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L. INTRODUCTION

1.1 Statement of the Problem

The major source of fresh water in the Big Bend Groundwater Management
District #5(GMDS) is provided by the Great Bend Prairie aquifer. There is concern
that the increasing withdrawal of groundwater in the Big Bend Groundwater
Management District #5(GMDS) may cause significant decline of groundwater levels
and contribute to the rising of the freshwater-saltwater interface from the saltwater
source in the underlying geologic formation. A decline in the available groundwater
supply and the deterioration of water quality would eventually result in shortages of
freshwater supply in the district if the trend is not stopped by a sound management
strategy. However, a clear understanding of the present quantity and quality of the
groundwater in the district is necessary before a management plan for sustainable
supply can be adequately designed.

The purpose of this research is to study the dynamics of the groundwater
system by using available historical data in the region, mathematical modeling, and
geostatistical analysis. The results of this research are intended to provide technical
support for a management policy for the long-term sustainable groundwater supply.

1.2 Objectives of Study

The specific objectives of this research are:

1. To estimate the aquifer parameters for the study area based on the existing
data.

2. To compute the groundwater quantity and quality by using an existing 3-D
finite-difference model (SWIFT II).

3. To use the conditional simulation technique to account for the uncertainty
of aquifer parameters used in the groundwater flow model.

4. To develop a groundwater management model and to estimate the
sustainable groundwater supply under various management policies.



II. GEOHYDROLOGICAL FEATURES AND DATA OF STUDY AREA
AND METHODOLOGY

2.1 Geohydrological Features of Study Area

The study area is situated in the northern part of the Big Bend Groundwater
Management District #5 (GMDS) of the state of Kansas as shown in Fig. 1. The area
is bounded by the Arkansas River and the Rattlesnake Creek and is approximately 625
mi2 (1600 km2) which covers parts of Barton, Rice, Reno, and Stafford counties.
According to the 1990 census of population in Kansas, the total population in Barton,
Rice, Reno, and Stafford counties was approximately 100,000. The main agricultural
crops are wheat, grain sorghum, corn, and alfalfa hay. Groundwater is used for urban
household, livestock, industry, and irrigation. Most of the precipitation falls during the
growing season from April through September. The precipitation records from 1955-
1992 at the Hudson climatic station show that the mean annual precipitation is about
27.74 in. The study area has a typical continental climate with a wide range of
temperatures, rapid evaporation, and variable precipitation. Recharge is mainly from
the precipitation and the annual recharge only ranges from 1 to 3 inches,
approximately 10% of the annual precipitation (Sophocleous, 1991). Groundwater
discharge occur in the vicinity of the Quivira Marsh, and the Arkansas River
downstream from the Great Bend and Rattlesnake Creek (Sophocleous, 1992). The
primary source of freshwater in the eastern portion of the GMDS (Fig. 2) is the Great
Bend Prairie aquifer which is underlain by Permian red beds (Fig. 3A & 3B) containing
brines. There is no effective separation between the Great Bend Prairie aquifer and the
Permian red beds east of the boundary of the Cretaceous bedrock. The continuous
extraction of fresh water in the upper aquifer may cause upward movement of the
deeper saltwater resulting in the deterioration of water quality. Consequently, to
maintain a sustainable supply of water of good quality becomes a serious concern to
the GMDS5 and the State. In 1993, an intensive study site, the Siefkes site (Fig. 4), was
developed to provide much needed field data on saltwater intrusion into the freshwater
aquifer.

The main geologic units in the Great Bend Prairie aquifer are described by
Latta (1950), Layton and Berry (1973), Fader and Stullken (1978), and Cobb (1980)
(Figs. 3A and 3B.). The major geologic units (Fig. 3A) in descending order are the
Great Bend Prairie aquifer, the Cretaceous Formations, and the Permian rocks.

The Great Bend Prairie aquifer is in the drainage basin of the Arkansas River in
south-central Kansas. The aquifer consists of alluvial sand, gravel, silt, and clay which
were deposited by the ancestral Arkansas River. The thickness of the deposits range
from several tens of feet to over 200 feet. The Cretaceous Formation which is known
as the Dakota Formation is generally considered a confining or leaky confining layer; it
effectively separates the Great Bend Prairie aquifer and the underlying Permian water
bearing units. The Permian formations consist of reddish-brown sandstone, siltstone,



shale, salt, gypsum, anhydrite and limestone and are known to contain salt water. The
saline water rises upward into the unconsolidated aquifer in the lower reaches of the
Rattlesnake Creek and increases the salinity of the available groundwater. Roughly
east of US-281, the surface aquifer directly contacts with the Permian formation, and a
threat of saltwater from the Permian bedrock is a major concern in this area. In
addition, Gillespie et al. (1991) indicated that in some places the hydraulic heads in the
Permian bedrock are higher than the freshwater table. This phenomenon was verified
with observations of the KGS/GMDS monitoring-well network at sites 2, 4, 5, 15, 41,
and 49 (Fig. 4). The direction of groundwater flow can be determined by water level at
different locations. The 1991 water-table contour for GMD5 (Buddemeier et al, 1992)
indicates that the direction of ground water flow is generally eastward. The upward
leakage from the Permian Bedrock has been studied by Cobb et al. (1982). However,
the aquifer hydrogeologic properties and hydraulic relationships are still not clear. In
addition, unplugged wells, sinkholes, boreholes, and fractures may provide pathways
for more rapid contaminant transport (Young, 1992); therefore, estimation of total
leakage from Permian bedrock is a difficult task at this time.

2.2 Field Data

The ground-water-level data in the GMDS5 are collected by the Kansas
Geological Survey, the Division of Water Resources, GMDS5, and the U.S. Geological
Survey. Most of the wells are measured annually, some are quarterly, and a few well
sites are equipped with continuous recorders. In order to avoid the influence from the
irrigation pumping, most of the wells are measured in mid-winter. The water level data
are published annually by the Kansas Geological Survey.

The bedrock elevation data were collected from the data used by Fader and
Stullken (1978); the water-quality monitoring network established by the GMDS since
1974; and the Kansas Geological Survey bulletins.

The natural gamma activity and formation conductivity in the monitoring well
network (Fig. 4) is measured by using an electromagnetic (EM) logging tool (Young,
et al., 1993). The data are collected at 0.1 foot intervals to obtain a vertical profile of
conductivity. Water levels are also measured and recorded for each well before
logging is conducted. The measured conductivity can be converted into its
corresponding chloride concentration. A groundwater chloride concentration less than
500 mg/L is good for most general uses and is considered as the target for sustainable
groundwater. Because of the noisy conductivity profile form the field measurements,
the lowest conductivity value that can be reliably read is about 100 ms/m and this
value corresponds to a chloride concentration of about 3300 mg/L, which is too salty
for most uses. A curve fitting technique is employed to produce a smoothly fitted
curve and the location of the 500 mg/L. chloride concentration can be estimated
(Gamneau et al., 1994). The first logging was conducted in March, April, and May,
1993. The Permian well and the deep-aquifer well were logged for most of the well



sites; however, well sites 5, 39, and 49 were not logged due to inaccessibility. The
results of the logging are documented by Buddemeier et al (1993).

The water level and the location of the saltwater-freshwater interface may vary
from year to year, mainly due to the pumpage and yearly recharge. The observed
water heads in the shallow aquifer and Permian monitoring wells in January 1994 were
greater than or approximately equal to January 1993 due to the unusually high
precipitation (high recharge) in 1993. At the Siefkes site, the water level increased 6
feet between April and October 1993, and the measured water level in March-April
1994 was still approximately 4 feet higher than the March-April 1993 level. Although
groundwater heads had significant change in 1993, the amount of salt and the
characteristics of most transition zones in the Great Bend Prairie aquifer remained
rather stable. All the field data discussed above will be analyzed for the numerical
model discussed later.

2.3 Methodology

The purpose of this research is to develop a quantitative relationship between
groundwater withdrawal and saltwater intrusion based on field data and modeling. The
results will then be used to investgate possible best management practices for attaining
optimal sustainable groundwater supply for the study area. Sustainable groundwater
supply is an estimated amount of supply of freshwater for the study area that is
sustainable for a relatively long term without substantial saltwater intrusion.

Because the field data in the study area have been collected for quite a long
period of time by the GMDS3 and the KGS, the management model will integrate the
existing data, knowledge, and the mathematical model for evaluating the effects of
various management options. The focus will be on the assessment of sustainable
groundwater and water quality. Pumping patterns (demand) and precipitation are
considered as the two major factors for aquifer discharge and recharge, respectively.
Several scenarios will be proposed and based on these two factors to predict the
movement of the saltwater-freshwater interface 10 years after the present operating
conditions. The usable groundwater is the saturated thickness between the top of the
freshwater body to the upper part of the transition zone. Figure 5 is the general
structure of this microcomputer-based decision support system. The whole structure
consists of the following modules:

1. Database:

The database contains the information on the characteristics of the aquifer,
groundwater quality and quantity.
2. Geostatistics:

The geostatistics base serves as a tool for the estimation of the value of each
grid point for the simulation model. Three components are included which are the
kriging, the cokriging, and the conditional simulation.



3. Simulation Model:

The SWIFT-II model (Reeves, et al., 1986) is a fully-coupled, transient , three-
dimensional finite-difference model. This code has been verified against eight analytical
solutions for heat flow and laboratory results (Ward et al., 1984). In addition, it has
been applied to studies of nuclear waste isolation, deep injection (Ward et al., 1987)
and mineral intrusion problems (Butow and Holzhecher, 1987). This model is
apparently suitable for this study for the simulation of the present condition and trends
of salt water interface of the Great Bend Prairie Aquifer
4. System Module

The system module is an user interface and serves as a bridge between the
users and the whole system, which allows the users to perform the following tasks:

A. To define the region that will be analyzed.

B. To query the correct input data from the database.

C. To extract the data from the database.

D. To format the data for use by the simulation model.

5. Output Module:

The output module contains several programs to extract and clearly display
output from numerical model.

Finally, the system manager will be developed based on the above five
components. This will be able to generate feasible decision and to evaluate the various
management options.



III. LITERATURE REVIEW

3.1 Literature on Saltwater Intrusion

Two approaches are generally used in analyzing the salt water intrusion. One
assumes that there exists a sharp interface between saltwater and freshwater without
mixing of these two fluids. The other is the solute-transport approach to include a
transition zone with continuous variability of salinity created by the mixing of saltwater
and freshwater and its dispersion. The latter approach is closer to reality and is
preferred.

In certain special cases, the sharp interface approach can be applied to a large
physical system for gaining some information on the general behavior of the interface
under various stresses. The solute-transport approach uses a system of numerical
methods to solve complex transport equations. Numerical instabilities and cost of
computation time are two major concerns.

Sharp Interface Approach

This approach is employed when the thickness of the transition zone is small
compared to the whole depth of the aquifer and the interface serves as a boundary
where the flux and pressure is continuous. Solution of this approach will become
difficult in three dimensional analysis due to the highly nonlinear interfacial boundary
condition (Bear, 1979). Ghyben (1888) and Herzberg (1901) modeled coastal aquifers
and simply assumed a static equilibrium and a hydrostatic pressure distribution in the
freshwater and saltwater, that the depth of the interface can be determined by saltwater
and freshwater densities, and that the freshwater head on the interface at a certain
point is the same as the head on the water table at the same point which implied that
no vertical head gradient was considered. The major criticism of this approach is that
as the freshwater approaches the coast, the Ghyben-Herzberg relation is not satisfied.
Muskat (1937) and Hubbert (1940) improved the Ghyben-Herzberg relation; the
saltwater and freshwater interface was treated as a boundary with the pressure in
equilibrium condition at a point on the interface. Many other studies have been
developed based on the sharp interface approach. Wang (1965) used an analytical
approach to determine the critical pumping rate in an unconfined aquifer. Sahni (1972)
conducted experiments to study salt water upconing, and his experimental results
were compared with the numerical results obtained by Chandler and McWhorter
(1975). Wirojanagud and Charbeneau (1985) adopted finite difference and finite
element techniques to investigate both steady-state and transient salt water upconing.

Density-Dependent, Solute-Transport Approach

In this approach, two nonlinear partial differential equations (the groundwater
flow equation and the advection-diffusion (transport) equation) must be solved
simultancously by iteration. The governing equations are expressed in terms of



pressure (p) and intrinsic permeability (k) because the total head (h) and hydraulic
conductivity (K) are functions of density (p).

Many studies have been conducted based on this approach. Henry (1964)
derived an analytical solution to describe the movement of a diffused saltwater wedge
in a confined aquifer. Van der Veer (1977) also used a closed form solution to
describe the flow of salt water and fresh water. Bear and Dagan (1964) conducted
laboratory experiments by using a Hele-Shaw model to measure the advance of a salt
water interface. Bennett et al. (1968) investigated the brine upconing in the Punjab
Region of West Pakistan by using an electric-analog model. Reilly and Goodman
(1987) used the Voss (1984) finite element model based on axisymmetric, linear,
triangular elements in a cylindrical coordinate system to study a saltwater upconing
interface, and the results were compared with the sharp interface approach.

Many numerical groundwater models have been developed in the past several
decades. Mangold and Tsang (1991) provided a summary of 56 existing numerical
codes along with a general description of the methods of analysis and capabilities. All
these codes can be broadly classified into geochemical models, solute transport
models, and hydrochemical models. The effect of salinity on fresh water is the major
concern in this research, therefore, a solute transport model coupled with a
groundwater flow model is the one adopted to simulate the salt water intrusion.

3.2 Review of Geostatistical Analysis

The mineral intrusion problem is solved numerically by two coupled partial
differential equations, the fluid flow equation and solute transport equation. Since no
closed form solution is obtainable for complex field problems such as the one under
investigation here, these two coupled equations are solved numerically by using the
finite-difference technique. The numerical technique divides the aquifer model into a
finite number of grid cells, the aquifer geometry and properties for each discrete cell
have to be estimated.

Henley (1981) and Davis (1986) described several estimation techniques.
Generally, all these estimation techniques are to determine the weights for each
available sampled data within the predefined search area. Estimation is the sum of the
available data multiplied by their corresponding weights. Because the properties of an
aquifer (permeability, storativity, transmissivity) usually exhibit a significant spatial
variability, direct measurements of each point in space is practically impossible.
Geostatistics is used to generate realizations of the regionalized variables (variables of
interest) for the deterministic model.

Geostatistics has been applied to a variety of estimation problems in
geohydrology since it was first developed by Georges Matheron (1963, 1971) and
applied to the mining industry. In groundwater hydrology, the mapping of spatial



transmissivity and piezometric heads was performed by Delhomme (1978, 1979) and
Palumbo and Khaleel (1983); Delhomme (1978) and Mantoglou and Wilson (1982)
used conditional simulation to generate transmissivity fields; Ahmed and De Marsily
(1987) adopted the cokriging technique to interpolate transmissivities by using the
transmissivity and the specific capacity data; Smyth and Istok (1989) also used the
cokriging technique to investigate a groundwater contamination problem.

Geostatistics is the statistics of spatially correlated data and the estimation is to
solve a set of equations that describes the expected autocorrelation between values of
sampled variables and samples to be estimated. The regionalized variables are assumed
to be second-order stationary. Estimation of water level and bedrock is performed by
the ordinary kriging technique; the semivariance, which describes the rate of change of
regionalized variables, is the fundamental part of using kriging. Cokriging is adopted
to estimate the saltwater freshwater-interface because the primary variable (saltwater
freshwater interface) is undersampled. Similar to the variogram for spatial continuity
of a single variable, the cross-variogram describes the cross-continuity between
primary and secondary variables and is necessary for the cokriging technique.
Conditional simulation will be performed to investigate the spatial distribution of
permeability. The theory of geostatistics is well documented (Journel and Huijbregts,
1978; Carr et al., 1985). The geostatistical techniques used in this research will be
discussed in chapter IV.



IV. GEOSTATISTICAL ANALYSIS OF FIELD DATA

Geostatistics initially (Matheron, 1963) stood for estimation problems in two-
or three-dimensional fields using probabilistic tools. More recently, the term has been
used more generally to describe all applications of statistics in hydrogeology and
geology. For the groundwater flow, the heterogeneity of the subsurface often cannot
be adequately characterized for use in deterministic models. Geostatistical simulations
must be used to generate realizations of the random model parameters involved in the
mathematical model. In this study, a method of optimal estimation of random fields
called kriging is used to estimate groundwater level and bedrock elevation at
unsampled locations based on values at sampled locations. The cokriging technique is
adopted to estimate the undersampled saltwater-freshwater interface by utilizing the
secondary, highly correlated bedrock elevation data. Finally, the conditional simulation
technique is employed to generate the spatial realization of the hydraulic conductivity
honoring the observed measurements. These geostatistical methods and applications
are described in the following sections.

4.1 Ordinary Kriging

The objective of kriging is to find the best linear unbiased estimate of a random
field which is assumed to be second-order stationary. A random field is said to be
second-order stationary if it satisfies the following conditions in its mean, variance and
covariance:

Stationarity is defined through the first- and second-order moments of the
observed random function. For the first-order moment, the expected value of the

random variable x must be constant.

Mean :E{Z(x)} =m(x) =m, independent of x 4.1
Varance : Var{Z(x)}=c6?*(x)=07 independent of x 4.2

For the second-order moment requires that:

Covariance  : Cov{Z(%),2(%,)} = Cov(Z, - %,) = Cov(k) = C(k) 43

where h = %, - X,, ie., the covariance between the process at X, and X, is
independent of the individual locations X, and X, and dependent only on their
difference.

The variance is:

Var{Z(x)} = E{[Z(x) - m(x)]“} = ¢(0) 4.4



and the semivariogram is:

v(h) = % Eflz(c+ 1) - ()} 45

Under the conditions of second-order stationarity, Eq. 4.2 can be introduced
into Eq. 4.5, the relationship of the covariance and the semivariogram functions is as
follows:

C(r) = 6® - y(n) 4.6

In practical application, the semivariogram or the covariance is unknown and
must be estimated from the sampled data using the following equation:

T(h) = '2'#}1) g)[l(x,-) - Z(x,.+h)]2 4.7

wherey (h) is the value of the estimated variogram at lag A and N(h) is the number of
pairs of sampled values with a distance approximately h apart.

Since numerical difficulties, multiple solutions, or negative variance may occur
when directly using the estimated semivariogram, an admissible semi-variogram model
which fits the estimated semivariogram points and satisfies the positive definiteness
condition is an alternative solution to guarantee an unique kriging solution
(Christakos, 1984). Some of the most common semivariogram models which satisfy
the constraint of positive definiteness are power, spherical, exponential, and Gaussian
models (Cressie, 1991) and a linear combination of any of the above models is still
positive definite. Figure 6 shows a typical semivariogram plot with computed points
from sampled data and a Gaussian model. The three major components of a
semivariogram model are the nugget, range, and sill. Theoretically, at zero distance,
the semivariance is zero because the measurement is compared to itself. However, in
application, sampling errors and small scale variation may result in a sharp
discontinuity near zero distance. Therefore, the semivariance will extrapolate to a y-
intercept and this is termed the nugget effect. As the separation distance increases, the
corresponding variogram value also generally increase because the difference between
variable measurements becomes larger. Beyond a certain separation distance, the
corresponding value of the variogram will no longer be increasing and stays constant
(plateau). The distance before the variogram reaches a plateau is termed the range, the
value at which the variogram reaches the plateau is termed the sill.
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Once the pattern of spatial continuity (semivariogram model) has been
determined, ordinary kriging can be used to perform estimation. The idea of this
method is to linearly determine the weights of the available data; the sum of weights is
equal to one. In addition, it tries to have zero mean residual (error) and to minimize
the variance of the errors. The ordinary kriging estimator is as follows:

() = Y 2(x) 4.8

i=l

where 2(x0) is the kriging estimate at location xo, A; is the weights for the location x;,
and Z (x;) is the observation at sampling location x;.

To satisfy the second-order stationarity, V4 (x,) must be unbiased, therefore,
the estimation error (difference between the estimate and the true value) is:

R(x,) = YA Z(x,) - Z(x,) 49

i=]

and substituting Eq. 4.1 to the above equation:

E{R(x,)} = m(x) [ixi - 1} =0 4.10

i=1

where R (x,) is the estimation error, and Z (x,) is the true value.
therefore:

i}»,. =1 4.11

i=]

The estimation based on this technique is to have minimum variance of
estimation error, unbiased linear estimator:

El(gliZ(xi) - z(xo)ﬂ = Minimum 4.12

The minimization of the above equation with the constraint (Eq. 4.11) can be
done by introducing a Lagrange multiplier, p.:
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d Var[il,l(xi) - Z(x,

)
= 5y -2u =0 fori =123,..,n 4.13

and the ordinary kriging system in matrix form is:
-'Yu Yiz = Yin 1- ’-)"1 _701-
Yu Yo 1|2, Y 02
: N = 4.14
Ym Yuz *° Ymm 1[|A, Y on
1 1 - 1 O0f|lp 1

With the y'sestimated from the variogram for the sampled data, y's and [ can

be formed from the solution of the above equation. The kriged value at any location
can be calculated from Eq. 4.8.

The variance of the estimation error is:

Gox = 27‘;'70:' +H 4.15

i=1

The ordinary kriging is used to estimate 1992 and 1993 groundwater levels and
bedrock elevations. The kriged 1992 groundwater level is used for the initial condition
in the three-dimensional numerical simulation and the kriged 1993 groundwater level is
used for the purpose of water head calibration. The kriged bedrock elevation is used
for the bottom boundary of the Permian bedrock.

Application of Ordinary Kriging

The study area is 25x25 mi2 (1600 km?2). To take the advantage of
measurements outside the study area, the sample area was enlarged to 37x37 mi2
(3505 km?2). For the extended area, there are 71 and 97 measured groundwater levels
in 1992 and 1993, respectively, and 564 measured values of bedrock elevation. The
locations of observation wells measured in 1992 and 1993 are shown in Figs. 7 and 8,
respectively. The measurements for 1992 and 1993 do not exactly match because bad
weather made some well sites inaccessible during measurement period. The locations
of measured bedrock elevations are shown in Fig. 9. These measured values at
sampled sites will be used to obtain the optimal estimates of the values at unsampled
locations by kriging.
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The first step of the estimation procedure is to find semivariograms which
characterize the spatial variability of the groundwater level elevation and the bedrock
elevation. Once a suitable semivariogram model is determined, the model is evaluated
by cross validation (Davis, 1987). The objective of cross validation is to krige the
known data one at a time based on the fitted model. If the mean and variance of the
estimation error based on the semivariogram model are close to zero and one,
respectively, the model is judged to be acceptable. In other words, the results of cross
validation can be presented as a scatterplot of the estimated values versus the
measured values and the plotted points should lie close to the 45-degree line. The
ordinary kriging based on the obtained best fitted semivariogram model is then
employed to estimate the values at unsampled locations. These computations can be
performed using the GSLIB (Deutsch & Journel, 1992) software.

Estimated Bedrock Elevations for the Study Area

Cumulative probability and a histogram with the sample mean, variance,
standard deviation, and quartiles of the bedrock elevations are shown in Fig. 10A and
Fig. 10B, respectively. These plots are used to determine whether the observed data
are normally distributed. The plotted points in Fig. 10A show convincingly that the
bedrock elevation data are normally distributed except for a few very low and very
high values. The Kolmogorov-Smirnov test is performed at a significance level of 5%.
The test value for the sampled data is 0.039, which passes the value of the 5%
significance level, 0.057, for normal distribution.

The measured bedrock elevations decrease in their values from west to east.
All semivariograms are calculated with lag 1.4 miles and a tolerance *0.7 mile; for
directional semivariograms an angular tolerance of £22.5 degrees is used. Fig. 11 is
the plot of the calculated omnidirectional and directional semivariograms along E-W,
NE-SW, N-§, and NW-SE directions. All semivariogram plots show an increasing
trend except in the N-S direction perpendicular to the main trend of bedrock. In
geostatistics, the continuous rise of the semivariance on Figs. 11A, C, D, and E
indicate that no limited range can be specified; therefore, the sampled data exhibit a
significant dip (descending trend) in the bedrock surface along the east, the north-east,
and the south-east directions. Therefore, the fitting of a semivariogram model is
determined by adopting the calculated semivariograms along the N-S direction due to
its good continuity at the origin and nearly constant semivariance. In addition, the
accuracy of kriged values depends mostly on the semivariograms at small lags,
therefore, the best fitted semivariogram model is determined based on the first few
semivariogram points. The final semivariogram model selected for kriging is the
following spherical model:
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clist - os(™)
v(r) = a "\ | n<a 4.16
C

,h>a

where the sill C is 2100; the lag distance A is in miles; the range a is 6 miles.

Cross validation was performed for the best-fit model. The fitted curve is
shown in Fig. 11B. The kriged values at sampling locations are plotted versus the
sampled values in Fig. 12. Figure 12 shows that the plotted points cluster around the
45-degree line. This means that the kriged values based on the spherical model are
unbiased and the model is adequate for estimating the bedrock elevations at unsampled
sites to provide a detailed pattern of the bedrock topography.

The bedrock surface obtained from the kriged values is shown in Fig. 13. A
plot of contours of bedrock elevation is shown in Fig. 14. Figures 13 and 14 show the
ragged features of the bedrock with higher elevations at the south-west and lower
elevations in the east. The variability of the bedrock elevation will be included in
developing a three-dimensional numerical model and will be used for interpretation of
saltwater intrusion.

Analysis of Groundwater Level Data

Previous analysis of the measured groundwater levels indicates that the
groundwater level generally dips from west to east (Mitchell, et al., 1993), and that a
significant spatial trend exists in the groundwater level data. Thus the calculated
semivariogram is expected not to reach a constant sill as the distance increases because
of the non-stationarity of the data. Consequently, the trend must be estimated and be
removed from the original data so that the residuals required for kriging satisfy the
stationarity condition thus allowing the semivariogram model to be found. To
accomplish this, both linear and nonlinear trends are fitted with a first-degree and a
second-degree polynomials as follows:

Linear trend;
Water level elevation = -7.47 X - 1.72 Y + 1909.93 4.17

Non-linear trend;
Water level elevation = -7.66 X* - 1.62 Y* - 0.020 X + 0.068 XY - 0.034 Y 4.18

where X and Y are the coordinate along the east and the north direction, respectively.
The goodness-of-fit of Eq. 4.18 is 0.98 which is slightly better than the first-

order with 0.97 and Eq. 4.18 is used to remove the estimated trend from the data at
sampled locations.

14



After the nonlinear trend was removed from the original data set, a cumulative
probability plot and histogram plot with sample mean, variance, standard deviation,
and quartiles of the residuals are plotted and shown in Fig. 15. The Kolmogorov-
Smirnov test indicates that the residuals of piezometric heads are normally distributed
at a significance level of 5 %. Figure 16 is a plot of omnidirectional and directional
semivariograms of residuals along E-W, NE-SW, N-S, and NW-SE directions with a
lag of 3.2 miles and a tolerance of t+ 1.6 miles. For the directional semivariograms, an
angular tolerance of * 22.5 degrees is used. The best fitted model is the spherical
model (Eq. 4.16) along the E-W direction with a sill equal to 120 and a range of 12
miles.

Again, cross validation is carried out based on the best fitted model and the
results are shown in Fig. 17. There are a few points deviating substantially from the
45-degree line. It is reasonable to adopt the spherical model for kriging.

The final results are obtained by adding the removed trend back to the kriged
residuals. The 1992 groundwater surface is shown in Fig. 18 and a plot of
groundwater level elevation contours is shown in Fig. 19. The number on each contour
in Fig. 19 indicates the water level elevation. The highest elevation is 1900 ft
designated as B and the lowest elevation is 1700 ft designated as 1. Unlike the bedrock
contours shown in Figs. 13 and 14, the surface for the piezometric heads is very
smooth with higher values at the southwestern corner and gradually decreasing
eastward. The trend is quite similar to that of the bedrock elevation as one would
expect.

The data of the 1993 piezometric heads is analyzed in the same manner to
obtain the estimated values for comparing the results from the numerical model using
the 1992 values as the initial values. The results will be presented and discussed later.

4.2 Cokriging

When the primary variable of interest is undersampled, but the secondary
variables are spatially cross-correlated with the primary variable, then the secondary
variables can be utilized to improve estimates of the primary variable. To ensure that
the cokriging technique can be performed properly, the modeling of the auto- and
cross-variograms of two or more variables have to be performed; second-order
stationarity is also assumed.

Similar to the one-variable case (kriging), for m regionalized variables and n
sample locations (Z; (x:), j = 1,2,...,m; i = 1,2,...,n), the cross-covariance is:

C(h) = E{Z,(x) - Z,(x+h)} - m;m, 4.19
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the cross-variogram is
V) = 5 E{Z(+h) - @) [Z,Gx+4) - Z ()} 420

If j = k then the above equation reduces to Eq. 4.5. The cross-semivariogram
is symmetric, however, the cross-covariance is not. The matrices of cross-covariances
or cross-semivariograms are used for estimation. The relationship between the cross-
covariance and the cross-semivariogram is as follows:

2y 5 (r) = 2C;(0) - Cu(h) - Cy(h) 4.21
The difficulty is not to find all the models but to ensure the model is positive
definite (Myers, 1982), otherwise, negative variance, numerical difficulties, or multiple

solutions may occur.

Cokriging is similar to kriging, however, the data that are being estimated are
based on different attributes. The cokriging estimator for Z;(xy) is:

Z(x,) = 211" Z(x,) 4.22

where Z = (Z,;, Z,,..., Z,,,)T; each I'; is an unknown m x m weight matrix which needs to
be determined.

Under the constraint of unbiasedness:

E{Z(x,)} = E{Z(x,)} 4.23
therefore, the estimation error can be minimized.

min E{Z(x,) - Z(x)} 424

As discussed above, the modeling of the spatial correlation for the primary and
secondary variables and the cross-correlation between these two are the fundamental
part of obtaining the optimal cokriging weights. A detailed discussion of this approach
is given by Myers (1982).
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Locations of the saltwater-freshwater interface will be estimated by using the
cokriging technique and the estimated interface will be used for the initial interface
condition in the three-dimensional numerical simulation.

Saltwater-Freshwater Interface
Young et al. (1993) conducted a linear regression analysis of the measured
locations of the saltwater-freshwater interface. The interface is somewhat arbitrarily
set at a place where the measured conductivity equal to 100 mS/m. They proposed the
following empirical formula for the interface as a linear function of piezometric head
and bedrock elevation:
Z=-76.0271 + 0.4873 Zw + 0.5331Z3 4.25

where
Z = the elevation of the saltwater freshwater interface (ft, MSL).
Zw = the elevation of groundwater level (ft, MSL).
Zp = the elevation of the top of the bedrock (ft, MSL).

It is interesting to note that Eq. 4.25, generally, gives a value of the elevation
of the interface equal to the average of the groundwater surface elevation and the
elevation of bedrock. In this study, the saltwater freshwater interface data is
determined by adopting the previously kriged groundwater level and bedrock
elevations and the results are shown in Fig. 20 (3-D surface plot) and Fig. 21 (2-D
contour). Basically, the interface follows the topography of the bedrock, Fig. 14, but is
smoother than the bedrock surface due to very smooth surface of piezometric head,
Fig. 19.

Since 1993, field measurements of the saltwater-freshwater interface,
piezometric heads, and bedrock elevations have been obtained at a limited number of
sampling locations. The sampling location and the measured values are shown in Fig.
22 and listed in Table 1. The correlation between the bedrock and interface and the
water table and interface is shown in Fig. 23. The correlation coefficients and the rank
correlation are also presented in Fig. 23. It is seen that the correlation coefficients
between the bedrock and interface is about (.79 and that between the interface and the
water level is 0.59 and the rank correlation is 0.644. Instead of using both bedrock and
groundwater level two secondary variables to estimate the location of saltwater-
freshwater interface, only the bedrock elevation is used in the cokriging technique to
estimate the elevation of the interface.

In cokriging, in addition to the semivariogram model for the bedrock elevation,
Eq. 4.16, the semivariogram model for the interface and the cross-variogram model
between the bedrock and the interface are also needed. The calculated results are
shown in Fig. 24 and Table 2. The fitted models for both cases are the spherical model.
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The semivariogram model for the saltwater-freshwater interface was estimated
using a distance lag of 5.5 miles, and a tolerance * 2.75 miles. The fitted
omnidirectional spherical model is:

h Y
y(r) = | 2200 (15 o % (E) ),hSIO 4.26
2200 h>10

Due to limited number of measured values, the fitted model does not match
well the sample variograms for distance lag beyond 20 miles. For lags less than 10
miles, the semivariograms compared well with the sample. Therefore, Eq. 4.26 is still
considered as an acceptable semivariogram model.

The cross-variogram for the interface and the bedrock was calculated with lag
5.5 miles, tolerance + 2.75 miles. The following spherical model with sill 1300 and
range 12 miles is selected as the fitted cross-variogram model.

h Y
vy = { 3% (15 17 (E) ],h$12 4.27
1300 h>12

Based on the linear combination of the above fitted models, Eqgs. 4.16, 4.26,
and 4.27, cokriging is performed and the estimated elevations of the saltwater-
freshwater interface are shown in Figs. 25 and 26. The corresponding standard
deviation is also estimated. The contour of the estimated standard deviation is shown
in Fig. 27.

Because of the high correlation between the bedrock and the interface, the
contours of the interface are similar in pattern to the contours of the bedrock elevation
shown in Fig. 14. The contour of estimation error (Fig. 27) shows that in an
approximately square area defined by four measured wells, the error increases sharply
from the location of the well to a maximum located around the center of the square
area. A reasonable solution would be to place an additional observation well near the
center of each square (highest estimation error).

4.3 Stochastic Simulation by Simulated Annealing

The kriging techniques described above focus on the accuracy (minimizing the
variance of the estimate error) of the estimated value of the random variable at a
location with little concern about whether the estimated random process would be the
same as the real stochastic process. In fact, estimated values of the random field tend
to smooth out local variations.
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If such estimates of hydraulic conductivity of the system were used in the
governing equations, these parameters would not predict well the large-scale effects of
local spatial variability. Therefore, a simulation technique is required for generating a
parameter field that possess fluctuation patterns similar to the real process. If the
generated parameter field also honors the sampled values at sampled locations, then it
is called the conditional simulation.

The conditional simulation is another geostatistical approach to generate the
realization of a random function. Unlike the kriging estimation that the histogram of
the estimated data is not the same as the histogram of the sampling. The realization
generated from the conditional simulation has the same structure as the experimental
data; in other words, both the estimated and observed data have the same mean,
variance, histogram, and variogram. The theoretical fundamentals of this technique
was presented by Matheron (1973). Basically, the semivariogram model which
describes the spatial variability of the random variable is used by this technique to
reproduce values at unsampled locations honoring the observed values of a
regionalized variable, and the processes of this approach are to calculate the
unconditional simulated values at each point first, after which the simulated values are
adjusted based on the observed values.

Some of the commonly used simulation methods are as follows:
The turning bands method (Matheron, 1973).

. The lower-upper decomposition method (Davis, 1987).

3. The simulated annealing (Kirkpatrick, et al., 1983)

[\

Any of the above techniques can generate an infinite number of different
solutions; however, the constraint that the simulation must honor the observed data
will reduce the number of solutions. The simulated annealing technique is employed in
this study and the theory of this technique is briefly discussed below.

The Simulated Annealing

Since the simulated annealing (SA) was first introduced by Kirkpatric, Gelatt,
and Vecchi (1983) for solving the combinatorial optimization problems, the SA has
been applied to a wide variety of problems. The concept of this technique is based on
an analogy between the physical annealing process of solids and the combinatorial
optimization problems. Annealing is a thermal process that first increases the
temperature high enough so that the particles of the solid are in a highly mobile status,
then slowly decreases the temperature to allow the particles to align themselves until a
highly structured lattice is reached (Press et al., 1992).

The SA first assigns a value randomly based on the cumulative density function

of the sampled data to each grid point in the simulated area, and then pairs of nodal
values z; and z; are chosen randomly and swapped. The swap of pairs of nodal values is
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to adjust the semivariogram model y'(h) of the simulated realization and finally match
the semivariogram model 7y (h) of the observed data. Therefore, the objective function
O can be defined as:

0=ZM 4.28

()

The square of the y (h) at each lag is to standardize the units and give more
weight to closely spaced (low variogram) values. Every swap of the pairs of nodal
values will update the objective function and whether the swap will be accepted or not
is determined by the following acceptance criterion:

1 if0,,<0,,

P{accept}= exp(Q-%_Oﬁm) if0,,,>0, 2

where the —Oﬂlt-o"—“’ is known as the Boltzmann Probability distribution (Aarts and

Korst, 1989). ¢ is the control parameter which is similar to the temperature parameter
in the Boltzmann distribution and must be lowered slowly to avoid convergence to a
local minimum.

The swapping process will continue and the objective function O will gradually
decrease until it approaches zero, in other words, the semivariogram model y'(h) of
the simulated realization matches the semivariogram model 7y (h) of the observed data.

Spatial Realization of the Permian Bedrock Permeability

The sources of the permeability data of the Permian bedrock in the study area
are from the previous reports of field tests (Gillespie and Hargadine, 1911, Cobb,
1980), and the field tests carried out by Butler et al (1993). The locations and the field
test data are shown in Fig. 28. The limited number of data are anamorphosed to satisfy
the constraints that the random function is second order stationary and univariate
standard normally distributed. The histogram plot of the obtained normal scores with
sample mean, variance, standard deviation, and quartiles are plotted and shown in Fig.
29. The omnidirectional semivariograms based on the normal scores are calculated and
listed in Table 3. The best fitted semivariogram model is determined based on the first
few semivariogram points, and the fitted exponential model is shown in Fig. 30. The
fitted exponential model was estimated by using distance lag of 3.6 miles and a
tolerance of * 1.8 miles as follows:
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y(h) = c[1 i exp(—%)] 430

where the sill Cis 1; the lag distance 4 is in miles; the range a is 3.2 miles.

As can be seen from Fig. 30, the calculated semivariograms matched well for
lags less than 8 miles, therefore, Eq. 4.30 is considered as an acceptable
semivariogram model.

The initial realization of the study area is generated by assigning a value
randomly to each node from the cumulative density function of the normal score data;
however, the conditioning data are assigned to the nearest grid nodes. The initial
realization is updated by swapping pairs of nodal values randomly, however, the
conditioning data remain constant, and the acceptance of the swap of the nodal values
is determined by Eq. 4.29. Once the swap of the nodal values is accepted the
semivariogram model y'(k) will be updated and the objective function (Eq. 4.28) will
be decreased. The process will be terminated as the objective function O finally
approaches zero. Fig. 31 shows the comparison of the calculated semivariograms,
y'(h), and of the simulated realization to the semivariogram model, ¥ (h), based on the
observed data. Because the y'(h) is not obtained from the whole realization, the local
¥'(h) does not match perfectly with the global y(h). The final optimal normal scores are
backtransformed to the original space and the realization of the Permian bedrock
permeability is shown in Fig. 32. From the results, the Permian bedrock permeability
can be categorized into two groups: the more permeable area around the lower south
and the east part of the study area with the average permeability around 0.5 ft/day
(20.1 ft/day) and the rest of the study area with the average permeability around 0.05
ft/day (<0.1 ft/day).

The conditional simulation approach adopted in this study takes the spatial
attributes of the sampled data and reproduces the realistic realization of the natural
variability of the Permian bedrock formation, however, the simulated realization can be
significantly improved if a few more field test data can be obtained as suggested and
shown in Fig. 28.
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V. NUMERICAL MODEL FOR SALTWATER INTRUSION

5.1 Numerical Model

The groundwater flow in the Great Bend Prairie aquifer is stratified with
freshwater in the upper region and saltwater near the bedrock. The source of the
saltwater is the highly mineralized water of the Permian rocks. The whole aquifer is
considered as unconfined. The stratified flow is governed by Darcy’s law, the
conservation of mass of fluid and the conservation of mass of salt in a porous medium.
The governing equations, the initial and boundary conditions are described as follows:

Conservation of Mass of Fluid

The conservation of mass is to express the balance of water and solute mass in
a solid matrix. The ground water equation is based on the conservation of mass
coupled with Darcy’s law for flow in a porous medium. The general equation is:

V. (pu) - Qw + RC = %«bp)

5.1

where

p : fluid density (ML-3).

u : fluid velocity vector (LT-1).

Qw  :sink or source [(M(L3T)-1], a positive sign denotes a sink, a negative sign

denotes a source.

o : porosity.

R¢’  :saltdissolution [(M(L3T)-1].

\"

_ (i),-+ )i, (i)k
dx ay TT\e)
i, j, and k are unit vectors in the Cartesian coordinates.

The scalar product of V operator and p u gives the mass flux per unit volume

at each point. The term on the right hand side is an unsteady term which states the rate
of change of fluid mass per unit volume. Sinks or sources are used to represent the
recharge or discharge wells in the interior grid of the model.

The flow equation is the Darcy's law:

u= (5) - (Vp - pgVz) 5.2
T}
where
X : solid matrix permeability (L2), a vector quantity.
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I : fluid viscosity [M(LT)"1].
: gravitational acceleration (L /T2).
z : potential head (L).

(1]

Fluid density is assumed to be a function of salt concentration and pressure and
the equation of fluid density is given as:

p=p,[t +Culp-ps) + C.L] 53
and

C = (pl - pN ) 54

) Po

where

Pr : fluid density at reference temperature and pressure at unit brine

concentration (M /L-3).

PN : freshwater density at reference temperature and pressure (M /L-3).

po :the fluid density for the initial conditions (M /L-3).

c : local salt concentration (M /L3).

Cw  :compressibility of the water [M/(LT2)]-1.
P : local pressure in the aquifer [M/(LT?2)].
Po : reference pressure [M/(LT2)].

The fluid viscosity depends on the salinity concentration and the temperature
of the fluid and is expressed as

1 = pe(€) exp[B(é) (T‘—I;‘)] 5.5
where Ty is the reference temperature of rock surrounding the wellbore; the
relationship between Lz(C) and B(C) is determined from the available viscosity, M,

temperature, T, and concentration, C, data. The determination of fluid viscosity is
discussed by Reeves et al. (1986), and internally included in SWIFT II code.

Porosity @ is a function of pressure p:

@ = @, [1 + Cx(p-p,)] 5.6

where
®, : the dimensionless porosity at the reference pressure.
Cr : the compressibility of the pores (Pa™).
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Conservation of Mass of Salt
The solute mass balance is expressed as:

. - - 9 .
-V-(pCu) + V-[p (D + D,I)-V€] - Qu6 = a—t-(cbpc) 5.7
where
Dy :molecular diffusivity (L2T-1)
D : dispersion tensor (L2T-1)
I : identity tensor

The above equation describes the rate of change of solute in the fluid phase in
terms of the net dispersive and diffusive flux, the net advective flux, and the solute
source or injection rate.

The dispersion coefficient is originally from Bear (1961) and Scheidegger
(1961). For an isotropic porous medium, the dispersion tensor D is a function of
velocity of groundwater flow, and can be expressed by the longitudinal dispersivity oy
(m) and the transverse dispersivity o (m):

V; VJ-

where
vi(x,y,t)  : velocity in the i the direction.
Oy :Kronecker delta function.

172
2,02, .2
v = (Vi +v]+vi)

i and j are unit vectors in the Cartesian coordinates.

Initial and Boundary Conditions
For the problem of interest, supplementary information (initial and boundary
conditions) has to be provided for the solution of the above equations.

Hydrostatic equilibrium is assumed for the initial pressure distribution.
However, if the constant flux Darcy flux is specified as the initial condition, Eq. 5.2
will be performed to adjust the hydrostatic pressure. In addition, brine concentration is
initially specified at appropriate locations to represent the initial saltwater distribution.

The boundary condition is to specify that the dependent variables are known
functions of space and time in the simulated domain. The boundary conditions can be
generally classified into Dirichlet, Neumann, and Cauchy three types of boundary
conditions.



The initial and boundary conditions and the above two partial different
equations (Eq. 5.1 & Eq. 5.7) are solved by the finite-difference scheme to determine
the piezometric heads and the concentrations at nodes inside the aquifer boundary.

The numerical algorithm and its associated computer code is referred to as
SWIFT II (Reeves et al., 1986). The SWIFT II model is a three-dimensional, fully
transient, finite-difference approximation and is well documented by Reeves et al.
(1986). Numerical procedures for solving the governing equations require an
appropriate mesh in space and time steps. The set of linear equations generated by
spatial discretization have to be solved repeatedly as the simulation time advances. To
solve the partial differential equations (Eqs. 5.1 & 5.7) by using the finite difference
technique, the two-line, successive overrelaxation method (Varga, 1962) is employed.
It is a block-iterative method, the optimal overrelaxation factor is firstly estimated to
increase convergence; then two neighboring lines of nodes are oriented and solved
together by direct elimination. Once the optimal relaxation parameters and the optimal
directions are determined at the time step for each transport equation, a convergent
solution can be achieved. Although this matrix solver is efficient, numerical dispersion
and oscillations will occur and accumulate at each time step due to the truncation of
the high order derivatives of the Taylor series. The finite difference equations are
considered to be stable if the numerical dispersion and oscillations are less than a
certain tolerance. The numerical instability is mainly from the diffusion-convection
equation (Price, et al., 1966); therefore, stability analysis is recommended before the
numerical simulation is implemented.

The application of the von Neumann method is one of the ways to check the
stability. This method is straightforward, however, the derivation of the stability
criteria may be tedious and it can only be applied to linear problems with constant
coefficients (Noye, 1981).

A general guide to avoid numerical problems is to check the Courant number
(CO) which controls numerical oscillation from the discrete approximation of the time
derivative, and the Peclet number (PE) which controls oscillations from spatial
discretization. These two constraints provide a general guide for the selection of the
local grid spacing in x, y, and z directions and for the time step At (Frind, 1982). These
two criteria corresponding to the x coordinate direction are:

Co, = YA <4 59
Ax

Pe, = Y2 2% < 9 5.10
D

XX
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The same criteria also apply to y and z coordinate directions. For multi-
dimensional transport, stability criteria are functions of variables in all directions.

The flow equation (Eq. 5.1) does not involve the convective diffusion term;
therefore, the numerical instability is not significant and can be usually ignored.

5.2 Modeling Saltwater Upconing Beneath a Pumping Well

The saltwater upconing under a single pumping well is simulated numerically
to understand the basic characteristics of the upconing phenomenon and to provide
information for guiding the future study of more complex situations such as three-
dimensional effects. Because of the uncertainty of the aquifer parameters, a sensitivity
analysis is performed to investigate the effect of aquifer parameters on the upconing of
the saltwater.

An axisymmetrical flow model including the density-dependent solute-
transport which discretizes the partial-differential equations and boundary conditions
in time and space into the cylindrical-coordinate system (Fig. 33) is used to investigate
the saltwater upconing. A second-order correct central difference approximation in
both time and space is used to eliminate numerical dispersion with carefully chosen
grid size and time step during simulation. The model mesh for an area of 3200 meters
by 74 meters is shown in Fig. 34A and 34B. In the radial direction, variable spacing
ranging from 0.4 meter to 200 meters was employed. In the vertical z direction,
variable spacing varying from 3 meters in the top two rows to 2 meters in the next two
rows and 1 meter for the rest was employed. The pumping well has a radius of 0.4
meter with the center at radius equal to zero. The pumping well is screened from 23 to
32 meters below the initial water table.

Eight simulation cases are considered and summarized in Table 4. Case #1 will
be used as a reference model and the sensitivity analysis will be performed to
investigate the impact of the aquifer parameters and clay layers on the upconing of the
saltwater. The values of variables and parameters and the boundary conditions used in
case #1 are summarized in Table 5 and Table 6, respectively. The initial water table
condition is assumed to be horizontal and is allowed to vary due to the change of fluid
pressure. The total simulation period is one year; a constant, continuous pumpage of
0.05 m*/s (~800gpm) is applied throughout the whole simulation period. Saltwater
initially starts at 54 meters below the initial water table and a transition zone with
linearly varying brine concentration from 0.0 to 0.025 is assumed. The physical system
of case #1 is shown in Fig. 35A. Case #2 is to investigate the impact of the continuous
and discontinuous clay layers on the upconing of the saltwater under pumping stress.
All the input parameters and boundary conditions are the same as case #1 except for
the continuous clay layer is placed 49 meters below the initial water table (Fig. 35B)
and the discontinuous clay layer is also placed 49 meters below the initial water table
with a 20 meter-wide discontinuity located 35 meters away from the pumping well
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(Fig. 35C). The clay layer is 10 meters in thickness with radial conductivity, Kr, and
vertical conductivity, Kz, equal to 0.023 m/d, and effective porosity equal to 0.02. The
typical saltwater upconing at 7th and 30th day and their corresponding water
drawdown from the simulation are shown in Figs. 36A, B, C and Figs. 37A, B, C,
respectively. A plot of brine concentration versus time (Fig. 38) shows the effect of
clay layer. As can be seen from Figs. 36A, saltwater with lower concentration initially
moves upward faster and the mixing process between that saltwater and freshwater is
more significant than that involving the higher concentration saltwater in the deeper
aquifer. Once the lower concentration saltwater reaches the well screen (Fig. 37A), the
movement of the lower concentration saltwater stays around the well screen due to the
upward flow below the well screen. The higher concentration saltwater subsequently
approaches the well screen. The amount of discharged salt continuously increases,
nonlinearly, in the early pumping stage and gradually reaches a constant value (steady
state). Fig. 36B and 37B show that the continuous clay layer serves as a barrier which
protects the upper part of the freshwater alluvial aquifer from salt intrusion. Fig. 36C
and 37C show that the discontinuity provides an access for the saltwater to move
freely up the upper aquifer under pumping stress. From the results of Fig. 38, the
discontinuous clay layer case has a sharper brine concentration increase at the early
stage than the no clay layer one; this is because a higher flow velocity passes through
the discontinuity, which causes a faster movement of the saltwater upconing in the
discontinuous clay layer case than the no clay layer one. However, the discharged salt
is limited due to the limited source of salt in the discontinuous clay layer case and the
long term salinity problem in the discontinuous clay layer case is less than the no clay
layer one. The continuous clay layer does effectively prevent the saltwater from
intruding into the upper freshwater aquifer, however, the water drawdown is the most
significant.

Case #3 is to investigate the effect of porosity by changing the values of
porosity from 0.002 to 0.4 and Fig. 39 is the plot of brine concentration versus time in
the discharged water. In a unit aquifer volume, lower porosity means less water
content and the mixing of freshwater and saltwater will be less significant due to the
limited supply of water. Therefore, under a constant pumping stress, the movement of
the upconing saltwater will be faster than the case with higher porosity and this is
clearly demonstrated in Fig. 39. The realistic range of the effective porosity is around
0.15 to 0.35 and it is usually considered as a constant parameter, therefore, the effect
of the effective porosity is not as significant as the hydraulic conductivity which will be
discussed next.

Case #4 is to investigate the effect of radial conductivity by changing the
values of radial conductivity form 0.23 m/d to 2300 m/d and Case #5 is to investigate
the effect of vertical conductivity by changing the values of vertical conductivity from
0.23 m/d to 2300 m/d. The hydraulic conductivity with the value of 2300 m/d for both
cases is an unrealistic value; however, it is used for the purpose of comparison. The
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results are shown in Fig. 40 and Fig. 41. The hydraulic conductivity can vary several
orders of magnitude in some cases, and is usually considered as the most uncertain
parameter. From the results, the saltwater upconing is directly controlled by the
vertical conductivity (Fig. 41), however, the mixing of freshwater and saltwater is
dominated by the radial conductivity and the upconing of the saltwater is inversely
controlled by the radial conductivity (Fig. 40).

Case #6 is to investigate the effect of the well screen location by shifting the
well screen 10 meters up and down. Fig. 42 is the plot of brine concentration versus
time with 3 different well screen locations. As can be seen from the results, the
discharged saltwater is somewhat sensitive to the locations of the well screen and a
nonlinear relationship between the location of the well screen and the discharged
saltwater is existed.

Case #7 is to investigate the effect of recharge by increasing the recharge from
0 in./year to 15 in./year. Fig. 43 is the plot of brine concentration versus time with 4
different recharges. The four curve lines in Fig. 43 practically overlapped, which
explains that the recharge can only very slightly alleviate the problem of the saltwater
upconing.

Case #8 is to investigate the effect of pumpage by changing the pumping rate
from 0.01 m’/s to 0.19 m%s. A family of nonlinear relationship of the brine
concentration versus time under various pumpages at the 10th, 30th, 50th, 100th,
200th, and 300th days is shown in Fig. 44. The result from this simulation can help to
determine appropriate discharge rates for a safe yield of the groundwater resources.

The above investigation provides some information on the relationships
between saltwater and freshwater in groundwater systems. The saltwater upconing is
sensitive to the hydraulic conductivity, the clay layer, and the pumping rate. Once the
hydraulic conductivity and clay layer can be determined the only significant parameter
which will have a great impact to the salinity is the pattern of pumpage.

5.3 Three-Dimensional Simulation
Model Design

The study area (Fig. 1) is situated on the north part of GMDS5 which is
bounded by the Arkansas River and the Rattlesnake Creek; the total area is 25x25 mi2
(1600 km2). The Siefkes site is located near the center of the study area.

Three dimensional Cartesian geometry was adopted for regional numerical
simulation. The whole study area is meshed as 25 x 25 x 19 (Fig. 45) and discretised
with a uniform grid of 1,600 m x 1,600 m (1 mile x 1 mile) in the X-Y direction and a
variable spacing in the vertical direction (6 m from the top to 12 m depth, 4 m from 12
m to 24 m, 3 m from 24 m to 54 m, and 4 m fro 54 m to 70 m). The kriged 1992
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water level and saltwater-freshwater interface are used for the initial condition and the
kriged bedrock elevation is used for the bottom bedrock boundary condition. The
major natural recharge is from precipitation and the amount of recharge is assumed to
be uniformly distributed throughout the whole year and is used as the input recharge
data in simulation. The locations of irrigation wells are shown in Fig. 46; however, to
accommodate the model grid, the groundwater rights were lumped as shown in Fig.
47. The lumped pumping rate for initial regional simulation is shown in Table 7. The
grid block regions indicated as “inactive” (Fig. 47) are removed from the simulation by
setting pore volumes to zero to reduce computer resource requirements.

To satisfy numerical stability, the time step is chosen to be not greater than 1
day, and the total simulation period is initially chosen as 1 year. The simulation area
outside the Arkansas river and the Rattlesnake creeck are set to be inactive. The
boundary condition along the Arkansas River and the Rattlesnake Creek is assumed to
be constant pressure. Because the area of most interest is around the Siefkes site, the
boundary condition at the left outer edge is also assumed to be constant pressure.
Constant pressure and brine concentration are assumed at the bottom bedrock
boundary. All pumping wells are located above the saltwater-freshwater interface.
Pumping stress is divided into three stress periods. The first stress period is from the
first day of simulation to the 120th day; no pumpage is assumed during this stress
period. The second stress period is from the 120th day of simulation to the 300th day,
and spatially variable pumping stress is used based on the lumped groundwater rights.
The third stress period starts from the 300th day of simulation to the last day of
simulation and no pumpage is assumed. Required input data for the saltwater intrusion
model are summarized as follows:

1. the areal aquifer parameters (hydraulic conductivity, porosity, longitudinal and
transverse dispersivity).

2. bedrock elevation.

3. water level elevation.

4. saltwater-freshwater interface elevation.

5. locations of pumping wells and pumping rates.

6. initial and boundary conditions.

7. natural recharge.

The value of input parameters are shown in Table 8. Numerical computation is
performed on the Sun Sparc 10 workstation and the whole simulation takes
approximately 16 hours to complete.

The mechanism of the saltwater upconing is still not clear, the only factors

considered in this simulation are the location of the pumping well and pumpage.
Presentation of the three-dimensional simulations are still in progress.
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VI. CONCLUSIONS

6.1 Upconing Under a Pumping Well

The density-dependent solute-transport approach is the most realistic way to
simulate the saltwater intrusion problem. However, because the actual physical system
is usually very complicated and some parameters are difficult to obtain (in particular,
the coefficient of dispersivity), the simulation of the real physical systems is quite
costly. A simplified axisymmetrical model is used to investigate the local saltwater
upconing problem and some conclusions can be drawn from the results.

1. Saltwater upconing is very sensitive to the pumping rate, clay layer presence and
continuity, and the hydraulic conductivity. The location of the well screen certainly
affects the saltwater upconing, however, it is not as significant as the three parameters
discussed above.

2. The transition zone is not symmetrical around the 50% isobar, and it is more
significant when the transition zone approaches the pumping well due to the relatively
higher velocity field around the pumping well. The spreading of brine is wider in the
higher velocity zone than in the lower velocity zone.

3. The clay layer (low hydraulic conductivity) serves as a protection that greatly
retards the upward movement of saltwater under pumping stress. However, the
discontinuous clay layer fails to protect the fresh water from the upconing saltwater.

This study gives an inexpensive way to understand the basic characteristics of
the saltwater upconing and also provides some general guides for well design to
maintain a long term supply of groundwater resources. In addition, the effort on the
more complex three-dimensional simulation can be reduced based on the information
obtained from this study. However, this conceptual model can not handle the
interaction of saltwater upconing under the multi-well system, the three-dimensional
numerical model will be used to investigate this problem.

6.2 Three-Dimensional Numerical Simulation

The three-dimensional numerical model has the advantages in simulating
problems that two dimensional simulations can not address; however, its application
can be limited by the computing facilities. A finer model is necessary for better
simulation results; however, the computation time and computer storage are two
major concerns. Since the recent development of computer technology, the above
limitations are not crucial. The SWIFT II model is suitable for three-dimensional
simulation, however, results are still in progress and will be discussed in a later report.

6.3 Future Work
The following are the tasks that will be studied in the future:
1. Numerical simulation of the three-dimensional saltwater intrusion.
2. Development of the decision support system.
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Figure 3. Geologic formations of the Big Bend aquifer
A. Vertical section from west to east across the region, showing the
relation of the alluvial Big Bend Prairie aquifer to the underlying
Cretaceous and Permian strata (Latta, 1950).
B. Bedrock geology underlying the Big Bend Prairie aquifer and areas
in which the Permian bedrock has the potential to contribute saltwater
to the overlying aquifer (Fader and Stullken, 1978).
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Figure 9. Locations of measured bedrock elevations in the study area,
shown as open circle.
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Figure 10. Cumulative probability and histogram of 564 measurements of
bedrock elevation in the study area.
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Figure 11. Plots of calculated semivariograms based on the sampled values of
bedrock elevation, and the fitted spherical model (B).
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Figure 16. Plots of calculated semivariograms based on the sampled values of
piezometric heads in 1992, and the fitted spherical model (C).
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Figure 18. A three-dimensional plot of the kriged piezometric heads based on the 1992 data.
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Figure 19. A plot of contours of the kriged piezometric heads based on the 1992 data.
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Figure 20. A three-dimensional plot of the estimated saltwater-freshwater interface
(data from Young et al., 1993) based on Eq. 4.25.
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Figure 21. A plot of contours of the estimated saltwater-freshwater interface (data from
Young et al., 1993) based on Eq. 4.25.
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Figure 23. Correlation between the measured interface and piezometric head
and between the interface and bedrock elevation.



Semi-variogram plot and corresponding fitted model
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Figure 24. The calculated semi-variograms and cross-variograms and their corresponding
fitted models.
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Table 2. The calculated semi-variograms and cross-variograms for the interface
and interface-bedrock, respectively.

Interface Semivariance

Interface-Bedrock Crossvariance

mean distance | semivariance | pairs mean distance | semivariance pai
5.19 1433.80 3 6.08 956.45 7

7.22 1902.00 18 11.88 1298.07 3
12.93 2692.60 17 17.70 1315.85 1
18.46 2013.10 12 21.54 1434.81 7
24.44 966.18 10 25.54 1340.53 2
30.74 1476.70 5
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Figure 25. A three-dimensional plot of the kriged saltwater-freshwater interface
elevation based on the measured interface and bedrock data.
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Figure 26. A plot of contours of the kriged saltwater-freshwater interface
elevation based on the measured interface and bedrock data.
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Figure 27. Contours of the estimated standard deviations based on the
measured interface and bedrock data.
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Figure 28. Locations and the corresponding values of the Permian bedrock
permeability, shown as open circle, and the suggested sample sites,
shown as solid circle.
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Figure 29. A plot of histogram of transformed normal scores from 12 measured
Permian bedrock permeability.
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Table 3. Calculated semivariograms based on the transformed normal scores.

No. Lag Semivariogram No. of pairs
1 4.15 0.72 10
2 6.86 0.87 18
3 11.39 0.91 10
4 15.27 1.18 16
5 18.88 1.13 28
6 22.81 0.98 22
7 25.64 0.69 6
8 29.34 0.39 6
9 34.95 1.36 6
10 38.01 1.18 8
1.2 o
[}
1 — ]

/ °
0.8 /
0.6 /
0.4
0.2
0 4 8 12 16 20 24
Lag distance (mile)

Semivariogram

Figure 30. Plots of calculated semivariograms based on the transformed normal scores
and the fitted exponential model.
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Figure 31. The calculated semivariograms of the simulated realization versus the
exponential semivariogram model of the observed data.
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Figure 32. Contours of the simulated realization of the Permian bedrock
permeability based on the simulated annealing technique.
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Figure 33. The finite-difference spatial discretization for a cylindrical-coordinate
system.
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Figure 34. A. Mesh of the conceptual axisymmetrical model.
B. Mesh sizes near the pumping well
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Table 4. Simulation cases in two-dimensional saltwater upconing simulation.

Case No. Descriptions Figure

1.

NN WN

Uniform aquifer system without clay layer (reference case).

The input parameters, variables, and boundary conditions

are described in Table 5 & Table 6 .

Investigation of the effect of the continuous and discontinuous clay layers.
Investigation of the effect of the porosity.

Investigation of the effect of the radial conductivity.

Investigation of the effect of the vertical conductivity.

Investigation of the effect of the location of the well screen.

Investigation of the effect of the recharge.

Investigation of the effect of the pumpage.
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Table 5. Variables and parameters used in the numerical model for saltwater upconing

Aquifer, Fluid, and other Parameters

radial hydraulic conductivity Kr =23 m/d (75 ft/d)
vertical hydraulic conductivity Kz =23 m/d (75 ft/d)
porosity $=0.20
bulk porous matrix compressibility o =2.58 x 107[kg/(m s?)]
water compressibility B =4.40 x 10-19[kg/(m s?)]!
solute molecular diffusivity D, = 1.0 x 10° m?%/s
longitudinal dispersivity o=1m
transverse dispersivity or=0.05m
fluid (water) density p,= 1,000 kg/m3
brine density p =1,025 kg/m3
solid grain density p= 2,650 kg/m3
fluid (water) viscosity p=1.0x 103 kg/(m s)
initial fluid (freshwater) salt concentration Co=0
initial brine fluid salt concentration C (1,z2,0)
initial specified pressure at the boundary p(r, z,0)
saturated thickness b=74m
depth to freshwater-saltwater interface 54m
depth to Permian boundary 74 m
volumetric pumping rate Q, =50 m™*/s (~800 gpm)
gravitational acceleration g =9.81 m/s?
total simulation time 1yr.

Clay Layer Properties
thickness 10 m
hydraulic conductivity 0.023 m/d (0.075 fr/d)
porosity ¢ =0.02

Dependent Variables
concentration Cx, z, t)
pressure p(t, z, t)
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Table 6. Boundary conditions used in two-dimensional saltwater upconing simulation.

Top Bottom Outer radius Inner radius

streamline constant pressure constant pressure specified volumetric

(no flow) & brine & brine flux at well
concentration concentration Q=50m™s
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Figure 35. A. A conceptual homogeneous and isotropic aquifer with no clay layer
for salt water upconing simulation. )
B. A conceptual homogeneous and isotropic aquifer with continuous
clay layer for salt water upconing simulation.
C. A conceptual homogeneous and isotropic aquifer with
discontinuous clay layer for salt water upconing simulation.
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Figure 36. Isolines of brine concentration for no clay layer, continuous clay layer,
and discontinuous clay layer cases at the 7th day after pumping started.
A. No clay layer case.
B. Continuous clay layer case.
C. Discontinuous clay layer case.
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Figure 37. Isolines of brine concentration for no clay layer, continuous clay layer,
and discontinuous clay layer cases at the 30th day after pumping
started.

A. No clay layer case.
B. Continuous clay layer case.
C. Discontinuous clay layer case.
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able spacing in the vertical, Z,

both X and Y directions and vari

Figure 45. A three-dimensional mesh of the study area with uniform spacing
in

direction.
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Figure 46. The distribution of the 1990 irrigation well in the study area.
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Figure 47. The distribution of the lumped 1990 irrigation well in the study area
and the active and inactive are also indicated.
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Table 7. The lumped pumpage (m’/sec) for the three-dimensional numerical simulation.

No. EAST. NORTH. Pump. (m*3/sec) | No. EAST. NORTH. Pump. (m*3/sec)
1 1 4 0.00738 89 6 18 - 0.0102
2 1 5 0.02514 90 6 19 0.0121
3 1 6 0.00735 91 6 20 0.01699
4 1 7 0.00272 92 6 21 0.02106
5 1 8 0.01026 93 6 22 0.00732
6 1 9 0.00516 94 7 8 0.00404
7 1 10 0.01349 95 7 9 0.0048
8 1 13 0.01777 96 7 13 0.00629
9 1 17 0.00579 97 7 14 0.00917

10 1 18 0.01101 98 7 15 0.01806

11 1 19 0.00648 99 7 16 0.0061

12 1 20 0.00619 100 7 17 0.00737
13 1 21 0.0118 101 7 18 0.00751

14 1 22 0.01192 102 7 19 0.00751
15 1 23 0.00751 103 7 20 0.00591
16 2 2 0.00595 104 7 22 0.00493
17 2 3 0.00598 105 7 23 0.00751
18 2 6 0.02254 106 7 24 0.02504
19 2 8 0.0061 107 7 25 0.00582

20 2 9 0.03023 108 8 8 0.00066

21 2 10 0.0179 109 8 10 0.00001

22 2 11 0.01295 110 8 13 0.0061

23 2 12 0.00757 111 8 15 0.00917

24 2 13 0.00619 112 8 16 0.01502

25 2 18 0.00776 113 8 17 0.01362

26 2 20 0.0061 114 8 18 0.0122

27 2 21 0.01311 115 8 23 0.00751

28 2 22 0.01621 116 8 24 0.01314

29 2 23 0.00507 117 9 13 0.00594

30 2 24 0.0289 118 9 14 0.01126

31 2 25 0.02524 119 9 16 0.00751

32 3 4 0.01302 120 9 17 0.01114

33 3 5 0.00394 121 9 18 0.0056

34 3 6 0.00732 122 9 19 0.00619

35 3 7 0.00751 123 9 23 0.01282

36 3 8 0.01221 124 9 24 0.0061

37 3 9 0.01207 125 10 13 0.00751

38 3 10 0.00751 126 10 14 0.01502

39 3 1" 0.0061 127 10 16 0.02254

40 3 12 0.00738 128 10 18 0.01502

41 3 13 0.00266 129 10 19 0.01218

42 3 14 0.01342 130 10 21 0.01282

43 3 16 0.00375 131 10 23 0.01142

44 3 17 0.00347 132 10 24 0.00689

45 3 19 0.01198 133 11 13 0.00002
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46 3 21 0.01656 134 11 14 0.0061

47 3 23 0.00557 135 11 15 0.0185
48 3 24 0.00657 136 1 16 0.00619
49 3 25 0.00694 137 11 17 0.02254
50 4 7 0.01329 138 11 18 0.01389
51 4 9 0.00751 139 11 20 0.01162
52 4 11 0.0091 140 11 22 0.00454
53 4 12 0.00413 141 11 24 0.0061

54 4 14 0.00707 142 12 7 0.00072
55 4 15 0.00754 143 12 17 0.00751
56 4 16 0.01876 144 12 18 0.02118
57 4 17 0.01126 145 12 19 0.01133
58 4 18 0.00751 146 12 20 0.02347
59 4 19 0.00751 147 12 21 0.01323
60 4 20 0.01846 148 12 22 0.00935
61 4 21 0.01164 149 12 24 0.01014
62 4 22 0.00629 150 12 25 0.00093
63 4 23 0.0061 151 13 9 0.00001
64 4 24 0.00948 152 13 10 0.00002
65 4 25 0.0167 183 13 1 0.00004
66 5 6 0.00274 154 13 16 0.0001

67 5 8 0.00751 155 13 17 0.00751
68 5 9 0.0055 156 13 18 0.00075
69 5 10 0.00075 157 13 20 0.00751
70 5 11 0.01311 158 13 21 0.00615
71 5 12 0.00626 159 13 22 0.01502
72 5 14 0.01915 160 14 17 0.00635
73 5 15 0.01972 161 14 18 0.00466
74 5 16 0.01117 162 14 19 0.02372
75 5 17 0.00751 163 14 20 0.00563
76 5 19 0.01221 164 14 23 0.00723
77 5 20 0.02138 165 14 24 0.00732
78 5 21 0.00929 166 15 19 0.01042
79 5 24 0.01167 167 15 20 0.00751
80 5 25 0.00105 168 15 23 0.01502
81 6 8 0.01972 169 16 11 0.00001
82 6 9 0.00626 170 16 20 0.01098
a3 6 10 0.01251 17 17 20 0.01302
84 6 1 0.00354 172 19 20 0.0103

85 6 12 0.00657 173 20 19 0.00222
86 6 15 0.01362 174 22 18 0.00774
87 6 16 0.00629 175 24 17 0.00858
88 6 17 0.01502




Table 8. Variables and parameters used in the three-dimensional numerical model.

Aquifer, Fluid, and other Parameters

radial hydraulic conductivity

vertical hydraulic conductivity

porosity

bulk porous matrix compressibility
water compressibility

solute molecular diffusivity

longitudinal dispersivity

transverse dispersivity

fluid (water) density

brine density

solid grain density

fluid (water) viscosity

initial fluid (freshwater) salt concentration
initial brine fluid salt concentration
initial specified pressure at the boundary
pumping rate

gravitational acceleration

Kr =23 m/d (75 fvd)

Kz =23 m/d (75 fvd)
$=0.20

o =2.58 x 107[kg/(m s2)]!
B =4.40 x 101%kg/(m s2)]!
D,=1.0x 10° m%s

o =1m

or=0.05m

p,= 1,000 kg/m3

p =1,025 kg/m?

p,= 2,650 kg/m3
p=10x103kg/(m s)
Co=0

C(x,y,z,0)

p(x,y.z,0)

Q, (x,y.z.t)

g =9.81 m/s?
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