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ABSTRACT 

THE CHARACTERIZATION OF HAZARDOUS WASTE SITES 

WITH ANALYTICAL AND NUMERICAL MODELS 

Tracy Bouvette 

This research presents the use of analytical and 

numerical modeling techniques to aid in the characteriza¬ 

tion of a subsurface contaminant plume associated with a 

hazardous waste site (HWS). This study presents a dis¬ 

cussion of various model types and their governing equa¬ 

tions, as well as outlines the specific analytical and nu¬ 

merical models used for the research. The U. S. Geological 

Survey (USGS) Method of Characteristics (MOC) model is 

investigated in depth, including an overview of the model, 

with a description of the code's solution technique and in¬ 

put parameters, and a sensitivity analysis to determine the 

effect of each parameter on the model's simulation of a 

subsurface contaminant plume. An abandoned hazardous waste 

site in Conroe, Texas is employed to illustrate the use of 

modeling techniques to help evaluate the data base, investi¬ 

gate the hydrogeologic parameters which most influence the 

contaminant plume migration, and determine new objectives 

for the ground water monitoring program. 
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1.0 INTRODUCTION 

Every day for decades, tons of municipal, industrial, 

and agricultural wastes have been (and are still) disposed 

of through such management techniques as infiltration ponds, 

injection wells, landfills, and open pits. Unmonitored waste 

can potentially migrate into clean aquifers. However, with 

the requirements set forth by the federal government (Resource 

Conservation and Recovery Act, 1976; Hazardous Waste and Con¬ 

solidated Permit Regulations, 1980) concerning the handling 

and disposal of hazardous wastes, mandatory ground water and 

leachate monitoring systems have helped to detect waste migra¬ 

tion before contamination has occurred (Everett et al., 1982). 

The problem facing environmental engineers today is the clean¬ 

up of waste sites used in the past. These sites typically 

have unknown chemical constituents and undefined hydrologic, 

geologic, and contaminant boundaries. 

The objective of this research is to investigate the 

role of analytical and numerical models in the character¬ 

ization of contaminant plumes typically associated with 

hazardous waste dump sites. In this investigation the 

following key issues were addressed: 

1. Use of models to aid the decision-making process 

associated with monitoring the ground water system. 

2. Use of models to evaluate field data reliability. 

. Role of models to determine the migration rate 

and extent of the subsurface contaminant plume. 

3 
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Overall, an interactive monitoring/modeling approach is 

stressed where appropriate ground water transport models are 

used to evaluate field data, simulate plume migration, and 

determine new objectives for the monitoring program. 

Different characterization procedures have been em¬ 

ployed by various investigators in previous case studies 

attempting to delineate subsurface contaminant plumes. 

Many investigators have used digital computer models to 

aid in the characterization of the subsurface contaminant 

plume. Bredehoeft and Pinder (1973) used a coupled ground 

water flow/mass transport model to simulate Brunswick, Geor¬ 

gia's brackish water intrusion. They used an areal model 

to investigate various pumping schemes for minimizing the 

updwelling of salt water into fresh water supplies. Konikow 

(1977) presented an excellent history of the Rocky Mountain 

Arsenal case. The study was highlighted by an overview of 

monitoring data and modeling simulation techniques used to 

predict contaminant plume migration and investigate a suite 

of management strategies. Robson (1976) presented an appli¬ 

cation of the USGS ground water solute transport model of the 

Barstow, California, percolation ponds used for municipal 

sewage treatment. Robson investigated correlations between 

various key hydraulic parameters and contrasts and compared 

areal with profile modeling. . Schwartz (1975) wrote on the 

parameters controlling subsurface contaminant transport. He 

used the MOC method to simulate radioactive decay and binary 
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ion exchange over two theoretical ground water schemes. His 

hydrogeologic setting varied with different loading types and 

placements, and different configurations of layered strata. 

Bedient £t al. (1982) applied a solute transport model to a 

primary wastewater rapid infiltration pond system located in 

Ft. Devens, Massachusetts. Results from the model were used 

to describe the movement of contaminants in the ground water. 

Pinder (1973), Pettyjohn (1974), Mercer and Faust (1980,#4), 

Robertson (1977), Anderson, (1979), Konikow and Bredehoeft 

(1978), and Smith and Schwartz (1981) present other important 

case studies which illustrate a cooperative monitoring/model¬ 

ing methodology for the delineation and simulation of sub¬ 

surface contaminant plume migration. 

The initial characterization of a site involves deter¬ 

mining specific pollutant and hydrogeologic parameters. Hy¬ 

drogeologic characterization includes locating the aquifer, 

determining the direction of ground water flow, identifying 

aquifer composition, extent and permeability, mapping the 

subsurface areally and vertically, and locating relevant 

natural and/or artificial sources and sinks. Pollutant char¬ 

acterization involves identifying pollutant sources and con¬ 

stituents, determining pollutant migration mechanisms and 

parameters, and investigating local environmental impacts and 

persistence of the contamination. Information gathered in 

the initial characterization is employed to design the moni¬ 

toring program and field sampling methodologies. 



2.0 SOLUTE TRANSPORT IN THE SUBSURFACE 

Many different mathematical models are available today 

for the simulation of plume migration in the subsurface; in¬ 

cluded are lumped parameter mixing cell models, and one-, two- 

or three-dimensional flow and solute transport models with dis 

persion and/or adsorption included. Analytical solutions and 

the numerical methods known as finite difference, finite ele¬ 

ment, and method of characteristics, are used to solve the 

equations defined in each model. This section briefly reviews 

the model types and the associated solution techniques and 

highlights the authors of the more important and successful 

solute transport codes. 

2.1 Governing Flow and Transport Equations 

Following the derivation of Pinder and Bredehoeft (1968), 

the differential equation for simulating ground water flow 

in two dimensions can be written in cartesian tensor notation, 

3/8xi(Tij 3h/3xj) = S 3h/3t + W (1) 

where 

Tij = Kijk = Transmissivity Tensor (L^/T) 

S = Storage Coefficient (dimensionless) 

W = source/sink term (L/T) 

h = hydraulic head (L) 

xf,xj = cartesian coordinates (L) 

Kij = hydraulic conductivity tensor (L/T) 

b = saturated thickness of aquifer (L) 
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This model has received much use in ground water flow simu¬ 

lations with satisfactory results (Bredehoeft and Pinder, 

1973; Konikow, 1977; Prickett and Lonnquist, 1971). 

Ground water solute models are more complex than flow 

models by nature because they are a second order process as 

opposed to a first. The phenomena that most strongly influ¬ 

ence solute transport in saturated ground water environments 

are advection, dispersion, adsorption, chemical reaction, and 

biodegradation (Roberts and Valocchi, 1981; Freeze and Cherry, 

1979). Advection refers to the transport of the solute through 

some porous media as a function of the pressure head gradient 

of the ground water. Dispersion is the spreading of the con¬ 

centration front due to fluid mixing, the spatial variation 

of hydraulic conductivity in the aquifer, and molecular diffu¬ 

sion. Sorption is the retardation of the pollutant front due 

to the partitioning of the solute between aqueous phase and 

solids sorbed by the soil (Tinsley, 1979). Chemical reactions 

include ion exchange, reduction/oxidation, hydrolysis, disso¬ 

lution, and any other change which affects the solute concen¬ 

tration of different chemical species in the subsurface. Bio- 

degration is the utilization of organic substrate in solution 

by microorganisms. 

Most common ground water transport models only include 

the phenomena of advection and dispersion. These simpli¬ 

fying assumptions reduce the complexity of the governing 

equations and of the programming of the model, thereby cut- 
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ting the expense of simulating the subsurface (especially 

for extended periods of time). The one-dimensional advec- 

tion-dispersion equation represents dispersion as a function 

of the dispersivity and the seepage velocity (Bachmat and 

Bear, 1964; Gelhar and Collins, 1971). Dispersivity is a 

characteristic length which is related to the spreading of 

the plume. For the one-dimensional problem, the dispersivity 

(which varies with time and space) is represented as a 

spatial average in one direction for a particular media, 

constant over space and time. The seepage velocity is the 

average flow rate per unit area divided by the effective 

porosity. These simplifying assumptions reduce the model's 

accuracy but enable it to be employed as a first estimate 

on a site with limited data. 

The two-dimensional solute transport equation describes 

the dispersive mixing action of the solute in addition to 

the bulk fluid movement, as indicated below with source/sink 

and reaction terms (Bredehoeft and Pinder, 1973): 

3C/3t = 3Xj (Dij 3C/3xi) - U3C/3Xi + W + r (2) 

where 

ü = velocity in direction Xj_ (L/T) 

W = source/sink term (M/L*T) = cQ/n 

C = concentration of the solute (M/L^) 

c = concentration in source/sink fluid (M/L-S) 

n = porosity (dimensionless) 



Q = rate of withdrawal or recharge, (L2/T) 

D^j = a V^Vj/IVl = hydrodynamic dispersion 
coefficient (L2/T) 

a = dispersivity in aquifer, (L) 

V^,Vj = velocity components in the i and j directions, (L/T) 

r = reaction term, (M/L*T). 

The dispersion coefficient is represented by a second-order 

tensor (Konikow and Grove, 1977; Bear, 1972) and is related 

to the velocity and the dispersivity tensor. Scheidegger 

(1961) further shows that for an isotropic aquifer, the 

dispersivity tensor can be defined by two constant terms, 

transverse and longitudinal dispersivities, at and a, res¬ 

pectively. Therefore, the dispersion coefficients become 

DL = «L|v| and Dt = ot M if we assume that the dispersivity 

varies only as a function of these two vectors. 

After expanding the above equation describing j, sub¬ 

stituting Scheidegger's identities, and eliminating terms 

with coefficients that equal zero, the components of the 

dispersion coefficient for two-dimensional transport in an 

isotropic aquifer may be stated explicitly as: 

|v| = magnitude of velocity, (L/T) 

Dxx = dL (V2/M2 + DT (Vy)2/lv| 2 ; 
Dyy = DT (Vx)2/jv| 2 + DL (Vy)2/|v|2 ; 

Dxy = Dyx = <DL ' DT)VXV1V!2 * 

2.2 Chemical Reaction Terms 

The term identified by the symbol r in equation (2) 
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can be used to represent the reaction equation. Generally, 

the solute can either interact with other chemicals, the sol¬ 

id subsurface, or be increased through the dissociation/asso¬ 

ciation of neighboring chemical species. Two forms of the re¬ 

action equation are of particular interest: linear decay and 

adsorption reaction (Anderson, 1979; Freeze and Cherry, 1979). 

The first order linear decay equation: 

r = kC (3) 

k = constant, is widely used to model radioactive decay, 

biodegradation, absorption and innumerable other chemical 

processes. The drawback is that not all natural occurrences 

are exactly linear over a broad range of values, so propaga¬ 

tion of error can occur. 

The adsorption reaction equation can take many forms; 

the simplest is linear. However, adsorption is most often 

assumed to be a nonlinear relationship, dependent on certain 

soil characteristics and the solute's affinity for water 

(Roberts and Valocchi, 1981; Tinsley, 1979; Karickhoff ot 

al., 1979). Another equation used to model the removal of 

a species from solution is the nonlinear isotherm (Freeze 

and Cherry, 1979): 

r = KdC
b (4) 

If the isotherm is described by b = 1, then the migrating 

plume of sorbing solute is said to move at a velocity linearly 

proportional to but smaller than the velocity of the ground 
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water by a factor (Roberts and Valocchi, 1981): 

R = [1 + (PbKd/n)] = Ur
_1 (5) 

where 

R = relative residence time or retardation factor 

Ur = relative velocity of sorbing solute divided by 

the velocity of conservative solute 

= distribution coefficient 

Pb = dry bulk density of soil (M/L^) 

n = porosity 

is the primary influence of the retardation factor because 

the density of the bulk solids and porosity differ little 

throughout natural systems as compared to the distribution 

coefficient. The value of is dependent on the solute 

soil reactions measured by the organic content of the soil 

and the octanol/water partition coefficient (K0/w). Karick- 

hoff et al. (1979) found the empirical relationship: 

fQ/c = fraction of organic carbon (g organic/g soil) 

using a series of best fit experiments for organic solutes 

having K0/w values ranging over four orders of magnitude. 

The behavior of a solute influenced by both dispersion and 

sorption can be modeled by dividing the dispersion coeffi¬ 

cient and the seepage velocity by R (Roberts and Valocchi, 

1981) . 

(6) 

where 
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2.3 Solution Techniques 

Once the governing equations are defined, solutions 

for the concentration pattern can be generated by fairly 

straightforward mathematical manipulation. Two approaches 

are currently available for this purpose: analytical and 

numerical. 

2.3.1 Analytical Models 

The one-dimensional transport equation has, for the 

case of constant velocity and dispersivity, classical ana¬ 

lytical solutions (Bear, 1972; Fried, 1975; Cleary, 1976), 

which can be used to simulate very simple ground water flow 

and solute transport schemes and to evaluate the accuracy 

of other models (Appendix I). More general analytical solu¬ 

tions are available for the case with spatially variable 

advection in more than one dimension (Gelhar and Wilson, 

1974; Wilson and Miller, 1978; Cleary and Ungs, 1978). These 

solutions employ assumptions which simplify the flow field 

and boundary conditions such that the system can be solved, 

usually explicitly, through a closed form or a truncated 

infinite series. In a few of the models, the solution is 

in an irreducible integral form, evaluated by a variable 

point gauss quadrature scheme. 

Analytical models, restricted to certain equation 

forms and simple boundary and initial conditions, have a 

somewhat limited applicability to practical aquifer simu- 
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lations, but their simplicity of use makes them valuable and 

convenient tools. As a rule they are inexpensive and easy 

to program (Cleary and Ungs, 1978; Hunt, 1978; Al-Niami, 

1978; Wilson and Miller, 1978; Anderson, 1979; Walton, 

1979). For our purposes, one particular analytical model, 

the two-dimensional mass transport model with the gaussian 

strip source, is important. It assumes constant flow veloc¬ 

ities, constant dispersion coefficients, simplified site 

geometries, and constant physical parameters. The analyt¬ 

ical model incorporates only dispersion and first order decay 

in the transport simulation because of the restrictions 

placed on the governing equations. The input includes the 

dispersion coefficient, ground water velocity, linear decay 

term, source decay term, the grid spacing, and the time ob¬ 

servations along with the boundary conditions, and starting 

position of the contaminant, as well as selecting the 

number of points to be evaluated in the gauss quadrature 

scheme (Appendix I). 

In cases with simple geometry, homogenous sands and mea¬ 

surable input contaminant concentrations, simple analytical 

models will be sufficient for simulating the waste plume mi¬ 

gration. But complex ground water systems require the appli¬ 

cation of a numerical model for reliable simulation. Analy¬ 

tical models should then be used to help calibrate the nu¬ 

merical model(s) when simulating a more complex waste site. 
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2.3.2 Numerical Models 

In numerical models the governing equations are reduced 

to approximating algebraic equations which are solved using 

implicit linear algebra techniques. The most commonly used 

numerical models employ finite difference, finite element, 

and method of characteristics codes (Faust and Mercer, 1980). 

Finite difference techniques approximate the partial 

derivatives in the governing equations by using finite 

difference equations (Pinder and Bredehoeft, 1968; Mercer 

and Faust, 1980a). The finite difference equations are 

solved for each node on an arbitrary grid using an iterative 

procedure. One iterative approach used is the alternating 

direction implicit (ADI) presented by Pinder and Bredehoeft 

(1968), and Prickett and Lonnquist (1971). Trescott et al. 

(1976) presents a comparison of the ADI technique to three 

other iterative procedures for simulating ground water 

reservoirs. 

Finite difference codes are the simplest of the major 

numerical models because they are relatively easy to program 

and require less computer execution time for data manipula¬ 

tion. However, they have difficulty handling irregularities 

of soil constituents and site geometry, and the propagation 

of numerical dispersion caused by using averaging equations 

is also a problem. Higher order difference schemes can be 

used to minimize this error, and overall, the finite differ¬ 

ence approach has been successful in simulating one- and two- 
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dimensional solute transport (Bredehoeft and Pinder, 1973; 

Konikow and Bredehoeft, 1974; Robson, 1974; Robertson, 1977). 

Finite element approximations incorporate a finite series 

of basis (or shape) functions and associated time-dependent 

coefficients to model the dependent variables. The series 

are then input to the governing equations and the resulting 

error or residual is minimized (Pinder, 1973; van Genuchten, 

1978). This code works well in approximating irregular site 

geometries and can allow changes in element size for areas of 

rapid concentration changes. It is also more accurate, typi¬ 

cally, than the finite difference method. However, it requires 

more complex numerical computations, is more expensive to exe¬ 

cute and requires more input data. Overall, the finite element 

model has been successful in simulating two-dimensional solute 

transport (van Genuchten, 1978; Pickens and Grisak, 1981). Ap¬ 

plication of the finite element model includes work by Pinder 

(1973), Gray (1976), and Grove (1977). 

The method of characteristics approach employs a finite 

difference scheme to solve the ground water flow equations 

(Prickett and Lonquist, 1971; Pinder and Bredehoeft, 1968; 

Trescott, Pinder and Larson, 1976; Konikow and Bredehoeft, 

1978; Charbeneau, 1981). The code then uses the hydraulic 

information to create a set of characteristic equations by 

deleting the advective transport terms from the governing 

transport equations and describing them separately. Marker 

particles are then inserted and "moved" along the streamlines 



14 

defined by the characteristic equations, thereby describing 

the advective transport terms. The effects of the remain¬ 

ing terms in the transport equation are then superimposed 

on the finite difference grid containing the marker points, 

thereby describing the effect of hydrodynamic dispersion 

(and diffusion) (Garder et al., 1964; Pinder and Cooper, 

1970; Reddel and Sunada, 1970; Bredehoeft and Pinder, 1973). 

Advantages of this code are its fairly simple conceptual 

basis and its applicability to a wide variety of field prob¬ 

lems (profile-areal, unconfined-confined, etc.). The main 

disadvantage of this code is the difficulty of programming 

a general two- or three-dimensional model. Overall, it has 

been successful in simulating one- and two-dimensional solute 

transport systems. Applications of this code include work 

by van Genuchten (1978), Konikow (1977), Robson (1976) and 

Schwartz (1975). 

Gelhar (1976) used another method to simulate ground 

water flow in a sloping phreatic aquifer. He used a sto¬ 

chastic representation of the random variables in the govern¬ 

ing differential equations to solve the hydraulic system. 

The stochastic representations were then linearized in terms 

of perturbances in the logarithm of the hydraulic conducti¬ 

vity, spatially and/or temporally. 

Other researchers have also tried modeling the param¬ 

eters using slightly different techniques. Tang and Pinder 

(1979) considered handling the uncertainty of physical param- 
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eter determinations in their technique. Smith and Schwartz 

(1980) investigated the use of a model which treated macro¬ 

scopic dispersion as a mixing process caused by spatial heter¬ 

ogeneities in hydraulic conductivity. This type of assumption 

is based on Gelhar et. al. (1979) and Schwartz (1977). Smith 

and Schwartz (1981) discuss the use of a hybrid deterministic 

probablistic (HDP) technique where key physical parameters 

are represented with normally distributed spatial averages. 

This model incorporates the uncertainty associated with the 

quantification of aquifer parameters. Gelhar and Axness 

(1981) also investigated the use of stochastic theory in 

predicting dispersivity from the variance of the logarithm 

of hydraulic conductivity. 

The methods that employ stochastic theory have had 

limited success in simulating contaminant plume migration. 

The major difficulty with this procedure is in collecting 

representative samples from the ground which, when statis¬ 

tically analyzed, provide the model with the variance of 

the hydraulic conductivity. The collection of such samples 

is possible but tedious and expensive; therefore, the sto¬ 

chastic process models are not examined in this research. 

The streamline/flow net approach solves the equipoten- 

tial and streamline functions through superposition of point 

singularities, then approximates the integral of the mass 

flux between streamlines with a simple finite difference 

scheme (Nelson, 1978; Ross and Koplick, 1979). 



16 

Another model type not yet discussed is the lumped 

parameter model which uses the spatial averages of key 

parameters to simplify the governing equations (Gelhar and 

Collins, 1971? Mercedo, 1976). The model is essentially a 

simplified mass balance equation which assumes that the 

system is completely mixed and the concentration of contam¬ 

inant in the water leaving the aquifer is identical to the 

average concentration in the aquifer. This modeling method¬ 

ology is best suited to ground water quality problems which 

are large scale with contaminant sources widely distributed 

over the aquifer infiltration zone (Gelhar and Wilson, 1974). 
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3.0 USGS MODEL: SCOPE AND LIMITATIONS 

The USGS Model is the single most useful tool avail¬ 

able to Rice University or the National Center for Ground 

Water Research for the simulation of solute transport in 

ground water. The model can be used to evaluate data bases, 

investigate the effect of specific hydrogeologic parameters 

on a contaminant plume's migration, and determine new objec¬ 

tives for a ground water monitoring program. Analytical 

models are available, but none can simulate complex hydro¬ 

geologic settings similar to those found at many abandoned 

hazardous waste sites. The USGS model was selected for this 

research because it is well-documented, it has simple in¬ 

put/output formats, it can simulate aquifers of varying 

thickness and homogeneity, it can simulate quasi-equilibrium 

states of the potentiometric surface, and it was readily 

available. 

This section describes the USGS model and addresses 

the basic workings of the model, defines the parameters 

which govern ground water flow and contaminant migration, 

and investigates which parameters most influence the simula¬ 

tion of the contaminant plume. 

3.1 USGS Model: An Overview 

The USGS model simulates solute transport in flowing 

ground water and can be applied to a wide range of one- and 

two-dimensional problem types involving steady state or 
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transient flow. The model computes changes in concentration 

over time caused by convective transport, hydrodynamic dis¬ 

persion and mixing (or dilution) with fluid sources (Koni- 

kow and Bredehoeft, 1978). 

A number of assumptions have been made in the develop¬ 

ment of the model equations. The following is a list of the 

main assumptions that must be carefully evaluated before 

applying the model to a field problem. 

1. Darcy's law is valid, and hydraulic-head gradients 

are the only significant driving mechanisms for 

fluid flow. 

2. The porosity and hydraulic conductivity of the 

aquifer are constant with time and the porosity 

uniform in space. 

3. Gradients of fluid density, viscosity, and temp¬ 

erature do not affect the velocity distribution. 

4. No chemical reactions occur that affect the con¬ 

centration of the solute, the fluid properties, 

or the aquifer properties. 

5. Ionic and molecular diffusion are negligible con¬ 

tributors to the total dispersive flux. 

6. Vertical variations in head and concentration are 

negligible. 

7. The aquifer is homogeneous and isotropic with 

respect to coefficients of longitudinal and trans¬ 

verse dispersivity. 
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The nature of a specific field problem may be such that 

not all of these underlying assumptions are valid. The degree 

to which field conditions deviate from these assumptions will 

affect the applicability and reliability of the model for 

that problem. 

The computer program solves two simultaneous partial 

differential equations to simulate the solute transport in 

the ground water (equation 2). It uses an iterative alter¬ 

nating direction implicit procedure to solve a finite dif¬ 

ference approximation to the ground water flow equation, 

and it uses the method of characteristics to solve the sol¬ 

ute transport equation. 

The computer program first solves the equation descri¬ 

bing the transient two-dimensional flow of a homogeneous 

fluid through a nonhomogeneous anisotropic aquifer (Equa¬ 

tion 1) with an implicit finite difference approximation. 

After the head distribution is computed, the velocity of 

the ground water flow is computed for each node using an 

explicit finite difference form of Darcy's equation. 

Next, the method of characteristics is used in this 

model to solve the solute-transport equation. The approach 

employed does not solve equation 2 directly, but rather 

the method of characteristics solves an equivalent' system 

of ordinary differential equations to describe the two-di¬ 

mensional areal (or profile) transport and dispersion of 

a non-reactive dissolved chemical species in flowing ground 
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water. 

The solute transport is simulated through a three-step 

procedure. The first step involves placing a number of 

traceable particles or points in each cell of the finite- 

difference grid such that they are distributed in a geomet¬ 

rically uniform pattern throughout the grid space. The 

initial concentration assigned to each point is specified 

by the boundary and initial conditions. For each time 

step, every point is moved a distance proportional to the 

length of the time increment and the seepage velocity at the 

location of the point. After all the points have been moved, 

the concentration at each node is temporarily assigned a con¬ 

centration reflecting the number of particles or points lo¬ 

cated in that cell. Thus far, the moved points have simulat¬ 

ed convective transport only, and before the next time step 

can begin, dispersive transport must be added in to the mod¬ 

el's solute transport solution. 

To this point, the convective transport alone has been 

solved by the movement of traceable particles. The changes 

in concentration caused by hydrodynamic dispersion, fluid 

sources, divergence of velocity, and changes in saturated 

thickness are calculated using an explicit finite difference 

approximation to solve an ordinary partial differential 

equation. 

Input parameters for the model include effective 

porosity, storage coefficient, longitudinal dispersivity, 
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transmissivity (as a tensor), ratio of transverse to longi¬ 

tudinal dispersivity, ratio of Txx to Tyy, the time step 

size, the grid spaces, and the options for output. The ini¬ 

tialization of the aquifer with size and shape parameters, 

locations of sources and sinks, location of observation 

wells, boundary conditions, background concentrations, po- 

tentiometric or water table levels, and stability criteria 

must also be provided. Constant-head and constant-flux 

boundary conditions are allowed. 

The model output includes the head distributions, the X 

and Y direction velocity distributions, the drawdown depths, 

and the concentration gradients at each time step. 

The accuracy of the model was evaluated for two ideal¬ 

ized problems for which analytical solutions can be obtained. 

The agreement was nearly exact for one-dimensional flow, but 

yielded some numerical dispersion for the case of plane radial 

flow. Mass balance errors were generally less than 10%, with 

the largest errors accumulating during the first several time 

steps. The model has been applied to several field examples 

by the USGS and other groups involved in predicting ground 

water pollutant patterns. The main limitation of the model 

is its inability to handle decay and adsorption mechanisms 

(Konikow and Bredehoeft, 1978; Anderson, 1979), but this 

capability has been recently added to the code. 
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3.2 USGS Model Sensitivity to Input Parameters 

The initial model sensitivity analyses involved using 

a site with a simple geometry to investigate parameters 

which affect the accuracy of the plume simulation. The 

sample site (Figure 1) chosen for these sensitivity analy¬ 

ses was a homogeneous, isotropic, confined aquifer of con¬ 

stant thickness with a linear piezometric surface and con¬ 

stant head boundaries at opposite ends of the formation. 

Typical values for each parameter were selected and input 

into the code for the simulation. 

Initially, the stability criteria were investigated to 

determine the most cost effective configuration of execution 

parameters. Table 1 illustrates the analysis of particle 

spacing and particle movement constraints. In general the 

tightest packing, nine (9), of particles was found to be 

most accurate. Also, eight (8) particles proved to be nearly 

as expensive, but less accurate by an order of magnitude. 

Therefore, 9 was used in all of the remaining simulations. 

One half (0.5) was chosen as the maximum distance of particle 

travel per cell dimension per time step because, all things 

equal, it is less expensive. 

Iteration-tolerance parameters were also investigated. 

Only very slight changes in execution time and percent error 

were found when tolerances were changed two orders of magnitude 

(0.0001 - 0.01) or when the maximum number of iterations was 

quartered. Therefore, the smaller tolerance and the larger 
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figure 1 

Sample Site Grid Space Configuration 

constant head nodes 

source nodes 

scale 
0 
t= 

2250 45.00ft 



24 

table 1 
Execution Parameter Sensitivity 

* of particles can",'.* .I 
per ceil initially per time step per cell ,n niass balance 

CPU seconds 

i 

5 1.0 34.4% 7.34 

5 0.75 34.4% 7.24 

5 0.50 34.4% 7.26 

8 0.50 6.4% 10.55 

9 0.50 0.3% 11.45 
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number of iterations were used. 

Next, the simple site was used to investigate changes 

in ground water seepage velocity, due to changes in porosity, 

hydraulic conductivity, saturated thickness, and hydraulic 

gradient. 

Porosity and saturated thickness are the easiest of 

these parameters to identify with confidence. The range of 

possible porosities is quite small compared to other param¬ 

eters. And even though saturated thickness has a large 

range of values, it can easily be determined accurately in 

the field. Saturated thickness and seepage velocity were 

investigated for the sample site configuration. The ranges 

of both variables were chosen to correlate to unconfined 

aquifer characteristics in the Conroe, Texas, area, corres¬ 

ponding to an actual field site. 

Saturated thickness affects the seepage velocity most 

for small saturated thicknesses (<10 ft). Therefore, thinner 

aquifers will typically be more difficult to accurately sim¬ 

ulate. And since interpolation of point observations will 

fail most often with small zones of water-bearing soil, 

small changes in thickness (1 to 2 ft) can affect the model's 

simulation accuracy. 

Hydraulic gradient interpolations are often performed 

with a basic linear trends set between observation points. 

In general, a background linear trend is set for the hydraul¬ 

ic gradient in digital models. Numerical models often have 
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the capability of simulating a transient, or quasi-equili¬ 

brium hydraulic scheme. (A mounded potentiometric surface 

is an example of a quasi-equilibrium state). Therefore, 

surface reservoirs and production/injection wells can be 

placed over background linear trends to represent waste 

ponds, injection wells, lakes, streams, and/or other waste 

bodies. 

Simulation techniques for wells and ponds employed by 

the USGS model represent the buildup of pressure above the 

linear water table in the same manner. The gradients and 

velocities (between nodes) are very nearly the same for both 

cases. (NOTE: The use of a particular technique is mandat¬ 

ed by the type of data collected. If some rate of injection 

is known (or some volume of waste is known, over time), the 

injection well is employed. If some elevation or pond head 

is known, then the constant head node is employed. 

Calibration of the mound beneath a pond or well is a 

difficult problem compounded by the typical lack of perti¬ 

nent historical data concerning abandoned HWS. Therefore, 

trial and error techniques must be employed to determine 

the pond's height. The pond head is best estimated through 

a methodology similar to solving the inverse problem for hy¬ 

draulic conductivity. A range of probable heights, corres¬ 

ponding to the head of a particular "mound", is used over a 

sloping background potentiometric surface. The range can 

be narrowed considerably if the model is run using best 
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estimates of all the other parameters describing the hydro¬ 

geologic setting. Results are then compared with measured 

field data on pollutant plume patterns. 

It is possible to investigate almost any parameter in 

this way, but the observed water quality data is essential 

for the success of any modeling effort. This again demon¬ 

strates how the monitoring and modeling efforts are linked. 

Hydraulic conductivity is more complex to characterize 

than other parameters which affect hydraulic gradient because 

it varies laterally and vertically, and it is very difficult 

to interpolate between observation points. Only certain numer¬ 

ical models can handle heterogeneous, anisotropic aquifers 

Often hydraulic conductivity is handled as an average 

over a very large area with no directional variance. For 

the USGS model, hydraulic conductivity is described by a con¬ 

stant which varies by a constant ratio describing the X and 

Y directions. The inverse problem, which is very similar 

to the trial and error technique described above, is often 

solved to quantify the hydraulic conductivity (Navarro, 

1977; Anderson, 1979). The inverse problem technique differs 

in that the other parameters are assumed known, and the hy¬ 

draulic conductivity is solved for directly (Murty and Scott, 

1977). Other statistical models used to estimate hydraulic 

conductivity are described earlier. 

The effect of hydraulic conductivity and hydraulic 

gradient on seepage velocity varies greatly between sites, 
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and therefore, these sensitivity analyses will be addressed 

in a specific waste site in the next section. 

Storage Coefficient was also investigated for its effect 

on the plumes' shape. In particular, the storage coefficient 

did not change the shape of the concentration profile along 

a major axis of flow, but it did directly affect the amount 

of contaminant allowed to leak into the aquifer from a con¬ 

stant source (identical in each simulation). For this sim¬ 

ple case, the storage coefficient did not greatly affect 

the plume's shape or rate of migration, but the storage co¬ 

efficient could affect the plume's shape depending on the 

unique hydrogeologic setting. 

To characterize the different plume shapes generated 

in the sensitivity analyses, eg, the standard deviation of 

the concentration profile along the centerline of the plume 

normal to the isobars (of the linear trend) was employed 

The backward standard deviation, ®g (the distance or length 

of ground containing the part of the breakthrough curve de¬ 

scribed by .84 < c/c0 
< .50), was chosen because it was 

affected less by the downstream boundary conditions than 

<?F and the plumes were better defined in the output before 

breakthrough than after breakthrough (i.e., before the ob¬ 

served distance equals the travel distance). 

Seepage velocity has an obvious effect on the spreading 

of the plume. High velocity groundwater is defined by a 

larger interstitial velocity gradient (for laminar flow) and 
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therefore, the particles across a given cross section will be 

separated by greater distances over time. Figure 2 presents 

the relationship found between the seepage velocity and ag 

for several dispersivities. The logarithm of the seepage 

velocity was used to remove perturbations caused by the 

graphic interpolation of ag between grid space observations. 

Numerical dispersion, the dispersion caused by the in¬ 

stabilities internal to the code’s particle tracking subrou¬ 

tine, was evaluated for various dispersivities. (The Taylor 

series truncation used for the centered finite difference 

approximation of the second order derivative of concentra¬ 

tion in space is the source of the error) (Anderson, 1979). 

Table 2 presents the change in the numerical model's accuracy 

as dispersivity increases. 

The numerical model was found to have difficulties simu¬ 

lating aquifers with small (<10 ft) dispersivities. Dispersi¬ 

vities recorded in situ to date (i.e., those found in nature) 

have usually been higher than this limit, so the code is still 

applicable for most cases. But for small dispersivities the 

front is generally not simulated sharply enough, due to round¬ 

off and truncation errors involved with computer processing. 

3.3 Discussion of Sensitivity Analysis 

The measurement of key hydrogeologic parameters is the 

limiting process in the modeling of HWS contaminant plume 

migration. Spatial and/or temporal descriptions of hydraulic 
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table 2 
Calibration of Numerical Model 

31 

dispersivity 
(ft) 

maximum error occuring 
between concentration profiles 

1 

30 

100 

300 

38% 

10% 

<0.1% 

<0.1% 

(see appendix 2 for explanation of error determination) 
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conductivity are necessary for the accurate simulation of 

specific plumes, but detailed subsurface descriptions are 

difficult in practice, and typically, linear interpolation 

between single observation points is employed to define un¬ 

known aquifer characteristics. Very few truly homogeneous, 

flat aquifers of constant thickness actually exist. There¬ 

fore, the limited ability to characterize hydraulic conducti 

vity must be investigated as a key difficulty for the accu¬ 

rate solute transport simulation. 

Dispersivity is similar to hydraulic conductivity. In¬ 

terpolation and/or local well tests are not sufficient to 

describe dispersivity because, as the mean travel distance 

of the contaminant changes, so does the dispersivity. In 

general, the unique hydrogeochemical setting of the specific 

HWS demands that special attention be paid to the quantifica 

tion of both hydraulic conductivity and dispersivity. 

Aquifer thickness poses a problem for the plume charac¬ 

terization and delineation procedures because small errors 

in measuring saturated thickness in small formations can 

cause major deviations in concentration predictions. Other¬ 

wise, saturated thickness (>10 ft) and porosity are the sim¬ 

plest parameters to quantify with confidence. The storage 

coefficient in'the range 0.0 to 0.4 did not greatly affect 

the plume and is a parameter which can be defined with con¬ 

fidence . 

The model was also used to investigate the advection- 
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dispersion relationship, especially as affected by the seep¬ 

age velocity. It was found that as the seepage velocity 

decreased, the role of dispersion in mass transport increased 

as compared to the role of advection in mass transport. 

The seepage velocity is the key parameter in delineating 

and predicting the contaminant plume migration, but seepage 

velocity is typically calculated in numerical models based on 

the other input. Pond mounds and injection wells are tran¬ 

sient (or quasi-equilibrium) flow regimes and have non-linear 

velocity gradients. Numerical models can represent these 

singularities (over a large flow field) with confidence, 

given an accurate geometric description. 

Analytical models, on the other hand, often have one 

constant seepage velocity designated for the entire flow 

field. The analytical model was found to be inappropriate 

for application to most abandoned HWS because the pond 

mounding and/or injection wells often associated with the 

waste disposal could not be accurately simulated with these 

codes. 
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4.0 SITE SPECIFIC APPLICATION 

In this section a specific site is chosen to investi¬ 

gate the use of analytical and numerical models to charac¬ 

terize a contaminant plume associated with a hazardous waste 

site. The initial characterization of the site is presented 

first, followed by a description of the monitoring and de¬ 

tailed modeling techniques. The monitoring program involved 

drilling nine wells, collecting soil and water samples from 

the subsurface, and testing the saturated zone to quantify 

the hydraulic conductivity. The modeling effort proceeded 

by evaluating the data base, investigating the sensitivity 

of the site simulation to the selection of hydrogeologic 

parameters, simulating contaminant plume migration, and de¬ 

termining the new strategies for the monitoring program. 

The iterative interaction between the monitoring and model¬ 

ing efforts is illustrated and represents a cost-effective 

approach to understanding ground water contamination problems. 

4.1 Initial Site Characterization 

An abandoned creosote facility in Conroe (45 miles 

north of Houston) was chosen for study by Rice University 

and the National Center for Ground Water Research in cooper¬ 

ation with the Texas Department of Water Resources. The 

Conroe site became a research site after the land owner's 

approval was obtained. The site was considered a desirable 

research site because the known waste constituents posed a 
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lower risk to field and lab personnel than many other sites 

(the wastes at Conroe may include phenols, cresols, and in 

particular, pentachlorophenol or PCP). Also, the aquifer 

system and the geology are reasonably well-defined, and 

access to the site and permission to drill wells had been 

granted to TDWR and EPA by the land owner. This provided 

an excellent mechanism for the development of field monitor¬ 

ing experience, and a useful data base to characterize the 

subsurface contaminant plume. 

Conroe lies about 100 miles from the coast of the Gulf 

of Mexico. The Chicot aquifer is a hydrologic unit in the 

coastal plain of Texas that is composed of several geologic 

units of recent alluvium — the Deweyville Formation, the 

Beaumont Formation, the Montgomery Formation, the Bently 

Formation, and the outcrop of the Willis Formation. Conroe 

lies within the coastward belt of the Willis outcrop (Popkin, 

1971) . 

Figure 3 shows the general layers of vertical aquifer 

systems including the Evangeline and Chicot aquifers, major 

water supply units. The Evangeline aquifer consists of the 

Goliad Sand underlain by the top part of the Fleming Forma¬ 

tion. The Willis Formation, which makes up the Chicot aquifer, 

can be described as clay, silt, sand, and siliceous gravel of 

granule to pebble size. Sand in the Willis is coarser than 

in younger units outcropping coastward. The sands are inter- 

bedded with clays and cemented by iron oxide locally. The 
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Chicot aquifer as a whole consists of unconsolidated sands 

and gravels that are often high in iron. These red sands 

and gravels in the Chicot overlie white clays and sands in 

the Evangeline (Texas Geologic Atlas, 1954; Popkin, 1971). 

The Conroe waste site under investigation originally 

consisted of several open pits. The land slopes at about 1 

ft per 100 ft towards a small creek, just off site to the 

west and southwest. Today the pits have been backfilled 

with clay and sand up to the level of the ground surface. 

The estimated time of waste disposal is estimated at 25 to 

30 years over the period from 1951-1977. The soils in this 

area are slowly draining, with a very low infiltration rate. 

The area receives approximately 48 inches of rainfall a year. 

County water well records for nearby Montgomery County 

are in the Texas Water Development Board Report 136 (Popkin, 

1971). From the report, well TS-60-3-50 (approximately 4 

miles south of the site) has a water level measured at 41.0 

ft below the land surface on June 28, 1966, and the total 

depth of the well was 50 ft. The report for well TS-60-45-409 

(approximately 1 mile south of the site) shows a depth to 

water of 25.8 ft in a 34 ft well. 

From this information the water table was predicted to 

be between 25 and 40 ft below the ground's surface.* The 

subsurface was thought to be characterized by a sandy layer 

(sorted fines upward) bounded below by a thick clay layer. 

The aquifer was expected to be unconfined and sloping down 
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towards the south, southeast similar to the topography. 

The Conroe site was identified as a potential HWS when 

fill removed from the site was found to be tainted with pen- 

tachlorophenol (2.2 mg/kg) and copper (58 ppb). The fill 

was then tested for other organic contaminants, and various 

naphthalene and anthracene related compounds were found. 

The site was mapped with the aid of Texas Highway De¬ 

partment aerial photographs. An aerial dated 1970 located 

the ponds used for waste storage. Another aerial dated 

1980 located the present development over the backfilled 

ponds. A number of long standing buildings in the vicinity 

helped to locate the placement of older features. The ini¬ 

tial site map is presented in Figure 4. 

4.2 Monitoring Methodology 

The initial Conroe site monitoring program was initiated 

by TDWR. They provided a Failing 1500 rotary rig and crew to 

construct and install three monitoring wells on the east side 

of the old creosote plant property. A four inch shelby tube 

was employed to retain continuous core samples in each borehole. 

Only the cores drilled in the saturated zone could not be re¬ 

covered intact. The cores collected were generally represen¬ 

tative of the first 40 feet of soil, which is underlain by 

a thick layer of gray silty clay. Above the clay layer, a 

red medium grained sand mixed with a light gray fine sand 

layer had been deposited. This sandy zone is about 15 feet 
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figure 4 
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thick. Above the sandy formation and continuing to the 

ground surface is a tighter sandy clay (see Figure 5). 

Three-inch PVC casings were then inserted into the bore¬ 

holes with ten feet of screen fully penetrating the zone of 

saturated soil. The zone of saturation was located approxi¬ 

mately 25 feet below the ground surface, and the saturated 

thickness of the zone varied from 10 feet (downdip) to 5 ft 

(upgradient well). 

Some of the core samples were analyzed for their grain 

size distribution, porosity, moisture content, contaminant 

content, and permeability. Test results are presented in 

Table 3. Only one core sample was obtained from the satura¬ 

ted zone. It is from boring #2 at 22.5 feet. 

From this data it was assumed in the model that the 

gray clay constantly underlies the water bearing zone, and 

that the water bearing zone was continuous from well to well. 

Simple linear interpolations of water table levels were then 

used to calculate the hydraulic gradient. See Figure 6 for 

initial well configuration and potentiometric surface. 

Hydraulic conductivities were estimated from falling 

head and constant head permeability tests and from correla¬ 

tions with grain size distributions and porosity (see Appen¬ 

dix III). From the above information, seepage velocities 

were calculated using Darcy's Law. The Law Engineering Re¬ 

port gives aquifer permeabilities in a range of 2.84 fpd to 

0.86 fpd which corresponds to a seepage velocity between 0.012 
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boring * 

1 

1 

2 

2 

2 

3 

3 

table 3 

Geotechnical Test Results 

sample 
depth 
(ft) 

dry natural moisture 
unit weight content 
(pcf) (%) 

horizontal 
permeability 

(cm/sec) 

31.0 107.2 16.5 2.6 x 10~4 

44.0 91.3 29.4 9.2 x 10~9 

21.0 96.3 14.8 1.0 x 10”3 

22.5 102.4 13.9 2.4 x 10-4 

31.0 90.8 27.8 7.9 x 10~9 

22.0 103.7 6.1 7.0 x 10-4 

30.0 88.7 31.1 6.7 x 10'9 

2835.36 ft/day = 1 cm/sec 
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figure 6 

Initial Water-Level Configuration 

water table elevation 210.9* 212.3/ 212.8' 
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and 0.095 fpd and which correlates to a mean travel distance 

of 135 to 1040 feet over thirty years. The Law Engineering 

and the TDWR grain size distribution reports correlate well 

to the permeability range given above. 

Water samples were also taken to help characterize the 

subsurface. Water temperature, pH, conductivity and chlor¬ 

ides were all measured on site. A sample from the most con¬ 

taminated well was analyzed on a GC-Mass Spectrometer to in¬ 

ventory the organic contaminants. Next the samples were ana¬ 

lyzed for specific organics with a GC quantification technique. 

It was found that chloride is a good indicator of con¬ 

tamination caused by the waste ponds. The chlorides have 

not yet broken through to the background well, but they have 

already broken through at the downdip well #1. On the other 

hand, the organic contamination (moving much slower than the 

conservative tracers) has reached well #2. 

The data base created through the first phase of ground 

water monitoring is insufficient for simulating or predicting 

the migration of the hazardous wastes in the subsurface. The 

subsurface is a very complex arena, yet inherently, the well 

describes only a linear water table. Additionally, only well 

#3 demonstrated a chloride concentration obviously not con¬ 

taminated by the waste site. Therefore, any modeling of 

the contaminant transport will have only a small number of 

observations to compare with the simulations. 

In general, only simple analytical models can be era- 
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ployed after the first phase of ground water monitoring to 

simulate the linear, unmounded water table. The analytical 

model was used in this case only to simulate a contaminant 

moving in a uniform flow field, and although this is an ob¬ 

vious false assumption, the analytical code is useful to de¬ 

termine travel distances for various hazardous waste constit¬ 

uents. Numerical models can be used after the initial moni¬ 

toring to identify key parameters which influence the accuracy 

of the models' simulation. Even those parameters which have 

not been well defined by the initial ground water monitoring 

program can be investigated for their effect on the plume's 

migration. 

Based on all the data and the preliminary modeling re¬ 

sults, three new wells were drilled and installed by the 

EPA continuous flight auger rig out of Ada, Oklahoma. Fig¬ 

ure 7 shows the location of the wells drilled by the Ada 

rig. The wells installed into the holes drilled by the EPA 

rig were 2" PVC casings with 2 to 5 ft of screen. The wells 

drilled by Ada did reflect the results of the modeling ef¬ 

forts, but also attempted to investigate microbial decay 

in the subsurface. The modeling program called for wells 

to be placed downgradient to the west and south 800 to 1000 

ft and upgradient 200 ft of the waste pits on the land own¬ 

er's property. Even though the wells did not correspond 

exactly with the directives of the modeling effort, new in¬ 

formation from the borings did prove helpful. 
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figure 7 

Weil Configuration 
NCGWR Field Site 

5/10/82 
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The Dallas EPA also installed a 3" PVC ground water moni¬ 

toring well on an unimproved lot to the west. The only in¬ 

formation we have received concerning the well is its water 

level. Table 4 lists water table levels recorded in each well 

over time. Mild seasonal fluctuations affect the water levels 

but in general, they remained constant. 

Table 5 lists the simple water quality parameters measured 

in the field. Well #7 contains the most observed anomalies. 

It is hydraulically an unusual well because it represents the 

highest water table level, the fastest observed pressure 

changes, and the thinnest saturated thickness measured in any 

of the wells. It appears to be the most updip well, but it 

also has a high conductivity; therefore, it does not appear 

to be representative of the background water quality. This 

high value is probably related to well development problems. 

Because of these anomalies, well #7 was considered an impor¬ 

tant monitoring point in determining the location of a re¬ 

charge zone just off site (next to the MoPac railroad tracks). 

Other anomalies in the data exist. For instance, well #9 

is located in the waste pit, yet it demonstrates a small chlor¬ 

ide concentration. This might be explained as either a measure¬ 

ment error or the clean infiltrate beginning to break through 

from the uncontaminated fill used to backfill the waste ponds. 

The data base presented so far characterizes the site's 

subsurface reasonably well. The aquifer's size and extent 

seems to be understood. Key sources and sinks have been lo- 
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table 4 
Well Data 

Water Table Observations (feet mean sea level) 

\well * 1 2 3 5a 5b 7 6 9 

date 

9/26/81 210.9 212.3 212.6 — — — — 

1/26/82 210.5 211.9 212.3 — — — — 

3/29/82 210.7 212.0 212.5 — —  ■ — 

5/10/82 — — — 212.1 213.2 212.3 — 

5/25/82 210.6 212.2 212.7 212.1 213.5 212.3 212.2 
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table 5 
Well Data 

Water Quality Data 

\well * 

parameter 
2 3 5a 5b 7 8 9 

PH 5.0 5.8 5.2 •MM 

C 24.0 25.0 25.2 — — — — 

conductivity 
pvlHO) 

240 405 105 255 280 320 330 

Cl" 
(mg/I) 

56 89 15 55 — 84 44 
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cated and some specific parameters have been quantified. The 

"holes" in the data base, as indicated by the model, include 

hydraulic conductivity, dispersivity and pond height or re¬ 

charge rate. 

All of these other parameters are very difficult to quan 

tify accurately due to interpolation techniques. The ponds' 

recharge rate can be best estimated by rainfall recharge, 

but this calculation can prove misleading. For abandoned HWS 

the loading rates (and constituents) are most often unknown 

functions, and therefore, pond recharge rate is not a para¬ 

meter which is expected to be quantified from field observa¬ 

tions (especially if waste ponds are backfilled after aban¬ 

donment, as in this case) and the mound has since dispersed. 

Dispersivity cannot be quantified in the field, for the 

problem of scale reduces the accuracy of in situ quantifica¬ 

tion techniques. 

Dispersivity can be determined in situ, but field mea¬ 

surements of dispersivity are not viable for the Conroe site. 

Without a distinct breakthrough curve observed from well 

data, a larger number of monitoring points, or an extensive 

injection-pumping scheme, dispersivity cannot be easily 

characterized. Also, the quantification of a dispersivity 

representative of the water-bearing zone must be related to 

the expected travel distance of the contaminant plume because 

of the scale problem discussed by Fried (1975). Therefore, 

estimation techniques from the general literature were used 
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to represent the dispersivity in the model. 

Hydraulic conductivity (K) poses a slightly different 

problem to the modeler. Unlike dispersivity and recharge 

rate, there are a number of reasonable methods available to 

quantify the permeability. The difficulty with hydraulic 

conductivity is that the interpolation techniques used to 

model between the observation points are not accurate. 

Spatial heterogeneities are random in nature and are diffi¬ 

cult to predict. Over different travel distances (or well 

spacings), the number of random events can change; therefore, 

scale (time) and flow rate both affect the measurement of K. 

Most of the methods (laboratory, single well pump-in, obser¬ 

vation well drawdown) used to measure K do not stress the 

saturated zone further than a few feet away from the wells' 

gravel pack, but some in situ testing is better than none. 

With this in mind, several in situ permeability tests 

were performed. The only one (see Appendix III for tests) 

which gave adequate results was the Hvorslev variable head 

method, which proved to be the only reliable methodology for 

quantifying in situ permeability. Even this method gave 

low numbers. Silt clogging the screen caused problems, and 

it appears to affect most of the wells constructed. Again, 

this test stressed only a small quantity of the aquifer 

very close to well; therefore, the measurement represented 

only a localized hydraulic conductivity. 

According to the goals of the two separate rounds of 
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monitoring, the data base is now complete. In order to 

apply the model, ranges for key parameters were selected. 

Table 6 presents the ranges chosen to represent the Conroe 

site. In general, this table and the investigation of the 

meaning of the water quality data on the previous pages are 

the most important parts of the evaluation performed. The 

model is most effectively used to help evaluate the data 

base through an organization and compilation process. 

4.3 Model Application 

The Model was used to 1) become familiar with the site 

geometry, 2) organize the data base, (3) fashion the data 

base to accurately represent the site, and 4) define the 

parameters which most greatly influence the migration of 

the contaminant plume. Ultimately, the process defines a 

range of parameters which uniquely identifies the subsurface 

groundwater flow and solute transport regimes. 

From the preceding sensitivity analyses (Section 3.2), 

hydraulic conductivity and waste pond mound height were 

found to affect the plume most drastically. Storage coef¬ 

ficient, porosity and aquifers with large saturated thick¬ 

nesses were found not to affect the plume shape very much. 

Dispersivity and hydraulic gradient (especially for mild-slope 

water tables) were found to affect the plume's migration only 

slightly. Therefore, the preliminary sensitivity analyses 

were used to direct the calibration of the model. 
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table 6 
Ranges of Parameters at Conroe 

porosity 0.25 - 0.40 

hydraulic conductivity 
« 

10 6 - 1Ô3 cm/s 
(0.0028fpd - 2.8fpd) 

storage coefficient unconfined 0.3 - 0.1 (0.0) 

aouifer - bed slope 0.0001 - 0.01 

- piezometric surface 0.0001 - 0.01 

isotropy 1.0 (assumed) 

dispersivity 1.0 - 100ft 

3r/3i 0.1 - 1.0 

saturated thickness 1.0 - 15.0ft 

ground water velocity 1 - 1(T4fpd 
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The calibration technique will manipulate the data in 

such a way that all permutations of various parameter values 

are compared to the observed data. Combinations of para¬ 

meters which accurately simulate the observed ground water 

flow and solute transport can be identified through the appli¬ 

cation of the model. Of course, it should be expected that 

more than one combination of the parameters will produce an 

adequate simulation. 

To begin the final site simulation runs, the finite dif¬ 

ference grid of the numerical model is placed over the HWS 

and scaled according to the expected seepage velocity. The 

grid should have easily definable boundary conditions (linear 

trends) and grid sizes representative of actual physical fea¬ 

tures (e.g., ponds, lakes, etc.). Initially, the Conroe 

site was simulated with constant head nodes located at the 

upper and lower boundaries to force a linear trend across the 

grid space. Other parameters such as hydraulic conductivity, 

porosity, dispersivity, and saturated thickness are assumed 

to be constant also. The grid is oriented to correspond to 

the main direction of ground water flow, which was determined 

to be from well #2 toward well #1 (Figure 8). 

4.4 Model Sensitivity Results 

The sensitivity analyses began with the storage coeffi¬ 

cient, saturated thickness, pond height, and hydraulic grad¬ 

ient investigations using a simplified grid. The importance 



figure 8 

Grid Space - Conroe Site 
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of characterizing each of these parameters for a site has 

been previously stressed. 

The parameters are initially investigated by comparing 

the approximate size of the contaminant plume observed with 

that which is simulated. The simulated plume size can be 

characterized by the amount of solute (or mass) released from 

the source during a specified unit of time. Therefore, the 

relative mass released, defined as the number of particles 

(i.e., mass) released into the aquifer from the source nodes 

over a given time, for each simulation is unique and will be 

used to investigate the effect of hydrogeologic parameters 

on volume size. The relative mass released for each case is 

presented in Table 7. The storage coefficient does not change 

the relative mass released very much (8% over .4 or 20% per 

order of magnitude), nor does the hydraulic gradient (12% over 

12.7) (13.3% per order of magnitude). Saturated thickness 

does not change the mass released at all. Pond head, and hy¬ 

draulic conductivity, greatly affect the mass released, and 

thus play a major role in the overall plume size. 

The range of storage coefficients (0.0 to 0.4) produced 

the plumes in Figure 9. The only observable difference is 

the mass transport away from the waste pits along the major 

diagonals. This is of minor consequence, however, reinforced 

by the fact that the mass error was ~9% for each of the stor¬ 

age coefficient simulations. On this basis, a storativity 

of zero was used in the remaining simulations. Mass error 
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table 7 

Relative Mass Released 

Sensitivity Analysis 

parameter pond head relative mass released 

Sc 0.4 30 6.14 

0.3 30 6.07 

0.2 30 5.98 

0.1 
% 

30 5.86 

0.0 30 5.68 

pond head 20 3.91 

16 3.20 

12 2.49 

8 1.79 

4 1.08 

K 8.64fpd 20 2.74 

4.32fpd 19.56 

O.ÔSfpd 39.11 

b 2.0ft 20 3.91 

2.0ft 4 1.08 

5.0ft 20 3.91 

5.0ft 4 1.08 

dh/dl 0.007 20 4.06 

0.007 4 1.22 

0.002 20 3.69 

0.002 4 0.86 

0.0008 20 3.60 

0.0008 4 0.76 
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figure 9 

Storage Coefficient Sensitivity 

( in-go—— isoconcentration contour) 

Se«0.0 
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is an important indicator representing the amount of mass 

released lost due to numerical round-off errors internal to 

the code. Assuming a storativity of zero made the hydraulic 

computations steady state, and thus less expensive and the 

resulting plumes more rounded in shape. 

Pond head is a parameter which greatly affected the 

plume. Figure 10 illustrates the resulting changes in the 

plume's shape and extent. The mound acts as a "driver," an 

increased pressure head, which pushes the contaminant out of 

the pond's area and increases migration. Overall, a 16 ft 

change in pressure head changed the mean travel distance 

almost 500 ft in 2.5 years. Because of this fact, the re¬ 

maining sensitivity analyses were performed with two values 

for pond head, 20 ft and 4 ft. In this way the remaining 

parameter's effects can be directly compared to the pond 

head's effect. 

Saturated thickness variations affected the plume as 

illustrated by Figure 11. These plumes indicate that the 

saturated thickness can indeed be a key parameter influencing 

waste migration, but only for thinner strata, less than 10 ft. 

The changes in plume size demonstrate a very important 

point. Plume B and plume C are nearly the same in Figure 11. 

One of the plumes (plume B) varies from plume A by a varied 

saturated thickness. The other (plume C) varies by the 

mound height. But the effect is nearly identical (plume C 

is not as wide as plume B because the smaller mound did not 
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figure 10 

Pond Head Sensitivity 

( 90 —— isoconcentration contour) 
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figure 11 

Saturated Thickness Sensitivity 
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generate a large enough transverse hydraulic gradient, but 

the mean travel distances are within 4%). In general, this 

illustrates that any of a suite of variables can affect the 

mean travel distance of a plume in the same general way. 

The slope of the hydraulic gradient was not found to be 

as important as the pond height or saturated thickness for 

this site. Figures 12a and b show that the plumes are all 

about the same size for each pond height, and even the low 

pond height affects the plume more than the change in slope. 

A change in the order of magnitude of slope will correspond to 

only the doubling of the saturated thickness, from 4 to 8 ft. 

Recall that no sensitivity analysis was complete without 

incorporating a group of simulations varying the hydraulic 

conductivity as well as the parameter of interest (e.g., pond 

height, saturated thickness, etc.). The site configuration 

has now been characterized with the model, using the data 

base generated by the monitoring methodologies and the sen¬ 

sitivity analyses. The monitoring methodology has developed 

a data base which describes the ground water plume for a par¬ 

ticular flow regime. The sensitivity analysis has provided 

information identifying the parameters which most directly 

influence the plume's migration. Therefore, important param¬ 

eters which can not be accurately measured must be repre¬ 

sented with a range of probable values in the simulations. 

From the monitoring results, the aquifer appeared to ex¬ 

tend up to a thin shallow recharge area north and northeast 
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figure 12a 

Hydraulic Gradient Sensitivity 

- go ——- isoconcentration contour) 

ponds 20ft 

dit/di s o.oooa 
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figure 12b 

Hydraulic Gradient Sensitivity 

(■■ 90 isoconcentration contour) 
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of the site from a thick aquifer south and west of the site 

in a direction which corresponds to Figure 9 (stratum layer¬ 

ing previously presented in Section 4.1). Appendix IV illus¬ 

trates the exact format used to represent the input data. 

In order that the transmissivity would vary with saturated 

thickness, hydraulic conductivity was input as a constant 

for each run. 

The pond height was generally represented as four feet 

above background because this size produced results similar 

to the observed data. When larger pond heights are used to 

simulate the driving mechanisms, the solute concentration 

in observation wells #3 and #7 is unrealistic, regardless 

of the subsurface configuration. 

The water table boundary conditions were changed to 

integrate two linear trends, discovered upon the addition 

of the new wells: one, from north to south; one, from east 

to west. A recharge basin was located on the gridspaces 

representing a ditch paralleling the railroad tracks. The 

recharge basin is believed to be directly responsible for 

well #7's water table fluctuations and high conductivity 

measurements. Recharge is supplied through rainfall runoff. 

The simulated water table (without mound) can be directly 

compared to the observed water table in Figures 13 and 14. 

Using this recharge scheme and a mound equal to four 

feet, changes in the hydraulic conductivity were investi¬ 

gated. Figure 15 shows the plumes generated by a change 
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figure 13 

Simulated Potentiometeric Surface 
(without mound) 

(feet mean sea level) 
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figure 14 

Observed Potentiometeric Surface 

(feet mean sea level) 
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of one order in magnitude of the hydraulic conductivity, 

assumed isotropic. The smaller transmissivity produced a 

plume one fourth the size of the larger transmissivity. 

This corresponds to a 100% increase in mean travel distance 

per order of magnitude increase in hydraulic conductivity. 

When the plumes in Figure 15 are compared to the observed 

chloride plume (Figure 16) concentrations in wells one, two, 

three, and seven, it appears that K = 8.64 fpd is too large 

because it allows the solute to move too quickly. Further 

simulations used a hydraulic conductivity in the range of 

4.32 to 8.64 fpd. (Note that the calibration/sensitivity 

analyses modeling constantly narrows the range of probable 

values of key parameters not easily quantified.) 

The hydraulic calibration correlated to this specific 

site is difficult to perform because the original mounded 

water table which probably caused the majority of the contam¬ 

inant to migrate was never monitored. Since the pond height 

was chosen to be four feet based on observed Cl” concentra¬ 

tions, the flow regime provides an adequate representation 

of the active waste pit as long as the hydraulic gradient 

across well #7 flows from east to west. 

Incidentally, the hydraulic calibration was made on runs 

with a 5.0 year‘simulation time, which then approached steady 

state conditions. The chemical calibration required runs 

with simulation times of up to 25.0 years or runs of five 

times more expense. Therefore, the hydraulic calibration 
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figure 15 

Hydraulic Conductivity Sensitivity 



figure 16 

Obseved Chloride Isopleths 
70 

(chloride concentrations in mg/I) 

(note - the isopleths do not represent the chloride 

data obtained for well #7(see page65 )) 
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is always performed first, if for no other reason than be¬ 

cause it's less expensive, and the solute transport model 

depends on the hydraulic model's results. 

The chemical calibration involved using the hydraulic 

scheme as calibrated above to match simulated plumes with ob¬ 

served chloride data. For each chemical simulation, two hy¬ 

draulic conductivities were used in order to directly compare 

the effect of the chemical parameters with the effect of K. 

For this site, hydraulic conductivity has the range between 

0.09 to 0.432 fpd (which corresponds to a difference of mean 

travel distance of 7% at t = 25 years). 

For two different dispersivities, the simulated plumes 

are presented in Figure 17 (c 35, 36, 37, 38). The plumes 

simulated with the larger dispersivity produced noticeable 

instabilities. These instabilities are all generated by 

truncation errors in the second order solute transport compu¬ 

tation. In general, the dispersivity affected the plumes 

spreading in a unique manner. The dispersivities best repre¬ 

senting the Conroe site are 30 to 100 ft. 

The final chemical parameter calibration involved inves¬ 

tigating the ratio of transverse to longitudinal dispersivity. 

Figure 18 shows the plumes generated by changing aT/aL from 

0.1 to 1.0. Overall, the plumes do not change very much. 

Since oup/aL is commonly accepted as 0.3 to 0.1 for clayey 

sands, it was decided that the range was representative of 

the subsurface plume at Conroe. 
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figure 17 

Dispersivity Sensitivity 
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figure 18 

Ratio of Transverse to Longitudinal Dispersivity Sensitivity 

(   90 isoconcentration contour) 
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4.5 Calibration Results 

The USGS solute transport model has been used along 

with analytical models, to characterize the subsurface con¬ 

taminant plume associated with an abandoned hazardous waste 

site in Conroe, Texas. The plume characterization involved 

a pre-sampling site investigation, the implementation of a 

ground water monitoring program, and the collection of hydro¬ 

geologic and ground water quality data. The ground water 

solute transport models were then employed to evaluate the 

data base, investigate the sensitivity between the hydrogeo¬ 

logic input parameters and the output contaminant plume shape, 

simulate the plume's migration, and determine new objectives 

for the monitoring program. 

The data reliability was evaluated using a number of 

modeling techniques. The water table map, for instance, 

employed a linear trend model between data points to infer 

the potentiometric surface. There seemed to be no anomalies 

present in the water level data based on the application of 

the linear trend approximation with the understanding that 

the recharge area located to the east of well #7 is superim¬ 

posed over the linear trends. 

The chloride data was evaluated with a different method. 

The observed data was plotted on a breakthrough curve (Figure 

19) and the mean travel distance was extracted. The observed 

data at wells #1 and #2 was used to create a system of equa¬ 

tions which when solved, determined the seepage velocity and 
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dispersion coefficient assuming a value for the source 

concentration. The source concentration assumptions were 

limited by two factors. First, the source could not have 

a concentration smaller than largest observed concentration. 

Second, the breakthrough curve must adhere to the basic shape 

inherent to all breakthrough curves? therefore, the source 

must not have a concentration larger than what makes sense 

graphically. The limiting concentrations for the Conroe 

source were found to be approximately 74 mg/1 < Co < 80 mg/1 

above background. If Co were below 74 mg/1, the observed 

concentration in well #2 would not be possible. If Co were 

above 80 the breakthrough curve would not have a change in 

the change of slope at C/Co = 0.5. Based on the above cal¬ 

culations, the mean travel distance was determined to be 

approximately 320 ft over 30 years. 

The measured hydraulic conductivity (3 X 10“^ cm/sec), 

effective porosity (.30), and average hydraulic gradient 

(.01 ft/ft) were also used to calculate a ground water 

seepage velocity. Given that the Conroe site had wastes 

disposed of in the pit over the period 1951-1977, and a 

calculated seepage velocity of 10.3 ft/yr, the calculated 

mean travel distance is remarkably close to the mean travel 

distance inferred by the chloride data (310 ft to 320 ft). 

This indicates that the data base is generally representa¬ 

tive of the subsurface and delineates the contaminant plume 

satisfactorily. This is not an extremely accurate test, 
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but most computer models require larger data bases than the 

one available at Conroe. 

The USGS model was used as the main tool for evaluating 

the data base. The model organized and structured the data 

such that "holes" in the data base could be located. For 

instance, the data base at Conroe was found to have a very 

small hydrogeologic and ground water quality data base both 

spatially and temporally. Fortunately, the majority of 

the subsurface contaminants at Conroe have adsorbed to the 

clayey soils in the immediate vicinity of the waste pits as 

is demonstrated by the organic constituents quantified in 

the ground water samples collected (Table 8). The monitoring 

wells were installed mainly southeast of the waste pits due 

to access problems. In fact, of the four quadrants surround¬ 

ing the waste pits (NE, NW, SW, SE), only one has monitoring 

wells. Therefore, spatially, only a quarter of the water 

bearing zone located around the waste pits has been character¬ 

ized for the site specific hydrogeologic setting, and only 

a small part of the contaminant plume has been delineated. 

Temporally, the waste plume which is over 30 years old has 

been monitored for only 2 years. Therefore, the ground 

water quality has not had time to change, since the ground 

water is flowing at approximately 6 feet per year. The 

monitoring of the spatial variations in subsurface contam¬ 

ination is very valuable for the successful delineation of 

the plume, and without additional wells, the accurate simula- 
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table 8 

Well Data 
Organic Concentrations 

5/14/82 

(all concentrations in ug/l) 

well * #1 *2 *5a *5b #8 #9 

Napthalene 51.0 320 0.6 1.5 320 640 

2-Methyl Napthalene 6.9 190 0.8 0.9 200 390 

1-Methyl Napthalene 3.6 130 ND ND 160 290 

1,2-Dimethyl Napthalene 1.1 28 0.3 0.7 23 62 

Dibenzofuran 8.3 120 2.5 0.9 110 220 

Fluorene 2.1 80 ND 0.5 73 110 

Dibenzothiophene 0.7 8.0 1.3 0.8 7.8 41 

(no organics detected in wells #3 & *7) 
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tion of the contaminant plume is difficult. The pond head 

which originally drove the contaminant has since dissipated; 

therefore, it can only be estimated. All these factors 

should be addressed when formulating future monitoring net¬ 

work objectives. 

The site's subsurface characteristics were simplified 

in order to represent them on the finite-difference grid 

space configuration defined for the model. The simplifying 

assumptions include the following: 

1. The background ground water flow can be modeled by 

superimposing one linear flow trend from right to 

left (across the grid space) and another linear 

flow trend of different slope from up to down. 

2. The aquifer is recharged only during rainfall 

events (Conroe average: ~45"/yr) from a shallow 

ditch which is parallel to the railroad tracks 

and appears as a constant head source in the model. 

3. The saturated thickness of the water-bearing zone 

increases from north to south and from east to 

west accounting for the aquifer's enlargement as 

it gets deeper. 

4. The waste ponds were of constant head and chloride 

concentration over 30 years of waste loading. 

5. The water-bearing zone is located above a clay 

layer and was simulated as a confined aquifer. 

6. The ground water flows equally well in either the 
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x or y direction (i.e., Txx = Tyy). (The model's 

simplifying assumptions are listed on page 18). 

The model was used to investigate the effect of storage 

coefficient, saturated thickness, pond head, hydraulic gra¬ 

dient, hydraulic conductivity, and dispersivity on the con¬ 

taminant plume shape. It was found that for the Conroe site, 

hydraulic conductivity and pond head were the two factors 

which affected the plume shape most drastically. These param¬ 

eters are not easily quantified, and the errors associated 

with their measurement can easily affect the accuracy of the 

model's simulation. 

The model's simulation of the subsurface at the Conroe 

site is limited by the lack of information in three of the 

four quadrants surrounding the waste pits. Any calibration 

of the model by the comparison of observed to simulated 

plumes is difficult. The best estimate of the observed 

chloride isopleth can be made by comparing the plumes gener¬ 

ated by the sensitivity analyses with observed data. The 

plume present in Figure 18 (upper left hand corner) is the 

closest match to the observed data as we presently understand 

the site. It should be noted that, based on the shape of 

the plumes simulated in the sensitivity analyses, the chlor¬ 

ide concentration in well #9 is much lower than anticipated. 

This might support the view presented earlier which states 

that the chloride source has moved through since the waste 

ponds were backfilled with clean material. 
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4.6 Future Monitoring Program Recommendations 

The new objectives of the monitoring program can be 

determined based on the modeling results. The future moni¬ 

toring programs should : 

1. Perform geophysical (surface resistivity) tests on 

site to locate the heavy organic wastes and define 

their extent. This information will aid in the 

further placement of monitoring wells and boring 

size. 

2. Auger boreholes in the locations indicated on Fig¬ 

ure 20. The boreholes should be sampled contin¬ 

uously while augering with a split spoon or shelly 

tube sampler. Cores should be retained to measure 

the grain size distribution, permeability, specific 

gravity, and dry density of the different soil zones. 

This information will help to calibrate the surface 

resistivity measurements. 

3. Install monitoring wells in the boreholes indicated 

in Figure 20. The wells should have fully pene¬ 

trating screens sampling the entire depth of the 

water bearing zone. Ground water samples retained 

from these wells should be analyzed for pH, speci¬ 

fic conductance, chloride, sulfate, iron, sodium, 

cyanide, and a limited set of organic constituents, 

including TOC, naphthalene, and dibenzofuran. (It 

is not expected that the organic constituents will 
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figure 20 

Future Monitoring Program 
Proposed. Well Placement 

proposed multi-level sampling device M 

proposed borehole locations b 
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have reached these new well locations.) 

4. Install multilevel sampling devices in the areas 

listed in Figure 20. These devices should be sam¬ 

pled for pH, specific conductance, and a large 

group of organic constituents, including naphtha¬ 

lene, dibenzofuran, fluorene, 1- and 2-methyl naph¬ 

thalene, 1,2-dimethyl naphthalene, and dibenzo- 

thiophene. 

5. Upon completion of the organic sampling and GC con¬ 

firmation, solute transport modeling should be per¬ 

formed employing the retardation reaction equations 

to simulate adsorption of the organic species. Seep¬ 

age velocities should be solved for and dispersivi- 

ties calculated for the individual species as well. 

6. Assorted pumping and recovery tests should be per¬ 

formed on existing and proposed monitoring wells. 

These tests will be used to better estimate hydrau¬ 

lic conductivity and storage characteristics of the 

uppermost water bearing zone. 
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5.0 CONCLUSIONS 

Digital models have greatly increased the speed with 

which the mathematical manipulation of a complex ground 

water system can be performed. The employment of these 

models for the characterization simulation of contaminant 

plumes associated with abandoned hazardous waste is a logi¬ 

cal and useful application. The model is only as good as 

its data, and therefore, the application of a digital com¬ 

puter model should coincide with a major data collection 

effort, and the two must interact closely whenever major 

design decisions are made. The model's basic assumptions 

and limitations are a key factor in determining its appli¬ 

cability to a particular site. Mounded water table condi¬ 

tions have proven to be too complex for simple analytical 

codes to accurately simulate. Numerical codes can also be 

inappropriately used when conditions do not correlate with 

the basic model assumptions. 

The USGS Model was first used to investigate the effect 

of various hydrogeologic parameters on the predicted shape 

of pollutant plumes for a very simple geometry. The hydro¬ 

geologic parameters which most influence plume migration 

were found to be hydraulic conductivity, pond head, and 

saturated thickness (for thin aquifers <10 ft). These param¬ 

eters are difficult to quantify, but affect plume shape dras¬ 

tically for a given change in order of magnitude compared to 

other model parameters. Dispersivity was found to be less 
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important due to the relatively fast velocity and homogenous 

nature of the field site. 

The USGS Model was then applied to the Conroe, Texas, 

hazardous waste site. It was used to organize the Conroe 

data base, evaluate data reliability, investigate the effect 

of various hydrogeologic parameters on the contaminant plume 

migration, and identify new objectives for the ground water 

monitoring procedure. Through the application of the model 

to the Conroe site, the impact of parameters difficult to 

quantify could be directly considered and the ranges of 

value could be selectively narrowed. For instance, the 

average hydraulic conductivity across the site was deter¬ 

mined to be between 0.1 and 1.0 ft per day through the 

application of the model and the comparison of simulated 

plumes with the observed chloride field data. The calcu¬ 

lated seepage velocity (10 ft/yr), travel distance (300 ft), 

dispersivity (30 ft) and chloride plume pattern support the 

results of the sensitivity analyses. The simulation of the 

subsurface plume migration was hindered by the lack of spa¬ 

tial and temporal field data. But the plumes generated 

from the sensitivity analyses were very helpful in charac¬ 

terizing the site and recommending existing and future 

monitoring well networks. 

The use of a characterization procedure which employs 

an iterative decision-making program between the field moni¬ 

toring and modeling efforts was stressed. The benefits to 
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be gained by such an approach includes a cost effective 

way in which to monitor and interpret field data and thus 

determine further monitoring objectives based on prelim¬ 

inary assessment results. 

The approach is limited by the different sources of 

error which can influence the plume delineation. Field 

sampling and laboratory analysis errors affect the accuracy 

as well as the lack of data. The limited number of moni¬ 

toring wells and the data which describe the contaminant 

source loading at an abandoned HWS are factors influencing 

the accuracy of the simulation and the overall success 

of the plume delineation/characterization procedure. 

It is important to remember that, regardless of the 

accuracy of the model's simulation, no single set of hy¬ 

drogeologic and chemical parameters will necessarily predict 

the contaminant plume migration. Therefore, a matrix of 

solutions is possible. The iterative monitoring modeling 

efforts, therefore, should be directed at narrowing the 

range of possible parameter values. 
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APPENDIX I 

Analytical Solution to the 

One-Dimensional Mass Transport Equation 



MODEL 1 
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ONE-DIMENSIONAL MASS TRANSPORT EQUATION 

(First Type Boundary Condition) 

+ y 15. a n -2-JL _ KC 
at v 3X u 3X2 

Subject to: 

C - CQe -Tt X * 0 

3Ç ^ n 

ax —> 0 x —> + 

C » 0 t - 0 



ANALYTICAL SOLUTION 
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APPENDIX II 

Analytical Calibration 

of the Numerical Model 
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ANALYTICAL CALIBRATION OF THE NUMERICAL MODEL 

The Princeton University two dimensional analytical model which 
simulates solute transport through an infinite aquifer with a 
gaussian strip source was used to measure the numerical dispersion 
inherent to the USGS solute transport code. The dispersivities 
employed in the calibration (1,30,100,and 300 ft) were chosen from 
table 6. The error occuring between the analytic and numerical 
simulated concentration profiles was measured at all possible 
distances downstream of the source and the maximum for each set of 
profiles was located and listed in table 2. The following figures 
present the different sets of profies. The maximum error associated 
with each of the comparitive simulations is delinated on each figure. 
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APPENDIX III 

Permeability Tests 

and Results 
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PERMEABILITY TESTS 

Five data manipulation methodologies were employed to organize 
the drawdown, constant head, and recovery data and solve for the h 
horizontal hydraulic conductivity. Two methods are graphic solutions, 
two methods are empirical, and one method employes related physical 
characteristics of the water bearing zone to determine the permeability. 
The different methods were used to double check all calculations and 
to locate perturbations in the data base. The results are presented 
as an average of the different tests. 

Ranges for the parameters that are not easily quantified were 
employed to better describe the physical setting. The ratio of hor¬ 
izontal to vertical permeabilities was assumed to fall between 0.1 
and 0.3. The range of the effective casing diameter was assumed to 
be between 2" and 3". 

The five tests are as follows: 

Hvorslev Variable Head Graphic Method- 
The data-recovery or drawdown, is plotted on a graph with the foolwing 
axes; the logarithm of the water level and time. The data should roughly 
conform with a straight line. The horizontal hydralic conductivity 
is solved for using the equation Hvorslev (1951): 

where, d = monitoring well diameter 
Dg* effective casing diameter (of the screened interval) 
L screen length 
m * sqrare root of the ratio; horizontal to vertical 

permeability 
T is defined by the plotted data and is equal to the time 

time correlating to the drawdown equal to 0.37HQ 

Hq= drawdown at t=0. 

Freeze & Cherry Variable Head Graphic Method- 
This methodology also uses timeas the master variable In this test 
the data is plotted against the axes labeled ln(H-h)/(H-HQ) and time. 
The equation used is Freeze & Cherry.(1979): 

.. _ d2 ln(L/D«) 
Kh  

where, T0 is defined by the time correlated to ln(H-h)/(H-Ho)«1.0 
H * water level in well before being pumped 
h * drawdown 
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USBR - E-18 Constant Head Test (empirical)- 
This procedure requires stressing the water bear zone by keeping 
a constant presure head on the system. Water is added to the 
casing through a metering system to measure the flow rate. The 
equation used in this test is US Dept, of Interior (1981): 

K = Q 
h 5.5rHd 

where, Q = average flow rate of water into the well 
r = monitoring well radius 
Hd= presure head above water table 

Hvorslev Constant Head Method (empirical)- 
This method is simular to the USBR method in that the aquifer is 
stressed in exactly the same manner. The main difference is that 
this test employs a shape factor to account for the shape of the 
well and screen. The equation employed is Hvorslev (1951): 

Q ln(mL/D0+~/l+(mL/D<a)^) 
Kh = 2 LHC 

where, Hc= total depth of the monitoring well 

Grain Size Distribution (as related to hydraulic conductivity)- 
Core samples retained during the drilling operations should undergo 
sieve analysis to determine the grain size distribution. Clayey 
and silty soils may require hydrometer analysis in order to obtain 
the complete grain size distribution curve, but typically the water 
bearing zone is composed of sandy soils. Once the grain size 
distribution curve is obtained the following determinations can 
be made: 

where, D. = diameter of grain size larger than 60% (by weight)of 
60 the soil's grains 

D^o= median grain size 
D^Q= diameter of grain size larger than 10% (by weight)of 

the soil's grains 

Upon obtaining these grain size characteristics the following figure 
(as presented in Robson (1976)) can be used to determine the hydraulic 
conductivity. 
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well # 

1 

5b 

5b 

7 

7 

PERMEABILITY TEST RESULTS 

Test type 

grain size distribution 

variable head method 
Freeze & Cherry 

variable head method 
Hvorslev 

constant head method 
Hvorslev 

constant head test 
USBR E-18 

Calculated Permeability 

1.3 X 10 ^cm/sec 

-4 
3.5 X 10 cm/sec 

~ 4 
2.6 X 10 cm/sec 

2.7 X 10"^cm/sec 

1.8 X 10 ^cm/sec 



Relations among hydraulic conductivity, uniformity coefficient, 
median gT&in diameter. 



APPENDIX IV 

Input Data 
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INPUT DATA 

The following appendice present the input data used to simulate 
the plume in the upper left hand corner of figure 18. 

Grid Description 
number of columns 
number of rows 
size of grid 

17 
20 
120 X 120ft 

Time Parameters 
max. no. of time steps - 1 
no. of pumping periods * 1 
pumping period in years = 25.0 

Hydrologic and Chemical Parameters 
storage coefficient = 0 
effective porosity = 0.30 
dispersivity = 30.0ft 
ratio of transverse to 

longitudinal dispersivity = 0.10 
ratio of Tyy to Txx = 1.0 
hydralic conductivity = O.OOOOlfps 

Execution Parameters 
no. of iteration parameters 
convergence criteria - ADIP 
max. no. of iterations - ADIP 
max. cell distance per move 

of particles - MOC 
max. no. of particles 
no. of particles per node 

7 
0.0001 

100 

0.5 
3200 

9 

Other pertainent input data is presented in the following figures. 



Simulated Potentiometeric Surface 
(with mound) 

(feet mean sea level) 
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Saturated Thickness Input 
(ft) 


