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Large volumes of process cooling water have been discharged to the 
ground at the Hanford Site. 
and contaminant movement in an unconfined aquifer located in a sequence of 
fluvial, lacustrine, and glaciofluvial sediments that were deposited on top 
of the Columbia River basalts. 

These discharges have impacted ground-water flow 

Ground-water flow and contaminant transport models of the unconfined 
aquifer were developed during the 1970s and applied to assess the impacts of 
site operations on flow and transport in the aquifer. 
dimensional ground-water flow model of the unconfined aquifer was calibrated 
with an iterative routine that was applied to estimate the distribution of 
transmissivity in the aquifer. Recently, an inverse calibration method 
developed by Neuman (1980) and modified by Jacobson (1985) was applied to 
data from the unconfined aquifer to improve the model calibration. 

At that time, a two- 

The inverse calibration method includes all information available about 
estimates of transmissivities, measured hydraulic heads, boundary conditions, 
and discharges to and withdrawals from the aquifer. The effects of including 
areal recharge and prescribed head or prescribed flux along the Cold Creek 
boundary in the inverse calibration were investigated. 
calibrations demonstrated that the application with prescribed head along the 
Cold Creek Valley and varying areal recharge across the Hanford Site yields 
the best fit with measured water levels. 

Results of these 

The best fit of the transmissivity distribution estimated with the 
inverse calibration was used in a two-dimensional model of ground-water flow 
in the unconfined aquifer based on the Coupled Fluid, Energy, and Solute 
Transport (CFEST) code. 
changes over a 6-year period from 1980 to 1985. 
tion, the predicted water levels were compared with measured water levels for 
December 1985. The water levels predicted with CFEST were also compared with 
water levels predicted with the Variable Thickness Transient (VTT) code over 
the same time period. In general, the water levels predicted with CFEST and 
the transmissivity distribution from the inverse calibration more closely 
match the observed water levels than the water levels predicted with VTT and 
the previous calibration. 

The CFEST code was applied to simulate water-level 
At the end of the simula- 
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INTRODUCTION 

Large volumes of process cooling water are discharged to the ground from 
U.S. Department of Energy (DOE) nuclear fuel processing operations in the 
central portion of the Hanford Site in southeastern Washington (Figure 1). 
Over the years, these large volumes of waste water have recharged the 
unconfined aquifer at the Site. This artificial recharge has affected 
ground-water levels and contaminant movement in the unconfined aquifer. 

Ground-water flow and contaminant transport models developed during the 
1970s have been applied to assess the impacts of site operations on the rate 
and direction of ground-water flow and contaminant transport in the uncon- 
fined aquifer at the Hanford Site. Previous modeling efforts at the Hanford 
Site are described in DOE (1987). A model based on the Variable Thickness 
Transient (VTT) code (Kipp et al. 1972) was calibrated and used to simulate 
ground-water flow in the unconfined aquifer. 
Transport (MMT) code (Ahlstrom et al. 1977) and the TRANSS code (Simmons, 
Kincaid, and Reisenauer 1986) were applied to simulate contaminant transport. 
Recently, the Coupled, Fluid, Energy, and Solute Transport (CFEST) code 
(Gupta et al. 1982) was calibrated to more current Hanford data to improve 
model capabilities. 
the VTT and CFEST codes is further described in Evans et al. (1988). 

The Multicomponent Mass 

The development of the ground-water flow models based on 

The inverse calibration method developed by Neuman (1980) and modified 
by Jacobson (1985) was applied to improve calibration of a ground-water flow 
model of the unconfined aquifer at the Hanford Site. Initial application of 
the inverse method to the unconfined aquifer is described in Evans et al. 
(1988). All information about estimates of hydraulic properties of the 
aquifer (transmissivities) , hydraulic heads, boundary conditions, and dis- 
charges to and withdrawals from the aquifer is included in the inverse method 
to obtain an initial calibration of the ground-water flow model. 
inverse method provides an improved calibration of the two-dimensional 
ground-water flow model based on CFEST. 

Use of the 

The purpose of this report is to provide a description of the inverse 
method, its initial application to the unconfined aquifer at Hanford, and to 
present results of the initial inverse calibration. As background 
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information, a previous calibration of the ground-water flow model of the 
Hanford Site unconfined aquifer based on the VTT code is briefly described. 
Water levels were simulated from 1980 to 1985 with models based on the VTT 
and CFEST codes. The simulation with the VTT code is based on a 
transmissivity distribution resulting from calibration with a previous 
method. The simulation with the CFEST code is based on a transmissivity 
distribution resulting from the inverse calibration method. The two simula 
tions were conducted to apply the results of the steady-state inverse 
calibration method with time-varying data and to compare the results from a 
model calibrated with the inverse calibration method with results from a 
model that was applied previously at Hanford. 

. 
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BACKGROUND 

L 

A two-dimensional model o f  ground-water flow in the unconfined aquifer 
The model was based on the at the Hanford Site was developed in the 1970s. 

VTT ground-water flow code developed by Kipp et a1 . (1972) and was calibrated 
with an iterative routine developed by Cearlock, Kipp, and Friedrichs (1975). 

The iterative technique applied by Cearlock, Kipp, and Friedrichs (1975) 
is based on an equation obtained by numerical integration of the Boussinesq 
equation, which describes ground-water flow in unconfined aquifers along 
instantaneous streamlines of flow. The streamlines, or flow paths, for the 
unconfined aquifer were based on a hand-contoured water table map for 1973. 
The iterative technique was implemented to estimate the transmissivity 
distribution for the unconfined aquifer. 
from aquifer test data was needed in each stream tube, which is defined by 
bounding streamlines. 
available, the spatial distribution of transmissivity could not be calcu- 
lated. In these portions of the model area, the transmissivity values were 
estimated by interpolation. 
input to the VTT model along with estimates of storage coefficients, recharge 
to and discharge from the aquifer, and boundary conditions to predict water 
levels in the unconfined aquifer from 1968 to 1973. 

A transmissivity value obtained 

For stream tubes in which no transmissivity data were 

The resulting transmissivity distribution was 

The calibration of the ground-water flow model based on the VTT code 

The water 
with the iterative routine (Cearlock, Kipp, and Friedrichs 1975) yielded 
reasonable predicted water levels over most of the study area. 
levels calculated for 1973 with the calibrated VTT model were within several 
feet of the hand-contoured water levels except at four locations. Predicted 
water levels were smaller than the hand-contoured water levels by up to 34 ft 
at locations east of Umtanum Ridge and by 22 ft at locations northeast of 
Rattlesnake Mountain. Predicted water levels to the east of the 200-West 
Area were up to 13 ft smaller than the hand-contoured values. A small region 
of the study area southeast of Gable Mountain also had predicted water levels 
up to 21 ft smaller than the hand-contoured values. 

The large differences in predicted and measured water levels in some 
areas may be related to some fundamental assumptions and approximations used 
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in the iterative routine. The transmissivities estimated with the iterative 
routine were based solely on the stream tubes and did not directly consider 
recharge to and discharge from the aquifer and flux boundary conditions. 
addition, in some areas where initial transmissivity estimates were not 
available, the stream tube technique could not be applied and the distribu- 
tion of transmissivity in those portions of the aquifer had to be inter- 
polated from nearby areas. 

In 

Input data were transferred from the existing two-dimensional model 
based on VTT to the ground-water flow portion of the CFEST code (Gupta et al. 
1982). Evans et al. (1988) describes the selection of the CFEST code and its 
application to the unconfined aquifer. 
bution used in the model based on VTT was transferred to the model based on 
CFEST by interpolation of finite difference nodal values to finite elements. 
The irregularly spaced finite-element grid allows more realistic boundary 
conditions and increased discretization in areas of rapid changes in 
transmissivity, or near liquid waste facilities (i .e. , artificial recharge 
areas). 

The hydraulic conductivity distri- 

The finite-element grid for the ground-water flow model of the uncon- 
The finite- fined aquifer based on the CFEST code is shown in Figure 2. 

element grid was designed to provide detail in areas of high waste disposal 
(artificial aquifer recharge) and areas of rapid changes in hydraulic 
conductivity. 
conductivity are adequately represented, i.e., values are not averaged over 
large elements i n  areas of rapid change. Although the node spacing for the 
CFEST grid in some locations is much greater than the 2000-ft node spacing of 
the VTT finite difference grid, all pertinent changes in hydraulic conduc- 
tivity are we1 1 represented (Figure 3). Larger elements were used where 
detail is not required. 

The grid was designed to ensure that changes in hydraulic 

The transfer of data from the model based on the VTT code to the CFEST 
code did not include calibration of the model based on CFEST. The inverse 
method developed by Neuman (1980) and modified by Jacobson (1985) was applied 
to data from the unconfined aquifer to improve the CFEST model calibration. 
Application of the inverse method to the unconfined aquifer at the Hanford 
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Site is based on the finite-element grid and boundary conditions for the two-  

dimensional CFEST ground-water flow model. 
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FIGURE 2. Subregion CFEST Finite-Element Grid 
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INVERSE (PARAMETER ESTIMATION) CALIBRATION METHOD 

.. 

" 

Before applying a numerical model to calculate the steady-state, 
hydraulic-head distribution in a ground-water system, the aquifer parameters 
such as transmissivities, pumping and recharge rates, and boundary conditions 
must be known. However, measurements of aquifer properties and knowledge of 
recharge and pumping rates and boundary conditions are usually insufficient 
to fully model flow systems, and some sort of calibration is required. The 
traditional approach for calibrating a steady-state, ground-water flow model 
has been to select boundary conditions, estimate sources and sinks, and 
modify the estimates of transmissivity by a trial-and-error procedure until 
the predicted hydraulic heads are reasonably close to the measured hydraulic 
head data. Although such a trial-and-error procedure may yield a reasonable 
representation of the measured head data, the estimates of the transmissivity 
are not unique, and their associated uncertainty cannot be determined. 

During the past few years, automated, rather than trial-and-error, 
procedures for calibrating numerical models have been used to determine 
aquifer characteristics. 
level data, boundary conditions, pumping rates, previous knowledge of 
transmissivities and estimates of the recharge rates. Methods of estimating 
aquifer characteristics with the aid of automated procedures are referred to 
as "inverse" or "parameter estimation" methods. Since 1975, several inverse 
(parameter estimation) methods (Yeh and Yoon 1976; Cooley 1977, 1979, 1982, 
1983; Neuman and Yakowitz 1979; Neuman 1980; Jacobson 1985) have been 
devel oped. 

These automated procedures account for past water 

A statistically based inverse method developed by Neuman (1980) and 
modified by Jacobson (1985) for steady-state, two-dimensional ground-water 
flow problems was applied to the data from the unconfined aquifer at Hanford. 
Neuman's (1980) method was selected over other inverse methods because it 
uses prior information and any available statistical data. In Neuman's 
method, the governing equation for steady-state, two-dimensional flow in the 
region R, subject to some known boundary conditions, is written as: 

V T Vh - q = 0 

9 



where h = hydraulic head 

T = transmissivity 

q = recharge to and discharge from aquifer 

V = two-dimensional gradient operator. 

Applying a finite-element method to Equation (1) yields a set of linear 
equations written in matrix form as: 

where - T = vector representing transmissivities defined as constant values in 
various zones 

A - - = square matrix containing information about grid; is a function 
of - T 

Q = vector containing the source and sink terms and boundary flux 
information at nodal points 

- h = vector of hydraulic heads at nodal points. 

The statistical inverse method developed by Neuman (1980) is based on 
prior information on transmissivities as well as observed hydraulic heads. 
Prior information on transmissivities may include estimates of transmissivity 
based on aquifer testing and estimates of aquifer thickness based on geologic 
information. The spatial distribution of transmissivity determined with the 
statistical inverse method produces hydraulic heads that are reasonably close 
to observed heads while keeping the inverse estimates of transmissivity 
reasonably close to the prior estimates. In addition, Neuman's inverse 
method considers all statistical information about the prior estimates of 
transmissivity and hydraulic heads in calculating the new estimates of 
transmissivity . 

Statistical information on prior estimates of transmissivity and 
hydraulic head can be derived by the geostatistical technique called kriging. 
The kriging technique has been used by Clifton and Neuman (1982) and Jacobson 
(1985) to interpolate the transmissivity and hydraulic head data to obtain 
estimates at node points where no data are available and to yield their 

... 
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associated estimation errors and covariance, which is a measure of correla- 
tion between estimation errors. The kriged estimates of transmissivity and 
the covariance of the estimation errors are used as prior information, while 
the kriged estimates of hydraulic head are used as "observed" hydraulic heads 
for the inverse method. Including statistical information about the prior 
estimates of the transmissivities and the kriged hydraulic heads in the para- 
meter estimation method a1 lows development of a statistically calibrated 

the inverse method can still be applied; however, the result would not be 
considered a statistically calibrated model. 

.. 

\ ground-water flow model. If no prior statistical information is available, 

In modeling ground-water flow systems where the spatial coverage of 
hydraulic head measurements is limited (i.e., no data exist in parts of the 
study area), application of an interpolation technique such as kriging may 
not be possible. In these cases, the inverse method can be applied with 
measured hydraulic head values at well locations. In the past, inverse 
solution methods required that well locations correspond to node points. 
This requirement may lead to irregular grids because of the spatial distri- 
bution of wells. The method developed by Neuman (1980) permits use of 
hydraulic head data anywhere in the grid, not necessarily at node points; 
thus, a regular grid can be imposed over the study area. Jacobson (1985) 
applied this approach to data from an unconfined aquifer in southern Arizona. 
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DEVELOPMENT OF THE HANFORD INVERSE CALIBRATION MODEL 

Several steps had to be completed before Neuman's (1980) inverse method, 
as modified by Jacobson (1985), could be applied to the Hanford unconfined 
aquifer. 
tions, an appropriate period of time was selected when discharges to the 
aquifer and corresponding water-level responses were relatively constant. 
Once the period of time was selected, data representative of that period were 
prepared for input to an inverse calibration model. 
model included hydraulic heads, transmissivities, boundary conditions, and 
discharges to ground. 

Because the method is designed to examine only steady-state condi- 

b 

Data processed for the 

SELECTION OF STEADY-STATE TIME PERIOD 

A review of cooling water discharge information at the major disposal 
facilities within the ZOO-East and ZOO-West Areas suggests that, compared 
with other periods of time, the discharges remained relatively constant from 

U Pond, 1976 through 1979 (Figure 4). Major disposal facilities include 
located in the ZOO-West Area, and B Pond and Gable Mountain Pond 
located near the ZOO-East Area. In general, the water levels in 
toring the unconfined aquifer near these ponds reflect the relat 
constant trend in the discharge data from 1976 through 1979. Th 
illustrated in the hydrograph for a well (699-45-42) near B Pond 

which are 
wells moni- 
vely 
s trend is 
and Gable 

Mountain Pond (Figure 5) and the hydrograph for a well (299-W19-1) near U 

Pond in ZOO-West Area (Figure 6). 

Based on our review of discharge and water-level information, we 
selected 1979 as the most appropriate time for the inverse calibration. 
Because discharges and water levels remained constant from 1976 through 1979, 
1979 represented the closest approximation to steady-state conditions within 
recent Hanford operations. 

-. 
Although water level measurements were collected in June and December of 

1979, the December measurements were selected for the inverse calibration 
because these data are closer to the end of the steady-state period. 
addition, the influence of changing river level was less in December when the 
river was lower and more constant than in June. 

In 
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FIGURE 6. Water Level History for Well 299-W19-1 

PREPARATION OF THE HYDRAULIC HEAD DATA 

Water level data collected in December 1979, shown in Figure 7, were 
reviewed for trends and outliers. Water level measurements from wells that 
were obvious outliers, or from wells strongly influenced by changes in river 
stage, were not included in data used for the inverse calibration. 
wells were not included because their screened intervals are open to a large 
portion of the unconfined aquifer and these measurements may not reflect the 
water table, particularly where vertical hydraulic gradients are likely to 

A few 

occur. 
measurements for December 1979, 214 were used for the inverse calibration. 

Of the 278 wells included in the original list of hydraulic head 

The locations of the wells used are shown on Figure 8. 
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To apply the statistical inverse method to the unconfined aquifer at 
Hanford, estimates of hydraulic heads and their associated estimation errors 
at all node points are needed as input data. 
polate the hydraulic heads by kriging, but kriged estimates of hydraulic head 
could not be obtained when the entire study area was considered because 
of the complex nature of the hydraulic head distribution. The large volumes 
of cooling water discharged to the ground and the large variations in trans- 
missivity make it difficult to define a semivariogram for the distribution of 
hydraulic head, which is necessary for kriging. 

An attempt was made to inter- 

* 

Because kriging the hydraulic heads was unsuccessful, two aspects of the 
First, because estimates of hydraulic inverse method could not be addressed. 

head from kriging were not available at node points, only measured hydraulic 
head data at well locations were used in the inverse calibration. Secondly, 
because no statistical information about the measured hydraulic heads is 
available, the statistical aspects of the inverse calibration could not be 
considered at this time. 

PREPARATION OF THE TRANSMISSIVITY DATA 

Neuman's (1980) inverse method is based on a finite element approach 
where transmissivity is assumed to.be constant in each element. 
elements have the same transmissivity, they are treated as a zone of constant 
transmissivity. 
generally viewed as point measurements because they represent an average 
value over the aquifer close to the well. 

If several 

Transmissivity values obtained from aquifer tests are 

Estimates of transmissivity have been made from aquifer tests conducted 
on the Hanford Site since 1945 (Bierschenk 1959). The transmissivity data 
through 1972 were included in the calibration of the VTT ground-water flow 
model for the unconfined aquifer at Hanford (Cearlock, Kipp, and Friedrichs 
1975). 
aquifer and reported in Bierschenk (1959), Kipp and Mudd (1973), Deju and 
Summers (1975), and Graham et al. (1981) were reviewed for their applica- 
bility to the inverse calibration procedure. In addition to the reported 
aquifer tests in the published documents, unpublished aquifer test data were 
reviewed and reanalyzed where required. Tests from a total of 52 wells in 

Results from tests on wells completed in the Hanford unconfined .. 
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the unconfined aquifer (Figure 9) were determined to be applicable for the 
inverse calibration procedure. 

The number of data points available was insufficient for kriging because 
a semivariogram could not be defined. 
not be kriged, the distribution of transmissivity obtained from calibration 
of the VTT model (Cearlock, Kipp, and Friedrichs 1975) was adapted as an 
initial estimate for the inverse calibration. No statistical information was 
available about the prior estimates of transmissivity; thus, only the prior 
estimates with no statistical information were included in the inverse 
cal i brat i on. 

Because the transmissivity data could 

A zonation pattern (Figure 10) and prior estimates of transmissivities 
were developed based on the distribution of transmissivities obtained in the 
VTT model calibration (Cearlock, Kipp, and Friedrichs 1975) and transferred 
to the CFEST finite-element grid. 
reflect areas of similar values of transmissivity. 
transmissivity resulting from the inverse method were calculated for each 
zone by taking the arithmetic average of the logarithm of the transmissivity 
values from the VTT calibration for all elements in the zone. In the inverse 
calibration procedure, these prior estimates of transmissivity are treated as 
constant in each zone. 
assigning the prior estimates of transmissivity to the center of each element 
is similar to the overall spatial variation of prior transmissivities 
illustrated in Figure 3. 

The zonation pattern was developed to 
The prior estimates of 

A contour map of transmissivities calculated by 

PREPARATION OF BOUNDARY CONDITIONS 

Boundary conditions for the inverse calibration were the same as those 
applied to the ground-water flow model of the unconfined aquifer based on the 
VTT code and transferred to the more recent model based on the CFEST code. 
Prescribed head conditions were assumed along the Columbia River and Yakima 
River boundaries. 
level at each boundary node during 1979. Prescribed fluxes were specified 
along the Cold Creek and Dry Creek Valleys to incorporate inflow of ground 
water from these valleys to the study area. 

The prescribed head was equal to the yearly average river 

The contribution from spring 
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FIGURE 9. Map of Measured Transmiss iv i t ies  ( i n  f t2 /day)  Based on 
Aqu i f e r  Tests . 
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F IGURE 10. Zonation of Transmissivity for Inverse Calibration 
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discharges along the northeast side of Rattlesnake Mountain was also 
accounted for by specified flow rates. The amounts of water contributed by 
the inflow boundaries are 321,945 ft /day from Cold Creek Valley and 47,014 
ft /day from Dry Creek Valley and Rattlesnake Mountain Springs. These flow 
rates are from previous calibration of the VTT flow model. No-flow condi- 
tions were assumed in areas where the aquifer is bordered by basalt outcrops 
and subcrops (basalt intersecting the water table) near Gable Mountain and 
Gable Butte. 

3 
3 

PREPARATION OF DISCHARGE DATA 

Estimates of waste water discharged to the ground in 1979 were obtained 
from Sliger (1980), which contains a summary of the radioactive liquid waste 
discharged to the ground in the 200 Areas for 1979. 
vided annually by the operating contractor at the Hanford Site. Corrections 
were made in the discharge estimates reported by Sliger (1980) based on 
comparison of inflow to the operating areas with discharges to the major 
disposal facilities. The resulting discharge estimates for each facility are 
listed in Table 1. 

This information is pro- 

- .  
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TABLE 1. Summary o f  Major Discharges t o  Ground a t  
F a c i l i t i e s  i n  200-East and 200-West Areas 

F a c i l i t i e s  

200-West Area 
U Pond (216-U-10) 
West Area Ash P i t  

216-U-12 

216-T-1 
216-T-4-2 
216-S-10 
2 16- S- 19 

216-S-25 

200-East Area 
Gable Mountain Pond 

B Pond (216-B-3) 
East Area Ash P i t  

(216-A-25) 

2 16-A-30 

216-A-37-1 
216-B-55 

2 16-B-62 
216-B-63 

216-C-7 

Disgharge, 
f t  /day 

164 , 364 

1 , 648 
12 

404 
499 

19 , 271 
5 , 210 

2,210 

1 , 084 I 668 

245 , 144 
2 , 473 

15 , 227 

1,904 
6 , 367 
1 , 560 

31  122 

0.13 
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RESULTS OF THE HANFORD INVERSE CALIBRATION MODEL 

,- 

A finite-element grid with 966 nodes and 878 elements (Figure 2) 
developed for the CFEST Hanford model was used in the application of the 
inverse method to the data from the unconfined aquifer at Hanford. 
spatial distribution of transmissivity was represented by 240 zones with 
constant transmissivity in each zone (see Figure 10). 
previously, the initial (prior) values of transmissivity were based on the 
calibration of the VTT code (Cearlock, Kipp, and Friedrichs 1975). 

The 

As discussed 

Four different applications of the inverse method to the unconfined 
aquifer at the Hanford Site were investigated. These applications (cases) 
differed in treatment of the boundary condition along the Cold Creek Valley 
(i .e. , either prescribed head or prescribed flux) and in areal recharge. 
Areal recharge is not included in existing ground-water flow models of the 
unconfined aquifer. The objective of varying the applications was to 
investigate how changes in the Cold Creek Valley boundary conditions and the 
addition of areal recharge affect calibration of the ground-water model for 
the unconfined aquifer. The Cold Creek Valley boundary contributes a signi- 
ficant volume of ground-water flow to the unconfined aquifer, and thus is an 
important component in calibration and applications of the model. 

In the first application of the inverse method (Case l), the flux pre- 
scribed at the Cold Creek boundary was the same as that used in existing 
models, and no areal recharge was included. This application yielded water 
levels that were unreasonably high (greater than 600 ft) in the Cold Creek 
Valley. Thus, the initial inverse application (Case 1) did not yield a good 
calibration to the expected water levels in this region. 

The effects of including areal recharge with the prescribed flux 
boundary condition in the Cold Creek Valley were considered in a second 
application of the inverse model (Case 2). 
recharge used in this application is illustrated in Figure 11. 
recharge estimates represent one possible spatial distribution based on 
knowledge of the soil and vegetation types on the Hanford Site; they are in 
no way assumed to be definitive. 

The spatial distribution of areal 
These 

The goal of the second inverse application 
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FIGURE 11. Distribution of Areal Recharge to the Unconfined Aquifer 
Estimated for Inverse Calibration Applications 
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was to investigate the effect of including areal recharge on the estimates of 
transmissivity resulting from the model calibration. 
the distribution vary from 12 cm/yr to 0.5 cm/yr, where the larger value 
represents 75% of the precipitation. The water levels computed from the 
Case 2 inverse application (with prescribed flux boundary condition along the 
Cold Creek Valley and areal recharge) were unreasonably high in the region of 
Cold Creek Valley. Thus, the Case 2 application of the inverse calibration 
model does not yield a good calibration to the water levels in this region. 

The recharge values in 

The two remaining applications of the inverse model (Cases 3 and 4) were 
made to examine the effect of using a prescribed head boundary condition in 
Cold Creek Valley. The Case 3 application included no areal recharge while 
the Case 4 application included the areal recharge illustrated in Figure 11. 

The water levels calculated by the Case 3 inverse application with a 
prescribed head boundary condition in the Cold Creek Valley and no areal 
recharge are illustrated in Figure 12. 
Creek Valley are reasonable because of the prescribed head conditions. 
Case 3 inverse application reduced water levels at well locations (i.e., the 
average residual) from -8.4 ft to -0.19 ft, calculated from the initial and 
Case 3 inverse estimates of transmissivity, respectively. The overall trends 
in Case 3 inverse estimates of transmissivity, illustrated in Figure 13, are 
similar to the initial estimates (see Figure 3).  However, the largest 
transmissivity value has increased to over 1,500,000 ft /day. 
the uncertainty in the inverse estimates of transmissivity is the coefficient 
of variation, which is defined as the standard deviation divided by the mean. 
The coefficients of variation for the Case 3 transmissivity are contoured in 
Figure 14. 
variation are around 0.30, which means the inverse estimation error is 30 
percent of the transmissivity estimate. 
able calibration for the Hanford unconfined aquifer because of the small 
average residual and the reasonable water levels in the Cold Creek Valley. 

The water level predicted in the Cold 
The 

2 A measure of 

Over large regions o f  the study area, the coefficients of 

In general, Case 3 yielded a reason- 

For the Case 4 application, which had a prescribed head boundary 
condition along the Cold Creek Valley and the areal recharge estimates from 
Figure 11, the computed water levels (Figure 15) along the Cold Creek Valley 
are reasonable. Water levels in other portions of the study area do not 
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FIGURE 12. Water Levels Predicted by Application of the Inverse 
Calibration Model for Case 3 
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FIGURE 13. Inverse Estimates of Transmissivity for Case 3 
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FIGURE 14. Coef f ic ients  o f  V a r i a t i o n  for  Case 3 
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FIGURE 15. Water Levels Predicted by Application of the Inverse 
Cal i bration Model for Case 4 
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d i f f e r  s ignif icant ly  from those obtained by the Case 1 inverse application. 
The average residual decreased from 2.2 f t  t o  0.14 f t ,  based on the i n i t i a l  
and inverse estimates of transmissivity, respectively. The Case 4 inverse 
estimates of transmissivity, presented in Figure 16, show tha t  overall trends 
in the estimated transmissivit ies are similar t o  the previous inverse resul ts  
and the i n i t i a l  values. The largest  transmissivity value, over 1,200,000 
f t  /day, i s  less than the corresponding value obtained in the Case 3 applica- 
t ion ,  which had the same boundary condition along the Cold Creek Valley. The 
coefficients of variation associated with the inverse estimates of transmis- 
s iv i ty  fo r  Case 4 are i l lus t ra ted  in Figure 17 and show patterns s imilar  t o  
these in previous cases. However, the overall values of the coefficients of 
variation are  smaller t h a n  those computed in Case 3 with the same boundary 
condition. 

2 

The water levels computed with the prescribed head boundary condition 
along the Cold Creek Valley (Cases 3 and 4) more closely approximated the 
observed water levels than the levels computed w i t h  the prescribed flux 
boundary condition. For Cases 3 and 4 the average residuals were small 
( i . e . ,  -0.19 and 0.14 f t  for  the cases without and with areal recharge, 
respectively),  and the computed water levels along the Cold Creek Valley 
were reasonable. 

Water levels a t  well locations were used in the f i t t i n g  procedure fo r  
the inverse applications; thus, a direct  comparison with hand-contoured water 
levels may n o t  be appropriate b u t  provides an overall indication of the f i t  
of predicted values t o  measured values. 
Case 3 (no areal recharge) with hand-contoured water levels fo r  December 1979 
(Figure 12) indicates t h a t  the general trends (e.g. ,  steep gradient t o  the 
east  of the 200-West Area) have been reproduced by the inverse resu l t s .  A 

comparison of the water levels fo r  Case 4 (areal recharge) with the hand- 
contoured water levels (Figure 15) suggests t h a t  the overall match of 
predicted and observed water levels i s  be t te r  fo r  the Case 4 resu l t s  t h a n  
fo r  the Case 3 resu l t s .  

A comparison of water levels f o r  

The two inverse applications with the prescribed head boundary condition 
along the Cold Creek Valley and varying areal recharge yielded a be t te r  f i t  
with the measured water levels than the application w i t h o u t  areal recharge. 
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FIGURE 16. Inverse Estimates o f  Transmissivity for Case 4 
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FIGURE 17. C o e f f i c i e n t s  o f  V a r i a t i o n  f o r  Case 4 
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In addition, the boundary f lux along the Cold Creek Valley calculated by the 
inverse resu l t s  assuming prescribed head along t h a t  boundary (311,000 
ft3/day) is  of the same magnitude as the  value assumed i n  the  calibrated VTT 
model (322,000 ft3/day).  However, the prescribed flux i n  the  VTT model was 
evenly distributed among three nodes, whereas the prescribed flux estimated 
w i t h  the  constant head boundary in the  CFEST model i s  not evenly dis t r ibuted.  
More than half of the flux enters  a t  one node. 
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APPLICATION OF THE INVERSE CALIBRATION RESULTS 

The results of the inverse calibration were applied in a two-dimensional 
model of ground-water flow in the unconfined aquifer to determine how well 
the predicted water levels matched observed water levels. The transmissivity 
distribution from the inverse application with prescribed head in the Cold 
Creek Valley and areal recharge (Case 4) was input to the CFEST code, and the 
model was applied to simulate water level changes over a 6-year period from 
1980 to 1985. 
were compared with measured water levels. 
levels predicted with a model based on the VTT code to provide a benchmark 
with a previous model of the unconfined aquifer calibrated with an iterative 
method (Cearlock, Kipp and Friedrichs 1975). 

Water levels predicted with the model based on the CFEST code 
They were also compared with water 

The CFEST code was applied to simulate ground-water flow in the uncon- 
fined aquifer with the same boundary conditions as used in the inverse 
calibration. 
storage coefficients in the unconfined aquifer be specified. 
distribution of storage coefficient measurements for the unconfined aquifer 
is limited, so the constant value of 0.1 assumed for the model based on VTT 
(Kipp et al. 1972) was also used in the CFEST model. The liquid waste dis- 
charges to the ground for the transient simulation are from Aldrich and 
Sliger (1981), Sliger (1982, 1983), and Aldrich (1984, 1985, and 1986). A 
monthly time step was used in the transient simulation. 

The transient simulations require that the distribution of 
The number and 

At the end of the simulation, the water levels predicted with the CFEST 
model were compared with measured water levels for December 1985 (Figure 18). 
The predicted and observed contoured water levels are in close agreement, 
based on visual inspection. 
dicted water levels may result from errors in estimating the transmissivity 
distribution, the lack of a defined spatial distribution for the storage 
coefficient, or errors in the data on discharges to ground at disposal 

The differences between the observed and pre- 

f aci 1 i ti es. 
- .  The water levels predicted with the VTT 

with observed water levels for the same time 
model for December 1985 compared 
period are illustrated in 
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F I G U R E  18. Water Levels (in ft) Predicted with CFEST for December 1985 
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Figure 19. 
simulation are in general agreement with the observed water levels. 
comparison of Figures 18 and 19, it can be seen that the water levels pre- 
dicted by the CFEST model with the inverse estimates of transmissivity are in 
closer agreement with the observed water levels than those predicted with the 
VTT model and the iterative calibration for the same 5-year period. For 
example, in the east-central portion of the study area, the water level 
gradient and magnitude are reproduced more accurately by the CFEST model 
based on the inverse estimates of transmissivity. In addition, in the 
central portion of the study area (see the 400-ft contour), the CFEST 
predictions indicate the water table is flat, whereas the VTT predictions 
show a slowly changing gradient 
1,200,000 ftz/day in the centra part of the area (see Figure 16) obtained by 
the inverse calibration may yie d a more accurate representation of the water 
level gradient than the smaller value used in the VTT model (see Figure 3). 

The water levels predicted with VTT at the end of the 5-year 
By 

Thus, the large transmissivity estimate of 

Both the VTT and CFEST water level predictions reproduce the water level 
gradient near the 200 Area. However, in a visual comparison, the CFEST 
predictions appear to match the hand-contoured water level observations 
better than the VTT predictions. 
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FIGURE 19. Water Levels (in ft) Predicted with VTT for December 1985 
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CONCLUSIONS 

,- 

The r e s u l t s  o f  app ly ing  t h e  i nve rse  c a l i b r a t i o n  method t o  t h e  ground- 
water f l o w  model o f  t h e  Hanford unconf ined a q u i f e r  suggest t h a t  t h e  water 
l e v e l s  computed by t h e  i nve rse  c a l i b r a t i o n  w i t h  a p resc r ibed  head boundary 
c o n d i t i o n  along t h e  Cold Creek Va l l ey  prov ided t h e  c l o s e s t  o v e r a l l  match t o  
observed water l e v e l s .  
t i o n  t h a t  inc ludes  a rea l  recharge across t h e  s i t e  r e s u l t s  i n  a s l i g h t l y  
b e t t e r  f i t  w i t h  observed da ta  than t h e  a p p l i c a t i o n  w i thou t  a rea l  recharge. 

These r e s u l t s  a l so  suggest t h a t  t h e  i nve rse  c a l i b r a -  

In t h e  s imu la t i ons  o f  t r a n s i e n t  cond i t i ons  f rom 1980 through 1985, t h e  
water l e v e l s  p red ic ted  w i t h  t h e  model based on t h e  CFEST code more c l o s e l y  
matched observed water  l e v e l s  than t h e  p r e d i c t i o n s  w i t h  t h e  model based on 
t h e  VTT code. 
w i t h  p rescr ibed head along t h e  Cold Creek Va l l ey  and area l  recharge was used 
w i t h  CFEST, and t h e  t r a n s m i s s i v i t y  d i s t r i b u t i o n  f rom prev ious c a l i b r a t i o n  o f  
t h e  model w i t h  t h e  i t e r a t i v e  method was used w i t h  t h e  VTT code. The d i f f e r -  
ences between t h e  observed and p red ic ted  water l e v e l s  f o r  bo th  t h e  CFEST and 
VTT s imu la t ions  may be caused by e r r o r s  i n  es t ima t ing  t h e  t r a n s m i s s i v i t y  
d i s t r i b u t i o n s  used, t h e  assumed constant  s torage c o e f f i c i e n t  o f  0.1, o r  
e r r o r s  i n  t h e  da ta  on discharges t o  ground a t  d isposal  f a c i l i t i e s  app l i ed  i n  
t h e  models. 

The t r a n s m i s s i v i t y  d i s t r i b u t i o n  f rom t h e  i nve rse  a p p l i c a t i o n  
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