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RESRAD SOIL CONCENTRATION GUIDELINES

FOR THE OLD F-AREA RETENTION BASIN

D.M. Hamby

SUMMARY

Concentration guidelines for residual radionuclides in soil at the site of the Old F-Area

Retention Basin (281-3F) have been calculated using a dose-based approach. Estimation

of these soil guidelines was completed using RESRAD 5.0 in accordance with the DOE

RESRAD methodology specified in DOE/CH/8901 (Gi89). Guidelines are provided for

the two predominant nuclides, Sr-90 and Cs-137, known to be present in the soil beneath

the old basin (Sc87). A guideline is also .given for Pu-238 since it is known to exist at the

H-Area Retention Basin (281-3H). Site..specific soil characteristics are defined for the

areas above, within, and beneath the conutminated zone.

INTRODUCTION

A soil concentration guideline is defined as a radionuclide concentration in soil that is

acceptable if a site is to be used without radiological restriction. Generic guidelines for

thorium and radium in soil, airborne radon decay products, external gamma radiation,

surface contamination, and residual radionuclides in air and water are specified in DOE

Order 5400.5 and other guidance. Soil guidelines for other radionuclides must be derived

on a site-specific basis using RESRAD, the DOE residual radioactive material code

(Gi89). Soil concentration guidelines have been calculated for 1000 years into the future.

The lowest, most lestrictive guideline calculated for this period is taken as the current soil

guideline.

To derive site-specific soil guidelines, a basic radiation dose limit of 100 mrem/yr, as

specified by DOE, is normally applied to a member of the critical population group. The

radiation dose limit is based on radiation protection standards and requirements specified

in DOE Order 5400.5. However, since the drinking water pathway is expected to

dominate the dose and since the State of South Carolina and the EPA National Primary

Drinking Water Regulations (40CFR141.16) requires the drinking water radiological

dose to be less than the drinking water standardof 4 mrem/yr, the guidelines generated in



this report will be based on a dose limit equal to the drinking water standard. It is

assumed, for the purpose of deriving soil guidelines, that the critical population group is a

family that establishes residence on a site that has been released for use without

radiological restrictions. The controlling principles for all guidelines are (1) the annual

radiation dose received by a member of the critical population group from the residual

radioactive material -- predicted by a realistic but conservative analysis and averaged

over a time interval of 50 years -- should not exceed the basic dose limit and (2) doses

should be kept as low as reasonably achievable (Gi89). Other exposure scenarios are less

conservative and evaluation is not necessary for the determination of soil concentration

guidelines.

DESCRIPTION OF RESRAD

Models for deriving soil concentration guidelines from dose limits are simplified

representations of complex processes. It is not feasible to obtain sufficient data to fully or

accurately characterize transport and exposure processes. Similarly, it is not possible to

predict future conditions with certainty. Hence, there will be uncertainties in the

guideline values presented here. The models incorporated into RESRAD are very

conservative, and the calculated doses corresponding to soil guideline values of the

radionuclide concentrations are expected to be conservative estimates (overestimates) of

the actual doses.

The most conservative exposure scenario (future resident farmer) is considered for the

estimation of soil concentration guidelines. The resident farmer has no access restrictions

and is assumed to be exposed to radioactive contaminants through the eight exposure

pathways discussed below: 1) external ground-shine, 2) inhalation of resuspended dust, 3)

ingestion of plant food, 4) ingestion of meat, 5) ingestion of milk, 6) ingestion of fish, 7)

ingestion of groundwater, and 8) incidental ingestion of soil. Radon exposure was not

considered when calculating these soil guidelines. The information in this section that

follows is condensed from Gilbert et al. (1989).

External Radiation. Gamma radiation from radionuclides distributed throughout the

contaminated zone is the dominant external radiation pathway and the only external

pathway taken into account when calculating soil guidelines. The dose due to external

gamma radiation is first calculated for an individual exposed continuously to radiation

from an infinite contaminated zone at a distance of one meter from the ground surface.



Correction factors are then applied for the finite area and thickness of the contaminated

zone, shielding by a cover of contaminated soil, irregular shape, shielding by the floors

and walls of a house, and less-than-continuous occupancy.

Inhalation. Inhalation exposure results primarily from inhalation of contaminated dust.

Modeling the airborne exposure pathway segment consists of two steps: (1) modeling the

process by which radionuclides become airborne and (2) modeling the process by which

the airborne radionuclides are transported to a human exposure location and diluted

before inhalation. The first step gives the ratio of the concentration in air near the source

before it is dispersed and diluted to the concentration in the resuspended layer of dust; the

second step gives the ratio of the airborne concentration at the point of exposure to the

undiluted airborne concentration at the source.

Food Ingestion. Four food pathway categories are taken into account: plant foods, meat,

milk, and aquatic foods. The food pathways are activated by scenarios in which crops are

grown in or close to the contaminated zone. Plant crops grown in the contaminated zone

will be the dominant and most frequent contributor, especially if the crops are irrigated

with contaminated water. Contributors from the meat and milk pathways, which involve

an additional pathway segment for transfer of radionuclides from fodder or water to the

meat or milk, will generally be smaller but not insignificant. Vegetable gardens are

common in urban and suburban areas as well as rural areas, whereas raising livestock is

generally limited to rural areas. The aquatic food pathway should be considered only in

areas where the topography and soil characteristics are favorable for building a pond.

Radionuclide transport through the food pathways is determined by the quantities of

different foods consumed (dietary factors) and the fraction of the diet from foods that are

contaminated by radionuclides from the contaminated zone (which is determined by the

fraction raised locally and the area of the contaminated zone). Also important in

radionuclide transport is the cover depth and contaminated zone thickness relative to the

root zone of the plants, the various transfer factors from root or foliage to plants and from

fodder or water to meat or milk, and the concentrations of radionuelides in water that has

percolated down through the contaminated zone.

Water Pathway Segments. A water pathway segment connects the contaminated zone

/ with a point of water withdrawal for drinking or irrigation or with a pond where aquatic

foods are raised for human consumption (see Figure 1). It is characterized by a water/soil
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concentration ratio for each radionuclide, defined as the ratio of the radionuclide

concentration in the water at the point of withdrawal to the radionuclide concentration in

the contaminated zone. Irrigation and drinking water are assumed to be taken from a

pond and well, respectively. The well is assumed to be at the down-gradient edge of the i

contaminated zone. The pond water is contaminated by water that seeps to the surface

after percolating down through the contaminated zone. Natural precipitation or irrigation

water infiltrates the contaminated zone and transports radionuclides through the vadose

zone and the aquifer to a well or point of seepage into surface water.

The groundwater pathway models implemented in RESRAD apply only to situations for

which the hydrological strata can reasonably be approximated by a sequence of uniform,

horizontal strata. For sites having more complicated strata such as fracture zones, simple

models may be used to provide reasonable estimates if a set of effective hydrogeologic

flow parameters is used. The accuracy of the results is determined by the accuracy of the

input parameters.

The surface water is assumed to be a pond with an inflow dilution factor equal to the ratio

of the annual volume of water that infiltrates the contaminated zone to the annual total

inflow of water into the pond. Transport times from the contaminated zone to the pond

are assumed to be the same as for the onsite well; no credit is taken for the additional time

for radionuclides to be transported from the edge of the contaminated zone to the point of

seepage. This simplified model will give a conservative estimate of the water/soil

concentration ratio for a pond. The concentration factor that characterizes the drinking

water pathway is obtained by multiplying the water/soil concentration ratio by the annual

quantity of contaminated drinking water consumed by an individual.

CONTAMINATED AREA CONCEPTUAL MODEL

The contaminated zone is assumed to have lateral dimensions equal to the dimensions of

the original retention basin (61m x 37m). Based on previous excavation and soil

sampling (Sc87), it was determined that the contaminated zone is approximately 2 meters

deep with a cover soil thickness of 2.7 meters_ The contamination is assumed to be

uniformly distributed within the zone. The water table at the retention basin site is

approximately 50 feet below the surface (Ni94), therefore, the distance from the bottom

of the contaminated zone to the water table is about 10.5 meters. A schematic of the

basin, the excavated area, and the contaminated zone dimensions is presented in Figure 2.
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Figure 3 shows the dimensions of the covered contamination at the Old F-Area Retention

Basin site assumed to exist as of January 1979. On visual inspection of the site, it is

apparent that an additional mound of soil was added as a cover to the Basin.

Documention on the physical dimensions of this additional cover is not available,

therefore, the mounded soil dimensions are not included in the analysis. The diagram in

Figure 3 is the representation utilized for the current study•

The contaminated area is located entirely in the vadose zone with a thick layer of

unsaturated, clean soil separating it from the water table aquifer. All soils in both the

unsaturated and saturated zones have a sandy loam texture with a bulk density of about

1.6 g/era 3 (Lo87), an effective porosity of 0.45 (Ha94), and a total porosity of 0.2 (Lo87).

Erosion of top soil occurs at a very slow rate of approximately 0.009 cm/yr (Ro94).

Because of previous remediation attempts, it is assumed that the radioactivity in the

contaminated zone was placed at the Old Retention Basin site in early 1979. For

purposes of estimating future exposures only to Basin contamination, it is also assumed

that the groundwater beneath the basin is currently free o'_contamination. Pathways

involving exposure to groundwater and/or surface water contamination begin with no

contribution to dose and increase over time as the contaminant moves through the soil

and as the cover soil is eroded. The height of the water table is assumed to change

negligibly during the assessment period.

RESRAD contains two groundwater transport models, either of which can be invoked.

For this analysis the code has been configured to use a nondispersion model when

• calculating groundwater transport of radionuclides. This type of model assumes that the

dispersion of nuclides is negligible, the unsaturated and saturated zones are homogenous,

and that water withdrawn from the down-gradient well introduces only minor

perturbations in groundwater flow. This model is different from the alternative, a mass

balance model, which assumes that all of the radionuclides released from the

contaminated zone are withdrawn through a well located at the center of the contaminated

zone. The mass balance model is inappropriate for use with large (>1000 m e)

contaminated areas since all of the contamination is assumed to be retrieved through one
well.



PARAMETER VALUE ASSIGNMENTS

Parameter values and references are presented in Tables 1 and 2 for all user inputs to

RESRAD. Several parameter values not normally adjusted by the user have been

modified so that the transport and exposure models of RESRAD reflect values specific to

the Savannah River Site (see Tables 3 and 4). For example, the parameter value

describing nu_:lide resuspension (mass loading) is based on atmospheric and soil

concentrations of plutonium at locations on the SRS. Additionally, because of the

extensive studies of cesium accumulation in fish conducted at this site, a site-specific

bioconcentration factor for cesium is included in the RESRAD library. The remaining

bioaccumulation factors and stable element transfer coefficients for soil, meat, and milk

also have been modified to be consistent with dosimetry codes utilized for SRS dose

analyses.

EXPOSURE SCENARIO

The critical population for the determination of soil concentration guidelines is the future

resident farmer (Gi89). Therefore, only the exposure scenario which is expected to result

in the most conservative soil guidelines is considered. This scenario revolves around a

family that is assumed to move onto the site after it has been released for use without

radiological restrictions.

The contaminated land is assumed to be inhabited by a resident farmer at some point in

the future. One-hundred percent of the future resident's drinking water if obtained from

an onsite well located at the down-gradient edge of the contaminated zone. A pond,

located adjacent to the contaminated zone and in the direction of the ground flow, is

utilized for 100% of the farmer's fish consumption. The resident farmer grows

vegetables, meat, and milk on the contaminated site and consumes amounts of these

foods proportional to the contaminated area available for production, as long as the

consumption rates do not exceed those specified in Table 2. The farmer is also assumed

to remain indoors 50% of the time, outdoors 25% of the time, and away from the area

25% of the time (Gi89).

Overhead irrigation of food crops occurs at a rate equal to the average irrigation rate for

the State of South Carolina (30 inehes/yr). Also in accordance with South Carolina



statistics, 56% of livestock water and 27% of irrigation water is obtained from

groundwater supplies, the balance is obtained from an adjacent, uncontarrfi,nated pond

(Lo83).

Table 1. Soil characterization parameter values for executing RESRAD.

Parameter Value Units Reference

Cover depth 2.7 m Sc87

Contaminated area 2250 m 2 Sc87

Contamination zone thickness 2 m Sc87

Contamination length parallel to aquifer flow 61 m Sc87
Unsaturated thickness below contamination 10.5 m Sc87

Hydraulic gradient 0.007 - Ge92

Well pump intake depth below water table 10 m *

Watershed area for nearby stream or pond 1,000,000 m2 1"

Elapsed time of waste placement 14 yr Sc87

Radiation dose limit 4 mrem/yr EPA DWS

Precipitation rate 1.2 m/yr Hu90

Irrigation rate 0.76 ra/yr I.,o83

Well pumping rate 250 m3/yr *

Water table drop rate 0 m/yr Ha94

Soildensity 1.6 g/cm 3 I.,o87

Erosion rate 0.0009 m/yr Ro94

Total porosity 0.45 - Ha94

Effective porosity 0.2 - I.,o87

Hydraulic conductivity 378 m/yr Ge92

b parameter (Table E.2 of reference) 4.5 - Gi89

Evapotranspiration coefficient 0.42 - HuB7

Runoff coefficient 0.025 - Hu87

•defaultvalue;testimatedwithSRStopographir_alchart.



Table 2. Radiation exposure parameter values for executing RESRAD.

Parameter Value Units Reference

Exposure Factors

Inhalation rate 8000 m3/yr NRC77

Mass loading 0.0002 g/m 3 Gi89, Cu91

Dilution length for airborne dust 3 m Gi89

Exposure duration 30 yr OERR91

Inhalation shielding factor 0.4 - Gi89

External gamma shielding factor 0.7 - Gi89

Indoor time fraction 0.5 - Gi89

Outdoor time fraction 0.25 - Gi89

Vegetable consumption rate 276 kg/yr Ha92

Leafy veg. consumption rate 43 kg/yr Ha92

Milk consumption rate 230 L/yr Ha92

Meat consumption rate 81 kg/yr Ha92

Fish consumption rate 19 kg/yr Ha92

Soil ingestion rate 35 g/yr OERR91

Drinking water consumption rate 730 L/yr NRC77

Beef cattle fodder intake rate 36 kg/d Ha92

Milk cattle fodder intake rate 52 kg/d Ha92

Beef cattle water intake rate 70 L/d Ma93

Milk cattle water intake rate 110 L/d Ma93

Livestock soil intake 0.5 kg/d Gi89

Depth of soil mixing layer 0.15 m Gi89, Pc83

Maximum root depth 1 m Pc83

Fraction of livestock water from ground 0.56 - Lo83

Fraction of irrigation water from ground 0.27 - I.,o83



Table 3. Contamination leach rates (Lo87) and bioaccumulation in freshwater fish

(NRC77).

Leach Rate Bioaccumulation

Element (1/yr) (L/kg)

Cesium 4.74x10 -4 3000

Lead 2.37x10 -3 100

Plutonium 2.37x10 -3 3.5

Radium 2.37x10 -3 50

Strontium 2.94x10 "2 30

Thorium 2.37x10 "3 30

Uranium 5.95x10 -3 2

Table 4. Stable element transfer coefficients for plant, meat, and milk uptake (NRC77).

Element Plant Meat (d/kg) Milk (d/kg)

Cesium 0.04 0.03 0.008

Lead 0.01 0.0004 0.0003

Plutonium 0.001 0.0001 0._1

Radium 0.04 0.001 0.001

Strontium 0.3 0.008 0.002

Thorium 0.001 0.0001 0.000005

Uranium 0.0025 0.00034 0.0006
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RESULTS

Soil guidelines for Sr-90, Cs-137, and Pu-238 at the Old F-Area Retention Basin site are

given in Table 5. Also listed in the table are nuclide half-lives and the time over the next

1000 years at which the minimum soil guideline occurs (i.e., time at which the dose limit

is reached). Plots of soil guidelines as a function of time for each nuclide are given in

Figures 4 through 6. The lowest point on these plots is the limiting value that determines

the concentration guideline.

Soil guidelines are developed under the assumption that only one radionuclide is

contaminating the soil. When multiple radionuclides are present, guidelines may have to
i

be reduced so that the total dose from all nuclides does not exceed the basic dose limit.

Since, in this case, the dose from each nuclide is delivered at different times, the

reductions are negligible in the scenario presented.

Water consumption dominates the guideline for strontium with only secondary

contributions to dose from plant consumption. Strontium is faster moving through soil

than are cesium and plutonium causing it to appear in the groundwater sooner. The

cesium soil guideline is dominated by the external radiation exposure pathway. This

pathway becomes important as the contamination becomes exposed through surface

erosion. The pathways of inhalation and plant ingestion dominate the guideline for

plutonium. Plant contamination occurs due to uptake by plants rooting in the

contaminated soil.

Generally, the external gamma exposure, food consumption, and inhalation pathways

dominate in the earlier years with the groundwater and surface water pathways increasing

in significance once nuclides begin to migrate from the contaminated zone into the

saturated zone• Some nuclides have such short half-lives that they decay before reaching

the groundwater. Others, however, have very long half-lives and result in greater

exposures once reaching the water dependent pathways.

Uncertainties obviously exist in the soil guidelines, primarily because of uncertainties in

the parameters used to describe soil characteristics. Groundwater transport modeling

uncertainties range from nil, because groundwater movement is not significant to

10
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exposure by a particular nuclide, to very high, depending on groundwater modeling

assumptions.

Table 5. RESRAD soil guidelines for the Old F-Area Retention Basin site based on a

dose limit of 4 mrem/yr.

RESRAD Time of

Half-life Soil Guideline Maximum

Nuclide (yr) (pCi/g) Dose (yr)

Sr-90 28.6 10 90

Cs-137 30.2 t .

Pu-238 87.7 7200 770

I

tat specificactivitylevel.

SOIL GUIDELINES BASED ON AREA OF CONTAMINATION

To provide additional information on the relationship between the size of the

contaminated area and the concentration guideline, guidelines were calculated as a

function of contaminated area. This information is useful in determining remediation

alternatives related to the volume of soil to be removed to achieve groundwater

concentrations below the drinking water standard.

The RESRAD code models a drinking-water well at the down gradient edge of the

contaminated area. As the area of contamination increases, the concentration guideline

decreases meaning that lower soil concentrations result in the same dose standard (4

mrem/yr in this case).

Figures 7 and 8 show soil guidelines as a function of contaminated area for Sr-90 and Pu-

238. Since cesium is immobile, its soil guideline is equal to its specific activity. The

curves in Figs. 7 and8 show the same characteristics of a linear decrease (on a log-log

scale) to a point where the soil concentration reaches a constant minimum value. An

explanation of this characteristic is given below with reference to Figure 9.

11
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Since the drinking-water well is modeled at a finite depth (10 meters) and at the down-

gradient edge of the contaminated area, a critical area is reached (by increasing L in Fig.

9) where all water entering the well is contaminated. The length L, where this occurs

relates to the point at which the function in Figs. 7 and 8 becomes constant, is determined

by the infiltration rate (contaminated inflow) and the groundwater flow rate

(uncontaminated inflow).

HOT.SPOT CONTAMINATION GUIDELINES

The guidelines given in Table 5 represent the average soil concentration in the

contaminated zone beneath the Old Retention Basin that would eventually result in dose

estimates of approximately 4 mretrdyr via all potential exposure pathways. Due to the

physical location of the contaminated soil, however, exposures occur only through the

groundwater pathway• Given that the contamination is generally uniformly distributed

and the average concentration of a particular nuclide is less than the concentration

guideline, the dose limit of 4 mret_yr via groundwater will not be exceeded. Localized

areas of high concentration (hot-spots), however, may result in larger than expected

exposures.

The probability that hot-spots exist in the soil below the old F-Area retention basin is

very small. Since the basin received contamination in an aqueous form it is unlikely that

any one area within the basin was significantly more contaminated than any other area. i

however, hot-spot guidelines for the basin have been estimated for the sake of
conservatism.

Exposures to the resident farmer from a single hot-spot have been modeled in the

following manner: 1) the volume of the hot-spot is assumed to be lm x lm x lm, 2) the

hot-spot is at the deepest location in the contaminated zone (nearest the water table), and

3) all contamination leaving the hot-spot is assumed to be drawn to the surface through

the drinking-water well. All other parameters are equivalent to those used to estimate the

residual soil guidelines of Table 5.

Using RESRAD, it is estimated the hot-spot guideline for Cs-137 is at its specific activity

limit, i.e., the amount of contamination could be at its maximum possible concentration

and the dose limit still would not be exceeded. The hot-spot guidelines for Sr-90 and Pu-

12



238 are 4500 pCi/g and 1100 pCi/g, respectively. These values, along with the

concentration guidelines given in Table 5, can be interpreted to mean that, as along as the

average soil concentration is less than the soil guideline and the maximum concentration

is less than the hot-spot guideline, the dose to the maximally exposed individual will not

exceed the basic dose limit of 4 mrem/yr via consumption of groundwater.
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Figure2

RESRAD Conceptual Model
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Figure3
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Figure 5

SOIL GUIDELINES All Pathways Summed, Cs-137
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Figure 7. Soil Guideline for Sr.90 as a function of Contaminated Area
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Figure 8. Soil Guideline for Pu-238 as a function of Contaminated Area
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Figure9

Schematic of Water Inflow to the Drinking-Water Well
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