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ABSTRACT 

A tracer experiment was conducted in 1980 and 1981 in the unsaturated 

zone in the southeast portion of the Hanford 200 East Area near the 

Plutonium-Uranium Extraction (PUREX) facility. The field design 

consisted of a central injection well with 32 monitoring wells within an 

8-m radius. Water containing radioactive and other tracers was injected 

weekly during the experiment. The unique features of the experiment 

were the documented control of the inputs, the experiment's 

three-dimensional nature, the in-situ measurement of radioactive tracers, 

and the use of multiple injections. The spacing of the test wells provided 

reasonable lag distribution for spatial correlation analysis. Preliminary 
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analyses indicated spatial correlation on the order of 400 to 500 cm in 

the vertical direction. 

Previous researchers found that two-dimensional axisymmetric modeling 

of moisture content generally underpredicts lateral spreading and 

overpredicts vertical movement of the injected water. Incorporation of 

anisotropic hydraulic properties resulted in the best model predictions. 

Three-dimensional modeling incorporated the geologic heterogeneity of 

discontinuous layers and lenses of sediment apparent in the site geology. 

Model results were compared statistically with measured experimental 

data and indicate reasonably good agreement with vertical and lateral 

field moisture distributions. 

INTRODUCTION 

Liquids containing • hazardous and radioactive waste have been discharged 

to the ground at the Hanford Site near Richland, Washington, during the 

past 50 yr. Such liquid discharges are of concern, particularly with 

respect to remediation and remediation strategies. Understanding a 
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contaminated zone in the subsurface depends largely on the ability to 

conceptualize, characterize, and numerically model the information 

available on the site. Because current technological constraints result in 

very high data-collection costs, sufficient data often are not collected to 

adequately characterize contaminated sites. Therefore, the conceptual 

model of the site may not be well defined, which could lead to a poorly 

implemented numerical model. Consequently, poor estimates of the 

in-situ contaminated soil volume may result. 

Researchers have been working to document the ability to model natural 

processes relevant to the fate and transport of waste constituents in the 

environment (GEOVAL, 1987; INTRAVAL, 1992). Modeling efforts have 

successfully reproduced laboratory experiments of water and tracer flow 

through columns of sand, soil, or clay. A field experiment consisting of 

surface infiltration of water and tracers was conducted in the 

unsaturated zone near .Las Cruces, New Mexico (Wierenga et al., 1990). 

Results of the experiment for water infiltration and conservative tracers 

have been simulated in two dimensions (Hills et al., 1991; Rockhold, 

1993). Smoot and Sagar (1990) and Smoot et al. (1989) describe 
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three-dimensional modeling of the fluids and radionuclides from a 

single-shell tank leak at the Hanford Site. 

This paper describes numerical modeling studies of a series of subsurface 

injection tests. The tests were conducted at an injection test site at 

Hanford in the 200 East Area during 1980 and 1981 (Sisson and Lu, 1984). 
j 

Fluid and tracer pulses were monitored in the upper 20 m of the vadose 

zone through a series of 32 monitoring wells. The resulting data set 

provides a means of developing a three-dimensional simulation of flow 

and transport in the unsaturated zone. This paper describes the field site, 

summarizes the injection methodology, and discusses the modeling and 

analysis approaches. 

SITE ENVIRONMENT AND HYDROGEOLOGY 

The injection test site is located in the southeast portion of the 200 East 

Area of the Hanford Site, Washington (Figure 1). It is south of the PUREX 

facility and adjacent to several subsurface waste-disposal trenches. 

Sisson and Lu (1984) and, more recently, Fayer et al. (1993) described the 

injection test site. The climate at Hanford is arid, with an average annual 
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precipitation of approximately 160 mm/yr. Approximately half of the 

precipitation occurs during the winter months, when evapotranspiration 

rates are low. Average monthly temperatures range from -1.5°C during 

January to 24.7°C during July. Fayer et al. (1993) noted sparse vegetation, 

consisting primarily of grasses. During site visits in 1993, the authors 

observed very sparse to no vegetation. 

Connelly et al. (1992) documented the geology of the 200 East Area. The 

upper 20 m of sediment monitored during the test are part of what is 

informally referred to as the Hanford formation. The Hanford formation 

was deposited during cataclysmic flooding from the northeast (Connelly et 

al., 1992). Lindsey et al. (1992) divided the flood deposits into three 

stratigraphic units: (1) the lower gravel, (2) the sandy unit, and (3) the 

upper gravel. Connelly et al. (1992) included structural contour and 

isopach maps of the three units. The isopach map for the upper gravel 

indicates that there may be up to 7 m present in the vicinity of the test 

site. However, inspection of drilling logs at" the site generally indicates 

sandy lithology, with a few wells showing gravel lithology in the upper 1 

to 2 m. Consequently, the test site appears to be located predominantly 

within the sandy unit of the Hanford formation. 
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The lithology at the test site consists of layers of various gradations of 

sand, with a. few layers containing a high silt content. Analysis of well 

logs from the test site indicate an average of approximately nine layers, 

consisting of coarser and finer sediments that commonly alternate with 

medium to coarse sand. The coarser sediment is labeled as a coarse sand 

to gravel, while several finer-grained sediments are noted. These 

sediments include a silty to medium sand, a silty fine to medium sand, 

silty sand to silt, and silt. Some layers are not continuous, and some of 

the fine-grained layers occur as lenses. Therefore, the site is 

heterogeneous, with both continuous and discontinuous layers. 

The lithologies may be grouped into five major layers. These layers, with 

approximate depth intervals, may be summarized as follows. The upper 

layer (0 to 300 cm) consists of .silty fine- to medium-grained sand, 

occasionally overlain by coarser sediments. The silty sediments may be 

interbedded or mixed. The second layer (300 to 600 cm) consists of 

medium- to coarse-grained sand. The third layer (600 to 1200 cm) 

contains lenses of silt and gravel within medium- to coarse-grained sand. 

The fourth layer (1200 to 1600 cm) consists predominantly of 
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coarse-grained sand with interbedded gravel. The fifth layer (1600 to 

1800 cm) is somewhat finer, with fine- to coarse-grained sand with 

minor interbedded silt. 

Nineteen samples of representative soil types were taken from three 

monitoring wells and tested in the laboratory to determine hydraulic 

properties. Researchers measured particle density, size distribution, and 

saturated hydraulic conductivity in the laboratory for all samples. 

Pressure plate and vapor adsorption data were measured for all samples 

along with hanging water column data for eight samples. 

WELL NETWORK 

The layout of the well network is shown in Figure 2. The injection well is 

600 cm deep and located at the center of the array. The 32 observation 

wells are 2000 cm deep and arranged radially in groups of four, labeled 

A-H. Each group is along a line in either a primary or secondary compass 

direction from the central injection well. For example, group A is along 

the line in the easterly direction from the injection well, group B along 

the line in the northeasterly direction, group C along the line in the 
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northerly direction, and so on through group H in the southeasterly 

direction. The number associated with each well describes the radial 

distance, in meters, from the injection well. The maximum lateral 

distance between wells is 1600 cm. 

EXPERIMENTAL METHODS 

A series of fluid injections was conducted, at the test site during 1980 

and 1981. Injections initially occurred weekly, beginning in June of 1980, 

tapering off to. irregular intervals late in the year and into 1981. The 

fluid consisted of approximately 4000 L of water with a mixture of 

tracers, including Ba, Ca, CI, 134CS, NO3, Rb, and 85Sr. The tracers were 

injected through a hole in a steel plate welded to the bottom of the 

injection well. 

Cumulative injection volumes for the experiment are shown in Figures 3 

and 4. The linearity of these curves indicates that the injection rates 

were generally constant, although some deviations are apparent. For 

example, problems with the power generator during injection #3 caused a 
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shift in the curve at time 11:00, while repairs were made. A constant 

rate was observed once injection resumed. 

Moisture content measurements were taken in the observation wells every 

30 cm, using a neutron probe, and gamma-gamma logging was used to 

measure gamma-emitting radioactive tracers. For the initial injections, 

only the observation wells nearest the injection wells were logged; 

additional holes were logged as the radius of the tests' influence 

increased with the advancing moisture front following successive 

injections. 

Water contents were calculated based on the neutron probe calibration 

curve described by Sisson and Lu (1984). Plots of initial moisture content 

versus depth are shown in Figures 5 through 8 for well sets A, C, E, and G. 

These moisture content profiles generally exhibit two major spikes of. 

higher moisture content with depth. The spikes tend to be correlated with 

changes from coarse- to fine-grained material, including changes from 

coarse sands to fine sands and from the coarser material to silt. Higher 

water contents were correlated with zones of finer texture (e.g., silt 

content) that have lower hydraulic conductivity. • 
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Three-dimensional views of water content data are shown in Figures 9 and 

10. The initial water content is shown in Figure 9 and the water content 

after the first injection in Figure 10. The images were made using the 

software program Earth Vision (Dynamic Graphics, 1993). These images 

are interpolated from neutron probe measurements in all 32 monitoring 

wells (1920 data points) at each measurement time. A linear 

interpolation was conducted using the software and the image was 

rendered in three dimensions. A cutaway view in each figure shows the 

plane of the injection well. 

Preliminary geo statistical analyses of neutron probe counts taken prior to 

the injections are consistent with the lithologic interpretation of the 

site. These analyses were conducted on raw neutron probe counts (counts 

per 15 :sec) to avoid any bias resulting from the neutron probe calibration 

curve used to convert the probe counts to volumetric water contents. All 

1920 count locations (60 per observation well) were incorporated into the 

analysis. The mean probe count for the initial conditions was 630.5 

counts/15 sec, with a variance of 18602.7 (counts/15 sec)2. Horizontal 

and vertical variograms were calculated from these count data to 
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investigate spatial continuity in these two directions. The horizontal 

variogram (Figure 11) exhibits a reasonable shape but appears to be 

leveling off to a sill sooner than the expected value, which is 

approximately equal to the sample variance. By contrast, the vertical 

variogram (Figure 12) appears to have some average sill in the 

neighborhood of the variance but exhibits a very strong sinusoidal 

character. The vertical variogram suggests that major changes in spatial 

continuity occur—on the order of 400 to 500 cm in the vertical direction. 

The five lithologic layers noted previously ranged from 200 to 600 cm in 

thickness, which is reasonably consistent with the vertical variogram. 

These variograms were used as an alternative to linear interpolation, for 

kriging values from the location of the boreholes to a regular grid. 

Numerical Modeling with FEMTRA 

Sisson and Lu (1984) conducted modeling studies of the injection test site 

using the Finite-Element Model for Transport (FEMTRA) written by Baca 

and King (1978). The code was.used for both two-dimensional and 

three-dimensional simulations of the injection test data. The models 

simulated a depth of 1890 cm and a radius of 900 cm. Fourteen layers 
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were simulated vertically, with a horizontal grid spacing of 100 cm. Each 

layer was of constant thickness, inferred from the geologic logs. Four 

different sediment types were used to define the different layers in the 

model: fine, medium, coarse-medium, and coarse. Hydraulic properties 

were developed for each type, and one of the four types was assigned to 

each layer. Anisotropy ratios between 2 and 8 were assigned to each 

layer. 

Sisson and Lu (1984) noted good overall agreement between the model 

results and the moisture patterns observed in the experimental data. A 

cross-section showing their modeling results after a simulation time of 

295 days is shown in Figure 13. Two lateral spikes of higher moisture 

content at depths of 600 and 1100 cm are apparent. These results 

qualitatively resemble measured data in various observation wells. They 

note that comparison with point data indicates that some areas of the . 

model are biased in their predictions of moisture content. In general, 

predicted lateral spreading tended to be less than that observed. 

Considering the uniform layering in the model, they noted that the 

predicted spreading was remarkable. However, given the layering and 

anisotropy ratios used in the model, the results seem reasonable. 
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Numerical Modeling with VAM3DCG 

Additional modeling of the site is described by Lu and Khaleel (1993). The 

modeling was completed using the Variably Saturated Analysis Model in 

Three-Dimensions with Preconditioned Conjugate Gradient Matrix Solvers 

(VAM3DCG) computer code (Huyakom and Panday, 1993) to model the 

moisture content distribution. The primary objective of this phase of the 

study was to test the applicability of the VAM3DCG computer code in 

simulating the moisture movement in the unsaturated subsurface 

sediments at the injection test site. The secondary objective was to gain 

insight into the role of mechanisms such as moisture-dependent 

anisotropy in lateral spreading of the moisture plume. 

Radial symmetry was assumed to develop an axisymmetric flow model in 

radial coordinates. A grid was developed to model a slice 1900 cm deep 

by 900 cm in radius. The grid spacing in the vertical direction ranged 

from 50 cm near the injection point to 200 cm above and below for a total 

of 23 cells, versus a grid spacing of 50 cm in the radial direction for a 

total of 16 cells. Ten different layers were used to assign hydraulic 
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properties. The layers were of different thickness, but each layer was 

assumed to be continuous and of constant thickness. Initial conditions 

were developed based on a unit gradient analysis with a 2-crn/yr recharge 

rate. Simulations were conducted for 20 yr to smooth out the initial 

conditions. 

Model simulations investigated various soil hydraulic properties. One 

simulation assumed isotropic hydraulic properties within each layer and 

nonhysteretic moisture retention functions. Another simulation assumed 

isotropic hydraulic properties in each layer and hysteretic moisture 

retention functions. A third assumed anisotropy in saturated hydraulic 

conductivities (anisotropy ratio of 8 for fine-grained layers, 5 for 

medium-grained layers, and 2 for coarse-grained layers) with no 

hysteresis. Two final simulations assumed moisture-dependent 

anisotropy as a function of pressure head, with no hysteresis and 

correlation lengths of 50 cm and 250 cm, respectively. 

In general, the model results for all scenarios tend to underpredict the 

lateral migration observed in the neutron probe data and overpredict 

vertical migration. Simulations incorporating isotropic, nonhysteretic 
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hydraulic properties exhibited strong vertical movement and little lateral 

migration. The anisotropic, nonhysteretic simulation, on the other hand, 

provided a better representation of the measured data, including higher 

moisture content in two different layers. Again, however, more vertical 

movement was observed than predicted. Moisture-dependent, anisotropic 

hydraulic properties with the 50-cm correlation length accounted for 

lateral spreading in the best of the five scenarios. Lu and Khaleel (1993) 

note that this result is in qualitative agreement with the stochastic flow 

theory developed by Yeh et al. (1985), suggesting that local soil 

heterogeneity may manifest itself as an apparent large-scale anisotropy. 

The method appears to be sensitive to the correlation length, however. 

Explicit inclusion of more of the heterogeneity apparent in the geologic 

logs would be expected to improve the model results. Therefore, a fully 

three-dimensional model of the injection test site was developed. 

Numerical Modeling with MSTS 

A three-dimensional model was constructed with the Multiphase 

Subsurface Transport Simulator (MSTS) code (White and Nichols, 1993; 

Nichols and White, 1993) as part of the second phase of modeling. This 
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code is designed to produce numerical predictions of thermal and 

hydrologic flow and transport phenomena in variably saturated, porous 

media or fractured rock systems. The code employs the integral-volume, 

finite-difference method to solve problems. The code can account for 

simple heterogeneous, isotropic systems as well as more complex, 

heterogeneous, anisotropic systems. Species transport is formulated as a 

function of diffusion, dispersion, and advection. 

A conceptual model of the injection site was developed that incorporates 

the heterogeneity recorded during drilling of the observation weils. 

Analysis of the geology indicated that the system is fully 

three-dimensional geologically, given the lenses and discontinuous layers 

that are observed in the geologic logs. The three-dimensional model 

allowed the geometric relations of the lithologic units to be accounted for 

explicitly in the model. 

For this study, a three-dimensional model grid was constructed using a 

uniform grid spacing of 50 cm. The resulting model contained less than 

50,000 cells. Initial conditions were investigated, using both the 

measured water contents and estimates based on unit gradient 
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calculations. Vertical boundaries were investigated, using both no-flow 

and constant-flux conditions. Little precipitation fell during the duration 

of the test, so a no-flow boundary was a reasonable approximation of 

ground-surface conditions. The lower boundary of the model was 

investigated using both unit-gradient and no-flow boundary conditions. 

The goal of the modeling was to accurately predict the moisture content 

changes and solute migration resulting from the injection test. The model 

was calibrated initially to the first injection test, then used to predict 

the remainder of the tests. The first two tests were then used for 

calibration to predict the remainder of the tests. Subsequently, data from 

later injections were used in the calibration. 

Model predictions were compared with the data by analyzing residuals 

with a ' three-dimensional trend-surface technique. The goal of the 

analysis technique was to prove that there is no trend left in the 

residuals—that the differences between them are insignificant spatially. 

Testing for the significance of the trend slope at specified confidence 

intervals with an F-test provided a quantitative estimate of model 
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performance. Visualization of the residuals in three dimensions was used 

to identify specific problem areas in the model. 

Preliminary model results indicate that the incorporation of heterogeneity 

in three dimensions accounts for most of the lateral spreading observed in 

the field. In particular, lateral spreading was enhanced in the eastern 

portion of the model, where more of the fine-grained lithologic units are 

located. Additional geophysical logging of the observation wells, using 

modern methods designed for dry soils, could add significantly to our 

understanding of the distribution of these finer-grained units at the 

Hanford 200 East Area site. 

DISCUSSION AND SUMMARY 

An extensive data set of flow and transport parameters, from a 

vadose-zone injection well at the Hanford Site, was modeled in this study. 

The goal of the research was to develop better methods of quantifying the 

quality of a numerical model prediction. Using the radial array of 

observation wells surrounding the vadose-zone injection well, Sisson and 
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Lu (1984) collected time-series data on moisture content and tracer 

concentration in three dimensions from the subsurface. 

A two-dimensional, axisymmetric model was developed using the 

VAM3DCG code. The role of anisotropy was investigated. The results of 

the model generally showed greater vertical migration and less lateral 

migration of the injected water than seen in the measured neutron probe 

data. However, simulations incorporating pressure-head-dependent 

anisotropy, together with a small correlation length, resulted in a better 

match with the observed data. 

For the three-dimensional simulation, moisture content data were 

interpolated to a regular grid of points, using linear interpolation and 

kriging. The injection test was then simulated, using MSTS code. 

Trend-surface analyses of differences between kriged data and model 

simulations provided a quantitative measure of model performance. 

Residuals were inspected to identify problem areas indicated by the 

trend-surface analysis. 
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The research indicates that trend-surface analysis is a useful tool for 

evaluating model results. Incorporation of three-dimensional 

heterogeneity in a model results in a truly three-dimensional model 

domain. An important problem to resolve was locating an adequate 

statistical measure of the goodness of fit between measured and 

simulated conditions for tens of thousands of points. The method used in 

this study was to generate residuals by taking differences between 

interpolated measured values and modeled values. The matrix of residuals 

was then analyzed, using a .three-dimensional trend surface model. The 

purpose of this modeling was to test the hypothesis that there was no 

trend in the model at a specified confidence interval. Residuals were 

inspected visually to check for local problems in the model. Taken 

together, these measures provided both quantitative and qualitative 

measures of model results. 

The definition of lithologie units for this study was based primarily on 

drilling logs. Consequently, the heterogeneity at the site is not known in 

great detail. The problems involved with using drillers' logs to define 

heterogeneity are well documented, including the sampling interval used 

to construct the log as well as the disturbance of the sample during 
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drilling. Geophysical logging techniques recently have been adapted for 

operation under dry vadose-zone conditions. These improved techniques 

may provide a cost-effective means to refine and enhance the information 

provided in drillers' logs. 

Incorporation of heterogeneity improved the model results. More lateral 

spreading was observed, and some of the finer details observed in the 

neutron probe measurements were accounted for in the simulation. The 

discretization of preliminary simulations was 50 cm, for a total count of 

less than 50,000 cells in the model. -Consequently, for computing 

purposes, the simulation is relatively small even at a 50-cm 

discretization. Better computational methods, such as parallel processing 

techniques, will allow even more heterogeneity to be incorporated into 

model frameworks. 
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Figure 1. Location of the injection test site (after Fayer et al., 1993). 

Figure 2. Injection well and observation well network at the injection 

test site (after Fayer et al., 1993). 

Figure 3. Cumulative solution volume injected, injections 1-6 (after 

Fayer et al., 1993). 

Figure 4. Cumulative solution volume injected, injections 6-11 (after 

Fayer et al., 1993). 

Figure 5. Initial moisture content profiles, well set A. 

Figure 6. Initial moisture content profiles, well set C. 

Figure 7. Initial moisture content profiles, well set E. 

Figure 8. Initial moisture content profiles, well set G. 
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Figure 9. Three-dimensional view of water content prior to fluid 

injections. 

Figure 10. Three-dimensional view of water content after first 

fluid injection. 

Figure 11. Horizontal variogram of neutron probe counts for initial 

conditions. 

Figure 12. Vertical variogram of neutron probe counts for initial 

conditions. 

Figure 13- FEMTRA model prediction after 295 days (after Sisson 

and Lu, 1984). 
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