by 137 m (450 ft by 450 ft) block size for the groundwater flow model, was 
chosen so that the total number of blocks in each layer, 41 x 61, is manageable with the 
available computing facility and the chosen model grid can cover the area of interest (Fig. 
5). For contaminant transport calculations, this block size can sometimes be too large either 
because of the small source area involved or because of numerical instability. In this work, 
a smaller area of interest was identified (Fig. 6) and a smaller block size of 46 m by 46 m 
(150 ft by 150 ft) was used. Boundary conditions such as constant head, inactive, and leaky 
blocks (Fig. 5) were modified to make them consistent with the new model grid. The blocks 
on the edge of the new model grid were treated as constant head blocks with head values 
specified by the original calibrated model. The new model was re-equilibrated before any 
contaminant transport calculations were made, because small changes in calculated heads 
may be introduced by the above process. 

Reliable values for dispersivity and porosity for various layers are not available. For the 
present calculation, the effective porosity for all layers was assumed to be 30%, which is a 
reasonable value for coarse sand, gravel, sand and gravel mixes, or glacial till (Bouwer 1978; 
Freeze and Cherry 1979). The dispersivity in the RGA was taken to be 21 m (70 ft) in the 
longitudinal direction and 2.1 m (7 ft) in the transverse direction. These values are 
comparable to those reported by Pinder (1973) and yield a plume transport time of about 
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30 years from the plant to the Ohio River, qualitatively in agreement with an observed 
plume at the PGDP (Clausen et al. 1992). In other layers, the dispersivity value was taken 
to be 0 to prevent the calculated plume from artificially spreading into neighboring layers. 
To further insure this, a 0.1 ft layer of the upper clay and a 0.1 ft layer of the McNairy 
Formation next to the RGA layer were treated as two additional layers in the contaminant 
transport calculations. The 4-layer model became a 6-layer model in the contaminant 
transport calculations. 

Radionuclides in leachate and groundwater can be adsorbed by waste and soils, and their 
transport can be retarded, depending on the nuclide. This process can be quantified with 
the distribution or sorption coefficient Kj. The values of K,, in soils at the PGDP for the 
relevant radionuclides were estimated by the PGDP Environmental Restoration Program and 
are listed in Table 3. Also listed in the table, are corresponding values of the retardation 
factor R used in the contaminant transport calculations: R=l+Kdx(soil density)/(effective 
porosity) (Gillham and Cherry 1982). The density of the soils was assumed to be 1.8 g/cm3. 

Table 3. Sorption coefficients, Kd, of radionuclides in wastes and soils, and corresponding retardation 
factors in groundwater for transport calculations. 

Nuclide K d (mL/g) Retardation 
in waste in soils Factor 

Am 3,000 3,000 18,0001 

Pu 450 450 2,700 
Np 3 3 19 
U 27 45 2702 

Tc 0.15 0.15 1.9 

1Value for Am was estimated from work of Sheppard 
and Thibault (1990). Others are estimates obtained 
from PGDP Environmental Restoration Program. 

2K d in waste for U was estimated from PGDP experimental results (Story 1993). For other 
radionuclides, Kd values were assumed to be the same as in soils. 
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Fig. 6 shows the uranium concentration contours in the RGA at the end of 4750 years 
when the concentration in the groundwater peaked near the plant boundary. (See Fig. 3 for 
source model results.) At this time and location, the U concentration had dropped from 106 

(in arbitrary units) per gram of emplaced waste to 347 per mL, giving a dilution factor of 
106/347 = 2880 mL/g. This and results for other radionuclides considered are listed in Table 
4. The time-dependent maximum concentrations at the plant boundary are shown in Fig. 
7. The longer times for the concentration to peak at the plant boundary and the increased 
dilution factors correlate with larger Kj values. 

Table 4. Time for concentration to peak at the 
plant boundary and the corresponding dilution 
factor for various radionuclides. 

Nuclide Time at Cone. Peak Dilution Factor 
(year) (g/g per g/mL) 

Tc 125 127 
Np 480 263 
U 4740 2880 
Pu* 53400 34300 
Am* 355000 229000 

*Radioactive decay was not included in the 
calculations. See Table 1 for half lives. 

DOSE UMTT AND DOSE-TO-ACnVITY CONVERSION FACTORS 

The requirement for protection of groundwater resources is interpreted as a limit on 
annual effective dose equivalent of 4 mrem (0.04 mSv) (DOE Order 5400.5) from 
consumption of 2 L/day of drinking water from affected sources at any location beyond the 
plant boundary (Fig. 1). This dose limit has yet to be finalized, but all indications are that 
4 mrem/yr will become part of groundwater protection standards for low-level waste disposal 
in Code of Federal Regulations (CFR), Title 40, Part 193. If the limit on annual effective 
dose equivalent is later chosen to be different from 4 mrem, the results of this work can still 
be applied by properly scaling the calculated operating limits. 
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For the intruder scenario, after closure of the landfill, the limit on annual effective dose 
equivalent was also assumed to be 4 mrem. This value is much lower than the 25 mrem/yr 
used as many current standards by the EPA and NRC for low-level radioactive waste 
disposal (EPA 1985a; EPA 1985b; EPA 1985c; EPA 1986; NRC 1986). The DOE also has 
established a limit on annual effective dose equivalent of 25 mrem for low-level radioactive 
waste facilities (DOE Order 5820.2A). 

In order to use the dose limit to determine the operating limits for radionuclides, 
previously calculated scenario dose conversion factors (ORNL 1994) for drinking water and 
for inadvertent intruders are used (Table 5). For calculating doses to an intruder in the 
landfill area, the agriculture scenario (Appendix G, ORNL 1994; Kocher and O'Donnell 
1987) is adopted. The pathways assumed for this scenario include (1) ingestion of vegetables 
grown in the contaminated soil, (2) direct ingestion of contaminated soil in conjunction with 
vegetable intakes, (3) external exposure to contaminated soil while working in the garden 
or during indoor residence on top of the landfill, and (4) inhalation of suspended activity in 
contaminated soil particles while working in the garden or during indoor residence. For the 
annual dose from drinking water, contributions from ingestion of contaminated milk and 
meat from livestock consuming contaminated water are included. 

The most likely locations for the withdrawal of contaminated surface water for individual 
use are Little Bayou Creek and the Ohio River. The main pathway for the contaminants 
to enter these waters is through the groundwater discharge. Since the relevant parts of these 
streams lie north and outside of the plant boundary, and since the contaminant 
concentration will be diluted when the groundwater enters these surface waters, the 
operating limits established from the groundwater calculations should be more restrictive 
than the corresponding values from the surface waters. The groundwater results, therefore, 
will be used for all water resources. 
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Table 5. Scenario dose conversion factors. 

Nuclide 
Dose from Intrusion 

into Landfill1 

(mrem/yr per pCi/cm3) 
Dose from Off-site 

Drinking Water2 

(mrem/yr per pCi/mL) 

241 
238 
239 
237! 
234 
235 

Am 
PU 
PU 
Np 

2 3 6 U 
238u 
99, Tc 

(+d) 

(+d) 

(+d) 

5.6X10"2 

3.4X10"2 

OxlO"2 

8X10"1 

lxlO"2 

9X10'1 

1.0X10"2 

4.0X10"2 

l.lxlO"2 
(+d) 

3300 
2800 
3100 
2800 
190 
180 
180 
180 

1.1 

1From Table 4.12, ORNL 1994. 
2From Table 4.10, ORNL 1994. 
(+d): Including short-lived radioactive decay products 

that are assumed to be in secular equilibrium 
with the parent. 

OPERATING LIMITS 

To determine the operating limits based on groundwater analysis, the 4 mrem/yr dose 
limit, the dilution factors in Table 4, and the scenario dose conversion factors for the 
drinking water pathway in Table 5 are used. For example, for ^ U the operating limit is 
given by, 

4 (mrem/yr) 
180 {mrem/yr per pCi/mL) 

x 2880 (g/g per g/mL) = 64 pCi/g ( 6 ) 

This and similar results for other radionuclides are listed in Table 6. To determine the 
operating limits based on the intruder-exposure analysis, the 4 mrem/yr dose limit and the 
scenario dose conversion factors for inadvertent intruders in Table 5 are used. For example, 
for ^ U plus short-lived decay products, the operating limit is given by, 

4 (mrem/yr) 
4. OxlO"2 (mrem/yr per pCi/cm3) 

= 100 pCi/cm3 

(7) 
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This operating limit, in pCi/cm3, is for 'exhumed waste' after the institutional control period 
(Appendix G, ORNL 1994). Assuming the density of disposed waste remained 0.6 g/cm3 

over time, this limit should be multiplied by a factor of 1.67 cm3/g to convert the result to 
that for 'disposed waste' in pCi/g. The result for ^ U and similar results for other 
radionuclides are also listed in Table 6. 

Table 6. Operating limits in pCi/g determined from 
the groundwater-contamination analysis at the plant 
boundary and the intruder-exposure analysis at the 
landfill. 

Nuclide Intruder-Exposure Groundwater 

2 4 1 A m 
2 3 8 P U 
2 3 9 p u 

120* 
200* 
170* 

2 8 0 f 

4 9 + 

44* 
2 3 7 N p 
2 3 * u 

(+d) 11 
610 

0 . 
61* 

2 3 5 u 
2 3 6 u 

(+d) 35* 
670 

64 
64* 

238TJ (+d) 170 (+d) 64* 
" T C 610* 460 

(+d): Including short-lived radioactive decay 
products that are assumed to be in secular 
equilibrium with the parent. 

*More restrictive limit. 
^Becoming essentially <» if the decay of the 
radionuclide is considered. 

*Becoming 200 if the decay of the radionuclide is 
considered (see text). 

In obtaining the operating limits from the groundwater-contamination analysis, no decays 
of radionuclides were considered during the transport calculation. As can be seen from 
Tables 1 and 4, 2 4 1Am has a half-life of 433 years (it transforms to ^Np by emitting an 
alpha-particle), but it takes 355,000 years for the calculated concentration to peak at the 
PGDP boundary because of the large K,, value (Table 4). Therefore, the result for M 1Am 
from the groundwater-contamination analysis should be replaced by a large number 
(essentially infinite) when the decay of the radionuclide is considered. A similar argument 
can be made for ^Pu, which has a half-life of 87.7 years. For ^ u , the half-life for 
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transforming to s U is 24,100 years but the time for the concentration to peak at the plant 
boundary is 53,400 years. In the dilution-factor calculation, this could be addressed by using 
the decay constant in the FTWORK computer code. If this was done, the operating limit 
for B 9 Pu from the groundwater-contamination analysis would be more than 4 times the value 
of 44 pCi/g listed in Table 6 because of the fact that less than h of S 9 Pu remains after more 
than two half-lives of decay time. This is the reason why the intruder-exposure result of 170 
pCi/g is indicated as more restrictive for 2 3 9Pu in Table 6. 

DISCUSSION AND CONCLUSIONS 

The physical processes modeled in this work are quite complicated and simplifying 
assumptions have been made by necessity. Parameter values used in the models usually 
were intended to represent best estimates. The assumptions and parameter estimates are 
generally conservative, yet reasonable. The use of the sorption coefficient Kj (linear 
isotherm behavior) for contaminant release to and transport in the groundwater is 
reasonable because the concentrations of interest are very small (Johnson 1994). The 
estimated K,, values provided by the PGDP Environmental Restoration Program are 
generally lower than the corresponding values quoted in the literature (Sheppard and 
Thibault 1990). Since smaller Kj values result in smaller dilution factors which, in turn, give 
lower operating limits [see Eq. (6)], results in Table 6 from the groundwater contamination 
analysis are conservative. 

In obtaining the operating limits shown in Table 6, the concentration of a given 
radionuclide was assumed to be at its operating limit throughout the waste. This assumption 
is conservative, because most of the wastes to be emplaced in the proposed 
sanitary/industrial landfill will have essentially no radioactive contamination. Additionally, 
the dilution from daily or weekly soil coverings over the disposed waste was not considered. 
Less restrictive operating limits would result if dilution from uncontaminated wastes and soil 
is considered. 
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The limit on annual effective dose equivalent of 4 mrem is for the sum of all relevant 
radionuclides and pathways. The operating limits listed in Table 6, however, were obtained 
by using this dose limit for individual radionuclides and for individual pathways (intruder-
exposure and groundwater-contamination). To ensure that the total annual effective dose 
equivalent does not exceed the limit of 4 mrem/yr, the following approach may be used. Let 
the total radioactivity in waste be A and the fraction due to nuclide i be af Then, 

E± a±A = A , (8) 

where the summation is over the relevant radionuclides. Let the operating limits listed in 
Table 6 be I, and G„ for the intruder-exposure and groundwater-contamination cases, 
respectively. The requirement that the total annual effective dose equivalent from all 
relevant radionuclides in the waste be 4 mrem/yr gives 

£ i ( ^ * ^ ) . ! . ( 9 ) 

The total radioactivity in waste, therefore, is restricted by 

A = 1 

- do) S W T * - ^ 

When the values of a, are known, for example, from waste characterization, Eq. (10) can be 
used to determine the value of A. The quantity a A can then be taken as the operating limit 
for radionuclide / in the characterized waste. 

As a simple demonstration, assume that only ^ U and "Tc exist in the waste and that 

av=0.9 and aTc=0.1. The value of A can be obtained from Eq. (10) and Table 6, 

A = 51 pci/g . (11) 

The operating limits are found, from a A, to be 46 and 5.1 pCi/g for ^ U and "Tc, 
respectively, for the specified waste. 
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The groundwater flow and contaminant transport model used in this work is a numerical 
representation of available data and current understanding of the hydrogeologic system 
beneath the PGDP site. Modifications may be required when new data are available and/or 
evidence of significant discrepancies between calculations and observations appears. 

A comparison of the operating limits listed in Table 6 with some relevant radioactivities 
is of interest. At present, at the PGDP, any waste on a sorting table registering above 45 
pCi above background is considered to be contaminated with radionuclides and unacceptable 
for disposal in the landfill (Feldman et al. 1993). Depending on the weight of the waste, this 
number can certainly be restrictive compared to the values listed in Table 6. In another 
classification method, the value of 17 pCi/g total uranium activity is used as a criterion for 
low-level wastes at the PGDP (Kornegay et al. 1991). The NRC (1981) has developed a 
Branch Technical Position paper for maximum allowable concentrations for disposal of 
uranium wastes. In one option, which gives no restriction on burial method, the 
concentrations are 35 pCi/g for depleted uranium and 30 pCi/g for enriched uranium. As 
another piece of information, the estimated concentration of ^ U in the soil near the PGDP 
is about 3 jig/g (Kornegay et al. 1991) which is equivalent to 1 pCi/g for the soil. The values 
listed in Table 6 can be used as a basis for determining the operating limits acceptable to 
the Commonwealth of Kentucky. 
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