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Abstract This paper presents a systematic approach to management of the contaminated 
sediments in the White Oak Creek watershed at Oak Ridge National Laboratory near Oak Ridge, 
Tennessee. The primary contaminant of concern is radioactive cesium-137 (137Cs), which binds to 
soil and sediment particles. The key components in the approach include an intensive sampling 
and monitoring system for flood events; modeling of hydrological processes, sediment transport, 
and contaminant flux movement; and a decision framework with a detailed human health risk 
analysis. Emphasis is placed on modeling of watershed rainfall-runoff and contaminated sediment 
transport during flooding periods using the Hydrologic Simulation Program-Fortran (HSPF) 
model. Because a large number of parameters are required in HSPF modeling, the major effort in 
the modeling process is the calibration of model parameters to make simulation results and 
measured values agree as closely as possible. An optimization model incorporating the concepts 
of an expert system was developed to improve calibration results and efficiency. Over a five-year 
simulation period, the simulated flows match the observed values well. Simulated total amount of 
sediment loads at various locations during storms match with the observed values widiin a factor 
of 1.5. Simulated annual releases of 1 3 7Cs off-site locations match the data within a factor of 2 for 
the five-year period. The comprehensive modeling approach can provide a valuable tool for 
decision makers to quantitatively analyze sediment erosion, deposition, and transport; exposure 
risk related to radionuclides in contaminated sediment; and various management strategies. 

INTRODUCTION 

Background. The U.S. Department of Energy's Oak Ridge National Laboratory (ORNL) is 
located in the White Oak Creek basin near Oak Ridge, Tennessee. Over a period of 50 years, the 
operation of and waste disposal activities at ORNL have resulted in an accumulation of 137Cs and 
other radionuclide contaminants that are bound to sediments distributed in the White Oak Creek 
basin. The contaminated sediments are primarily located along the floodplains and in White Oak 
Lake near the basin outlet (Clapp et al. 1994 and Oakes et al. 1982). To assess the long-term 
potential risk to human populations downstream of White Oak Creek because of exposure to 
137Cs from local flood events, a predictive model is critically important for simulating 
contaminated-sediment erosion, deposition, and transport in the White Oak Creek basin. The 
model is a key component within an overall risk assessment system, shown in Figure 1. Currently, 
available information suggests that no appreciable off-site risk exists, but the effects of extreme 
floods must be estimated and documented. Furthermore, management options (e.g., leaving the 
contaminated sediments as they are, stabilizing stream banks and the lake bed, building sediment-
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Figure 1. Flowchart of Contaminated Sediment Transport Modeling and Exposure Risk Assessment 



retention check dams) must be assessed. Possible changes in the watershed from future 
development must also be assessed. However, the management issues and risk assessment are 
beyond the scope of this paper. 

Purpose. The purpose of tfiis paper is to describe the watershed model used in the project and an 
advancement in model calibration that we developed. This paper pertains to the modeling 
components that are shown in the bold boxes in Figure 1. Other parts of the projects are intensive 
storm sampling, erosion studies, and risk-assessment modeling. 

METHOD 

A comprehensive, continuous watershed model, Hydrologic Simulation Program-Fortran (HSPF) 
(Bicknell et al. 1993), was applied to the White Oak Creek basin to simulate various hydrological 
processes, sediment transport, and the movement of Cs. The simulated stream flow and 
contaminant release at White Oak Dam from HSPF are inputs to HEC-6 (Hydrologic Engineering 
Center 1993) for simulation of off-site contaminated sediment transport in the Clinch River a 
place where the public can be exposed to water and sediments. We have modified HEC-6 to 
account for variable contamination layers in the sediments in stream channels. A risk assessment 
model uses HEC-6 output information of contaminant concentrations to assess long-term human 
exposure risks. 

Basin Description. The White Oak Creek basin area is about 16 km2 (Figure 2) with 80% forest, 
10% riparian, and 10% developed area such as buildings, roads, and parking lots. Slope of the 
primary channels is in a range from 1/1000 to 4/1000. Average annual precipitation is 137 cm. 
Rainfall data were collected from six rain gauges within or near the boundary of White Oak Creek 
basin. 

Physical Representation, In the HSPF modeling approach, a land segment is a subdivision of 
the watershed, and reaches or reservoirs link the land segments together (Bicknell et al. 1993). 
As shown in Figures 2 and 3, White Oak Creek basin is represented by four pervious land 
segments (PLS1 to PLS4) that are connected through seven channel reaches (reaches 2 to 8). 
The drainage area, channel reach length, location of the end of reach, and stream-flow gage 
station corresponding to each PLS are listed in Table 1. 

New Approach to Hvdrologic Calibrations. The purpose of hydrologic model calibration is to 
adjust model parameters in a systematic fashion so that computed and observed values (e.g., 
water surface elevation, total flow rates, velocities) agree as closely as possible. A large number 
of parameters are required in the HSPF model; thus, calibration is a key component in the 
modeling processes. A calibration methodology was developed by combining an expert system 
and a nonlinear-optimization model. The expert system incorporates calibration strategies 
(Donigian et al. 1984) with direct observations of the watershed's hydrologic behavior (Oakes et 
al. 1982) and determines the sequence in which to calibrate parameters. The nonlinear-
optimization model (Lasdon and Waren 1989) determines the values of the parameters by 
minimizing the absolute difference between the computed and observed stream flow at the outlet 
of each pervious land segment. The first three-year period of a five-year record of flows was used 



for model calibration and the last two years of data were used for model validation (without 
changing in model parameters for validation runs). Each subcatchment (i.e., PLS) was calibrated 
independently. 

N 
N 

Waterway 
Sufacatchment 
Thiessen Polygon 
Rain Gauge • ^ 

1000 

Figure 2. White Oak Creek Watershed Map and Rain Gauges with Theissen Polygons 
for Estimation of Rainfall Distribution 

R# = Reach number 
PLS = Pervious Land Segment 

7500 Bridge 

WOD 
Figure 3. Schematic Sketch of the Model Elements Representing White Oak Creek 

Watershed 

Calibration Strategy for Sediment Transport Modeling. A three-step approach was taken for 
calibrating the contaminated-sediment transport model. First, the model was calibrated to match 



the sediment concentration and load at each reach with data collected during five storms. The 
primary calibration parameters used are coefficients in a watershed gully erosion equation; 
coefficients in sand transport equations; and critical shear stresses for silt and clay. Next, the 
simulated changes in channel depth were compared with the measured channel cross-sectional 
profiles to determine the changes in sediment deposition and resuspension at a particular reach; 
this led to refinement in the critical shear stresses for clay and silt, channel grain sizes, and 
sediment composition. Third, the contaminant release from the basin was calibrated by adjusting 
potency factors for contaminant concentrations on suspended and channel bed. 

Table 1. Pervious Land Segments and Channel/Lake Reaches for White Oak Creek 
Watershed 

PLS Reach/ 
Reservoirs 

River Mile 
woe 

Location Drainage 
Area (acre) 

Stream Flow Gage 
Station 

1 2 2.21-2.18 7500 Bridge 2099 7500 bridge 
2 3 2.18-1.90 Inter. Pond 

WOCWeir 
204.8 White Oak Creek Weir 2 

4 1.90-1.63 
Inter. Pond 
WOCWeir 

204.8 White Oak Creek Weir 

3 MBW 960 Melton Branch Weir 
4 5 1.63-1.40 

WOC Lake 
WOD 

672 White Oak Dam 4 
6 1.40-1.48 

WOC Lake 
WOD 

672 White Oak Dam 4 

7 1.18-0.83 WOC Lake 
WOD 

672 White Oak Dam 4 

8 0.83-0.60 
WOC Lake 

WOD 

672 White Oak Dam 

RESULTS 

Overall, the simulated flows match the observed values for a five-year simulation period well. 
Figure 4 shows an example of the flow simulation results at die White Oak Dam. The average 
difference in annual water balance between the simulated and observed values is 2.08%. The 
preliminary calibration results at present indicate that 
(1) the simulated total amount of sediment loads at various locations match the observed 
values within a factor of 1.5 for five storms that occurred in 1993-94. 
(2) the pattern of simulated channel bed (cross-sectional profile) changes due to deposition 
and/or erosion does not match the observed data at some locations. 
(3) the simulated annual releases of 1 3 7Cs to off-site locations match data within a factor of 2 
for 1990-94. 

CONCLUSIONS 

The comprehensive modeling approach can provide a valuable tool for decision makers to 
quantitatively analyze (1) sediment erosion, deposition, and transport; (2) exposure risk related to 
radionuclides in contaminated sediment; and (3) various management strategies. This approach to 
modeling can, for example, assist engineers and managers wherever industries have left a legacy 
of widespread contaminated sediments. 
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Figure 4. Simulated vs. Observed Flow at White Oak Creek Dam 
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