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ABSTRACT 

Characterization of the effectiveness of ground water 

contamination remediation alternatives is complex due to 

uncertainties associated with the ground water system. This 

dissertation presents a Monte Carlo simulation model for 

stochastic characterization of the maximum concentration of 

contaminant remaining in an aquifer after the application of 

pump and treat remedial alternatives. The model is written 

in FORTRAN 77 for the Convex 240. The model uses a publicly 

available finite difference code for flow analysis and a 

comlnercially available method of characteristics transport 

code. Hydraulic conductivity fields are randomly generated 

using the turning bands method; initial concentration fields 

are conditionally simulated on measured and estimated 

concentration values; and retardation coefficient fields are 

negatively correlated to hydraulic conductivity using 

partition coefficients sampled from a log normal 

distribution. The model was applied to three pump and treat 

alternatives selected for consideration at a Nebraska 

contamination site. Two dimensional analysis of flow and 

transport was performed. Special treatment of flow boundary 

conditions was n~cessary due to site conditions and model 

restrictions. The probabilistic analyses of the resulting 

maximum concentration ensembles were used to demonstrate 

decision analysis at the site. Beta probability 

distributions were fitted to the maximum output ensembles. 
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The decision tree model incorporated monetary values, human 

health considerations, and regulatory issues as well as 

probabilistic considerations. Illustration of the decision 

analysis procedure showed that the choice of the optimal 

remedial alternative was dependent on the monetary value 

assigned to noncarcinogenic and carcinogenic adverse human 

health risks. 
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INTRODUCTION 
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Numerous challenges are associated with the study of 

environmental contamination. One of these challenges is the 

selection of the most appropriate method to clean up, or 

remediate, ground water contamination at a particular site. 

The selection of the remediation process is complicated 

because of uncertainty associated with the effectiveness of 

clean up technologies under site-specific conditions. This 

uncertainty is due in part to imperfect knowledge of ground 

water flow and transport variables including aquifer 

properties such as hydraulic conductivity and mass transport 

retardation factor, and the site history as it relates to the 

introduction of contaminants in the ground water. 

A number of different technologies may be considered as 

al ternati ves for remediation at a particular contamination 

site. Each alternative may have a different cost in monetary 

and human health terms. The ability of the alternative to 

reduce the contamination mass concentration in the aquifer 

over time is a function of the particular remediation 

technology, the geologic properties of the aquifer material at 

the site, and the history of contaminant introduction into the 

aquifer. The value (utility) of each alternative may be 

expressed as a function of the maximum concentration of 

contamination remaining in the aquifer and the alternative 
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cost. Quantification.of each alternative's utility allows the 

decision maker to choose the most appropriate alternative in 

a rational manner. 

Knowledge of factors affecting the flow of ground water 

and the transport of ground water-borne contaminants is 

generally imperfect. Unknown contamination history and 

difficulty in measuring geologic material properties (i.e. 

hydraulic conductivity, partition-coefficient or retardation 

factor) contribute to the uncertainty of remediation 

simulations. stochastic principles provide a framework for 

characterization of remediation uncertainty by incorporating 

uncertainty associated with flow and transport variables into 

the remediation simulation. 

Traditionally, problem solving has been approached in a 

deterministic manner which produces a single value of the 

parameters for a solution. Uncertainty associated with 

deterministic analysis may be characterized in a qualified 

manner by examining the assumptions necessary for analysis. 

stochastic analysis allows quantification of uncertainty by 

producing a problem solution stated in stochastic terms, such 

as probability density function and associated characterizing 

parameters; mean, variance, correlation structure. As with 

deterministic analysis, stochastic analysis may be analytical 

or numerical, may be performed in the lab or in the field, and 

may be applied to hypothetical situations or actual existing 

problems. 
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stochastic analysis of ground water flow and transport 

has been performed using, in part, the same mathematical 

equations which represent physical processes that are solved 

for deterministic analysis. These equations are partial 

differential equations that need to be solved with different 

boundary conditions. Complex deterministic models employing 

numerical analysis techniques are readily available to allow 

simulation of the complex boundary conditions and the 

heterogeneous and anisotropic porous media properties in 

natural aquifers. Repeated simulation using these models with 

sets of randomly generated, independent input variables is a 

stochastic analysis methodology known as Monte Carlo 

simulation. 

Initially, extensive research was performed using Monte 

Carlo techniques to characterize uncertainty associated with 

ground water head and velocity predictions. Later research 

used Monte Carlo techniques to examine the stochastic nature 

of ground water mass transport including a field application 

under conditions of natural flow (Van Rooy, 1986). Monte 

Carlo simulation has also been used to characterize the 

stochastic nature of mass transport under very simple remedial 

actions in hypothetical situations (EI-Kadi, 1987). The 

research presented in this dissertation will use Monte Carlo 

analysis to characterize mass transport for actual field data 

under three professionally prescribed remedial actions. Two 

of the remedial alternatives involve extraction, treatment, 
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and reinjection of the ground water. The third alternative 

involves extraction, treatment and surface discharge of the 

ground water. 

Application of the 

research should assist 

principles demonstrated by 

ground water professionals 

this 

in 

quantifying the decision process used to select a remediation 

technology given specific field data. A decision tree 

analysis is used to illustrate the decision process. 

A Monte Carlo simulation model, REMED, has been developed 

using FORTRAN 77. The code is basically application specific 

and must be modified to some degree for each different set of 

field conditions. The model consists of two major modules, 

flow and transport, coupled with stochastic subprograms that 

randomly generate the independent variables used in the 

simUlation. Literature review shows that three variables need 

to be generated to effectively characterize the stochastic 

nature of mass transport. Hydraul ic conducti vi ty is simulated 

via a subprogram as an auto-correlated variable using turning 

bands method. Other subprograms are used to randomly generate 

the initial mass concentration field and the mass transport 

retardation factor. The simUlation of ground water flow 

through the heterogeneous conductivity field is accomplished 

using the US Geological Survey MODFLOW finite difference model 

(McDonald and Harbaugh I 1988). The resulting ensemble of 

nonuniform flow fields accounts for the dispersive nature of 

the mass transport which depends on the velocity field as 
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discussed by Smith and Freeze (1979b). Mass transport is 

simulated by Papadopulos and Associates' MT3D method of 

characteristics transport model (Zheng, 1991). A final 

subprogram extracts information from the concentration field 

at the end of each simulated remediation period. This 

information is the maximum concentration at the end of 

simulation period and the average concentration over the 

transport domain at the end of the simulation period. These 

values are important in determining the effectiveness of the 

alternative in terms of reducing adverse human health effects 

and in maintaining compliance with regulatory standards. The 

f low and transport modules and stochastic subprograms are 

linked by a DO loop that may be initialized to the number of 

realizations desired for a particular run. 

This dissertation will present a literature review that 

describes earlier work done in stochastic analysis of mass 

transport using Monte Carlo techniques. Description of the 

Monte Carlo model used for this research is broken down to 

discussion of the stochastic and deterministic model elements. 

Summaries of field data and proposed remediation techniques 

have been prepared from documentation of work at a site in 

Nebraska that is presently undergoing investigation and 

remediation for soil and ground water contamination by 

explosives (TNT). The model parameters used for stochastic 

characterization of remediation at the Nebraska site are 

discussed and justified with respect to the choice of the 
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The results of the Monte Carlo simulation 

are examined for each alternative and a decision tree analysis 

is used to demonstrate the applicability of the methodology in 

choosing the most appropriate remedial alternative. 

An important part of the research was the stochastic 

characterization of the mass transport retardation factor. An 

extensive literature review led to the characterization of the 

soil-water partition coefficient normalized with respect to 

fraction organic carbon as a log normal variable with specific 

mean and variance functions (for the case of a contaminant 

with constant solubility over the range of anticipated ground 

water temperatures). Further literature review lead to the 

development of a scheme to correlate fraction organic content, 

and therefore retardation factor, to hydraulic conductivity. 

Appendix A lists the input files necessary for execution 

of REMED while Appendix B is an input manual for the 

stochastic subprograms. The literature review associated with 

enhanced contaminant mobility, and the detailed development of 

the stochastic characterization of partition coefficient are 

found in Appendix C. Appendix D describes the implementation 

and verification of the turning bands method. 

The contamination site is located in an agricultural 

region of central Nebraska. Transient flow conditions caused 

by ground water pumping for agricultural irrigation must be 

accounted for when simulating ground water flow. The time 

stress period necessary to account for the annual irrigation 



18 

stress period (approximately 60 days) is relatively small in 

comparisQn to the overall period of remediation simulation (up 

to 20 years), therefore a large number of stress periods are 

required for each remediation simulation. Geographically, 

geomorphic features such as rivers or ground water divides 

that could simplify definition of boundary conditions for flow 

simulation purposes are not located near enough to the flow 

and transport domain to be of practical interest. Therefore 

non-standard techniques have been used to generate boundary 

conditions for flow simulation. Relatively fine spatial 

discretization of the flow domain is required for Monte Carlo 

simulation of mass transport. The transport model options 

used for the remediation simulation were selected to reduce 

the mass balance error which sometimes occurs during 

simulations of mass transport in non-uniform flow fields. 

These options were not the most efficient options available in 

terms of computational effort. 

The factors discussed above make the simulation of a 

single realization for one remedial alternative computational 

intensi ve. It follows that the repeti ti ve nature of the 

applied Monte Carlo techniques required a large amount of 

computing time on a Convex 240 superminicomputing system for 

stochastic characterization each remedial alternative. 
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LITERATURE REVIEW 
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The statistical properties for porous media have been 

examined by various researchers. Such characterizations have 

been important in the subsequent stochastic analysis of gr.ound 

water flow and mass transport. Neuman (1982) presents a 

review of statistical characterization of porous media. These 

findings include the determination of the following 

probability distribution functions: transmissivity, hydraulic 

conductivity, specific capacity, and grain size distribution 

are log normal, and porosity is normal. Freeze (1975) gives 

a table of mean and variance of log conductivity for different 

porous materials. In addition to listing means and variances 

of log conductivity, smith (1981) details the analysis of the 

autocorrelation function for a sand aquifer interbedded with 

silt and gravel lenses. smith (1981) also suggests that the 

autocorrelation function for grain size may infer the 

autocorrelation function for conductivity. This is 

significant from the practical viewpoint that it is easier to 

perform grain size analyses than to measure conductivity 

values accurately. Delhomme (1979) compiled a table of mean 

and variance of log hydraulic conductivity for different 

geologic materials. Gelhar et. al. (1985) compiled 

dispersi vi ty data for various porous media. Hoeksema and 

Kitanidis (1985) present a collection of hydraulic 
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conductivity, transmissivity, and storativity data as well as 

providing a framework to estimate log conductivity standard 

deviation and correlation scale. EI-Kadi and Brutsaert (1985) 

present a table listing the mean and variance of log 

conductivity for a number of porous materials. Gelhar (1986) 

provides an extensive collection of variances and correlation 

scales for log conductivity. Van ROoy (1986) provides a 

stochastic characterization of conductivity used in 

application of stochastic analysis to a contaminated glacial 

aquifer. Ababou (1988) summarizes statistical data from the 

Borden site in Canada and a site at Aeflingen, switzerland. 

other works cited as sources of statistical data include 

Binsariti (1980), Devay and Doctor (1982), and Bakr (1976). 

Monte Carlo simulation technique is a method of 

stochastic analysis that is used in water resources analysis 

and other engineering fields such as structural design (Ayyub 

and Haldar, 1984). The analysis consists of repeti ti ve 

solution of a particular set of governing equations using 

different sets (realizations) of random independent input 

variables. The solution of the governing equations is usually 

performed numericallY and the output parameters are randomly 

distributed. The set of output realizations may be summarized 

statistically. For flow and transport through porous media, 

the random input parameters may include hydraulic 

conductivity, transmissivity, storativity, porosity, and 

contaminant mass source location and release functions. The 
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output parameters of head, velocity, or concentration may be 

expressed as mean and variance of the collection of all 

simulations, referred to as the ensemble. This methodology is 

flexible in terms of boundary and initial conditions as well 

as stresses applied to the aquifer and the particular function 

used to def ine the addition of mass from the contaminant 

source to the flow system. However, the method is not 

recognized as being efficient in terms of the computer storage 

space and execution time required for each analysis. 

Additionally, Dagan (1982) found that Monte Carlo techniques 

such as those employed by smith and Schwartz 

(1980,1981a,1981b) are limited to situations where the size of 

the source of the contaminant mass is comparable to or larger 

than the correlation scale of the conductivity of the 

heterogenous porous media. Dagan (1982) found that the Monte 

Carlo technique does not work when the source of the mass is 

represented only as a point such as an injection well. 

However, there are many instances, such as the situation 

examined in this research, where the size of the source of the 

mass meets the limitation stated above. 

Warren and Price (1961) are credited by Neuman (1982) as 

developing the first stochastic model for flow through porous 

media. Steady and transient flow through heterogeneous media 

were examined using numerical Monte Carlo techniques in an 

analysis that did not acknowledge spatial correlation of the 

heterogeneity of the porous media. Warren and Price (1961) 
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found that, under steady flow conditions, equivalency could be 

found between the stochastic representation of the flow system 

and the corresponding uniform system having homogenous 

effective parameters. 

Stochastic analysis of ground water flow was further 

advanced by Freeze (1975) using Monte Carlo simulations to 

evaluate head prediction uncertainty associated with one

dimensional flow through an aquifer. Hydraulic conductivity, 

compressibility, 

input variables 

autocorrelated. 

were examined. 

and porosity were the independent random 

which were mutually correlated but not 

Steady state flow and transient consolidation 

Freeze's (1975) transient analysis 

contradicted Warren and Prices's (1961) equivalency findings 

by showing that a homogenous medium could not be shown to be 

equivalent with a non-uniform porous medium. Freeze (1975) 

also found that very large uncertainties were associated with 

the prediction of heads using deterministic analysis. Freeze 

(1975) suggested that additional work be performed to account 

for two major limitations to the transient analysis: 1) the 

random input variables of hydraulic conductivity, 

compressibility, and porosity are usually observed to be 

autocorrelated; 2) uncertainty will be reduced when flow 

systems are examined using more realistic two or three

dimensional models. The comments of Gelhar et. ale (1977) on 

Freeze (1975) reinforced the limitations presented by Freeze 

in his paper. Gelhar et. al. (1977) attributed the large 
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uncertainty in head predictions presented by Freeze (1975) to 

be caused by two major factors: 1) The random parameters, 

especially conductivity, were not described in a complete 

statistical manner. For the description to be complete, the 

joint probability density function (or covariance function) 

must be known. 2) Freeze used log conductivity variances that 

were found using data collected from three-dimensional space. 

The variance of the log conductivity over three-dimensions is 

expected to be much larger than the corresponding variance of 

log conductivity over one-dimension. 

Schwartz (1977) investigated the relationship between 

dispersivity constants arrived at from laboratory column 

experiments and the dispersivity values obtained for the same 

materials during field-scale tests. A two-dimensional 

approach neglected all spatial correlations by randomly 

assigning low conductivity blocks in a grid of higher 

conductivity blocks. Stationary dispersivity constants were 

formulated for the case of homogeneously distributed low 

conductivity blocks. 

smith and Freeze (1979b) extended stochastic analysis of 

steady flow to two-dimensions with spatially correlated random 

parameters. The analysis involved generating a two

dimensional spatially autocorrelated conductivity field as a 

first-order nearest neighbor stochastic process. The nearest

neighbor scheme required that the medium be statistically 

homogenous and that the flow parameters could be represented 



24 

spatially by a scheme which failed to preserve the stationary 

nature of the medium near the boundaries of the domain due to 

truncation of the grid. The nearest-neighbor algorithm also 

did not allow the use of a specific autocorrelation function 

such as the simple exponential model, and the autoregressive 

parameters and the mean and variance of the parameter remained 

constant over the entire domain. While the assumptions and 

simplifications may have been sufficient for analyzing 

hypothetical cases for research, smith and Freeze (1979b) 

found that field analyses required more sophisticated 

correlation algorithms. 

After generating the hydraulic conductivity field using 

the nearest-neighbor algorithm, Smith and Freeze (1979b) found 

the head at each node in a deterministic manner using a finite 

element model. The head at a node was statistically analyzed 

over the set of Monte Carlo realizations to obtain the ~ean 

and variance of head at a node. Smi th and Freeze (1979b) 

examined a two-dimensional rectangular steady flow domain with 

constant head boundaries on two sides and bounded or no-flow 

boundaries on the other two sides of the domain. Analysis of 

uniform flow results showed that the standard deviation in 

head increased with an increase in the standard deviation of 

log conductivity or with an increase in the ratio of the 

correlation scales to the respective lengths of the flow 

domain. Examination of nonuniform flow fields found that in 

addition to the basic relationship with log conductivity and 
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correlation scale as with uniform flow, the general nature of 

the nonuniform flow was also a factor affecting head 

uncertainties. 

A similar approach to mass transport was used by Smith 

and Schwartz (1980). Their research was based on the concept 

that macroscopic dispersion is a function of spatial 

heterogeneity in the porous medium. An autocorrelated 

hydraulic conductivity field was generated using the nearest

neighbor algorithm used in Smith and Freeze (1979b) and the 

flow velocity was determined at each node using a finite 

element model. The mass transport is then accounted for by 

using a hybrid deterministic-probabilistic (HOP) model. The 

HOP is a particle tracking model. The heterogeneity of the 

medium as represented by the flow field accounts for advection 

and macroscopic dispersion. The HOP model is unique, compared 

to conventional mass transport models because macroscopic 

dispersion is not modeled as a type of diffusion. Therefore, 

it is not necessary to determine the macroscopic dispersivity 

constant. Microscopic diffusionjdispersivity which includes 

molecular diffusion, is accounted for using a random 

component. Each realization 'of the Monte Carlo simulation 

consists of generation of the hydraulic conductivity grid 

using the nearest neighbor scheme, determination of the 

velocity field using a finite element model, and movement of 

representative particles using the HOP model. The resulting 
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concentration of mass may be statistically analyzed for mean 

and variance over the set of Monte Carlo realizations. 

Smith and Schwartz (1980) performed a limited sensitivity 

analysis on a two-dimensional steady flow field with constant 

porosi ty. They found that the most sensi ti ve parameters 

affecting the uncertainty of mass transport predictions are 

the variance of the log conductivity, the magnitude of the 

correlation lengths, and the statistical anisotropism in the 

spatial correlation. 

Smith and Schwartz (1981a) extended the application of 

the HDP analysis of mass transport to include more realistic 

considerations. A two-dimensional (profile) bounded aquifer 

was considered subj ect to steady flow. The medium was 

generated using an approximation to a complete trivariate 

nearest-neighbor structure where the three parameters are log 

conductivities in the x and z directions and the porosity. 

The approximate trivariate generation of the medium preserved 

the mean, variance, and zero lag correlation coefficient for 

the three parameters. However, neither the spatial 

autocorrelations in hydraulic conductivity in the z direction 

Kz and porosity n, or the cross correlations beyond zero lag 

are preserved. In order to preserve the longer horizontal 

correlation scale relative to the vertical correlation scale 

as is frequently the case in stratified aquifers, the 

hydraulic conductivity blocks were rectangular as opposed to 

the square blocks used in previous research. Smi th and 
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Schwartz (1981a) neglected microscopic dispersion in their HOP 

model and added a term to account for geochemical retardation 

due to ionic reactions. 

Smith and Schwartz (1981a) extended their previous 

sensitivity analysis to include the following cases: 

1. Non-layered, hydraulically isotropic aquifer: 

variance of log hydraulic conductivity, hydraulic 

conductivity correlation lengths, and trivariate 

models, bivariate models; conductivity-porosity 

correlation coefficients. 

2. Non-layered media: hydraulic anisotropy in 

conductivity. 

3. Hydraulically isotropic aquifer: two layers, three 

layers. 

4. Non-layered aquifer: variance of retardation 

factor. 

5. Non-layered aquifer with random contaminant mass 

release function: known breach times, unknown 

breach times. 

smith and Schwartz (1981a) concluded that their sensitivity 

analysis showed that the parameters affecting uncertainty in 

mass transport can be categorized into two broad groups, the 

parameters that affected both the direction and velocity of 

mass movement and the parameters that affected velocity only. 

The first group contributes more to the uncertainty of 

transport predictions than the second group. The first group 
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includes mean, variance, and integral scales in hydraulic 

conductivity while the second group includes porosity and 

geochemical processes (retardation factor) . However, 

depending on the time frame and scale of the flow system, the 

contaminant release function may have a more profound effect 

on uncertainty than the heterogeneity of the flow system. 

In the third paper of their series, Smith and Schwartz 

(1981b) fixed hydraulic conductivity values at specific points 

to perform conditional simulations. They examined various 

relationships between the number of hydraulic conducti vi ty 

measurements made at a site and the resulting changes in 

uncertainty associated with the mass transport predictions. 

smith and Schwartz (1981b) found that after sufficient data 

had been collected to define ensemble parameters (mean, 

variance, integral scales) that additional data (conditional 

simulations) did not significantly reduce the uncertainty 

associated with the transport predictions. Their second 

conclusion was that the transport patterns are very sensitive 

to the spatial structure of the heterogenous media. In 

particular, 

higher mean 

lenses or layers of material with a relatively 

conductivity "channeled" flow and in certain 

configurations reduced uncertainty. 

P. major weakness of the studies performed using the 

nearest neighbor algorithm to generate the random hydraulic 

conductivity field is that the autocorrelation structure is 

limited to a single form which is unique to the algorithm. 
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El-Kadi (1986) presents the spectral method for generating 

random fields \tJith the simple exponential autocorrelation 

model. The spectral method involves the addition of harmonics 

of random functions that are sampled from the spectral density 

function. Freeze (1980) gives expressions for determining the 

sample autocorrelation of realizations generated using the 

spectral approach. The complete mathematical details of the 

spectral method approach are found in Mejia and Rodriguez

Iturbe (1974). 

Another method for generating an autocorrelated random 

field, the turning bands method (TBM) , is described by 

Mantoglou and Wilson (1982). Mantoglou and Wilson (1982) show 

that any random field may be generated using TBM if the 

covariance function is properly posed, though their paper 

generally examines the simple exponential autocorrelation 

function. 

3.2, but 

A detailed description of TBM is given in section 

the methodology can be summarized as the 

transformation of a two- or three-dimensional problem into a 

one-dimensional problem. That is, the spec'tral density 

function of a one-dimensional process can be related to the 

radial spectral density function of a two-dimensional field. 

Mantoglou and Wilson (1982) give general guidelines for 

choosing appropriate parameters necessary to carry out the TBM 

algorithm. They also compare the computational effort or 

"cost" of the TBM algorithm against the spectral method 

algorithm and the nearest-neighbor algorithm. Mantoglou and 
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Wilson (1982) found that the TBM algorithm had the lowest 

computational cost, followed by the spectral method algorithm. 

The nearest-neighbor algorithm which involves matrix inversion 

was found to have the highest cost. 

Ababou (1988) discussed the level of grid discretization 

necessary to generate a random field using TBM with a minimum 

of distortion (or error) associated with the ensemble variance 

and correlation scale. His findings demonstrated that the 

maximum relative error in variance or correlation scale was 

approximately 10% for the case of 4 nodes per correlation 

length increasing to 22% for the case of 2 nodes per 

correlation length. Ababou (1988), though primarily concerned 

with large scale ground water motion which was found to be 

best stochastically characterized using a three-dimensional 

model, found that two-dimensional models based on vertical 

averages could achieve reasonable first approximation results 

when examining shallow aquifers with thicknesses on the same 

order as the horizontal correlation scale. 

Graham and McLaughlin (1989a) used Monte Carlo simulation 

to verify work characterizing unconditional moments of 

nonstationary mass transport. They characterized mass 

transport from a continuous line source under a uniform mean 

gradient. The uniform grid discretization (0.5 m) was based 

on the criterion of 4 nodes per correlation length of the 

hydraulic conductivity field. Five hundred velocity field 

realizations were generated using a TBM algorithm and 
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transport was characterized using a finite element model. The 

longitudinal and transverse dispersion coefficients, a L and aT' 

were specified as 0.25 and 0.10 m respectively. The finite 

element program was able to solve a local transport equation 

which does not have macrodispersive terms and was able to 

account for advection in two directions. The resul ting 

analysis showed that the Monte Carlo analysis generated errors 

due to the effects of statistical sampling and numerical 

error. The numerical error was primarily due to numerical 

dispersion resulting from highly variable velocity fields and 

small dispersivities. 

Van ROoy (1986) applied Monte Carlo analysis to a case 

study at Zealand, Denmark. A glacial aquifer had been 

contaminated by leachate escaping from an unlined landfill. 

Hydraulic conductivity measurements were made using slug tests 

at various locations. Semivariogram analysis was performed on 

the slug test data to determine the spatial autocorrelation 

structure of the aquifer. The TBM algorithm was used to 

unconditionally generate the hydraulic conductivity field for 

each realization. The saturated thickness, effective 

porosity, surface recharge, and the contaminant mass source 

location and release function were held constant for all 

realizations. The steady flow field was determined using a 

block-centered finite difference model, a modified version of 

the flow/transport model presented by Konikow and Bredehoeft 

(1978). The mass transport was simulated using the method of 
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characteristics keeping the longitudinal and transverse 

dispersivity coefficients constant for all realizations. The 

findings of the case study were limited due to the preliminary 

nature of the research but analysis of the transport phenomena 

using a deterministic model was in good agreement with the 

expected values generated by the stochastic model. 

El-Kadi (1987) applied the Monte Carlo analysis to 

examine reliability of two remedial actions, a single 

recharge/recovery well and plume capture by a single 

production well. The methodology was very similar to the 

technique used by Van Rooy (1986). A conductivity field was 

generated using the spectral method and mass transport was 

examined using a modified version of Konikow and Bredehoeft 

(1978) . El-Kadi (1987) found that many of the results 

obtained using the stochastic approach could not be duplicated 

using deterministic means. In addition, sensitivity analysis 

revealed that concentration variability increased as either 

the variability of log conductivity was increased or when the 

correlation length was increased. As the correlation length 

increases, the correlation between hydraulic conducti vi ty 

values at each model cell increases. For each realization a 

series of high or low conductivity cells will exist in the 

model mesh. The resulting concentration will move further 

away from the expected value and the variability over the 

ensemble increases. However, the variability of the 
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concentration was relatively insensitive to changes in mean 

conductivity. 

Schneiter, et. al., (1984) discussed choosing the 

appropriate ground water remedial alternative for a given site 

using risk-benefit analysis. The major categories of risk 

associated with ground water contamination were listed as 

adverse human health effects and environmental damage. The 

major categories of benefits included economic, social and 

political, and natural and energy resources. A multi-step 

procedure for decision analysis was presented where the human 

health and economic factors were dominant. Leu and Hadley 

(1988) described the decision process used in California which 

involved the use of a decision tree model to simultaneously 

consider toxicological, administrative, and technical factors. 

The purpose of the decision analysis was to provide a standard 

by which ground water remediation strategies may be applied at 

different sites. Balagopal (1989) conceptually described 

using total probable risk as a criteria when applying decision 

tree models to the selection of hazardous waste sites. 
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STOCHASTIC ELEMENTS OF MODEL 
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The stochastic elements of the model determine input 

variables according to specified probability density functions 

and correlation structures. A literature review was performed 

to see which variables were necessary to simulate in a 

stochastic manner and which variables could be assigned 

constant values. The hydraulic conductivity field, the mass 

transport retardation factor, and the initial mass 

concentration field were randomly generated. All other 

variables were assigned constant values. 

There are different sources of uncertainty encountered 

during simulation of ground water flow and mass transport. 

Yeh (1988) stated that the uncertainty associated with the 

natural heterogeneous state of the flow and transport domain 

is much greater than the uncertainties associated with 

mathematical conceptualization of the physical processes and 

the evaluation of the mathematical equations representing the 

physical processes. As specific sources of uncertainty in 

transport simulation, smith and Schwartz (1981a) cite the 

heterogeneous nature of aquifers; limited field data; 

uncertain boundary conditions, the inability to predict future 

changes in the hydraulic and chemical natures of the 

simulation domain; and ~ncertainty concerning the location, 

strength, and release function of the contaminant mass source. 
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Researchers have performed sensi ti vi ty analyses using 

various input parameters used for Monte Carlo simulation of 

mass transport. The uncertainty associated with mass 

transport predictions was found to be very sensitive to the 

variance and correlation structure of the hydraulic 

conductivity field (Smith and Schwartz, 1980, 1981a,bi Smith 

and Freeze, 1979b). smith and Schwartz (1980) state that not 

only is transport simulation sensitive to the variance of the 

conductivity field, but that macroscopic dispersion is a 

function of spatial heterogeneity in the porous media. The 

stochastic subprogram used to generate an autocorrelated 

hydraulic conductivity field is based on the turning bands 

method (TBM). 

It has been common practice for researchers to assume 

that no chemical interactions between the mass solute and the 

porous media occur and that the retardation factor is unity 

(Smith and Freeze, 1979b; smith and Schwartz, 1980, Graham and 

McLaughlin, 1989a,bi Van Rooy, 1986i El-Kadi, 1987). However, 

Monte Carlo simulation by smith and Schwartz (1981a) and 

spectral analysis by Garabedian (1987) showed that the 

heterogeneous approach to retardation produced enhanced mass 

spreading when compared to non-reactive transport. Such 

enhanced spreading occurred when the retardation factor was 

negatively correlated to the hydraulic conductivity field. A 

subprogram generates and negatively correlates retardation 
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factor, specifically the fraction organic carbon component of 

retardation, to the spatially correlated conductivity field. 

Another frequent assumption made by researchers using 

Monte Carlo simulation is that the location of the contaminant 

mass source and the mass release function are known (Smith and 

Schwartz, 1980; Van Rooy, 1986; EI-Kadi, 1987). Smi th and 

Schwartz (1981a) and Yeh (1988) suggest that uncertainty 

associated with the mass source may have a more profound 

effect on transport uncertainty than the representation of the 

heterogeneous porous media properties. The subprogram used to 

simulate the mass concentration at the beginning of 

remediation does so conditionally on measured and estimated 

concentrations. The algorithm involves anisotropic TBM and 

kriging to perform the conditional simulation. 

Smith and Schwartz (1981a,b) found that transport 

uncertainty was fairly insensitive to heterogeneous porosity 

field representation. Application of Monte Carlo simulation 

to transport by Van Rooy (1986), EI-Kadi (19B7), and Graham 

and McLaughlin (1989a,b) used constant values of porosity over 

the simulated domain. Warrick and Amoozegar-Ford (1981) 

classify bulk density as a low variation soil property. The 

Monte Carlo simulation of transport under conditions of 

heterogeneous chemical activity (retardation factor) by Smith 

and Schwartz (1981a) used a constant value of bulk density. 

Personal communication with Zhang (1990) indicated that 

researchers currently investigating stochastic mass transport 
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in partially saturated media treat bulk density and porosity 

as constants. Likewise, this research will treat porosity and 

bulk density as constants. 

3.1 MODEL OVERVIEW 

A Monte Carlo simulation model, REMED, has been developed 

in FORTRAN 77. The flow chart in Figure 3.1 schematically 

represents REMED. The model consists of two major modules, 

flow and transport, linked together with a number of 

specialized subprograms. The subprograms provide or extract 

the information necessary for the stochastic representation of 

mass transport. 

The program begins simulation by calling three 

subprograms, TUMA, CNDSIMA1, RTDCIN, which read data for the 

simulation of hydraulic conductivity, initial concentration, 

and retardation factor respectively. These subprograms also 

make the computations which are performed only once for each 

series of realizations. Subprograms described below perform 

computations which must be repeated for each realization. A 

DO loop is entered which may be initialized to the number of 

simulations that are required for a given run. The flow 

module, MAIN, is called. MAIN is the US Geological Survey 

MODFLOW finite difference model (McDonald and Harbaugh, 1987) 

with modifications according to Zheng (1990) to facilitate 

linkage to the transport module. Inside MAIN, the subprogram, 

TUMB, is called to generate the hydraulic conductivity field. 
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At the completion of simulation of flow for the remediation 

period, the transport module, MTMAIN, is entered. The 

transport module is Papadopulos & Associates' MT3D vI method 

of characteristics model (Zheng, 1990). 

called inside the transport module. 

Three subprograms are 

The initial mass 

concentration for each realization is simulated by INITC, the 

retardation factor field is generated by RETARDCF, and the 

maximum mass concentration and the areally averaged mass 

concentration at the completion of the simulated remediation 

time are found and output to a data file by MAXCONC2. The DO 

loop is completed when the counter equals the number of 

desired realizations, otherwise execution is returned to the 

flow module. 

The model is designed so that the last number generated 

by each pseudo-random generator in the code is the seed for 

the next time that the generator is called. The last random 

number is written to an output file before end of execution. 

When REMED is executed, the value in the file is read as the 

seed for the first pseudo-random generator. This feature 

guarantees that the maximum range of numbers are generated 

before the pseudo-random sequence is repeated. 

3.2 HYDRAULIC CONDUCTIVITY 

This section describes the turning bands method (TBM) 

used to generate the spatially auto-correlated hydraulic 

conductivity field with an isotropic correlation function. 
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Appendix D discusses the computer algorithm for the isotropic 

case as well as the theory and implementation of the 

anisotropic and areally averaged cases. 

The turning bands method (TBM) was introduced by 

Matheron, (1973) and was expanded to any two dimensional field 

with proper covariance by Mantoglou and Wilson (1981,1982). 

The turning bands method has been used in mining applications 

by David (1977) and Journel and Huijbregts (1978); and in 

ground water applications by Delhomme (1979), Van Rooy (1986) 

and Ababou (1988). The TBM is generally chosen to generate 

stationary multidimensional fields because of its flexibility 

with regard to different covariance functions and its 

efficiency in terms of computational effort and accuracy. 

Figure 3.2 compares the computational cost of the turning 

bands method to the spectral approach of Mejia and Rodriguez

Iturbe (1974) for similar levels of accuracy. The cost of the 

nearest neighbor approach of smith and Schwartz (1981a) is 

greater than the spectral approach. 

The turning bands method is used to simulate second order 

stationary isotropic fields. It is assumed that the value of 

each point in the field is normally distributed with zero 

mean. It is a simple matter to convert the simulated field 

from zero mean to a non-zero mean. The final assumption 

necessary for application of TBM is that the covariance of the 

simulated field is known. 
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Simplistically stated, TBM is the simulation of a 

multidimensional field using a series of independent 

unidimensional (line) processes. Given a two or three 

dimensional covariance function, a corresponding one 

dimensional covariance function can be found. Several 

independent lines with different orientations can be simulated 

using the one dimensional covariance function. At each point 

of the multi-dimensional field, the weighted sum of the 

corresponding values of line simulations can be found. This 

chapter will deal with two dimensional fields using Mantoglou 

and Wilson (1981,1982) as primary references. Ababou (1988) 

is a significant reference concerning the application of TBM 

to three dimensional fields. 

Figure 3.3 illustrates the basic concepts involved in the 

turning bands method. An arbitrary origin for the turning 

bands lines is established in the vicinity of the simulated 

field. The values of the unidimensional covariance Zj are 

generated at discreet intervals ~t along the line i. At each 

point in the field, the corresponding location on the line ~i 

can be found by taking the dot product of the point location 

vector ~N with the unit vector of the line~. The covariance 

value Zj corresponding to tNi' (Zj(tN;)) is then assigned to that 

point. When all the points in a field have been assigned 

values, a new turning bands line with a new orientation is 

generated and the process is repeated. 
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The simulated point values of the field are assigned by the 

expression 

(3.1) 

where L is the number of turning bands lines. 

A primary focus of the work by Mantoglou and Wilson was 

the relationship between the covariance of the two dimensional 

field and the covariance of the line process. Mantoglou and 

Wilson (1982) give that relationship as 

(3.2) 

where C] is the covariance of the line process, C is the 

covariance of the two dimensional field, ~ is the one 

dimensional separation, and r is the magnitude of the two 

dimensional separation vector. Particular solutions for 

equation (3.2) can be found for certain covariance functions. 
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A more general approach uses the spectral approach to relate 

the two processes with the expression 

(3.3) 

where S1 is the spectral density function of the one 

dimensional process with covariance ClI f is the radial 

spectral density function of the two dimensional process, w is 

the magnitude of the vector of frequencies (wave numbers), and 

a2 is the variance of the two dimensional process. Mantoglou 

and Wilson (1982) provide a tabulation of radial spectral 

density functions f for different two dimensional covariance 

functions C. For the simple exponential covariance model 

C(r) =a 2e-br (3.4) 

where b-I is the correlation length, f is given as 

f(w)= w/b 
b[1+(w/b)2]3/2 

(3.5) 

The simple exponential covariance model has been used by 

numerous stochastic ground water researchers (Van Rooy, 1986i 

Freeze, 1980i Mejia and Rodriguez-Iturbe, 1974i Graham and 

McLaughlin, 1989a,bi Ababou, 1988). After finding the 

radial spectral density function f, any spectral method can be 
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used to generate the line process. Shinozuka and Jan (1972) 

give the following equation 

M 

zi ({J) =2}: [81 ((J)k) A{J)] 1/2COS ((J)~~+«>k) (3.6) 
k-1 

where ~k are independent random angles uniformly distributed 

between 0 and 2~, and 

(J) k= (k-1/2) A{J) (3.7) 

with discretization frequency Aw 

A{J)=D./M (3.8) 

where it is assumed that the spectral density function 8 J is 

assumed to be insignificant outside the interval [-n,n] and M 

is the number of harmonics used. The following expression is 

intended to avoid periodicities 

(3.9) 

where ow is a small random frequency uniformly distributed 

between -Aw'and Aw' with 

(3.10) 
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3.3 INITIAL CONCENTRATION 

Justification of the simulation of mass initial 

concentration as a random variable has been previously 

addressed in this chapter. 

discuss the dependent 

It is appropriate at this time to 

relationship between hydraulic 

conductivity, retardation factor and initial concentration. 

The initial introduction of mass into a ground water 

system is a condition resulting from human activity that is 

independent of the heterogeneous nature of the porous medium. 

However, the mass distribution referred to as the initial 

concentration in this work is not the mass distribution at the 

time of introduction. The initial concentration is the 

distribution at the start of the simulated remediation. The 

movement of the mass and the resulting distribution in the 

period from introduction to the simulated beginning of 

remediation is a function of the aquifer heterogeneities. 

Rigorous application of the Monte Carlo technique 

requires that the simulation period begin wi th the 

introduction of the mass and continue through the pre

remediation period before beginning simulation of remediation. 

simulation beginning with introduction would require the 

following information: location of the mass source, times of 

the mass release, and the mass release functions. The site 

field investigation did not provide data to adequately 

characterize the initial introduction of mass (Wee, 1989a). 
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without those data, simulation of pre-remediation mass 

transport is not feasible. 

Therefore, to facilitate remediation simulation and to 

satisfy the independence of variables criteria, it will be 

assumed that the concentration of mass present in the aquifer 

at the initiation of remedial activities is independent of the 

heterogeneous nature of the porous media. 

The methodology used to simulate the initial mass 

concentrations (at the beginning of remediation) incorporates 

field data, best engineering judgement and random elements. 

The measured data (field data) and the estimated data (from 

best engineering judgement ) will be used to conditionally 

simulate the initial concentration using an algorithm first 

described by Journel (1974) and later applied by Dagbert 

(1981) . 

The conditional simulation uses the turning bands method 

(TBM) and kriging to preserve a prescribed spatial correlation 

structure. An unconditional simulation with a specified 

covariance C is performed using TBM. Kriged estimations with 

the same covariance C are then superimposed on the simulated 

values. The resulting values have covariance C and are 

conditioned with respect to the prescribed concentrations. 



The process may be represented by 

ZC(X)=ZK(X)+ZS(X)-ZKS(X) 
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(3.11) 

where Zc(x) is the conditional value at location x, ZK is the 

value kriged using prescribed values, Zs is the simulated 

(TBM) value, and Z~ is the value kriged using TBM generated 

values at points where prescribed values exist (Dagbert,1981). 

The TBM methodology for generating a random field with 

anisotropic covariance function is discussed in Appendix D. 

Kriging was performed using modified theoretical conditions 

presented in Davis (1973) and Clark (1979). 

Kriging is a method of estimating a heterogenous field 

from measured data while preserving the spatial 

autocorrelation structure. The estimated value ~ at point j 

is a function of n prescribed values Sj. For this research, 

the best linear unbiased estimator function was used 

(3.12) 

where a i are weightings whose sum is 1. The autocovariance 

function was chosen to be the anisotropic exponential 

(3.13) 

where llh] and llh2 are the correlation lengths in the x and y 

directions respectively. The relationship between the 
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covariance function and the weightings may be expressed as 

°11 °12 ° 11• 1 a 1 °lj 

°21 1 a 2 °2j 

= (3.14) 

°nl °n2 ann 1 an °nj 

1 1 1 0 ~ 1 

where the left side matrix is the covariance between each 

prescribed value of the field, ~ is the mean of the field, and 

the right side vector is the covariance between known values 

at point j of the field (l~j~k, the number of points in the 

field). The left side matrix remains constant for all points 

in the field. For each point j, the right side vector is 

evaluated, and the system represented by equation (3.14) is 

evaluated. The weightings are substituted into equation 

(3.12) to find field value ~. 

The conditional simulations are performed in the 

following manner. The area over which contamination has been 

characterized by field investigations is spatially discretized 

corresponding to the discretization that will be used by the 

subsequent flow and transport models. The field data, 

including contaminant concentrations measured at monitoring 

wells, source identification by means of surface and near 

surface soil investigations, and expert estimation by best 
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engineering judgement., will be located on the grid. A number 

of simulations are performed and the mean concentration values 

at the grid nodes may be plotted and contoured. The 

correlation length variables are adjusted in a trial and error 

process so that the resulting mean contours are physically 

reasonable. Additional values may have to be prescribed to 

assist in shaping the mean contours. Maximum variability in 

the simulation will be maintained by choosing minimum 

correlation lengths and prescribing the fewest assigned points 

needed for physically reasonable results. For the overall 

goal of simulating remediation activities, conservative 

treatment of contaminant mass simulation is desirable. 

3.4 RETARDATION FACTOR 

This section describes the methodology used to generate 

the mass transport retardation factor. A literature review 

did not find significant prior work in characterizing mass 

transport retardation due to adsorption. Appendix C details 

the ~iterature review along with the method used to 

stochastically characterize the soil-water partition 

coefficient normalized for or·ganic carbon content, Koc, for 

TNT. 

Spanggord et. al. (1980b) presents a graph of solubility, 

Cso/l versus Koc as shown in Figure 3.4, for an unspecified 
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number of compounds. Spanggord et. al. (1980b) gave the 

linear least squares fit for the data as 

log Koc= -0.27- 0.732 log Cso1 (3.15) 

Using the conversion of base for logarithms given by Munem and 

Foulis (1978) 

In t=log t In 10 (3.16) 

and def ining Y=ln Koc and X=ln Cso/f equation (3. 15) may be 

rewritten as 

E (Ylx) = -0.62 -0.73 2x (3.17) 

where E(Ylx=x) is the conditional mean. The coordinates of 

the data presented graphically by Spanggord et. al. (1980b) 

(ci~,Kioc) in Figure 3.4 were converted to log base e. 

Following the technique given in Ang and Tang (1975), an 

unbiased estimate of the variance S2 ylX is given by 

n 
2 1 "{" ( ') ? SYIX=-_-~ Yi-Yi -

n 2 i=l 
(3.18) 

where n is the number of data points (98), ~ and ~ are the 

natural logs of C,ol and Koc data points, and y;' is found by 

sUbstituting x=Xj in equation (3.17). Equation (3.18) is valid 
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when the conditional variance is assumed constant and when 

adsorption is a function of a single random variable. 

The data in Figure 3.4 suggests that adsorption may be a 

function of two random variables, partition coefficient and 

solubility. Literature review found that TNT solubility is 

relatively constant given the anticipated range of ground 

water temperatures. The value of 5.4 X 10-4 mole/ 1 at 20C 

(Spanggord et. al., 1980a,b) was used for this research. 

The chi-square goodness-of-fit test was applied to the 

data measured from Figure 3.4. Analysis showed that the data 

fit the 10% level of significance for degree of freedom 2 

(Davis, 1973) as tested against the log normal distribution. 

Applying equations (3.17) and (3.18) with the solubility 

value for TNT and the data presented in Spanggord et. ale 

(1980b), the mean and standard deviation of ln Koc were found 

to be 4.89 and 1.88 respectively 

In Koc = N (4 . 89 , 1. 88) (3.19) 

The model generates a value of Koc which is constant over the 

flow and transport domain using an algorithm to generate the 

normal distribution given by El-Kadi (1987). 

Appendix C also provides details of a literature review 

to investigate the possible occurrence of enhanced TNT 

mobility due to the presence of solvent type contaminants in 

the aquifer. The lack of historical information concerning 
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the introduction of all contaminants into the aquifer at the 

study site renders analysis of possible past enhanced TNT 

mobili ty inconclusive. However, the concentration of sol vents 

currently measured in the aquifer would indicate that enhanced 

TNT mobility is not currently feasible. 

The contaminant mass transport code used for this 

research accounts for solute mobility using retardation 

coefficient R which is defined as 

B K 
R=l+ d p 

n 
(3.20) 

where Bd is the bulk density of the porous media, Kp is the 

soil-water partition coefficient also referred to as 

distribution coefficient Kd , and n is the porosity. 

Garabedian (1987) showed by spectral analysis that 

correlation of retardation and hydraulic conducti vi ty produced 

enhanced mass spreading for reactive solutes when compared to 

non-reactive solute transport. The physical basis for the 

correlation is the relationship of both hydraulic conductivity 

and retardation to grain size. Decreasing grain size results 

in increased surface area for a given mass of aquifer 

material. Garabedian (1987) states that adsorption is 

directly proportional to surface area so adsorption decreases 

with increasing grain size. Freeze and Cherry (1979) show 

that hydraulic conductivity increases with increasing grain 
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size. Garabedian (1987) postulated that there then should be 

a negative correlation between hydraulic conducti vi ty and 

partition coefficient. 

smith and Schwartz (1981a) demonstrated the enhanced 

dispersion concept using Monte Carlo analysis and a negative 

correlation between hydraulic conducti vi ty , porosi ty , and 

cation exchange capacity CEC, a spatial random variable. In 

an expression analogous to equation (3.20), retardation is 

related to CEC by the expression 

Bd CEC fl 
R= 1 + --.:'-----

n~ 

(3.21) 

where f' is the selectivity quotient, assumed constant, and T 

is the total concentration of competing cations, assumed 

constant. Bulk density was considered constant and porosity 

and CEC were considered spatial random variables. 

Defining the partition coefficient normalized with 

respect to fraction organic carbon, K~ as 

K 
K =_P

oc foe 
(3.22) 

where foc is the fraction of organic carbon of the porous 

media, and substituting, equation (3.20) becomes 

Bd Koc foe 
R= 1 + ---"'--'=---

n 
(3.23) 
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As justified earlier in this chapter, for the purpose of 

this research bulk density and porosity are treated as 

constants over the simulated flow and transport domain. 

Therefore the only random variables in equation (3.23) are foc 

and Koc. In a manner analogous to the treatment of CEC by 

smith and Schwartz (1981a), foc was negatively correlated to 

hydraulic conductivity. The correlation was conducted for 

each element in the simulation domain according to the 

expression 

foe= a - b f + e (3.24) 

where e is an independent perturbation term with distribution 

N[O,ocJ that may be generated using the technique of El-Kadi 

(1987), a and b are constants, and f is the value of the 

natural logarithm of hydraulic conductivity (f=ln K) at the 

element. It has been previously discussed that hydraulic 

conductivity is a log normal spatial random variable. Ang and 

Tang (1975) state that any linear function of normal variates 

is also a normal variate, so foc is normally distributed. The 

expressions for finding the mean and variance of a function of 
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normal variates given by Ang and Tang (1975) may be applied to 

equation 3.24 

E (foe) = a - b E (f) (3.26) 

Var (foe) ,,; b 2 Var (f) +Var (e) (3.26) 

where f = In K. Rearranging equations 3.25 and 3.26 gives the 

expressions for the correlation constants 

b 2 = Var (foe) -Var (e) 
Var (f) 

a = E(foc) + b E(f) 

where for the negative correlation b > O. 

(3.27) 

(3.28) 

The retardation 

coefficient R can then be found for each element in the model 

domain using equation (3.23). 

In summary, analysis of the results of the field 

investigation at the study area reveal that there are serious 

data deficiencies with regard to TNT mobility. An extensive 

literature search has provided sufficient information to allow 

stochastic characterization of TNT mobility at the study site. 

The resulting analysis of the past potential of enhanced 

movement of TNT in both the saturated and unsaturated zone is 

inconclusive, however it does not appear that current 

conditions are favorable for enhanced transport of TNT due to 
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the lack of solvents in the saturated zone. Characterization 

of the partition coefficient Kp was made possible by deriving 

a conditional log normal density function based primarily on 

information found in Spanggord et. al. (1980b). 

Investigations by smith and Schwartz (1981a) and Garabedian 

(1987) showed that enhanced spreading of solute masses in 

reactive transport could be accounted for by negatively 

correlating retardation to hydraulic conducti vi ty . By analogy 

to smith and Schwartz (1981a), this concept may be applied to 

the study site by negatively correlating fraction organic 

content foc to natural log hydraulic conductivity. 

3.5 UNIFORM NUMBER GENERATOR 

The multiplicative congruential generator algorithm was 

chosen to generate the sequences of uniform random numbers 

used in REMED. The expression for the algorithm is 

Xi+l =a Xi (mod m), i =0,1,2, ... ,n (3.29) 

where a is the multiplier, m is the modulus, and Xo is the 

seed. A requirement of the algorithm is that m and a are 

relatively prime. The sequence of numbers generated by the 

programming equation (3.29) for use with a digital computer is 

reproducible and therefore is pseudo-random. Pidd (1988) 

states that for a 32 bit computer, appropriate choices for m 

and a are 2 31 _1, and 16807 or 630360016, respectively. The 
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maximum period of pseudo-numbers that can be generated before 

the period repeats has length m-1. 

El-Kadi (1986) used the multiplicative congruential 

generator with a=16807 and m=2 31 -1. The same values of a and 

m have been used in REMED. 
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Chapter 4 

FLOW AND TRANSPORT MODULES 

The simulation of ground water flow and transport by 

REMED is performed by two subprograms. Each subprogram is a 

commercially or publicly available stand-alone code which has 

been modified for research use. This chapter briefly 

describes each code and the modifications that were made to 

each code. 

4.1 MODFLOW 

Ground water flow is simulated by the US Geological 

Survey MODFLOW finite difference model (McDonald and Harbaugh, 

1988). MODFLOW was chosen for flow simulation because the 

simulation output was readily used by the transport model. 

The flow model uses block centered finite difference 

analysis to simulate a variety of conditions including 

transient or steady flow; confined or unconfined flow; and 

one, two or three dimensional flow domains through layered 

porous media. MODFLOW has the ability to simulate flow from 

external stresses such 

evapotranspiration, drains 

boundaries are integral 

as 

and 

to 

wells, areal recharge, 

river beds. Two types of 

MODFLOW: external no-flow 

boundaries, and interior no-flow and constant head cells. 

Specified flux boundaries are simulated with a combination of 

specified head and external stresses. McDonald and Harbaugh 
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(1988) provided algorithms based on the Strongly Implicit 

Procedure or Slice-Successi ve Overrelaxation to sol ve the 

finite difference equations. A third sol ver based on a 

preconditioned conjugate gradient method was developed for 

MOD FLOW by Kuiper (1987). 

MOD FLOW is structured as a series of highly independent 

modules. Each module has a specific function such as 

simulating an external stress, accounting for a particular 

boundary condition, or providing an equation solver. Only the 

modules that will be used for a particular simulation need to 

be included in the compilation process to generate executable 

code. The ability to select relevant modules provides for 

efficient use of computer space. 

Zheng (1991) modified MOD FLOW so that velocity and head 

data from the flow simulation are generated and written to an 

output file for use in transport simulation. The primary 

modification is the computation of fluxes between constant 

head cells. The remaining modifications provide for efficient 

output of relevant flux and external stress data. 

Additional modifications were made to include MODFLOW as 

the flow module in REMED. The main program was modified to 

subprogram form and a statement was included to call the 

subprogram that generates hydraulic conductivity field. The 

periodic nature of the aquifer stress from irrigation pumping 

for the field data analyzed meant that large input files 

containing repeti ti ve information were necessary. MOD FLOW was 
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modified so that for the input files containing repetitive 

data, a flag was read to rewind the data file. This allowed 

certain data files to be reduced significantly in size. 

4.2 MT3D vi 

Ground water mass transport is simulated by Papadopulos 

& Associates' MT3D vi model (Zheng, 1991). MT3D was chosen 

because the model operates using the method of characteristics 

(MOC) analysis. Van ROoy (1986) and El-Kadi (1987) used MOC 

models to simulate ground water transport during Monte Carlo 

analysis. 

The MOC analysis uses a mixed Eulerian-Lagrangian 

approach to simulate transport. Zheng (1991) gives the 

governing equation for mass transport as 

ac =l:.~ (D .. ac) -v. Dc _ qs (C-C ) _~ ( Ed C) at R ax· 1J ax. 1 ax. Rn S R n 
1 J 1 

(4.1) 

where 

c is concentration of mass. 

t is time. 

Xi is distance along cartesian coordinate axis i. 

Dij is hydrodynamic dispersion coefficient. 

Vi is darcy velocity. 

~ is volumetric flux of water for sources and sinks. 

~ is mass concentration of sources. 



n is porosity. 

Ed is bulk density. 

is concentration of mass sorbed on porous media. 

is rate constant for first-order reactions. 

is retarded mass velocity - Vi 
V·=

~ R 
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The partial derivative ac/at represents the rate of change of 

mass concentration at a fixed point (Eulerian approach). 

The Lagrangian approach uses the sUbstantial derivative 

(4.2) 

to represent the rate of change of mass concentration along 

the pathline of a mass particle (characteristic curve of the 

velocity field). The Lagrangian expression for equation (4.1) 

is 

DC =l:.~ (D .. ac) _. qs (C-C) -l:. (C+ B dC) 
D t R ax. ~J at R n s R n 

~ 

(4.3) 
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Using finite difference principles, the sUbstantial derivative 

is expressed as 

(4.4) 

so that equation (4.3) becomes 

(4.5) 

where 

Cm
n+1 is average mass concentration at cell m and time 

step n+1. 

c n- is average mass concent~ation at cell m and time 
In 

step n+l due to advection alone. 

~t is the difference between time step n+l and time 

step n. 

RHS is the finite difference expression of the right 

hand side of equation (4.3). 

In equation (4.5), the advective component of mass transport 

is represented by Cm
n

- while changes in concentration due to 

dispersion I sinks and sources, and chemical reactions are 

accounted for by ~t x RHS. 

The Moe technique finds Cmn~ by tracking particles through 

the flow field. The second term in equation (4.5) is 

evaluated with explicit finite difference using a weighted 

concentration based on the old concentration in the cell. The 
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new concentration is then the sum of the advective and the 

dispersive terms. 

The MOC approach is desirable when simulating transport 

in nonuniform flow fields because the technique is free of 

numerical dispersion. Mixed Eulerian-Lagrangian techniques, 

including MOC, are not entirely based on the principle of mass 

conservation so mass balance discrepancies may result under 

certain situations. 

MT3D is a structured modular code analogous to MODFLOW. 

The model accommodates confined, unconfined, or variably 

confined/unconfined aquifer layers; and one, two, or three

dimensional transport through layered porous media. MT3D has 

the ability to simulate mass transport as affected by external 

stresses such as wells, drains, rivers, areal recharge, and 

evapotranspiration. MT3D accounts for specified concentration 

or mass flux boundaries. 

While the MOC analysis reduces numerical dispersion, the 

implementation of the technique is numerically intensive. The 

modified method of characteristics (MMOC) trades low numerical 

dispersion for greater computational efficiency. The hybrid 

method of characteristics (HMOC) is a mixture of MOC and MMOC 

intended to couple low numerical dispersion with increased 

computational efficiency. Zheng (1991) discusses how MMOC and 

HMOC are incorporated into MT3D. 

Modifications were made to MT3D for inclusion as the 

transport module in REMED. The main program was modified to 
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subprogram form, and a statement was included to call the 

subprogram which analyzes the concentration field at the end 

of the simulation period. statements were also added to call 

the subprograms which generate the retardation coefficient 

field and the initial concentration field. 
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Chapter 5 

REMEDIAL INVESTIGATION AND FEASIBILITY STUDY 

with the cooperation of Woodward-Clyde Consultants, 

Overland Park, Kansas, and the US Army Corps of Engineers, 

Kansas City District, ground water contamination field data 

have been obtained. The primary sources of data are the Final 

Draft Remedial Investigation Report Hastings East Industrial 

Park Remedial Investigation / Feasibility study, Hastings, 

Nebraska, February 28, 1989, (WCC, 1989) and the Advance Final 

Feasibility Report, Hastings East Industrial Park Remedial 

Investigation/Feasibility Study, Hastings, Nebraska, (WCC, 

1990a) . 

The study area is located approximately two miles east of 

Hastings, Nebraska, in Adams County as shown in Figure 5.1. 

The study area comprises approximately 2600 acres of the 

Hastings East Industrial Park (HElP) which contains 

approximately 40 businesses and industries. The HElP was 

established in 1967 \vith the sale of US Government property to 

a group of investors. Prior to the sale the area had been a 

part of the approximately 48800 acre Hastings Naval Ammunition 

Depot (NAD). 

The former NAD was established in 1942 to help meet the 

muni tions needs of the US Navy during World War II. The 

facility continued active operations during the period between 

World War II and the Korean Conflict and was expanded slightly 
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during the Korean Conflict. Operations were ended and 

decommissioning of the facility began in 1958. 

Operations at the former NAD were of the "load, assemble, 

and pack" type. Ingredients comprising various munitions were 

assembled at the former NAD in a series of dry or \iet 

operations. None of the explosives or other materials used in 

the munitions were manufactured at the former NAD. 

After the former NAD was decommissioned, the primary 

production area was sold by the US Government to a group of 

investors who established the HElP. Nearly all of the 

businesses and industries located in the HElP are located in 

the former production buildings. 

5.1 REMEDIAL INVESTIGATION 

A remedial investigation (RI) was conducted to 

characterize the chemical nature, and horizontal and vertical 

extent of soil and ground water contamination in the study 

area. Data acquired during the RI was used for a public 

health evaluation, an endangerment assessment, and estimating 

volumes of soil and water that may require remediation. The 

RI was also used to determine remedial action objectives, 

generate general response actions, allow examination of 

institutional considerations, and perform a cost analysis. 

Extensive soil and ground water contamination was found 

at the study site. The contaminant agents included explosive 

compounds, heavy metals, and volatile organic compounds. The 
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analysis presented in this thesis will be limited to one of 

the explosive compounds, trinitrotoluene (TNT), in ground 

water. 

The ground water phase of the field investigation 

consisted of collecting water samples from monitoring wells 

installed during the investigation and from \>lells existing 

before the investigation. TNT was detected in a number of 

wells at varying concentrations as shown in Figure 5.2. The 

contaminated wells are located down gradient from a former 

facility where TNT was an ingredient in the production process 

performed in the facility. Extensive TNT soil contamination 

was found in the drainageways adjacent to the former 

production facility. TNT contaminated soil was also found in 

a former surface impoundment which collected run off from the 

immediate area of the former production facility. The 

impoundment was also recharged with water pumped from the 

aquifer immediately below the impoundment. wee (1989) 

postulates that the surface soil contamination may be related 

to the source of the ground water contamination. Using ground 

water analysis from samples collected from monitoring wells, 

wee (1989) presents an estimate of the extent of the TNT 

ground water plume. 

shown in Figure 5.2. 

This "best engineering judgement" is 

In addition to the characterization of the contamination 

at the site, studies were performed to characterize the 

hydrogeologic nature of the site. The hydrogeology of the 



site consists of a layered aquifer system. 
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The regional 

aquifer is compromised of glacially deposited Pleistocene 

sands and gravels. Figure 5.3 is a simplified schematic 

representation of the aquifer system. Below the base of the 

aquifer is the Niobrara Formation, which is a shale and does 

not produce water. The Pleistocene aquifer is separated from 

the Niobrara by a silt/clay layer. This lower confining unit 

is thought to prevent communication between the aquifer and 

the bedrock. The Pleistocene aquifer is divided into an 

unconfined unit and a semiconfined unit by a silty clay upper 

confining layer. It is theorized that the upper confining 

layer has effectively prevented TNT migration from the 

unconfined unit to the semiconfined unit. Chemical analysis 

of water samples collected from the semiconfined unit give 

basis to the theory (WCC, 1989). 

A number of field tests and literature reviews were 

conducted during the remedial investigation to characterize 

the hydrogeologic properties of the aquifer system. These 

parameters are summarized in Table 5.1. 

The land use in the vicinity of the study site is 

primarily divided between agriculture and industry. A nearby 

industrial water supply well continuously stresses the aquifer 

with a constant pumping rate of 700 gpmj transient stress 

during the two month irrigation season is produced by various 

irrigation wells in the study area. All production wells are 

completed in the semiconfined unit but the 
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Figure 5.3 Layered aquifer system (not to scale). 

74 



Parameter 

HYDRAULIC CONDUCTIVITY 
K (gpd/ft2) 

Regional 

Near surface 

Soil sample collected 
from 16-18 ft. 

Soil sample collected 
from 31-33 ft. 

Near surface soils 

Upper confining layer 
(sampled at two locations) 

Semi-confinad unit 

Unconfined unit 

STORATIVITY 
S 

Unconfined unit 

Semi-confined unit 

SATURATED THICKNESS 
b (ft.) 

Unconfined unit (measurements taken 
12/87 and 12/88) 

Upper confining layer 

Semi-confined unit 
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Table 5.1 Ground Water Flow Parameters 

900-1200 

9-30 

0.2 

0.006 

0.2 

0.006 
0.003 

1500 

370-800 
475 (avg.) 

0.01-0.25 

0.001 * 

7-21 
3-21 

2-4 

66-92 

literature review. 

literature review. 

laboratory analysis. 

laboratory analysis. 

percolation test. 

laboratory analysis. 

pumping test. 

values derived from unpublished research giving K 
as a function of grain size, sorting, and silt 
content. 

literature review (storativity or specific yield as a 
function of material type). 

pumping test. 

boring logs. 

boring logs. 

boring logs for top of aquifer and literature review 
for the bottom of aquifer. 

·The value is probably too low because of unconfined conditions existing in the aquifer at the time of 
testing. 



Table 5.1 Ground Water Flow Parameters (continued) 

Parameter 

TRANSMISSIVITY 
T (gpd/ft) 

Regional aquifer 

Semi-confined aquifer in vicinity of 
pumping test 

HYDRAULIC GRADIENT 
(ft/mile) 

Regional aquifer 

Unconfined unit (steady conditions) 

Upper confining layer (steady conditions) 

Semi-confined unit (transient conditions) 

EFFECTIVE POROSITY 
n 

Unconfined unit 

Semi-confinad unit 

GROUND WATER USE 
(gpm) 

Industrial well IN-6 (steady) 

Water supply well CM-19 
winter (transient) 
summer (steady) 

Sum of pumpage from irrigation wells 
located in study area vicinity during 
irrigation season 

GROUND WATER RECHARGE 
(in/yr) 

Precipitation (regional) 

Precipitation (local) 

Irrigation 

100,000-
200,000 

190,000 

5-20 

6.4 (avg.) 

0-9 (vertical) 

graphical 
represent. 

0.15 

0.15 

700 

580 
580 

900-1400 

1.0-6.0 

1.3 

variable based 
on the year 

literature review. 

pumping test. 

literature review. 

water level measurements. 

water level measurements. 

water level measurements coupled with the 
application of the Theis equation. 

assumpt. using field data and literature. 

assumpt. using field data and literature. 

records review. 

records review. 

records review. 

literature review. 

literature review. 

literature review. 
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unconfined unit is also stressed due to vertical movement of 

ground water through the upper confining layer. 

5.2 FEASIBILITY STUDY 

A feasibility study (FS) was conducted to characterize 

procedures which may reduce the risk of adverse human health 

effects from exposure to soil and ground water contamination 

at the study site. The FS addressed the remediation of 

contamination of soil and ground water by all types of 

compounds (heavy metals, explosives, volatile organic 

compounds) found during the RI. This section will summarize 

the information in the FS as it pertains to TNT contamination 

in the ground water. 

The feasibility study (FS) gives preliminary information 

concerning the remediation of ground water at HElP for 

contamination by volatile organic compounds, metals, and 

explosives. The remedial actions generally incorporate an 

approach which addresses all three types of contaminants 

simultaneously. For the purposes of this research, it will be 

assumed that the explosi ves plume can be examined 

independently with regard to the other contaminants. 

A number of different remedial alternatives were 

preliminarily screened in wee, (1990a). Four alternatives and 

a baseline evaluation were retained for further consideration 

by wee. Table 5.2 summarizes the alternatives and the 

alternative costs. The target clean up concentration of TNT 
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will be 2 ~g/l for each alternative excluding the new water 

supply well alternative. 

New water supply well. This alternative will protect 

human health by providing institutional controls. A new 

municipal water supply well will be installed in a non

contaminated area to replace the supply of potable water which 

has been contaminated. The new well will have a capacity of 

2000 gallons per minute (gpm). No new wells would be 

installed in the contaminated area though the existing 

industrial and irrigation wells would continue to operate. 

This alternative does not provide significant protection of 

the environment. In addition, future users of the ground 

water down gradient of the present location of the TNT plume 

are not protected by this alternative. 

The capital cost of drilling a new supply well and piping 

the water to the existing municipal distribution system is on 

the order of $2 million. Preliminary operation and 

maintenance (O&M) costs would be approximately $210,000 a 

year. The present worth cost is over $4 million based on a 

20-year life and five percent discount rate. Stochastic 

analysis of the new water supply well alternative is beyond 

the scope of this research. The alternative has been described 

for the sake of completeness. 

Hydraulic controls. This alternative will contain the 

explosives plume with a system of extraction and injection 

wells. six extraction wells of capacity 200 gpm will be 
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Table 5.2 Summary of remedial alternatives and alternative costs. 

ALTERNATIVE 

New water 
Supply 

Well 

Hydraulic 
Controls 

Extraction
stream 

discharge 

Extraction
reinjection 

PROJECT 
LIFE 

DESCRIPTION (YEARS) 

A new supply well with capacity 20 
2000 gpm located in the sw 1/4 
SW. 1/4 of Section 1, T7N, R9W. 
Clean up of existing contamina-
tion will not be attempted. 

Containment of the explosives 20 
plume using a system of 6 down 
gradient extraction wells and 
12 up gradient injection wells. 
Extraction and injection capac-
ities of the wells are 200 gpm 
and 100 gpm respectively. Ten 
additional monitoring wells 
will be installed. 

Collection of the explosives 10 
using a system of 18 extraction 
wells located within the 
estimated boundary of the plume 
with surface discharge of the 
extracted water after 
treatment. Extraction well 
capacity will be 100 gpm. 
Sixteen additional monitoring 
wells will be installed. 

Collection of the explosives 10 
using a system of 18 extraction 
wells located within the 
estimated boundary of the plume 
and 18 injection wells located 
around the estimated boundary 
of the plume. Extraction and 
injection capacities of the 
wells are 100 gpm for both 
activities. Sixteen additional 
monitoring wells will be 
installed. 

ALTERNATIVE 
COST 

(MILLIONS) 

$4 

$13 

$17 

$19 
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located down gradient and 12 injection wells of capacity 100 

gpm will be located upgradient of the plume. The \'later 

extracted from the aquifer will be treated so that the TNT 

concentration is reduced to an acceptable level of no more 

than 1.5 ~g/l (smith, 1990a) before re-injection into the 

aquifer. It is anticipated that this alternative will clean 

up the contamination at a relatively slow rate. Ten 

monitoring wells in addition to the existing monitoring wells 

will be installed to assist in characterizing the performance 

of the containment system. 

The capital cost of drilling the extraction, injection 

and monitoring wells, building the piping system, and 

constructing the treatment facility is on the order of $9 

million. Preliminary O&M costs would be approximately 

$300,000 per year. The present worth cost is on the order of 

$13 million based on a 20-year life and a five percent 

discount rate. 

Extraction-stream discharge. This alternative will 

collect the explosives from the aquifer with a system of 18 

extraction wells with capacity 100 gpm. The extraction wells 

will be located within the estimated boundaries of the plume. 

The water extracted from the aquifer will be treated so that 

the TNT concentration is reduced to no more than 1. 5 ~g/l 

before discharge into a nearby natural stream. This 

alternative will clean up the contamination at a relatively 

rapid rate. sixteen monitoring wells in addition to the 
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existing wells will be installed to assist in characterizing 

the performance of the collection system. 

The capital cost of drilling the extraction and 

monitoring wells, building the piping system and the discharge 

works, and constructing the treatment facility is on the order 

of $11.5 million. Preliminary O&M costs would be 

approximately $760,000 per year. The present worth cost is on 

the order of $17 million based on a 10-year life and a five 

percent discount rate. 

Extraction-reinjection. This alternative will collect 

the explosives plume with a system of extraction and 

reinjection wells. Eighteen extraction wells of capacity 100 

gpm will be located within the estimated boundary of the plume 

and 18 injection wells of capacity 100 gpm will be located 

around the perimeter of the plume. In comparison, all of the 

wells for the hydraulic control al ternati ve were situated 

outside the estimated plume boundary. The water extracted 

from the aquifer will be treated so that the TNT concentration 

is reduced to no more than 1.5 ~g/l before reinjection into 

the aquifer. This alternative will clean up the contamination 

at a relatively rapid rate. sixteen monitoring wells in 

addition to the existing wells will be installed to assist in 

characterizing the performance of the collection system. 

The capital cost of drilling the extraction, injection 

and monitoring wells, building the piping system, and 

constructing the treatment facility is on the order of $12 
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million. Preliminary O&M costs would be approximately 

$900,000 per year. The present worth cost is on the order of 

$19 million based on a 10-year life and a five percent 

discount rate. 
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This chapter will document the parameters that were used 

in the application of REMED to the simulation of three pump 

and treat alternatives considered at the HElP site. 

A significant source of information was the Final Ground 

Water Modeling Report, Hastings East Industrial Park, Remedial 

Investigation/Feasibility Study, Hastings, Nebraska, August 

1990 (wee, 1990b). While the ground water modeling described 

by the report is of regional interest, little modeling 

specific to the TNT plume was performed. Numerous flow 

parameters were confirmed by means of model calibration. The 

water surface simulation results contained in the report were 

the basis for the initial head and boundary conditions used 

during simulation with REMED. 

Other significant sources of data used in the stochastic 

simulation were the site remedial investigation (WeC, 1989), 

the site feasibility study (Wee, 1990a), and the Monte Carlo 

simulation of transport through a glacio-fluvial aquifer 

described by Van Rooy (1986). 

The list of all input files necessary for the execution 

of REMED is contained in Appendix A. The user's guide in 

Appendix B documents the format of the files used as input by 

the stochastic subprograms. User's guides for the flow 

(MODFLOW) and transport (MT3D) modules are found in McDonald 
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and Harbaugh (1988) and Zheng (1990) while the Preconditioned 

Conjugate Gradient solver for MOD FLOW is documented by Kuiper 

(1987). 

6.1 STOCHASTIC PARAMETERS 

Determination of the parameters necessary to 

stochastically characterize hydraulic conductivity, 

retardation coefficient, and initial concentration involved 

use of field data, previous modeling studies, journal 

articles, and best engineering judgement. Table 6.1 

summarizes the parameters used as input by the stochastic 

subprograms. 

Van ROoy (1986) discusses the stochastic characterization 

of hydraulic conductivity at a site where the layered 

sand/gravel glacio-fluvial aquifer was similar in description 

to the Pleistocene aquifer at the study site. Using 

statistical analysis of field data, Van Rooy (1986) found the 

correlation length for hydraulic conductivity to be 0.3 km 

using the simple exponential model, and the variance of log 

hydraulic conductivity to be 0.96. Using those values as 

guidelines, the correlation length and variance of log 

hydraulic conductivity for simulation of flow at the study 

site were chosen to be 800 ft and 0.9 respectively. A subarea 



Table 6.1 Stochastic Parameters 

Hydraulic conductivity Parameters 

Parameter Value Variable 
Name 

E(ln K) 3.701 xmean 

Var(ln K) 0.9 vary 

Correlation length 800 ft el 

Initial Concentration Parameters 

Parameter Value 

E(C) 4.0 Jig/l 

Var(C) 1.0 

Correlation length (x) 800 ft 

Correlation length (y) 450 ft 

Number of prescribed 13 
concentrations' 

Retardation Factor Parameters 

Parameter Value 

E(foc) 0.0015 

Sqrt (Var (foc) ) 0.0003 

Bulk density of media 1.4 g/cmJ 

Porosity of media 0.2 

E (In Koc) 4.89 

sqrt(Var(ln Roc » 1.88 

foc perturbation mean 0.0 

foc perturbation variance 1.0 X 10.7 

Variable 
Name 

xmean 

vary 

elx 

ely 

llpts 

Variable 
Name 

focm 

foes 

bd1 

pors1 

pocm 

poes 

em 

es 

, See Figure 6.3 for location and value of prescribed points. 
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of the flow domain was discretized into a mesh with square 

elements with sides of length 200 ft. This spatial subdomain 

is the area where hydraulic conductivity is generated randomly 

and composes the transport domain. Elsewhere, the 

discretization of the flow domain was larger, as shown in 

Figure 6.1 and the value of hydraulic conductivity was 

assigned a constant value equal to the theoretical mean of the 

random field. The discretization of the random hydraulic 

conductivity spatial subdomain was four nodes per correlation 

length. Ababou (1988) performed experiments to determine the 

error between the variance and correlation length for TBM 

simulated hydraulic conductivity fields and the theoretical 

variance and correlation length. The error for the spacing of 

four nodes per correlation length was approximately 10%. 

Calibration studies performed by wee (1990b) used an effective 

value of hydraulic conductivity of 63.5 ft/day. This value 

was in agreement with the value of 465 gpd/ft2 given in the RI 

(Wee, 1989). A single realization of hydraulic conductivity 

generated by REMED using the parameters given above is shown 

in Figure 6.2. 

The parameters used by REMED to generate initial 

concentration distributions were found using a combination of 

field data and best engineering judgement. wee (1989) 

provides an estimate of the 100 ~g/l TNT concentration 

contour. The estimate was based on chemical analysis of water 

collected from the unconfined unit and on engineering 
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experience. Using the 100 p.g/l estimate as a guide, the 

choice of the parameters necessary to conditionally simulate 

the initial concentration was made by a trial and error 

process. In addition to prescribing concentration values 

corresponding to values measured at monitoring wells, values 

were prescribed that do not correspond to measured values to 

better match the 100 p.g/l contour. Engineering judgement was 

exercised to prescribe concentration values near a suspected 

source area. It was estimated that the values near the 

possible source could reasonably be between 300 p.g/l and 700 

p.g/l with equal probability of occurrence for all values 

within the range. Two points near a suspected source area 

were randomly assigned values for each realization according 

the uniform distribution U[300,700]. Table 6.1 summarizes the 

parameters used in the conditional simulation, Figure 6.3 

shows the mean 100 p.g/l contour for a 500 realization ensemble 

as well as the location and value of all prescribed 

concentration values. The standard deviation of the initial 

concentration ensemble is shown in Figure 6.4. A single 

initial concentration realization is shown in Figure 6.5. 

Table 6.1 summarizes the parameters used in equations 

(3.23) and (3.24) to stochastically generate the retardation 

coefficient field according to the methodology of section 3.4. 

Field data were not collected during the RI that could be used 

to characterize the retardation factor. Journal articles were 

used as the primary source of information concerning the 
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retardation factor. wee (1990b) estimates the bulk density of 

the porous media at the study site to be 1.7 g/cm3 • Warrick 

and Amoozegar-Ford (1981) found that a mean value of 1.4 g/cm3 

could be used for transport simulation based on stochastic 

analysis of samples from a wide variety of porous materials, 

and this value was chosen for transport simulation at the 

study site. 

The remedial investigation (Wee, 1989) estimated the 

effective porosity of the unconfined unit as 0.15. The 

calibration studies in wee (1990b) provided satisfactory 

results when the porosity was assigned the value 0.20. 

Different literature sources provided information concerning 

the statistical properties of fraction organic carbon foe. 

Mackay et. ale (1986) investigated foe of the Borden aquifer 

which is a glacio-fluvial sand aquifer underlain by a thick 

silty clay layer. The field investigation showed that the 

mean value of foe for the aquifer material was 0.0015 and the 

foe did not vary significantly spatially along the sampling 

transect with standard deviation of foe 0.0000089. The 

geologic description of the Borden aquifer is similar to the 

geologic description at the study site. Surface soils from 

the eornhuskers Ammunition Plant located approximately 60 

miles from the study area were characterized by pennington and 

Patrick (1990). The foe of soil samples collected from depths 

up to 20 cm at eornhuskers was given as 0.0083. The mean foe 

value of all samples collected from 13 different Army 
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Ammunition plants was 0.017 with a standard deviation of 

0.011. Rao, et. ale (1986) studied foe distributions in two 

sand aquifers in Florida and Georgia. The results of their 

studies showed that foe ~.,as spatially correlated with a lag of 

approximately 15 cm, the sampling intervals fit a normal 

distribution, and the coefficient of variation was less than 

20% for both sites. Using the mean from Mackay et. ale (1986) 

and the coefficient of variation from Rao et. al (1986), the 

mean value of foe used in simulations of mass transport 

through the aquifer at the study site will be 0.0015 with 

standard deviation 0.0003 (coefficient of variation 0.20). 

Substi tuting expected values of bulk density, foe, Koc 

(with respect to the solubility of TNT), and porosity into 

equation (3.23), gives an expected value of retardation for 

TNT at the study site of 9.2. A single realization of the 

retardation field generated by REMED using the parameters 

given above is shown in Figure 6.6. 

6.2 MODFLOW Parameters 

The parameters necessary to simulate ground water flow at 

the study site using the MODFLOW module are summarized in 

Table 6.2 and sho\,ln graphically in Figures 6.7-6.13. The 

spatial discretization of the flow domain into 45 columns and 

30 rm'lS is shown in Figure 6.1. The analysis will be two

dimensional with vertical averaging over the third (z) 

dimension. The temporal discretization followed the 



Table 6.2 MODFLOW Parameters 

Basic Package 

Parameter Value 

Rows 

Columns 

Spatial discretization 

30 

45 

Layers 

Time discretization 

Number of stress periods 

Length of stress period: 
non-irrigated season 
irrigated season 

Number of equal length 
time steps per stress 
period: 
non-irrigated season 
irrigated season 

1 

305 days 
61 days 

5 
1 

Block Centered Flow Package 

Parameter 

Transient flow flag 

Unconfined aquifer flag 

Hydraulic conductivity 
anisotropy factor 

Specific yield 

Hydraulic conductivity 

Value 

o 
1 

1.0 

0.2 

63.5 ftjday4 

2 Extraction-reinjection, stream discharge alternatives. 

3 Hydraulic control alternative. 

4 Outside random generation area. 
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Variable 
Name 

NROW 

NCOL 

NLAY 

NPER 

PERLEN 

NSTP 

Variable 
Name 

ISS 

LAYCON 

TRPY 

sfl 

BY 



Table 6.2 MOD FLOW Parameters (continued) 

Well Package 

Parameter 

Hydraulic control alternative: 
injection flowrate 
extraction flowrate 

Extraction-reinjection alternative: 
injection flowrate 
extraction flowrate 

stream discharge alternative: 
extraction flowrate 

Value 

750 ft3/d 
-1500 ft3/d 

1500 ft3/d 
-1500 ft3/d 

96 

Variable 
Name 

Q 

Q 
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irrigation season. Two stress periods were assigned per year 

of simulation, one for the two month irrigation season, and 

one for the remaining 10 months. A 61 day time step was used 

for both stress periods (six time steps per year). The 

initial head conditions were computed from the head at the end 

of the irrigation season as simulated by wee (1990b). The 

water surface elevation for both the irrigation season and the 

non-irrigation season as simulated by wee (1990b) are shown in 

Figures 6.7 and 6.8. 

Isotropic hydraulic conductivity conditions were 

specified throughout the flow domain. Cells outside the area 

of random hydraulic conductivity generation were assigned a 

constant hydraulic conductivity of 63.5 ft/day. The specific 

yield was assigned a value of 0.2, identical to the porosity 

value of the unconfined unit. The base of the unconfined 

aquifer was determined graphically for each cell from a map in 

wee (1990b). 

The MODFLOW Recharge Package was used to simulate leakage 

from the unconfined unit through the upper confining layer to 

the semi-confined unit. A land use map showing agricultural 

(irrigated) land was contained in the remedial investigation 

(wee, 1989). The irrigated cells were assigned a positive 

recharge equivalent of 8 in/yr and the non-irrigated cells 

were assigned a positive recharge equivalent of 2.6 in/yr. 

Negative recharge rates were added to the positive recharges 

at each cell to account for leakage from the unconfined unit. 
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The negative recharge rates were determined by a trial and 

error method until the simulated heads approached the 

simulated heads in wee (1990b) for non-remediated flow. An 

exact match between head simulations was not attained due to 

the differences in spatial and temporal discretization. 

Figures 6.9 and 6.10 shows the total recharge rates by cell 

used in the simulation for the non-irrigation and irrigation 

stress periods respectively. 

Figure 6.11 shows the location of pumping wells for each 

alternative. The flowrates for the remediation wells as 

listed in Table 5.2 were too large considering that the 

maximum saturated thickness in the aquifer before remediation 

was only about 21 ft. To prevent simulation of the case where 

the water level in the extraction wells was reduced to zero, 

the pumping rates were reduced significantly in a trial and 

error manner. The pumping rate of the injection wells was 

also reduced so that the volume of water injected balanced the 

volume of water extracted. The flowrates used in the Monte 

Carlo simulation are listed in Table 6.2 

6.2.1 FLOW BOUNDARY CONDITIONS 

Natural flow boundaries such as rivers or ground water 

divides were not present in the vicinity of the simulated flow 

domain. The following procedure was implemented to generate 

boundary conditions for the flow simulation. A large portion 

of the flow domain simulated by wee (1990b) was discretized 
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for use with a finite element flow program developed by El 

Didy (1986). Leakage from the unconfined unit and recharge 

from irrigation were handled in the manner previously 

described for the stochastic flow simulation. The wells for 

each alternative were located on the finite element grid 

corresponding to the well locations on the MODFLOW grid. The 

flow for each alternative was simulated for the remediation 

period using the finite element analysis. The boundary 

conditions remained constant for each stress period based on 

heads simulated by wee (1990b) for non-remediation conditions. 

The coordinates of the heads were rotated so that the 

coordinate system was parallel to the axes of the MODFLOW 

domain. Agricultural irrigation induces stresses on the 

aquifer that may be represented by two distinct stress periods 

each year. Therefore boundary conditions for the stochastic 

simulation were necessary for each stress period. The total 

number of sets of boundary conditions is 2 times the number of 

years of the remedial alternative project life. Figure 6.12 

shows the finite element simulation for the stream discharge 

alternative at time=365 days prior to coordinate rotation. 

A kriging program was used to generate a grid of head 

values corresponding to the MODFLOW grid using the rotated 

finite element head simulation. Figure 6.13 shows the kriged 

head distribution using the simulated heads in Figure 6.12 as 

input. 
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The heads corresponding to external boundary cells were 

then extracted from the set of kriged heads. The MODFLOW 

General Head Boundary package requires that head and 

conductance be specified for each general head boundary cell. 

In an advanced analysis of flow at the study site, wee (1991) 

defined conductance for general head boundaries as 

approximately the saturated thickness at boundary 

multiplied by the hydraulic conductivity of the cell. 

same procedure was used for the stochastic simulation. 

cells 

The 

The procedure was repeated to generate general head 

boundary data sets for each stress period of each alternative. 

6.3 MT3D PARAMETERS 

The spatial and temporal discretization of the transport 

domain was identical to the discretization of the flow domain 

with the exception of time step. MT3D automatically computes 

the maximum time step given the maximum distance that a 

particle could move per time step. Depending on the 

particular velocity field realization, the transport time 

steps could be less than the corresponding flow step thus 

requiring more transport time steps than flow time steps. 

Van Rooy's (1986) Monte Carlo simulation of mass 

transport in a glacio-fluvial aquifer used the following 

dispersive parameters: longitudinal dispersivity 2.0 m, ratio 

of transverse to longitudinal dispersivity 0.33, and molecular 

diffusion coefficient 0.0 m2/d. See Table 6.3 for the 
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corresponding dispersive parameters used in the MT3D 

simulation of transport at the study site. 

Table 6.3 also contains the values used by the MOe 

algorithm to simulate the advective component of mass 

transport. The parameters were chosen to reduce mass balance 

error that was anticipated to occur under the highly non

uniform velocity fields anticipated from the stochastic 

analysis of the remedial alternatives following guidelines 

given in the MT3D input manual (Zheng, 1990). 



Table 6.3 MT3D Parameters 

Advection Package 

Parameter 

Moe solution flag 

Number of cells any 
particle will be allowed 
to move in one transport 
step 

Maximum number of moving 
particles 

Fourth-order Runge
Kartta particle tracking 
flag 

Random initial placement of 
particles in cell flag 

Minimum number of moving 
particles per cell 

Maximum number of particles 
per cell 

Value 

1 

0.5 

20000 

2 

o 

4 

32 

Dispersion Package 

Parameter 

Longitudinal dispersivity 

Ratio of horizontal transverse 
dispersivity to longitudinal 
dispersivity 

Effective molecular diffusion 
coefficient 

Value 

6.0 ft 

0.33 

Variable 
Name 

r.IXEUi 

PERCEL 

MXPART 

I TRACK 

NPLANE 

NPMIN 

NPMAX 

variable 
Name 

AL 

TRPT 

DMCOEF 
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Chapter 7 

ANALYSIS OF RESULTS AND APPLICATION TO DECISION ANALYSIS 

The Monte Carlo simulations of the alternatives were 

performed on the University of Arizona center for computing 

and Information Technology's Convex 240 superminicomputing 

system. The simulation was computationally intensive, 

requiring approximately 9 hours of CPU time for every 50 

realizations of the extraction-reinjection or extraction

stream discharge alternatives, and about 18 hours CPU time for 

every 50 realizations of the hydraulic controls alternative. 

computing time was provided by means of a special account on 

a Convex machine to which access was limited to a small number 

of users. The special account was available for this research 

for approximately one month. During that time, the model was 

used to simulate 1079 realizations of the extraction

reinjection alternative, 1006 realizations of the extraction

stream discharge alternative, and 650 realizations of the 

hydraulic controls alternative. 

This chapter describes the analysis of the output from 

each alternative, and the application of the simulation model 

results to decision analysis. 
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7.1 PROBABILITY DENSITY FUNCTIONS 

The output from the Monte Carlo model consisted of an 

ensemble of maximum concentrations present in the aquifer at 

the end of the remedial alternative project life. Stochastic 

characterization of the maximum concentration resulting from 

each alternative was performed by empirically fitting 

probability density functions to the output (maximum 

concentration) ensembles. Histograms showing the frequency of 

the maximum concentration and the natural log of the maximum 

concentration for each alternative are shown in Figures 7.1-

7.3. Table 7.1 lists the statistics for each output ensemble. 

The following probability functions were considered: normal, 

log-normal, beta, gamma, exponential, and Rayleigh. Visual 

inspection of the maximum concentration histograms shown in 

Figures 7.1-7.3 eliminated the normal, log-normal, and 

Rayleigh distributions. Goodness-of-fit analysis using the 

chi-square (X2) test showed that the beta distribution was the 

most appropriate distribution for each remedial alternative. 

Table 7.2 lists the beta distribution parameters and X2, for 

each al ternati ve. Table 7.2 also lists the value of the 

appropriate X2 distribution (C1-a,doj) for the cumulative 

probability (l-a) at the significance level a with degree of 

freedom dof. 
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Table 7.1 statistics for maximum concentration ensembles. 

Number of 
realizations 

Mean J1. 

Variance a2 

Standard 
deviation a 

Minimum 

Maximum 

Model X 

Coefficient 
skewness e 

of 

Hydraulic 
controls 

650 

327.81 

29428 

172 

32.5 

799.1 

143 

0.4590 

1 Estimated from histogram. 

Extraction
stream 
discharge 

1006 

235.93 

30033 

173 

29.5 

768.8 

65 

0.8467 

Extraction
reinjection 

1079 

272.85 

32061 

179 

32.7 

795.4 

91 

0.6243 
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The beta probability density function is given by 

1 (x-a) q-l (b-x) r-l 
fx (x) = ( ) B q, I (b-a) q+r-l 

asxsb 
(7.1) 

=0 elsewhere. 

The cumulative density function is given by 

f x 1 ( t-a) q-l (b- t) r-l dt 
Fx(x) = a B(q,I) (b-a)q+r-l 

(7.2) 

and the beta function B(q,r) is defined by 

B (q, I) = r ( q) r (I) (7 • 3 ) 
r (q+I) 

The parameters a,b are the limits of the distribution. For 

the ensembles examined here, a was chosen to be ze~Q, the 

lowest physically possible maximum concentration. simulation 

showed that the largest initial concentration generated by the 

initial concentration subprogram approached 830 ~g/l. The 

upper limit of the distribution b was chosen to be 830, the 

largest physically possible maximum concentration. The 

parameters a, b, q, and r are related to the statistics of the 



beta distribution ac60rding to the expressions 

lAx = a + -.!L (b-a) 
q+I 

oi = qI (b-a) 2 
(q+I) 2 (q+I+1) 

x=a+ 1-q (b-a) 
2-q-I 

e = 2 (I-q) (b-a) 
(q+I) (q+I+2)Ox 
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(7.4) 

(7.5) 

(7.6) 

(7.7) 

The median and the coefficient of skewness are represented by 

X and 9. 

Equations (7.4) and (7.5) were solved using the 

previously given values of a and b and the mean and variance 

values given in Table 7.1 to ovtain q and r for each remedial 

alternative. 

The evaluation of the beta density function was 

facilitated by a numerical algorithm found in Press, et. ale 

(1986) • The probability density functions for the maximum 

concentration found in the aquifer at the end of each remedial 

alternative life are shown in Figures 7.4-7.6. 
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The X2 , statistic was computed for each remedial 

alternative maximum concentration distribution according to 

methodology described in Appendix C. The evaluation of the 

beta cumulative density function given by equation (7.2) was 

performed using a numerical algorithm contained in Press, et. 

al., (1986). Evaluation of the cumulative density function 

was necessary for the computation of X2,. Table 7.2 lists the 

beta distribution parameters and X2 , for each alternative. 

7.2 DECISION ANALYSIS 

The decision tree model is a systematic framework for 

decision analysis under uncertainty which identifies the 

feasible alternatives and evaluates the respective 

consequences. The decision tree model will be used to 

analytically evaluate the optimal alternative for remediation 

of the TNT ground water contamination at the study site. 

The components of the decision tree model are: a list of 

feasible alternatives; the possible consequences associated 

with each alternative; the corresponding probability 

assignments; monetary consequences and utility evaluations. 

Figure 7.7 shows these components incorporated into the 

decision tree model for the evaluation of the optimal remedial 

alternative. The remedial alternatives are designated by the 

variable aji the possible outcomes 9 of each alternative a j are 

the continuous spectrum of maximum TNT concentrations found in 

the aquifer at the end of the alternative life; the 
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corresponding probability assignments p(91~) are the 

probability density functions illustrated in Figures 7.4-7.6; 

the monetary consequences include the capital costs listed in 

Table 5.2. In addition to the monetary considerations, there 

are human health and regulatory consequences associated with 

the maximum concentration of TNT in the aquifer at the end of 

remediation. The combination of monetary, human health, and 

regulatory considerations gives the utility value u (a j , 9) 

corresponding to alternative a j and outcome 9. 

Trinitrotoluene (TNT) is sufficiently toxic, persistent, 

and mobile, and in high enough concentration in ground water 

at the study site to cause quantifiable health risks (Life 

Systems, Inc., 1989). The health risks may be categorized as 

either carcinogenic or noncarcinogenic. The adverse 

noncarcinogenic effects include hepatitis and aplastic anemia 

while adverse carcinogenic effects include leukemia and 

lymphoma. these adverse effects have warranted a USEPA 

Drinking Water Health Advisory maximum TNT concentration of 

2 I1-g /1. 

The health risks associated with the ingestion of TNT 

through the consumption of contaminated drinking water may be 

quantified by evaluating the noncarcinogenic and carcinogenic 

risks as functions of exposure pathways, exposure point 

concentrations, TNT intake estimates, and critical toxicity 

values of TNT. The Hazard Index, HI, is used to characterize 

the risk of incurring adverse noncarcinogenic health effects. 



p(8I a
1

) 

a1: Hydraulic controls O<t 
,-------------------< e :Maximum 

/// $13 million concentration 

/ u(a1, e ) 
/// p(e I a

2
) 

// 
. a2: Extraction-stream discharge .~ 

D!t-(-, --------------------i~ e :Maximum 

, 
". 

$17 million concentration 

u(a2,e) 

" a3: Extraction-reinjection 0<:( 
,,'------------------< e :Maximum 

$19 million concentration 

u(a3,e) 

Figure 7.7 Remedial alternative decision tree. 
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Analysis of data in Life Systems, Inc., (1989) provides the 

basis for the expression 

HI = x (0.5) (7.8) 

where x is the maximum concentration (~g/l) of TNT in the 

aquifer and the constant 0.5 has units l/~g. If HI is less 

than 1.0, it is believed that there is no significant risk of 

adverse noncarcinogenic health effects. Conversely, if HI is 

greater than 1.0, there may be some risk of noncarcinogenic 

injury. The risk of carcinogenic injury from exposure to a 

chemical is described in terms of the probability that a 

person exposed to TNT for a lifetime will develop cancer. The 

cancer risk CR may be shown to be related to the maximum 

concentration of TNT x by 

CR = 1 - exp [ -x (3 . 1 X 10 -6) ] ( 7 . 9 ) 

where the constant 3.1 X 10.6 has units l/~g. A value of CR of 

6.2 X 10~ is believed to be negligible in terms of a person 

developing cancer. 

The expected values of HI and CR for each alternative may 

be found according to the expression 

(7.10 ) 
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where g{x) is the expression for HI or CR given by equation 

(7.8) or (7.9) respectively and fx{x) is the probability 

density function given by equation (7.1) with the parameters 

appropriate for each alternative as given in Table 7.2. 

Equation (7.10) was evaluated numerically and the resulting 

expected values are given in Table 7.3. 

The state and' federal regulatory agencies whose 

jurisdiction covers the study area specified that the maximum 

level of TNT in the aquifer at the completion of remediation 

activities, i.e. the clean up level, is 2 ~g/l (Wee, 1990a). 

The expression for the regulatory consequences associated with 

the failure to meet the clean up goal is 

Regulatory consequences = 0 x~2 ~g/l 
= RC x>2 ~g/l. 

(7.11) 

The probability that the maximum concentration x will exceed 

2 ~g/l was computed for each alternative using equation (7.2) 

and the parameters in Table 7.2. The probabilities are listed 

in Table 7.3. 

If the monetary values Mill' MCR ' MRC ' are assigned to 

noncarcinogenic health risks, carcinogenic health risks, and 

regulatory consequences respectively, the expected monetary 
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Table 7.2 Beta distribution parameters. 

a b q r 1-Q 

Hydraulic 0 830 1.809 2.772 6.71 7.38 2 0.975 
controls 

Extraction- 0 830 1.039 2.616 10.0 10.6 2 0.995 
stream 
discharge 

Extraction- 0 830 1. 226 2.504 4.54 4.61 2 0.900 
reinjection 

Table 7.3 Human health and regulatory probabilities. 

'E(HI) 

E(eR) 

P(x>2) 

Hydraulic 
controls 

163.88 

1.015 x 10.3 

0.9999138 

Extraction
stream 
discharge 

117.97 

7.3101 x 10-4 

0.9948870 

Extraction
reinjection 

136.40 

8.4520 x 10-4 

0.9982148 
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value for each alternative E(a j ) may be expressed as 

E(a1 ) = 13 + 163.88 MHI + 1.015x10-3 MCR+ 0.999138 MRC (7.12) 

E(a2 ) = 17 + 117.97 MHr + 7. 301x10-4 MCR + 0.9948870 MRC (7.13) 

E(a3 ) = 19 + 136.40 MHr + 8.452x10-4 MCR + 0.9982148 MRC (7.14) 

where E(a;) has the units millions of dollars. Using maximum 

expected monetary value criterion, the optimal alternative is 

the one with the minimum expected monetary loss: 

(7.15 ) 

Figures 7.8 and 7.9 show how the optimal alternative may 

be determined based on the values of MH/ and MCR • The 

contribution from regulatory consequences has been neglected 

to simplify the illustration. The ratio K between the 

monetary values assigned to the noncarcinogenic health risk 

and the carcinogenic health risk may be expressed as 

(7.16 ) 

For K=10·6 and values of MCR below $5600 X 106
, Figure 7.8 ShOY1S 

that aI' hydraulic controls, has the lowest monetary loss and 

is the optimal alternative. As the monetary value MeR 
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increases above $5600 X 106 , the optimal alternative becomes 

a2 , extraction-stream discharge and the least desirable 

alternative is ale Figure 7.9 shows E(a j ) over the same range 

of MCR with K=10-7. The optimal alternative is a l for values of 

MCR below $11600 X 106 , and the optimal alternative is a 2 for 

values of MCR above $11600 X 106 • However, the least desirable 

alternative for the range of MCR values plotted is always a3 , 

extraction-reinjection, due in part to the high capital cost 

of building and operating the remediation system. 
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Figure 7.9 Expected monetary value for K=10-7. 
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Chapter 8 

SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK 

Characterization of the effectiveness of ground water 

contamination clean up alternatives is complicated due to 

uncertainties associated with the ground water system. The 

clean up, or remediation, al ternati ves frequently invol ve 

systems of extraction and injection wells. The prediction of 

the effectiveness of these remedial alternatives is dependent 

on aquifer parameters and contaminant mass sources. 

Stochastic analysis, particularly Monte Carlo simulation, 

provides a way to account for the uncertainty in input 

parameters by expressing the output of the remedial 

alternative simulation in probabilistic terms. 

A literature review found that ground water transport 

simulation is most sensi ti ve to uncertainty in hydraulic 

conductivity and contaminant source release function and 

location. Depending on the chemical nature of the 

contaminant, mobility, as represented by the retardation 

factor may also have a large uncertainty associated with it. 

This dissertation examined three pump and treat remedial 

alternatives for TNT contaminated ground water at a site in 

Nebraska. The site specific data, including remedial 

alternative specifications, were obtained from reports 

prepared by professional consulting engineers. 
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A Monte Carlo simulation model was developed to simulate 

ground water transport. The model was written in FORTRAN 77 

on the Convex 240. The model consisted of two major modules: 

a publicly available finite difference flow module and a 

commercially available method of characteristics transport 

module. Subprograms generated random hydraulic conductivity 

fields, initial concentration fields, and retardation factor 

fields. Another subprogram found the maximum concentration 

existing in the aquifer at the end of the remedial alternative 

project life. The effectiveness of the alternative was 

characterized by statistical analysis of the ensemble of 

maximum concentrations. 

The generation of the spatially correlated hydraulic 

conductivity field was performed using the turning bands 

method (TBM). An algorithm was developed for the generation 

of the initial concentration field which conditionally 

simulated the field by accounting for measured concentration 

values and best engineering estimates of concentration. The 

algorithm conditionally used TBM and kriging techniques. The 

initial concentration simulation was implemented by choosing 

simulation parameters on a trial and error basis until the 

mean output of the simulation approached previously estimated 

values. 

The TNT partition coefficient was not determined during 

the professionally conducted field investigation at the study 

site. Information from literature sources provided a method 
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to find the log normal distribution of the partition 

coefficient for any contaminant with constant solubility over 

the range of expected ground water temperatures and this 

method was applied to TNT. An algorithm was developed to 

a single random 

The retardation 

the hydraulic 

generate retardation factor fields using 

partition coefficient for each realization. 

factor field was negatively correlated to 

conductivity field. 

Three different remedial alternatives were examined. The 

hydraulic controls alternative involved surrounding the 

estimated plume boundary with 12 upgradient injection wells 

and 6 downgradient extraction wells. The hydraulic controls 

alternative project life is 20 years. The extraction-stream 

discharge alternative collected the TNT using 18 extraction 

wells located within the estimated plume boundary. The 

extraction-stream discharge alternative project life is 10 

years. The extraction-reinjection alternative collected TNT 

using a system of 18 extraction and 18 reinjection wells 

located within the estimated plume boundary. The extraction

reinjection alternative project life is 10 years. 

The flow conditions at the study site were complex due to 

stresses on the aquifer as a result of seasonal agricultural 

irrigation. The temporal discretization used in the flow and 

transport simulations was based on the seasonal stresses. The 

initial head conditions used in the flow simulation were head 

values previously generated by a professional consulting 
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engineering firm. Natural boundary conditions for flow did 

not exist at the study si te in the vicini ty of the TNT 

contamination. A multi-step procedure was used to find the 

flow boundary conditions of each stress period for each 

remedial alternative. Flow under remedial conditions was 

simulated in a deterministic manner over a large spatial 

domain which included the stochastic flow and transport 

spatial domain as a spatial subdomain. The spatial 

discretization of the large spatial domain did not correspond 

to the discretization of the stochastic spatial domain. A 

kriging program was used to generate heads corresponding to 

the spatial discretization along the boundaries of the 

stochastic spatial domain using the heads simulated over the 

large spatial domain. These boundary values accounted for the 

well effects along the boundary of the stochastic spatial 

domain and were used as the flow boundary conditions for the 

stochastic simulation. 

Goodness-of-fit analysis of the model-simulated maximum 

concentration ensembles showed that the beta probability 

distribution was the most appropriate distribution for all 

three alternatives. Decision analysis using decision tree 

model was used to quantify the selection of the optimal 

al ternati ve. Human health factors, regulatory issues, and the 

monetary cost of building and operating each alternative were 

examined in the decision analysis. Assigning monetary values 

to human health factors while neglecting the monetary value of 
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regulatory issues provided the basis for a simple illustration 

of selecting the optimal alternative. The selection process 

used the maximum expected monetary value criterion. The 

analysis showed that a unique optimal alternative could not be 

found independently of the monetary values assigned to the 

human health factors. However, in the examples examined, the 

extraction-reinjection alternative was never the optimal 

alternative. 

Some of the original aspects of this research included: 

1. Random generation of initial concentration fields 

incorporating both measured and estimated 

concentration values. 

2. Random generation of retardation factor field 

using random values for the partition coefficient. 

The partition coefficient was sampled from an 

empirically derived log-normal distribution which 

may be found for any chemical agent which has 

constant solubility over the range of anticipated 

ground water temperatures. 

3. Generation of flow boundary conditions that 

accounted for well effects on the boundaries and 

allowed a spatially smaller flow domain to be 

analyzed than what would have otherwise been 

possible. 

4. Use of the maximum concentration remaining in the 

aquifer at the completion of remedial activities 
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to characterize the effectiveness of the remedial 

alternatives. This is in contrast to other work 

which has examined the mean and variance of the 

concentration at each simulated point in the 

transport spatial domain. 

5. Application of decision analysis for ground water 

remedial alternatives using a decision tree model. 

The following recommendations for future work are 

suggested: 

1. Apply the model to a study site where the 

hydrogeologic data are more appropriate for the 

pump and treat remedial alternatives. The 

saturated thickness of the aquifer at the Nebraska 

study site had maximum thickness of only about 21 

feet which is too shallow for the high volume 

pumping rates required for pump and treat 

remediation. 

2. Apply the model to a study site where the 

contaminant of concern.has a greater mobility with 

respect to chemical reactions with the porous 

media. The relatively high mean retardation 

factor for TNT at the study site suggested that 

pump and treat remediation strategies may not be 

appropriate. 

3. Optimize the computer code so that parallel and 

vector processing may be used to reduce 
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computation time. The current rate of computation 

restricts the number of nodes or cells in the 

spatial domain as well as the number of temporal 

steps that may be effectively examined. 
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LIST OF INPUT FILES 

Unit Number File Name Module 

1 bas.dat FLOW 

2 bcf.dat FLOW 

3 temp.dat none 

4 wel.dat FLOW 

5 standard in none 

6 standard out none 

7 ghb.dat FLOW 

8 rch.dat FLOW 

9 opc.dat FLOW 

10 shead.dat FLOW 

11 delr.dat FLOW 

12 delc.dat FLOW 

13 seed.dat STOCHASTIC 

14 ap3k.dat STOCHASTIC 

15 bot.dat FLOW 

16 rech.dat FLOW 

17 mod. flo FLOW 

19 pcg.dat FLOW 

20 ap3cs.dat STOCHASTIC 

21 mxcnc3.dat STOCHASTIC 

22 dz.dat TRANSPORT 

41 rtdcf.dat STOCHASTIC 

46 aacnc3.dat STOCHASTIC 

50 btn.inp TRANSPORT 

51 adv.inp TRANSPORT 

52 dsp.inp TRANSPORT 

53 ssm.inp TRANSPORT 

54 rct.inp TRANSPORT 



142 

55 mod. flo TRANSPORT 

56 mt3d.out TRANSPORT 

57 MT3D.OBS TRANSPORT 

58 MT3D.UCN TRANSPORT 

59 MT3D.MAS TRANSPORT 

60 MT3D.CNF TRANSPORT 

97 mflo.out FLOW 
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Appendix B. 

INPUT MANUAL FOR STOCHASTIC SUBPROGRAMS 
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B.l HYDRAULIC CONDUCTIVITY 

File name ap3k.dat 

Format free 

1- lonGan vary e1 nn 
2-(x(i), y(i), i=1,nn) 

mnean
vary
cl-

nn
x,y-

E(ln K) . 
Var (In K) • 
correlation length of K field (exponential 
model) . 
number of points where K will be generated. 
coordinates of points. 

B.2 INITIAL CONCENTRATION 

File name ap3es.dat 

Format free 

1- lDllean vary elx ely nxypts 
2- (xpt(i), ypt(i), i=1,nxyptS) 
3- npts 
4- (1krg(i), value(i), i=1,npts) 

xmean
vary
elx, e1y-

nxypts-

xpt, ypt
npts-

llcrg-

value-

mean of distribution. 
variance of distribution. 
correlation lengths in x and y direction 
(anisotropic exponential model). 
number of points where concentration will be 
generated. 
coordinates of points. 
number of points where concentration is 
prescribed. 
point number where concentration is 
prescribed. Point number corresponds to i in 
input line 2. 
prescribed concentrations. Note value(l) and 
value (2) are generated randomly according to 
U[300,700] by an application specific 
algorithm. 



B.3 RETARDATION FACTOR 

File name rtdef.dllt 

Format free 

1- foem foes bdl porsl poem pocs em os 

foem
focs
bdl
porsl
poem
poes
em
es-

E(foc). 
sqrt(Var{foc». 
bulk density of porous media. 
porosity of media. 
E (In K DC) • 
sqrt {Var (In K DC ) ) • 
foe perturbation mean. 
foe perturbation standard deviation. 
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Appendix C 

Soil water Partition Coefficient Investigation 

The purpose of this appendix is to describe the 

methodology used for determining the soil-water partition 

coefficient for use in the stochastic transport program. 

Additional discussion covers mechanisms for enhanced TNT 

mobility due to the presence of organic solvents that may 

account for the currently observed TNT distributions in the 

saturated zone at the HElP site. A literature review is 

followed by a discussion of the applicability of the concepts 

described in the reviewed articles to the situation existing 

at the study site. A hypothesis is stated which may account 

for the enhanced mobility of TNT in the saturated zone at some 

previous point in time, however analysis will show that when 

solvent concentrations measured during the field investigation 

are considered, enhanced mobility of TNT is currently not 

viable. The second section of this appendix will contain a 

review of data found in the literature regarding the TNT soil

water partition coefficient as well as a description of an 

algorithm used to simulate the partition coefficient. 
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C.1 Enhanced Mobility Mechanisms 

Initial analysis of TNT mobility in the saturated zone 

described in wcc (1990a) shows that TNT appears to be much 

more mobile at the study site than the theoretical retardation 

factor, R, would indicate. The retardation factor is computed 

using the expression 

(C.1) 

where Bd and n are the bulk density and porosity of the soil. 

The partition (or sorption) coefficient Kp is given by the 

Freundlich equation 

s = K eN p 
(C. 2) 

where Sand C are respectively the concentration of the 

sorbate in the soil and in solution at equilibrium. The 

exponent N is commonly taken to be unity. The retardation 

coefficient can be shown to be the ratio of the average linear 

velocity of the ground water v to the average velocity of the 

contaminant front Vc 

R = (C. 3) 

It is suggested that the greater than expected TNT mobility 

may be accounted for by considering co-transport due to the 
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presence of organic solvents, in particular TeE, which have 

also been found in monitoring wells (WCC, 1990a). 

Documentation concerning the operation and subsequent 

decontamination of production facilities at the former NAD 

showed that organic solvents vlere used to remove TNT dust from 

interior walls and production machinery. The spent solvent 

was washed out of the building with water onto the ground or 

into surface drainage. Industrial operations occurring in the 

former production facilities following NAD decommissioning 

frequently involved the use of organic solvents. It is 

conceivable that the spent solvent was disposed in areas of 

TNT surface deposition. 

A review of published literature suggests that the 

presence of current concentrations of TCE in the aquifer would 

not have a significant reduction of the soil water partition 

coefficient for TNT. Nkedi-Kizza, et. al., (1985) describe 

solvophobic theory for sorption of hydrophobic compounds from 

mixed solvents using the expression 

(C.4) 

where Km and Kp are respecti vely the Freundlich sorption 

coefficients in mixed solvent-water systems and water only 

systems (IN mgl-N /kg) , 0:. is an empirical constant related to 

soil properties, (J C relates sorbate and solvent 
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characteristics and is independent of soil properties, and fC 

is the fraction of organic cosolvent in solution. Nkedi

Kizza, et. al., (1985) demonstrate the applicability of 

equation (C.4) in a number of laboratory experiments which 

show that the effective soil-water partition coefficient for 

three hydrophobic organic compounds can be reduced with .the 

introduction of a miscible organic solvent to the system. 

Walters and Guiseppi-Elie (1988) also conducted 

laboratory experiments to verify solvophobic theory using 

dioxin (TCDD), methanol, and soil from Times Beach, Missouri, 

respectively as sorbate, cosolvent, and sorbent. Their 

results also showed that the partition coefficient Km 

decreased exponentially with increasing fraction of miscible 

organic cosolvent fC. 

Nkedi-Kizza, et. al., (1985) and Walters and Guiseppi

Elie (1988) used completely miscible solvents in their 

research. Pinal, et. al., (1990) extended solvophobic theory 

to partially miscible organic solvents, and to ternary 

mixtures of miscible and partially miscible solvents. They 

found that the partially miscible solvents which have the 

better ability to solubilize hydrophobic organic chemicals had 

higher hydrophobic character and would be present in water in 

lower concentrations. Pinal, et. al., (1990) classified these 

hydrophobic solvents as nonpolar or conditional partially

miscible organic solvents. The expression characterizing the 
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solubility of a hydrophobic organic compound in a solution of 

mixed sol vents Ss.m is 

S 
log(~)=~CJ f. S L..J s.l ~ 

s.w 
(C.5) 

where Ss.w is the solubility of the compounds in water, fj is 

the volume fraction of cosol vent i, a 8,i is the cosol veney power 

corresponding to the ratio of the solubilities in pure solvent 

i and in water. The limiting value of ~ is the solubility of 

solvent i in the solvent mixture. Pinal, et. al., (1990) did 

not discuss the sorption of hydrophobic organic chemicals to 

soils. However an analogy between the results of their 

solubility analysis and sorption to soil can be made. The 

higher the solubility of a chemical, the greater attraction 

the chemical has for solution phase implying that sorption to 

soil would be reduced. 

Rao, et. al., (1990) performed laboratory sorption 

experiments in an extension of the work done by Pinal, et. 

al., (1990). The experiments used a number of different 

soils, solvents (including TCE), and hydrophobic organic 

compounds as sorbates (including the herbicide diuran). The 

expression for the sorption coefficient ~~ in a mixture of 
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multiple, completely miscible organic solvents and water is 

(C.6) 

where Ks•w is the sorption coefficient of the solute in water, 

and f{ and a e.i are the volume fraction and cosol vency power as 

defined for equation (C.5). Experiments showed that diuran 

sorption on the experimental soils varied little in the cases 

of an aqueous solution saturated with TCE, solutions with two 

distinct phases of TeE (biphasic), and TCE solutions with 

water as the biphasic element. Rao, et. al., (1990) concluded 

that nonpolar partially miscible organic sol vents do not 

significantly influence hydrophobic organic chemical sorption 

by soils when present as either cosolvent/cosolute in aqueous 

solution or as a separate liquid phase. This conclusion 

somewhat contradicts the findings by Pinal, et. al., (1990) 

which would suggest that the solute would be more soluble in 

the solvent phase. Rao, et. al., (1990) conclude that 

cosolvent effects would be greatest in the "near field" 

(source) region of waste disposal sites where the 

concentration of solvents would be expected to be greatest 

though some cosolvent effects may occur in "far field" regions 

with significant concentrations of solvents. 

Data concerning organic contaminants found in 

environmental samples collected during field investigation at 

the study site are found in WCC (1989). Analysis of ground 
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water samples collected from wells located in the TNT plume 

showed a maximum TCE (the most widespread organic solvent) 

concentration of 8 p.g/ I (l1W-101B, see Figure C .1) . The 

highest concentration of TCE in wells surrounding the plume 

was 1100 p.g/l at MW-12B where TNT concentration was measured 

as 0.2 p.g/l. Additional organic compounds detected include 

7.0 p.g/l carbon disulfide and 3.6 p.g/l bis(2-

ethylhexyl)phthalate at W~-llB and 16 p.g/l 1,2-dichloroethene 

(total) at MW-12B. Near surface soil sample analysis in the 

area of the suspected TNT source did not detect TCE, though 

0.096 mg/kg bis(2-ethylhexyl)phthalate was found in a sample 

collected at a depth of 0-2 feet. The depth to the saturated 

zone is approximately 130 feet, and soil samples were not 

collected for organic analysis below 5 feet. 

Based on the findings of the research cited in the 

literature review and the low levels of TCE and other organic 

solvents found during the field investigation, the reduction 

of the TNT soil-water partition coefficient by 

cosolvent/cosolute effects is unlikely at the current time 

(personal communication with Yalkowsky, 1990). However, the 

information from Pinal, et. al., (1990) suggests that the 

solubility of TNT may have been enhanced by the presence of 

phase TCE or TCE saturated with water in the past. The TNT 

would be exposed to phase TCE during building decontamination 

procedures at the site or by the spillage of TCE on surface 

deposits of TNT in drainage features. The enhanced mobility 
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Figure C.1 concentration of organic solvents and TNT in 
monitoring wells. 
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may have allowed relatively rapid movement of TNT through the 

saturated zone. Upon reaching the saturated zone, the 

concentration or volume fraction of TCE would be reduced upon 

introduction to ground water. The mobility of the TNT would 

be continued to be enhanced until such time that the TCE 

concentration was reduced due to volatilization of TCE or the 

different mobilities of TCE and TNT in the saturated zone. 

Different techniques for experimentally and theoretically 

determining the possible enhancement of TNT mobility in the 

ground "later flow system have been reviewed. For each 

technique, additional field and/or laboratory work is 

necessary to define necessary parameters. In any case, the 

uncertainty associated with contaminant source history is 

great enough that characterization of any possible enhanced 

TNT mobility will remain questionable. Though cosolvency 

factors for TNT have not been found in the literature, the 

current levels of TCE and other solvents in the vicinity of 

the TNT plume are low enough that the current partition or 

sorption coefficient for TNT is effectively equivalent to the 

system where water alone is the only solvent (personal 

communication with Yalkowsky, 1990). 

C.2 Partition coefficient characterization 

Characterization of the TNT soil-water partition 

coefficient, Kp, has been performed by a number of laboratory 

researchers. Research articles have been revie'ved which 
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described methods for determining the mean partition 

coefficient for a number of different solutes, but few authors 

discussed the uncertainty associated with such determinations. 

spanggord, eta al., (1980a) describes laboratory work which 

showed that Kp for TNT ranged between 5.5 ml/g and 19.3 ml/g 

but a description of the soil used in the experiments was not 

included in the literature. Spanggord, eta al., (1980b) 

performed laboratory experiments to determine Kp for TNT for 

a river sediment with total organic content of 3.3%. Their 

experiments accounted for different equilibrium times, 

analytical techniques, and the presence of anti-

biotransformation compounds. The five Kp data points that 

Spanggord, eta al., (1980b) arrived at, had a mean of 53 and 

a standard deviation of 20 (ml/g). The partition coefficient 

may be normalized for organic content (Koc) by the expression 

(C.7) 

where foc is the fraction of organic carbon of the soil (grams 

of organic carbon per gram of soil). The mean and standard 

deviation of Koc for the data collected by Spanggord, eta al., 

(1980b) are 1600 and 600 (ml/g) respectively. 

Chiou, eta al., (1979) demonstrated the relationship 

between the soil-water partition coefficient normalized for 

organic carbon content and the solubility of a solute in water 
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Cso/ by plotting log Koc versus log C so1 ' The regression equation 

for the relationship was given by Chiou, et. al., (1979) as 

logKoc= 4.04 (±0.038) - 0.557 (±0.012) logCso1 (C.8) 

where the number of data points was 15 and did not include 

data for TNT. Karickhoff, et. al., (1980) performed similar 

regression analyses for Koc as a function of CsDl' and for Koc as 

a function of sediment particle size. Linear regression was 

used to characterize the functions. Karickhoff, et. al., 

(1980) used river sediments in laboratory experiments and 

found that the regression expressions could predict the Kp 

within a factor of 2. Mehran, et. al., (1987) also discussed 

linear regression of log Koc and log Cso/' but did not 

characterize the uncertainty associated with the prediction of 

Koc' Banerjee, et. al., (1980) discussed the estimation of Kp 

from Cso1 but did not include information concerning the 

uncertainty associated with the estimation. 

Table C.1 summarizes the stochastic characterization 

performed with the normalized partition coefficient-solubility 

data shown in Figure C.2 (Spanggord, et. al., 1980b). 

Spanggord, et. al., (1980b) gives the linear least squares fit 

of these data as 

logKoc = -0.62 - 0.732 logCso1 (C.9) 
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where Cso1 has units moles/I. Defining Y=log Koc and X=log Cso1 ' 

equation (C.9) may be re\olritten as 

E (Ylx) = -0.27 -0.7 32x (C.10) 

where E (Y I X=x) is the condi tiona]. mean of Y "ri th respect to 

X. Characterization of the uncertainty associated with the 

solubility of TNT in water was performed. Such a 

characterization will determine whether TNT adsorption is a 

function of a single random variable (Koc) or multiple random 

variables (Koc, and solubility). A literature review of 

solubility data is contained in Table C.2. The data in the 

table suggests that the solubility of TNT is basically 

constant within the range of anticipated ground water 

temperatures. For the purposes of this research, the 

solubility used by Spanggord, et. al., (1980a,b) (5.4 x 10 4 

mole/I) will be used for all computations. 

Following the technique discussed in Ang and Tang (1975), 

the conditional variance Var(Ylx) for a function of a single 

random variable may be found using linear regression. 

Assuming the conditional variance is constant, an unbiased 
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Table C.l Summary of parameters for stochastic 
characterization of TNT mobility at the study site. 

Parameter Value units 

log Koc -0.27 - 0.732 log Cool log (ml/g) 

In Koc -0.62 - 0.732 In C wI In (ml/g) 
C (I) 

001 5.4 X 10 -4 mol/l 

log Koc (I) N(2.12,0.82) log (ml/g) 

In Koc (I) N(4.89,1.88) In (ml/g) 
E (K oc ) (I) 780 ml/g 

Var(K~) (1) 2.0 X 10 7 (ml/g) 2 

E (K p ) (1),(2) 55 ml/g 
B d (2) 1.4 g/cm 3 

porosi ty (2) 0.2 
foc (2) N(0.OO15,0.OOO3) 

E (R) (1),(2) 9.2 

Notes: 
(1) Value given is for 2,4,6 TNT. 
(2) Value given is for estimated conditions at study site. 
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estimate of the variance S2yIx may be found using the 

expression 

S:lx=_l_"" (y.-yi) 2 
n-2 £.J ~ 

(C.11) 

where the data coordinates (xj,Yj) were measured from Figure 

C.2, n is the number of data points in Figure C.2 (n=98), and 

Y/ is the mean value found by substituting x=x, in equation 

(C.10). The corresponding conditional unbiased estimate of 

the standard deviation is SYlx. Application of equation (C.11) 

to the data gives SYlx = 0.82. Figure C.2 shows the plot of 

the conditional mean equation (C.9,C.10) and the interval of 

the mean ± 2Sy1x • Using interval estimation of the mean . 
response methodology presented by Montgomery and Peck (1982), 

the variance of Y/ may be estimated by the expression 

I 2 (1 (Xi-X) 2] Var (yJ =SYlx - +--"----
n Sxx 

(C.12) 

(C.13) 

where x indicates mean value and S~ is an unbiased variance 

of x. The confidence interval is given by 

(C.13) 

where t cxl2•n-2 is the percentile value of the t-distribution with 
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Table C.2 Solubility of TNT as a function of temperature. 

Solubility Tem12erature Source 

5.283 x 10 -4 mole/l 20 C Desvergnes, 1924 

4.843 x 10 -4 mole/l 0.30 C Desvergnes, 1924 
Freier, 1976 

5.4 x 10 -4 mole/l 20 C Spanggord et aI, 1980a 

6.6 x 10 -4 mole/l 25 C Urbanski, 1964 

6 x 10 -3 mole/ I 100 C Merck and Co., 1976 

6.459 x 10 -3 mole/l 99.50 C Desvergnes, 1924 
Frier, 1976 

6.678 x 10 -4 mole/l 25 C Desvergnes, 1924 (1) 

Notes: 
(1) Value linearly interpolated from values given for 20.0 
C and 33.1 c. 
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Applying equation (C.13), there is 

interval plotted in Figure C.2 

contains the population mean. The mean value of log Koc for 

TNT is given as 2.12 from equation (C.9) using a constant 

value of Cso1 equal to 5.4 X 10-4 mole/l (Spanggord, et. ale, 

1980a). The same analysis could be for other contaminants 

with relatively constant solubility. 

The conversion of base for logarithms as given by Munem 

and Foulis (1978) is 

Int=logt In10 (C.14) 

Redefining Y = In Koct and X = In Csotr and substituting equation 

(C.14) in equation (C.10) the conditional mean is expressed as 

E(ylx)= -0.62 -0.732x (C.15) 

The coordinates of the data (xu Yi) measured from Figure C. 2 

can be converted to log base e using equation (C.14). 

Application of the conditional standard deviation analysis 

described by equation (C.11) results in SYlx=1.88 for X=ln Csotr 

Y=ln Koc. 

The probability distribution function of In Koc can be 

shown to be normal using the X2 (chi-square) goodness-of-fit 

test. Ang and Tang (1975) describe the chi-square test as a 

method of empirical determination of distribution models. The 

chi-square test is a comparison of the observed frequencies 
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nunu" .,nk of k intervals of the variate -vIith the 

corresponding frequencies of an assumed 

theoretical distribution. The test statistic X:' is defined 

as 

( n~-ei) 2 
X2'=E -.=...~--==-

e i 

(C.16) 

The basis for judging the goodness-of-fit of the assumed 

distribution will be the degree to which X2 approaches the 

chi-square distribution. If C Z-aJ is the value of the 

appropriate chi-square distribution at the cumulative 

probability (l-a) with f degrees of freedom, and the 

expression 

(C.17) 

is satisfied, then the assumed theoretical model is an 

acceptable model at significance level a. The degree of 

freedom f is defined by Ang and Tang (1975) as f= k-l-{number 

of estimated parameters). 

A goodness-of-fit algorithm found in Davis (1973) was 

modified for use in determining that Koc is log normally 

distributed. Linear regression analysis of the converted data 

did not return a mean expression identical to equation (e.15). 

The discrepancy can be accounted for by considering the 

measurement error generated by physically plotting the points 
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shown in Figure C. 2 . The conditional mean· and variance 

expressions arrived at by linear regression are 

E (Ylx) = 2.06 -0. 528x (C.18) 

2 
SYlx= 2.31 

for Y = In Koc, X = In Csa/. 

The data was then normalized to a standard normal distribution 

by the expression 

(C.19) 

Upon completion of the normalization the z;' s can be sorted 

from low to high. Figure C. 3 shows the histogram of the 

standard normalized data derived from data in Figure C.2. The 

next step invol ves discretization of the standard normal 

distribution curve into intervals of equal area \'lhich 

represent equal probabilities of occurrence. Ang and Tang 

(1975) recommend that the minimum number of intervals 

necessary for satisfactory results is five (k=5 in equation 
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C.16). The limits of the five intervals are -00 to -0.84, -

0.84 to -0.25, -0.25 to 0.25, 0.25 to 0.84, and 0.84 to 00. 

The probability of occurrence for each interval, i.e. P(-0.84< 

z ~ -0.25), is 0.2. Because the probability of occurrence is 

equal between all intervals, the expected frequency at for each 

interval is equal. Therefore e j = n/5 for i=l, 5 l.l7here the 

total number of observations n is equal to 98 for this 

application. The observed frequency for each interval nt can 

be easily counted from the previously generated list of 

normalized data z by counting the number of points within the 

limits of each interval. The test statistic X2 , can then be 

computed using equation (C.16). For the data measured from 

Figure C.2, X2'=4.24. For degree of freedom 2, the value of 

the chi-square distribution is 4.61 at the 10% level of 

significance (Davis, 1973). Equation (C.17) is satisfied so 

the assumed normal distribution is an acceptable model for In 

Koc. Therefore, the distribution of Koc is log normal by 

definition (Ang and Tang, 1975). 

For x = In Cso1 = In (5.4 X 10 4 ), the solubility of TNT, 

E(Ylx) = 4.89 by equation (C.15) and SYlx = 1.88 as previously 

shown. Defining A = E(Ylx), and ~ = SYlx' where Y = In Koc and 
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X = In Cso1 the conditional mean and variance of Koc may be found 

using expressions from Ang and Tang (1975) 

(C.20) 

(C.21) 

Using the values above and applying equation (C.20), E(KocICso1 ) 

= 780 mljg. Spanggord, et. al., (1980b) describes laboratory 

experiments which found that sediments with foe = 0.07 have 

partition coefficient Kp = 53 mljg. Applying equation (C.7) 

with E(KocICso1 ) = 780 mljg and foe = 0.07 results in 

Kp = 54 mljg. 
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Appendix D 

Turning Bands Method Implementation 

Turning bands method theory as described by Mantoglou and 

Wilson (1981) has been discussed in Chapter 3. This appendix 

will document the adaptation and verification of TBM theory 

for use wi th Monte Carlo simulation. The discussion in 

Chapter 3 is limited to point-average fields with isotropic 

covariance functions. The implementation of anisotropic 

covariance functions and areal average fields as well as 

isotropic, point average fields will be covered in this 

appendix. 

Turning bands algorithm 

Computer code, tbm.f, has been written to efficiently 

perform the simulation of a two dimensional random field using 

TBM. The code makes extensive use of subroutines so that the 

code may be readily modified for various applications. The 

simple exponential covariance function given by equation (3.4) 

was chosen, but it is a relatively simple matter to convert 

the code for use with other covariance structures. 

Figure D.1 shows that the algorithm begins by calling the 

input subroutine. The subroutine reads the mean, variance, 
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Schematic representation of the algorithm used 
in the computer code to generate b·lO 
dimensional fields using TBM. 
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and correlation length of the field. The number of nodes and 

the x and y coordinates of the nodes are also read from the 

data file. The parameters L, .6.1:, M, and n are assigned in the 

main program. Figure 0.2 defines the TBM variables. 

The spectral line generation parameters which are 

independent of line orientation and realization, ~ and 51 are 

then generated. The spectral density function 51 is found 

using a subroutine thereby facilitating adaptation of the code 

for different covariance functions. A subroutine is called to 

locate the points in the field on each line. Because it is 

computationally intensive to assign values for the line 

process Zj at each discrete point located on the line, .6.1: is 

generated in discrete intervals (bands) with length as 

illustrated by Figure 0.2. A subroutine assigns a value of 

1: to each point for each line where 1: is the value of the 

center of the discrete interval in which the true value is 

located. 

The number of realizations to be generated is passed from 

the main and a loop representing the realizations is entered. 

A second loop representing the turning bands lines is entered, 

and Zj is assigned an arbitrary value for each interval along 

each line. The uniform random parameters necessary for the 

spectral method of line generation are then generated. The 

uniform random number generator is the multiplicative 

congruent type as described in pidd (1988). A third loop for 
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region P 

Schematic representation of the field and the 
turning bands line (Mantoglou and 
Wilson, 1981). 
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each point in the field is then entered. To avoid repetition, 

the value of ZI is compared to the previously assigned 

arbitrary value before calling the subroutine to generate Zj 

corresponding to each point. The third loop is exited and the 

value of z, for each point is summed over the lines. 

The second loop is exited and the simulated field values 

are normalized according to 

(0.1) 

The field mean ~ is then added to each Zs(K) to complete the 

realization. The point values for the field are then written 

to the output file. 

After all of the realizations have been completed, the 

last value returned by the uniform random number generating 

subroutine is written to an output file where it will be read 

as the first seed for the generator at the beginning of the 

next application of the code. 

Mantoglou and Wilson (1982) discusses the accuracy of the 

turning bands method with respect to the simulated variance 

and covariance and the computational efficiency as functions 

of the following parameters. 

Number of turning bands lines L. If the orientations of 
the lines are randomly distributed over the unit circle, 
the error associated with the simulated covariance 
converges slowly to zero as the number of lines L 
increases. A better approach is to uniformly distribute 
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the lines over the unit circle. The simulated covariance 
function rapidly approaches theoretical values as L 
increases with L=4 giving adequate results and L=16 
providing very accurate representation. The computer 
code uses L=16. 

Line discretization dt~ The error associated with the 
simulated covariance of the field can be minimized if dt 
is expressed as a function of the correlation length b-I 

of the field. However, from a practical point of view 
the line discretization should be of the order of the 
point grid discretization, dt S min (dx',dy) • The computer 
code uses dt=dx'. 

spectral method of line generation. The variance and 
covariance of the simulated field are functions of 
different combinations of nand M. Good overall results 
are obtained with n=40b and M=100. 

Verification of computer code 

Verification of the computer code was accomplished by 

applying the program to a number of examples. The statistics 

of both single realization and multiple realization ensembles 

were examined. The errors associated with sample means, 

variances, and covariances were on the order of the errors in 

the examples found in Mantoglou and Wilson (1981). These 

examples will not be discussed in this appendix, rather 

examples which devia.te in application from that \vork will be 

discussed. 

Effect of scale on spatial variance 

The error associated with the spatial variance of a 

simulated field can be demonstrated to be related to the point 

grid geometry and correlation scale. Figure D.3 shows that 
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the deviation from the theoretical variance increases rapidly 

with the ratio of the correlation scale to the length of a 

side of a square grid. The uniform point grid has 80 points 

per side and 100 simulations were performed for each point on 

the graph. The same figure shows that the deviation of the 

sample mean from the theoretical mean is independent of the 

ratio of the correlation length and the grid geometry. It 

should be noted that each ensemble was generated with a 

different initial random generator number seed. 

While the results shown in Figure 0.3 appear dramatic, 

the error is not exclusive to field generation using TBM. 

Because of the areal correlation, the sample variance from 

finite areas will have consistently smaller values than 

theoretical variances. The error will tend to be minimized as 

the relative dimensions of the area are increased. It is 

recommended that the statistics of any spatially correlated 

field be examined to ensure that the sample variance is within 

acceptable error tolerances. 

Ensemble statistics of a finite number of realizations 

An experiment designed after one described in Mantoglou 

and Wilson (1981) was performed to verify the computer code 

and to show the effect of using different seed numbers for the 

generation of ensembles with different numbers of 

realizations. Figure 0.4 shows two examples of data generated 
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with tbm.f that are presented as contour maps with interval 1. 

The geometry of the point grid with respect to the correlation 

lengths is such that the error discussed in the previous 

section is insignificant. The simulation was performed for a 

square grid with 45 points per side uniformly spaced. An 

11x11 point subset of the grid was examined to provide 

information regarding the ensemble covariance for different 

numbers of realizations. Each ensemble was found using a 

different seed number. The mean at each point of the subset 

ranged between 4.9 and 5.02 while the variance ranged between 

0.85 and 1.01. The mean and variance contained in Table D.1 

were found by averaging the mean and variance for the entire 

grid (45x45 points) over the number of realizations. Figure 

D.5 shows that the simulated covariance approaches the 

theoretical covariance as the number of realizations 

increases, a result previously demonstrated by Mantoglou and 

Wilson, 1981. In this case the seed number was different for 

each ensemble but the general result was the same. 

simulation of stationary random fields using areal averages 

The TBM scheme described in the previous sections dealt 

with point averages for strictly isotropic fields. When 

modeling ground water flow and transport using finite element 

models, it may be more appropriate to deal with areal 



178 

Table 0.1 Simulated statistics for different numbers of realizations. 

NS=100 200 500 1000 

Mean 4.9943 5.0062 4.9907 5.0129 

Variance 0.9009 0.9144 0.9178 0.9235 

COVARIANCE 

Separation 

0.1 0.7949 0.8491 0.8084 0.8945 

0.2 0.6274 0.6917 0.5663 0.6864 

0.3 0.4121 0.5807 0.4962 0.5826 

0.4 0.3671 0.4592 0.4394 0.5161 

0.5 0.3257 0.3407 0.3485 0.4034 

0.6 0.2707 0.3156 0.2927 0.3380 

0.7 0.1745 0.2916 0.2138 0.3380 

0.8 0.0845 0.2775 0.2031 0.2313 

0.9 -0.0126 0.2243 0.1732 0.1981 

1.0 0.0621 0.1878 0.1838 0.1398 

NS=1500 2000 Theoretical 

Mean 5.0012 5.0049 5.0 

Variance 0.9142 0.9193 1.0 

COVARIANCE 

separation 

0.1 0.8305 0.8081 0.8187 

0.2 0.6774 0.6272 0.6703 

0.3 0.5549 0.5651 0.5488 

0.4 0.4865 0.4591 0.4493 

0.5 0.3658 0.3880 0.3679 

0.6 0.3024 0.3304 0.3012 

0.7 0.2460 0.2785 0.2466 

0.8 0.2085 0.2273 0.2019 

0.9 0.1846 0.1975 0.1653 

1.0 0.1214 0.1586 0.1353 
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averages. Likewise, it may be necessary to model anisotropic 

stationary fields. This section discusses the application of 

TBM to these two situations. 

simulation of t,.,o dimensional anisotropic random fields 

Unlike the covariance function for the isotropic case, 

the covariance function C for the anisotropic case is a 

function of both the direction and magnitude of the separation 

vector~. The anisotropic equivalent of the isotropic simple 

exponential covariance function is 

(D. 2) 

where h 1-1 and h 2-1 are correlation lengths in the direction of 

the x and y axes respecti vely . It is assumed that the 

correlation directions are normal. Mantoglou and Wilson 

(1981) show that the corresponding spectral density function 

of the unidimensional process 8 1•0 can be expressed as a 

function of the spectral density function of the two 

dimensional process and the angle the turning band makes with 

the x axis (). 

(D.3) 

with 

(D. 4) 
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Mantoglou and Wilson (1981) give the unidimensional spectral 

density function for the anisotropic covariance function 

(equation 0.2) as 

(0.5) 

The computer code previously developed for the isotropic 

case can be modified for application to the anisotropic case. 

The altered code, tbman.f, is virtually identical to tbm.f 

with the exception of the subroutine which computes Sl,e which 

has been modified to compute the function expressed in 

equation (0.5). In addition, because the correlation scale 

changes as the turning bands lines rotate, the spectral method 

line generation parameters also vary with line orientation. 

The computer code was verified by reproducing example 

simulations found in Mantoglou and Wilson (1981). Points 

along the x and y axes separated by intervals of 0.24 were 

simulated using 200 realizations and a theoretical variance of 

1. Figure 0.6 shows the results of the simulations. As the 

graph demonstrates, tbman.f well preserves the theoretical 

covariance. The mean at each point as averaged over the 

ensemble ranged between 7.96 and 8.09 and the variance ranged 
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Figure 0.6 Theoretical and simulated covariance for the 
anisotropic case. 
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between 0.85 and 0.98. Mantoglou and Wilson (1981) suggest 

that the error is primarily due to sampling error because of 

the finite sample (NS=200). 

simulation of areal average covariance functions 

The turning bands method can be used to generate an 

anisotropic stationary two dimensional field with given 

covariance where the simulated values are averaged over a 

given area. A given application would be the generation of 

aquifer properties over a finite element grid. Mantoglou and 

Wilson (1981) define the spectral density function of the 

areal average process SA 

(D. 6) 

where H is a geometric parameter dependent on the geometry of 

the element and the relative rotation of the area with respect 

to the x,y axes, and f is the radial spectral density function 

for the two dimensional covariance function of interest. Only 

the simple case of a rectangular element with sides parallel 

to the coordinate axes (zero rotation) will be examined here. 

The geometric parameter can be expressed as 

(D. 7) 
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where the element has sides of length Lx and Ly • 

Because the areal average process is anisotropic for any 

element shape except for circles, the anisotropic principles 

discussed in the previous section must be employed. Using 

equations (0.3), (0.6), and (0.7), the spectral density 

function 8 1•0 of the line process for the point process with two 

dimensional radial spectral density function f using areal 

averaging is 

(0.8) 

The computer code developed for the anisotropic case can 

be modified for application to the areal averaged case. The 

modified code, tbmar.f, is virtually identical to the 

anisotropic code tbman.f with the exception of the subroutine 

which computes S] which has been modified to compute the 

function expressed in equation (0.8). The two dimensional 

radial spectral density function f corresponds to the 

covariance given by equation (0.5). 
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The computer code was verified by reproducing an example 

simulation found in Mantoglou and Wilson (1981). Eleven 

square elements with sides of 0.5 were located with centroids 

on the x axis. The element centroids were separated by a 

distance ~x=0.2. The theoretical covariance was specified as 

1 and an ensemble consisting of 200 realizations was 

simulated. Figure 0.7 shows the results of the simulations. 

The error is of the same order of magnitude as found in the 

example described in Mantoglou and Wilson, 1981. 

Areally averaged covariance functions asymptotically 

approach point covariance functions as shown in Figure 0.8. 

If the square element has sides with length Lx=Ly=b-I , the 

difference between the two theoretical covariance functions at 

lag=b- I is less than 5% (Mantoglou and wilson, 1981). In such 

circumstances, it may suffice to generate the random field 

using the isotropic or anisotropic point process applications 

of TBM which are less computationally intensive in comparison 

to the areally averaged case. Four nodes per correlation 

length (4Lx=4Ly=b-I ) were assigned to the hydraulic conductivity 

field generated by the Monte Carlo simulation code, REMED. 

For that particular spatial discretization, b2L~y=1/16=0.0625 

which is close to the value used for the point average 

covariance curve (a) in Figure 0.8. Therefore, there is 

little benefit in choosing the more computationally expensive 

areal average scheme over the point average scheme for use 

with the simulation code, REMED. 
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