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ABSTRACT 

GROUND WATER CONTAMINANT MODELING 

APPLIED TO PLUME DELINEATION AND 

AQUIFER RESTORATION AT AN INDUSTRIAL SITE 

Kim Melanie Freeberg 

Numerical modeling of contaminant transport is a useful 

tool applied to ground water investigations at industrial 

sites, not only in delineating the geographical extent of 

the contaminant plume, but :.n evaluating remedial schemes 

intended to mitigate the contamination problem. Transport 

processes, mathematical models, and recovery schemes are 

reviewed in this thesis, as a preface to the main study, the 

application of the USGS Solute Transport Model to a site 

contaminated by trichloroethylene and other industrial 

solvents. The USGS model, which utilizes the finite 

difference technique and the method of characteristics, was 

applied in its two-dimensional, steady-state form. At the 

study site, the model gave a good prediction of the movement 

of the contaminant plume and on the performance of a 

recovery system, when the results were compared with field 

data. It predicted that four withdrawal wells would reduce 

trichloroethylene concentrations in the ground water by 

approximately 99 percent, after two years of pumping. 
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CHAPTER ONE 

INTRODUCTION 

In August, 1984 the Environmental Protection Agency 

announced that it had formulated new policies to address the 

problem of ground water contamination by toxic chemicals. 

The agency found that action was necessary because, as it 

pointed out, 20% of all drinking water supplies in the U.S. 

contain traces of synthetic organic chemicals (Aim, 1984). 

In addition to legislation of water quality standards and 

the use of aquifer evaluation programs, the action proposed 

by the EPA included research into "unstudied and 

unregulated" pollution sources such as landfills, farm 

pesticides, highway de- -icers, septic-tank cleaners and 

underground storage tanks (Aim, 1984). The problem of 
* 

ground water contamination by volatile synthetic organic 

chemicals such as trichloroethylene is an appropriate topic 

for this thesis, because these chemicals are the organic 

contaminants most often found in drinking water supplies and 

associated with "unregulated" disposal of industrial waste 

(Anon., Environmental Health Letter, 1984). 

Computer simulation of contaminant movement in the 

subsurface provides a useful tool in ground water 

investigations. When applied to a sufficiently detailed 

hydrologic data base, numerical solute transport models are 

capable of delineating the extent of ground water 

contamination and predicting the movement of the contaminant 
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plume. In addition, combined field and computer studies at 

a given site can be used to develop remedial schemes for 

addressing the problem of ground water contamination. The 

subject of this study is to demonstrate some of the 

capabilities of ground water contaminant modeling. The USGS 

Solute Transport Model (Konikow and Bredehoeft, 1978) is 

applied to plume delineation and aquifer restoration at an 

industrial site. The model in its two-dimensional, steady- 

state form is capable of simulating the horizontal movement 

of a contaminant plume under both ambient flow conditions 

and conditions produced by remedial activity. For this 

reason, the model is particularly well-suited to application 

at industrial sites, where contaminant movement and recovery 

systems are monitored. 

Ground water contamination at industrial site A 

involves the leakage of a mixture of industrial solvents 

(primarily trichloroethylene) from an underground storage 

tank. Leaking underground storage tanks represent a 

potentially widespread industrial problem. The EPA 

estimates that 10%-30% of the nation's 3.5 million tanks may 

be leaking their contents to the environment (Dowd, 1984). 

The problem, however, often goes undetected, as illustrated 

at site A. Leakage of the storage tank at this site was not 

monitored until 15 years after the tank was installed, and 

the time at which leaking first began was unknown. Lack of 

data concerning the rate of release of contaminants at site 

A provided a test of the capabilities of the computer model. 
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In other respects, the contamination problem at site A was 

well-defined. Data from extensive monitoring permitted a 

fitting of the simulated contaminant plume to the plume 

delineated in the field. Ground water analyses performed 

after installation of four withdrawal wells provided a check 

on the results predicted by the model■iuring simulation of 

the recovery well system. 

The study of ground water contamination at industrial 

site A is designed with certain objectives in mind; it 

attempts to establish the capabilities of the USGS Solute 

Transport Model in: 

1) General application at industrial sites, via comparison 
with an analytical model and sensitivity analysis. 

2) Delineating the contaminant p1ume at site A, by modeling 
the release of trichloroethylene (TCE) as an injection. 

3) Evaluating remedial schemes, by predicting the movement 
of the plume under the influence of a four-well recovery 
system. 
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CHAPTER TWO 

LITERATURE SURVEY 

SECTION 2.1 

Ground Water Contaminât ion by Volâtile Organic Compounds 

2.1.1^ General Scope of the Problem 

Ground water contamination by organic compounds is a 

widespread environmental problem which occurs in numerous 

forms, under many different circumstances. Processing, 

transport, use and disposal of synthetic chemicals such as 

industrial solvents, pesticides and fertilizers may release 

the chemicals to the ground water environment in the form of 

continuous slow leakage or through episodic accidental 

spillage (McBride, 1982). In the case of the volatile 

organic chemicals trichloroethylene (TCE), 

tetrachloroethylene (PCE), and 1,1,1-trichloroethane (TCEA), 

which are used primarily as degreasing agents, widespread 

release of the compounds has caused an accumulation of 

background concentrations of a few parts per billion in 

industrial and populated areas of Europe (Correia et al, 

1977). 

In the U.S., the discovery of volatile organic 

contaminants in drinking water supplies and the passage of 

drinking water regulations have precipitated statewide 

studies to monitor the level of the contamination, 
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particularly in heavily industrialized areas of the 

Northeast. Kim and Stone (1979), of the Department of 

Health, Albany, New York, for example, compiled data at the 

county level on organic chemicals detected in community 

water wells. In Nassau County, N.Y., of 372 wells 

monitored, 15% showed contamination by PCE, 13% by TCE and 

9% by TCEA, with maximum levels of the three chemicals 

detected at 375, 300 and 310 ug/1 respectively (Kim and 

Stone, 1979). In the same year, a study conducted by a 

Special Legislative Commission of Water Supply, Commonwealth 

of Massachusetts (1979) found that water supplies serving 

twenty-two communities in the state had been contaminated by 

volatile organic chemicals; in these cases TCE and TCEA were 

the primary contaminants (Kelleher et al, 1981). In New 

Jersey, of 250 ground water pollution investigations 

conducted during 1982, 75% were cases in which synthetic 

organic chemicals acted as the primary contaminant (McBride, 

1982) . Statewide monitoring of 670 wells, showed that TCE 

and PCE were the most frequently discovered contaminants 

(Kaufmann, 1982). Statistics such as these emphasize the 

prevalence of ground water contamination by industrial 

solvents. 

In Texas, where 58% of the total population relies on 

ground water as a source of drinking water, the impact of 

ground water contamination is potentially great (Pye et al, 

1983) . In 1981, the Texas Department of Water Resources 

(TDWR) estimated that 53 million tons of waste were 
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generated by industries in the state. At present, 

facilities employed statewide to handle the industrial waste 

include approximately 376 landfills and 348 surface 

impoundments (Corrigan, 1984). Ground water contamination 

at such sites is widespread. For example, a study at the 

county level showed that 84% of industrial waste facilities 

in Harris County contributed to ground water contamination. 

Out of the total number of sites at which contamination 

occurred, ground water monitoring and corrective measures 

were implemented at only 35%. Recovery of contaminated 

water was planned at only 15% of the sites and actually 

implemented at 2% (Corrigan, 1984). Clearly the impact of 

industrial activity on ground water is of as much concern in 

Texas as in the industrial Northeast. 

2.1.2 Problems Encountered in Contaminant Plume Delineation 

Ground water contamination problems are not only 

widespread but often difficult to define and treat. The 

source of contamination may be difficult to trace and 

characterize and monitoring the contaminant plume may 

present problems. Volatile organic solvents, introduced 

into the subsurface by leaking storage tanks or accidental 

spills, may reside in the unsaturated zone for tens of 

years. Periodically, subsequent rainfall may carry the 

contaminants downward to the water table so that ground 

water contamination persists for an even greater length of 

time (Gorelick et al, 1984). Long-term ground water 
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contamination by organic compounds may be particularly 

hazardous, because some of the chemicals are known to be 

toxic at the parts per billion level, while the health 

effects of other chemicals are yet unknown (Pettyjohn and 

Hounslow, 1983). 

The detection of such low levels of organic chemicals 

in ground water is itself part of the ground water 

contamination problem. The use of sensitive instruments 

such as the gas chromatograph-mass spectrometer (GC-MS) to 

monitor public water supplies did not begin until the mid 

1970s, following the passage of federal drinking water 

regulations. Modern methods of water analysis are now 

detecting low levels of organic chemicals which were 

undetected by earlier techniques and which could have 

resulted from a source of contamination originating 20 to 30 

years earlier (Anon., AWWA, 1981; Pye et al, 1983). 

Identifying the source of organic contaminants in the 

ground water regime is thus often complicated by the fact 

that, due to the low velocity of ground water, detection of 

the contamination may occur decades after actual release of 

the contaminants into the subsurface. Tracing the behavior 

of the organic contaminants is also complicated by various 

processes which cause differential movement of the 

contaminants with respect to each other and with respect to 

the solid and liquid phases in the subsurface. Processes 

such as sorption, biodegradation, volatilization, dispersion 

and dilution may affect the mobility of organic chemicals in 
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the ground water regime (Pennington, 1982). These processes 

will be discussed later with particular reference to TCE. 

Heterogeneities in the geologic material will cause 

variability in the processes which govern contaminant 

transport. Spatial variations in porosity, transmissivity, 

and other aquifer properties will produce a departure in the 

shape of the mass of contaminated ground water from the 

elliptical plume which might be expected in a homogeneous 

medium. Layered beds or lenses of impermeable clay material 

might cause a stratification or fingering of the plume. 

Fractures in the geologic material may also direct 

contaminant movement along preferred flow paths. Dispersion 

effects produce longitudinal and transverse movement of the 

contaminant with respect to the major direction of ground 

water flow; these effects, which may also vary with 

heterogeneities in the aquifer, cause the contaminant front 

to be indistinct and poorly defined. Detecting the movement 

of contaminants under non-ideal aquifer conditions may be 

particularly difficult at the edges of the plume where low 

concentrations of the contaminant are present and dispersion 

may occur (Pye et al, 1983). 

Because volatile organic contaminants must commonly be 

detected at the parts per billion level, monitoring the 

movement of these chemicals in the subsurface requires 

careful sampling procedures. Uptake and release of the 

chemicals from monitoring well casings and other sampling 

and analytical apparatus may introduce inaccuracies into the 
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measurements. A number of studies (Miller, 1982; Junk et 

al, 1984; Boettner et al, 1981; Curran and Tomson, 1982; and 

Sosebee, 1982) have considered the adsorption and leaching 

of organic chemicals from materials used in the construction 

of sampling containers or well casings, such as polyvinyl 

chloride, polypropylene, polyethylene and teflon. 

Monitoring and characterizing ground water 

contamination by volatile organic chemicals requires an 

understanding of the chemical behavior of the contaminant, 

not only in the ground water regime, but during sample 

collection and analysis. Pertinent chemical characteristics 

of ground water contaminants will be discussed in the next 

section, with a description of trichloroethylene presented 

as a specific example. 

2.1.3 Characterizing the Chemical Behavior of the 

Contaminant 

Trichloroethylene (TCE), CCl2=CHCl, is a chlorinated 

hydrocarbon used commonly in the degreasing of metals and 

fabrics. The chemical structures of TCE and other 

chlorocarbons used in degreasing are shown in Figure 1. At 

normal ambient temperatures, TCE is a colorless, volatile, 

nonflammable liquid capable of dissolving fats, greases and 

waxes and consequently it is used widely in industrial 

processes (Verschueren, 1977). In the ]920s, TCE was 

introduced as a common degreasing agent (Petura, 1981). 

Since then its use has been applied to the dry cleaning of 
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FIGURE 1 

CHEMICAL STRUCTURES OF SOME CHLOROCARBONS 
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clothes (Petura, 1981), to the dying of fabrics 

(Verschueren, 1977), and in extraction processes in the food 

industries (U.S. EPA, 1980) such as the decaffeination of 

coffee (Camisa, 1975). Because it is an inexpensive and 

abundant solvent, industries will often dispose of TCE after 

using it, rather than recycling it (Anon., AWWA, 1981). 

Indiscriminate disposal of TCE by industries as well as the 

discharge of household cleaners containing the chemical into 

septic systems has lead to widespread ground water 

contamination (Kaufmann, 1982). 

TCE is a highly volatile liquid, as suggested in Table 

1 which lists the the chemical properties of the compound. 

TABLE 1 

CHEMICAL PROPERTIES OF TCE 

vapor pressure = 60 mm at 20®C 
log Henry's Law Constant = -1.92 atm-m^/mole 
specific gravity = 1.46 at 20°C 
solubility = 1100 mg/1 at 25°C 
log Pow = 2.29 

WATER QUALITY CRITERIA FOR TCE 

suggested no adverse response level 
=4.5 ug/1 

level producing cancer risk of 1 X 10-° 
=2.7 ug/1 

(Verschueren, 1977; Treatability Manual, 1980; 
U.S. EPA, 1980) 

Volatilization of the chemical during its synthesis and its 

use as an industrial solvent represents the primary source 

of emissions to the environment. While vapors pose a human 

health hazard in degreasing operations and during other uses 

(Ochsner et al, 1979), TCE is not expected to accumulate to 
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dangerous levels in the atmosphere, because of its high 

photodegradation rate. 

Of greater environmental concern, is the toxicity of 

TCE in drinking water and its behavior in the subsurface. 

TCE is only sparingly soluble in water. In spite of its low 

solubility, however, TCE at trace levels represents a 

potential health hazard in ground water. For this reason, 

it was designated a priority pollutant under the Federal 

Water Control Act (Ochsner et al, 1979). In 1979, the EPA 

established a "suggested no adverse response level" (SNARL) 

for TCE of 4.5 ug/1. In 1980, acting under section 304 of 

the Clean Water Act, the EPA published ambient water quality 

criteria for trichloroethylene. In its report the agency 

assessed that a concentration of 2.7 ng/1 TCE in drinking 

water would produce a cancer risk of 1 X 10~^ or a 

probability of one additional case of cancer for every 

million people exposed. Furthermore, with a high octanol- 

water partition of 195:1 (log Pow=2.29) ingested TCE would 

tend to accumulate in the fatty tissues of organisms; as a 

result of this bioaccumulation, TCE in freshwater causes 

acute toxicity to aquatic life at concentrations of 

approximately 45,000 ug/1 (U.S. EPA, 1980). 
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2^.£ Processes Affecting the Mobility of the Contaminant 

Tracing the movement of extremely small concentrations 

of TCE in the ground water regime requires a detailed 

understanding of the processes which affect its mobility. 

As mentioned above these processes include sorption, 

biodegradation, volatilization, dispersion, and dilution. 

Dispersion and dilution are processes addressed in the LJSGS 

Solute Transport Model and other mathematical models and 

will be discussed in a later section. 

Volatilization of an organic compound may occur in the 

unsaturated zone and allow the contaminant to diffuse as a 

gas through the air-filled voids in the soil. The extent to 

which this form of transport contributes to the movement of 

the contaminant depends on the compound's diffusion rate in 

air, and the moisture content and porosity of the soil in 

the unsaturated zone (Swallow and Gschwend, 1983). 

Swallow and Gschwend (1983) studied the volatilization 

of benzene, toluene, and trichloroethylene from unconfined 

aquifers. They studied the behavior of TCE released from a 

continuous source in the saturated zone, and simulated its 

movement in the capillary and unsaturated zones in a 

laboratory sand tank experiment. In the experiment, 

vertical transport* produced a continuous concentration 

gradient between the saturated zone and the capillary 

fringe. In soil cores taken from the unsaturated zone, 

however, the concentration of TCE was unmeasurable. The 

authors concluded that the rate of volatilization of TCE 
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under laboratory conditions was limited by the velocity of 

its vertical transport through the unsaturated zone. In the 

field, Swallow and Gschwend measured volatile organic 

compound (VOC) concentrations in soil-air and in ambient air 

above an aquifer at Ft. Devens, Mass, which had been 

contaminated by wastewater leaking from sewage infiltration 

fields. They discovered benzene, toluene and TCE in the 

soil at concentrations ten times that in the ambient air and 

concluded that volatilization of the contaminants was 

occurring. However, they stressed, the need for more 

research in order to determine the significance of this 

volatilization in the overall movement of contaminants such 

as TCE. 

The subsurface biodegradation of trace organic 

contaminants may be a significant process by which their 

concentration in ground water is reduced. The extent to 

which this process occurs under laboratory conditions has 

been studied by various authors. Tabak et al (1981) used a 

static-culture flask-screening method to determine the 

biodegradation potential of different types of organic 

compounds. They found that trichloroethylene and 

tetrachloroethylene showed significant degradation at 

concentrations of 5 mg/1. Pennington (1982), however, who 

analyzed the results of Tabak et al, noted that 

concentrations of contaminants in ground water are often 

observed in the ug/1 range and that, at concentrations lower 

than 1 mg/1, nondegradation may occur. Bouwer et al (1981) 
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studied the biodegradation of trihalomethanes, TCE and PCE 

at concentrations commonly found in the ground water regime. 

They incubated the samples aerobically in the presence of 

bacterial cultures from primary sewage and anaerobically in 

the presence of a mixture of methanogenic bacteria. Under 

the various laboratory conditions chosen, aerobic 

degradation of the compounds did not occur. For varying 

concentrations of TCE, significant anaerobic degradation 

also did not occur. 

Sorption as a process by which the movement of ground 

water contaminants may be retarded has also been studied 

extensively in the literature. In sorption, the contaminant 

is partitioned between the aqueous and soil phases as the 

ground water flows through the subsurface regime. The 

degree to which contaminants are sorbed onto aquifer 

sediments is affected by various factors such as the clay 

fraction in the soil, the organic content, porosity and bulk 

density of the aquifer material and the concentration of the 

solute and its hydrophobic or hydrophylic nature. The 

process is expressed quantitatively in terms of soil-water 

partition coefficients or similar distribution coefficients, 

Langmuir and Freundlich isotherms or retardation factors 

(Pennington, 1982). 

The soil-water partition coefficient is simply the 

dimensionless ratio of the concentration of contaminant 

sorbed on the soil phase to the concentration of solute in 

the aqueous phase. The expression assumes that partitioning 
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is a fast and reversible process. McCarty et al (1981) 

established as a general rule of thumb that trace organics 

with soil-water partition coefficients less than 1000 would 

not be retarded by typical aquifer materials. Karickhoff 

(1979) showed that the soil-water partition coefficient of 

an uncharged organic compound could be related to its 

octanol-water partition coefficient and the organic content 

of the soil. In their study of halogenated hydrocarbons, 

Schwarzenbach and Giger (1981) confirmed that for the 

species studied, and for soils in which the organic content 

was greater than 0.1%, Karickhoff's relationship applied. 

Schwarzenbach and Giger used the soil-water partition 

coefficients in field applications to determine the behavior 

of the contaminants in aquifers of different materials. 

They employed the concept of the retardation factor to 

compare the behavior of the contaminants. The retardation 

factor R as defined by Freeze and Cherry (1979) is equal to 

1 + 
(Eqn. 1) 

where K3 is the distribution coefficient 
in dimensions L-VM 

Pb is the bulk density of the aquifer 
material 
in M/I. (dried mass of soil/field volume) 

n is porosity. 

Schwarzenbach and Giger (1981) found in several different 

aquifers that compounds such as chloroform, TCE and PCE 

exhibited consistently lower retardation factors than other 

chlorinated hydrocarbons such as trichlorobenzene and 
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tetrachlorobenzene. On the basis of these retardation 

factors, they concluded that highly halogenated olefins such 

as TCE and PCE are very mobile in the subsurface under most 

environmental conditions. Pennington's conclusions (1981) 

are in agreement with those of Schwarzenbach and Giger; he 

ranks the retardation potentials of organic compounds in 

typical aquifer materials and finds that compounds such as 

TCE, chloroform and methylene chloride have lower potentials 

for retardation when compared to the halogenated benzenes. 

2.1.5 Methodology for Ground Water Contamination 

Investigations 

Delineating the movement of ground water contaminants 

in a particular study area requires not only a knowledge of 

the chemical behavior of the pollutants, but a knowledge of 

the hydrogeologic characteristics of the site. Case studies 

of ground water contamination problems typically address 

regional geology , as well as localized geologic 

characteristics such as saturated thickness of the 

contaminated aquifer; hydraulic gradient and major sources 

and sinks in the ground water flow field; porosity, organic 

content, and permeability of the aquifer material; and the 

presence of heterogeneities in the subsurface which might 

affect the movement of the contaminant. Pollutant 

characterization typically involves identification of 

pollutant sources and an estimate of the loading rate at 

which the contaminant is released to the aquifer (Bouvette, 
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1983). Because aquifer contamination often occurs many 

years prior to the ground water investigation, determining 

the source and loading of the contaminant may be difficult. 

Monitoring well data collected during the investigation may 

be the only measure of the distribution of the contaminant 

in the aquifer. Ground water analyses which identify the 

concentrations of pollutants in the study area, combined 

with a knowledge of the chemical behavior of the pollutants, 

can give a quantitative idea of the movement of the 

pollutant and its persistence in the ground water regime. 

A case study on contamination of a glacial aquifer by 

TCE at Pease Air Force Base, New Hampshire provides a good 

example of the methodology involved in ground water 

contamination investigations (Bradley, 1982). Through an 

extensive program of ground water monitoring, pump tests and 

soil borings, Bradley and other workers analyzed the 

movement of the pollutants in surface water and ground water 

on the site. Although they could not identify the original 

source of TCE, they concluded that contaminated water 

initially withdrawn from a water supply well in the study 

area was continually recirculated through the site in storm 

drain sewers. Water drawn from the contaminated well was 

used in washing aircraft, and then carried by storm sewers 

which eventually drained into the zone of influence of the 

pumping water supply well. The case study exhibits not only 

the methodology employed in ground water contamination 

investigations, but the complexity of pollutant and water 
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interactions 

case studies 

which occur on the contaminated sites. ' Other 

will serve as examples in later sections. 
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SECTION 2.2 

Mathematical Modeling of Ground Water Contamination 

2.2.1 Purpose of Modeling 

Mathematical transport models are a means of summarizing the 

significant physical and chemical processes which govern the 

movement of a contaminant in the ground water regime. In a 

given model, parameters which describe the physical and 

chemical processes are chosen so that the simulated 

contaminant plume resembles the plume delineated by field 

observations. Values for certain parameters may be 

difficult to measure in the field, but possible ranges of 

the parameters can be determined by calibration of the model 

and sensitivity analysis (Naymik, 1982). Utilization of the 

transport model in this sense can serve to summarize and 

organize the hydrogeologic- and chemical data base, as well 

as to establish the current extent of ground water 

contamination (Cohen and Miller, 1983). In addition, the 

calibrated model can be used in predicting the future 

behavior of the plume and evaluating the effectiveness of 

schemes to control the movement of the plume or to remove 

contamination completely (Pinder, 1984). 

Application of transport models has been discussed 

recently in numerous references. Gillham (1982) analyzes 

different solute transport models and their application to 

aquifer rehabilitation. Cohen and Miller (1983) focus on 

analytical models which are specifically applicable to 
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evaluating remedial schemes at hazardous waste sites. Faust 

(1982) and Naymik (1982) discuss how mathematical models can 

be used to design effective monitoring well networks at 

sites where ground water contamination has occurred. 

Several references provide a comprehensive summary of 

the different mathematical models applied recently to ground 

water transport problems (Pickens and Lennox, 1976; 

Anderson, 1979; Mercer and Faust, 1981; Bedient et al, 1983; 

Javendal et al, 1984). While mathematical methodology may 

vary from model to model, certain elements are common to all 

models. Each model consists of governing equations, an 

approximation procedure and an algebraic equation solver 

(Pinder, 1984). Although the widespread use of digital 

computers which permit the solution of complex systems of 

algebraic equations, has shifted the emphasis from 

analytical to numerical ground water models (Wang and 

Anderson, 1982), the governing equations for ground water 

flow and transport remain basically.the same. 

^.2.2^ Transport Processes in Ground Water Modeling 

The movement of contaminants in the ground water regime 

may be governed by a number of different processes, 

advection, dispersion, adsorption, decay and chemical 

reaction (Freeze and Cherry, 1979; Bear,1979). The extent 

to which these processes operate individually varies with 

the hydrogeologic conditions of the site and the chemical 

nature of the contaminant, and hence certain terms in the 
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governing transport equation may be ignored. 

One of the simpler transport equations ignores the 

processes of adsorption, decay and chemical reaction, and 

considers only the processes of advection and dispersion. 

Advection or convection is the movement of the solute as it 

is carried in the ground water flow at the velocity of the 

bulk fluid, known as the average linear or seepage velocity. 

Dispersion causes a spreading of the solute from the sharp 

contaminant front predicted if only bulk fluid flow were 

taken into account. Freeze and Cherry (1979) and Bear 

(1972) attribute dispersion to the microscopic processes of 

mechanical mixing and molecular diffusion which cause solute 

particles to move at different velocities within the pore 

spaces. More recently, however, authors have recognized 

that dispersion is a scale-dependent phenomenon which may 

also be caused by branching flow paths and other macroscopic 

heterogeneities in the aquifer material (Schwartz, 1977; 

Anderson, 1983). 

The ill-defined nature of dispersion presents problems 

when the process is to be incorporated in a transport model. 

Pickens and Grisak (1981) recognized that dispersion was 

scale-dependent and consequently in their modeling efforts, 

they defined it as a parameter which varied temporally and 

depended on the mean travel distance of the solute from the 

contaminant source. Gelhar and Collins (1971) chose to 

model longitudinal dispersion (dispersion in a direction 

parallel to bulk fluid flow) in a steady fluid flow regime 
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by introducing variations in velocity along a streamline. 

Dispersion also has been modeled as a stochastic process 

(Ahlstrom et al, 1977; Gelhar et al, 1979; Schwartz and 

Crowe, 1980). In the general flow path network model 

described by Javendal et al (1984), the contaminant plume is 

represented by a mass of discrete particles and dispersion 

is represented by randomly generated factors which dictate 

the forward or backward movement of particles at the 

contaminant front. 

Other models attempt to simulate the transport process 

with a simplified flow system which indirectly takes into 

account the effects of dispersion. Nelson's treatment of 

ground water transport (1978) involves displacing fluid 

particles along streamlines from the flow source to the 

outflow boundary and calculating the arrival time of the 

contaminant front at a point in the flow field. In this 

type of analysis, dispersion does not apppear in a 

mathematical equation; instead, it results from the 

variation in arrival times which occurs as the front moves 

along different flow lines. 

The more traditional treatment of dispersion is based 

on the work of Scheidegger (1961) who quantified dispersion 

as a second order tensor dependent on the porous medium and 

the velocity field: 
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ijmn 

VmVn 

|V| (Eqn. 2) 

where D^j = dispersion coefficient 
aijmn = dispersivity of the porous medium 
Vm, 

vn = velocity in m and n directions 
respectively 

IVI = magnitude of the velocity vector. 

In an isotropic medium and a uniform flow field with average 

velocity V, Scheidegger's relationship simplifies to: 

D L = $|_ V (Eqn. 3) 

D T = Cij V ( Eqn. 4 ) 

where the subscripts L and T refer to the longitudinal and 

transverse dispersion coefficients (D) and dispersivities 

(a), respectively. 

2.2.3 Analytical Models 

Using Scheidegger's notion of the dispersion 

coefficient, the simple 1-dimensional form of the advection- 

dispersion equation is given by Freeze and Cherry (1979) as: 

sc n - ac 
L 3 x2 L 3x 

(Eqn. 5) 

where x is a curvilinear coordinate direction 
_ taken along the flowline. 
VL is the average linear ground water 

velocity 
3C/3t describes the change in solute 

concentration with respect to time. 

The advantage of using such a simplified model is that after 

applying boundary conditions to the equation, an analytical 
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solution may be used to gain an estimate of the movement of 

the contaminant. Analytical solutions to this equation are 

given in Rifai et al (1956), Eback and White (1958), Ogata 

and Banks (1961), Ogata (1970), and Bear (1979). 

The effects of adsorption may be incorporated into the 

simple advection-dispersion equation in the following 

manner: 

3C _ n 3ÎÇ _TT 9Ç Ph 3S 
9t L 9x2 L 9x n ôt 

(Eqn. 6) 

where pt> is the bulk dry mass density of the . 
aquifer material 

n is the porosity 
and S is the amount of solute adsorbed per 

unit bulk dry mass of aquifer 
material. 

The adsorption process and the retardation factor have been 

discussed in a previous section. For fast, reversible 

adsorption reactions which are described by a linear 

isotherm, the equation above can be simplified to: 

n9C _ 5 C _ TJ 3C 
3t L 3x2 V>- 3x 

(Eqn. 7) 

where R is the retardation factor as defined by Equation 1 

in Section 2.1.4 (Freeze and Cherry, 1979). Karickhoff 

(1984) notes that for compounds at an equilibrium 

concentration of less than 10'^M or less than 1/2 the 

compound's solubility in water, the isotherm for sorption on 
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natural sediments is linear. 

If adsorption is described by a non-linear isotherm, 

the retardation factor is represented by a more complicated 

expression (Tracy, 1982). It is necessary to employ a 

linear approximation and average the sorption flux over a 

given time step. For the Freundlich isotherm, for example, 

in which S=KCN, Tracy (1982) gives the retardation factor 

= 1 + 
n 

= 1 + PbKNC0
N'1 /n 

(Eqn. 8) 

where S is the mass of solute adsorbed 
C is the solute concentration 
K and N are coefficients depending 

on the solute species 
Pb is the bulk dry mass density of 

the aquifer material 
n is aquifer porosity 
and CQ is the concentration at 

the start of the time step. 

A second relatively simple chemical process, linear 

decay, can also be incorporated in the transport model in 

the form of a decay constant X. In this case, in the two- 

dimensional form, the transport equation appears as: 

(Eqn. 9) 

(Wilson and Miller, 1978). 

Wilson and Miller employed this equation with X =0 to model 

the movement of chromium leaking from waste disposal ponds 
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into a glacial sand aquifer on Long Island, N.Y. They 

solved the equation with an analytical solution, using a 

Laplacian approximation of the Hantush well function. The 

reader is referred to the original paper (Wilson and Miller, 

1978) for derivation of the solution. The results of the 

model, however, will be considered in a later section, since 

they provide a useful comparison to the results produced by 

the USGS Solute Transport Model. 

2.2.i Numerical Models 

Analytical solution of the transport equation, as 

suggested above, involves setting simple boundary conditions 

and solving the system in a closed functional form or with 

an approximation to an infinite series (Mercer and Faust, 

1981). Numerical methods, on the other hand, allow the 

modeling of more complex flow geometries. Using a numerical 

solution to the governing equation, the continuous partial 

differential equation is replaced by a set of discrete 

algebraic equations which is typically solved in the form of 

a matrix (Pinder, 1984). In this approximation, time and 

space are discretized. Parameters describing the system 

vary over the discretized space and from time step to time 

step; the differences between the values of parameters, 

which approximate the partial differentials in the governing 

equation, are used to compute the actual value of an unknown 

parameter at a given point in space and time (Mercer and 

Faust, 1981). Numerical methods vary in approximation and 
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computation techniques. A brief summary of the different 

numerical methods commonly used in transport models will 

follow. The reader is referred to Javendal et al (1984) for 

a more detailed explanation of the numerical methods and the 

computer codes in which the methods appear. 

Computer codes using the finite difference method of 

solution are easy to program and require less computer 

execution time in comparison to codes employing other 

numerical methods (Wang and Anderson, 1982). This advantage 

is offset by numerical inaccuracies associated with the 

method. In the finite difference method, approximation of 

the governing partial differential equation produces 

truncation error and numerical dispersion which may affect 

the results at the same order of magnitude as the physical 

process of dispersion (Anderson, 1979; Javendal et al, 

1984). 

The method divides the flow field into a network of 

rectilinear cells. Properties of the aquifer material and 

hydrologic regime are defined at nodes as constant 

parameters within each cell, but the parameters can vary 

temporally and spatially throughout the system. The partial 

differentials in the governing equations are approximated as 

the difference in parameter values between the nodes. 

Direct elimination methods or iterative methods such as 

Jacobi iteration, Gauss-Seidel iteration and successive 

over-relaxation are used to solve the finite difference 

expression at each node across the grid (Wang and Anderson, 
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1982; Mercer and Faust, 1981; Javendal et al, 1984). 

The iterative alternating direction implicit (ADI) 

method is a form of matrix solver which has been widely used 

in ground water transport models and appears in the USGS 

model. It combines direct and iterative methods of solution 

by subdividing the matrix into tridiagonal blocks that can 

be easily solved (Wang and Anderson, 1982; Javendal et al, 

1984). ADI is commonly applied in conjunction with the 

finite difference method. The finite difference equations 

are expressed, first implicitly along columns at time level 

(n+1) and explicitly along rows at time level (n) and then 

vice versa. The first part of the ADI procedure produces a 

tridiagonal matrix equation for each column, while the 

second part of the procedure, in the alternating direction, 

produces a tridiagonal matrix equation for each row. Each 

tridiagonal matrix can be solved easily using the Thomas 

algorithm. The ADI method was first developed by Peaceman 

and Rachford (1955) and its application to ground water 

modeling is explained in detail by Pinder and Bredehoeft 

(1968), Prickett and Lonnquist (1971), and Trescott, Pinder, 

and Larson (1976). The method is employed in the USGS 

Solute Transport Model to determine the head distribution. 

Like the finite difference method, the finite element 

method involves a discretization of the flow field to 

produce an approximation of the governing transport 

equation. In the latter method, however, the geometry of 

the subdivisions is flexible and can be varied in a given 
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model to accommodate complex boundary conditions. Grid 

spaces may be rectangular, triangular or quadrilateral with 

curved sides. Within a grid space, the value of a given 

parameter varies. Its value at a given point is a function 

of- its position in the element and is interpolated from 

values designated at corner nodes of the element. In the 

finite element technique, the method of interpolation used 

to determine parameter values increases the accuracy of the 

solution to the governing equation and reduces the 

truncation error associated with the finite difference 

method. 

Detailed explanation of the finite element method is 

given in Pinder and Gray (1977) and Wang and Anderson 

(1982). Pinder (1973) presents an application of the method 

in a simulation of the Long Island chromium plume (the plume 

later treated by analytical methods by Wilson and Miller 

[1978]). The finite element method is more complicated 

mathematically than other procedures and its application 

generally requires higher computing costs (Bedient et al, 

1983). The method will not be considered further in this 

thesis. 

The third major type of numerical solution, the method 

of characteristics (MOC), is of particular interest here 

because of its use in the USGS Solute Transport Model. The 

method as applied to ground water contaminant transport was 

introduced by Gardner, Peaceman and Pozzi (1964); Pinder and 

Cooper (1970); and Reddell and Sunada (1971). Bredehoeft 
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and Pinder (1973) first applied the MOC advection-dispersion 

model to a saltwater intrusion problem at Brunswick, 

Georgia. Later Konikow (1977) used the same sort of model 

to simulate chloride movement from waste disposal ponds at 

the Rocky Mountain Arsenal, Colorado. The method is 

described here particularly as it relates to the USGS model. 

In the MOC, the governing partial differential equation 

is replaced by a set of ordinary differential equations 

known as the characteristic equations, which are then 

approximated by the finite difference method. This 

mathematical approach eliminates numerical dispersion in the 

solution (Anderson, 1979) and is perhaps simpler 

conceptually than other numerical techniques (Pinder, 1984). 

In advection-dispersion modeling, the MOC is typically 

combined with a particle tracking scheme. Application of 

the MOC is described in greater detail in Section 3.1.2. 

Although Pinder (1984) suggests that the MOC is not 

mathematically rigorous and be used with discretion, the 

USGS Solute Transport Model, which uses this method, 

generally produces mass balance errors, which are a measure 

of the numerical accuracy of the solution, of less than 10%. 

2.2.5 Other Models 

Transport models exist which employ approximation schemes 

other than the finite difference, finite element and MOC 

techniques. Prickett, Naymik and Lonnquist (1981), for 

example, developed a "random walk" model using particle 
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tracking to simulate hydrodynamic dispersion as a random 

process. In this model, the movement of the particles, each 

of which represents a fraction of the total mass of 

contaminant, is determined by the flow field and by random 

motion scaled with probability curves which relate flow and 

dispersivity. In another model, Ross and Koplik (1979) 

solved the governing transport equation by approximating the 

flow field by a network of one-dimensional stream tubes and 

solving a one-dimensional transport equation for each stream 

tube with a Green's function technique. The authors suggest 

that this method allows greater computational efficiency and 

numerical accuracy compared to finite difference or element 

methods. 

Regardless of the mathematical method chosen, Anderson 

(1979) points out that limitations exist for any advection- 

dispersion equation. Field measurements of aquifer 

parameters and the detection of heterogeneities in the 

hydrogeologic regime will affect the reliability of the 

model. Spatial variations in hydraulic conductivity may not 

be easily measured. Dispersivity is ill-defined physically 

and consequently may appear in the model as a fitted 

parameter, adjusted during model calibration. These 

uncertainties must be kept in mind when evaluating 

predictions made with ground water transport models. 

2.2*6 Application of Models to Plume Delineation 

The primary application of ground water tranport models 
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lies in contaminant plume delineation. Models are used not 

only to identify the geometry of the plume and the physical 

parameters associated with the movement of contaminants at 

the time of the investigation, but also to predict the 

extent of contamination at a future point in time. Several 

papers (Bouvette, 1983; Bedient et al, 1984; Borden et al, 

in press) describe the application of the USGS Solute 

Transport Model to the migration of creosoting wastes at an 

abandoned facility in Conroe, Texas. The results of the 

investigation illustrate the usefulness of mathematical 

models in characterizing contaminant movement 

quantitatively. Case studies presented in a later section 

will discuss how models are applied to the evaluation of 

remedial schemes. 

After collection of hydrogeologic data and ground water 

samples at the creosoting site in Conroe, Bouvette (1983) 

employed analytical and numerical solute tranport models to 

evaluate the data base. Application of the USGS model 

indicated the need for additional monitoring wells, if the 

entire plume of contaminated water was to be delineated. 

Sensitivity analysis of hydrogeologic parameters used in the 

model, indicated that hydraulic conductivity and head at the 

waste ponds were the factors at this site which most 

affected the shape of the contaminant plume; measurement of 

these two parameters would affect the accuracy of the model 

and the plume delineation. The model, in this application, 

indicated the need for more detailed hydrogeologic data and 
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provided guidelines for a future monitoring program. 

In a later paper, Borden et al (in press) showed that 

by simply varying the two parameters, hydraulic conductivity 

and leakage rate from the pond, within the range of 

uncertainty associated with the values, two distinctly 

different plumes could be simulated. This result suggests 

one of the limitations of solute-transport modeling. The 

modeling procedure does not identify a unique scenario by 

which ground water contamination occurs, because numerous 

combinations of parameters describing the system may produce 

similar simulations. The accuracy of ground water transport 

modeling, as suggested in the Conroe investigations, is 

limited by the accuracy of the data base. The modeling 

procedure itself, however, is useful in indicating 

information gaps in the data. 



35 

SECTION 2.3 

Mitigating the Effects of Ground Water Contamination 

Ground water contamination may be addressed in 

different ways. One approach is to simply remove the source 

of contamination and allow restoration of the aquifer to 

occur by natural processes of flushing and dilution or by 

naturally occurring geochemical or biological reactions 

(National Research Council, 1984). Another option might be 

to prevent the plume from spreading further with the 

objective of protecting water supplies outside the area of 

contamination. 

Some approaches attempt to actively improve the quality 

of the water in the contaminated aquifer. In-situ aquifer 

rehabilitation involves reducing the concentration of the 

contaminant with artificial recharge, or artificial 

inducement of chemical and biological reactions. Other 

methods of aquifer restoration involve collecting the 

contaminated water and removing the contaminants from the 

water by treatment processes (National Research Council, 

1984). Methods for physical containment of the plume, 

rehabilitation of the aquifer and treatment of contaminated 

ground water, with specific regard to contamination by 

volatile organic chemicals such as TCE, will be discussed in 

the following sections. 
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2.3.1 Physical Containment of Contaminated Ground Water 

Physical containment measures include the development 

of both impermeable and hydrodynamic barriers which block 

the movement of contaminated ground water. Summaries of the 

physical principles and economic considerations associated 

with different methods of containment such as slurry trench 

cutoff walls, grout curtains, sheet piling and hydrodynamic 

control are given by Lehr and Nielsen (1982), Canter (1982), 

Glover (1982) and Quince and Gardner (1982). 

Perhaps the simplest form of physical containment is 

surface capping. In this method, a layer of impermeable 

material is placed over the contaminated area to prevent 

infiltration at the surface and downward leaching of the 

contaminant. Strictly speaking, surface capping represents 

a means of controlling the source of pollutant, rather than 

a means of abating the movement of already contaminated 

ground water. The method would be applicable only in cases 

where the source of contamination were situated a vertical 

distance from the water table (Canter, 1982). 

Slurry trench cutoff walls attempt to control the 

movement of a contaminant plume. They are generally 

constructed through the contaminated aquifer to an 

underlying impermeable geologic unit. A slurry of clay or 

other material is used to excavate trenches around the 

contaminated area. The slurry itself deposits low permeable 

material on the walls of the trenches and the trenches are 

then backfilled with additional clay material. The slurry 
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trench cutoff wall reportedly has a long service life, and 

is an efficient method of physical containment in terms of 

construction time and cost (Lehr and Nielsen, 1982). 

Grout curtains are constructed by injecting a cement 

mixture into the soil through a line of closely-spaced 

holes. In principle the curtain impedes ground water flow 

by blocking pore spaces in the aquifer material. In 

practice, however, a completely impermeable grout curtain 

may be difficult to emplace and construction costs may be 

high in comparison to the costs of the slurry trench cutoff 

wall (Lehr and Nielsen, 1982). 

The use of sheet piling also presents high construction 

costs and problems during installation. The interlocking 

steel sheets, which are driven through the subsurface to an 

impermeable layer, may separate during installation. 

Depending on the chemical properties of the ground water, 

corrosion may shorten the service life of the piling 

(Glover, 1982). 

Other investigators have recognized the potential 

inadequacies of cutoff walls in general. Whether the 

barrier is constructed by the slurry trench, sheet piling, 

or grout curtain method, some kind of pumping or drainage 

system must be provided to prevent spilling of contaminated 

water over the tops of the walls. Leakage of water below 

the walls is possible if the barrier is not sealed to an 

impermeable geologic layer which forms a base to the 

containment system (Geraghty, 1981; Pye et al, 1983). 
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Hydrodynamic controls attempt to create a physical 

barrier by checking or reversing the natural flow of ground 

water. Typically, a line of withdrawal wells is placed 

upgradient from the contaminant plume and a line of 

injection wells placed downgradient. The formation of so- 

called pressure troughs and pressure ridges (Canter, 1982) 

not only prevents further movement of the plume but diverts 

uncontaminated ground water from the contaminated area. 

While the hydrodynamic barrier is less costly to install in 

comparison to other methods of physical containment, 

operation and maintenance costs are high. Monitoring, which 

is necessary to detect failures in the containment system, 

may also contribute additional costs (Lehr and Nielsen, 

1982) . 

The geology of the site determines to a large extent 

which containment schemes are physically and economically 

feasible. Hydrodynamic schemes are cost effective 

particularly when used in high permeability formations 

(Glover, 1982). A grout curtain may be installed 

economically around the perimeter of a small contaminated 

area. However, if the contaminated area is large or if the 

grouting pipe is installed in a highly consolidated aquifer 

where drilling is required, the scheme may not be economical 

(Glover, 1982). The depth to the impermeable stratum 

underlying the contaminated aquifer may also determine the 

feasibility of grout curtains and other cutoff walls. if 

cutoff walls can not be constructed to the depth of the 
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impermeable stratum, withdrawal wells could be used in 

conjunction with the physical barriers to prevent downward 

movement of contaminants (Glover, 1982). Successful 

containment of a contaminant plume may require a combination 

of schemes, in addition to careful consideration of geologic 

and economic factors. 

2.2»2 Aquifer Rehabilitation 

While physical containment measures attempt only to 

control the movement of contaminated water, aquifer 

rehabilitation involves an actual improvement in the quality 

of the water. Aquifer rehabilitation may combine off-site 

treatment processes with the physical containment measures 

described above, or it may utilize in-situ processes for 

restoring the quality of the ground water. Techniques for 

aquifer restoration are discussed in detail in Lehr and 

Nielsen, (1982) and Quince and Gardner (1982) and will be 

summarized briefly here. 

Withdrawal, treatment and reinjection is one of the 

most common techniques used in aquifer restoration (Lehr and 

Nielsen, 1982). Pumping wells or trenches are used to 

collect the contaminated water. The water is treated and 

then subsequently reinjected creating a closed loop system 

(Quince and Gardner, 1982). In this way, the contaminated 

ground water is physically contained and then gradually 

withdrawn from the aquifer. 

Pumping may not be completely effective in removing 
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contaminated water in certain cases. In finer grained 

aquifer material, for example, ground water moves slowly 

under the influence of pumping, so that long term operation 

of the withdrawal system may be necessary. If contaminants 

of different densities are present, pumping at different 

depths may be required to remove all the contamination (Lehr 

and Nielsen, 1982). Certain contaminants may adsorb to soil 

particles in the aquifer. Pumping and reinjection to 

produce 10-15 pore volume changes in the affected area may 

be necessary to flush out contamination (Quince and Gardner, 

1982). For these reasons, maintenance and operation of the 

pumping system over the period necessary to remove the plume 

may be an expensive project. The treatment system will also 

contribute additional costs which vary with the treatment 

method chosen. Treatment methods are discussed in the 

following section. 

When ground water contamination occurs in the vicinity 

of public water supply wells, withdrawal, treatment and use 

may be the most cost effective solution to the contamination 

problem. Since reinjection costs are eliminated, the only 

costs added to the operation of the system are those of 

treatment (Lehr and Nielsen, 1982). 

In some cases, in-situ treatment of the contaminated 

water may offer a feasible means of aquifer restoration, 

particularly if the chemical behavior of contaminants and 

the extent of the plume is well-defined. Chemical 

neutralizers such as alkalis and sulfides which precipitate 



41 

heavy metals, or oxidizing and reducing agents, are injected 

into the affected area to destroy or immobilize the 

contaminants. Biological neutralizing agents, such as 

nutrients or dissolved oxygen which stimulate the growth of 

bacteria, enhance the microbial conversion of toxic 

contaminants to nontoxic substances. Lehr and Nielsen 

(1982) estimate that the cost of in-situ treatment falls at 

the higher end of the scale when compared with the costs of 

other aquifer restoration techniques. To choose the 

suitable neutralizing agent and determine the amount to be 

injected may require a costly monitoring system which would 

elevate the overall cost of treatment. 

2.2-2 Treatment of Contaminated Ground Water 

The suitability of the type of treatment chosen, 

whether it is in-situ treatment or treatment of ground water 

recovered in pumping or gravity collection systems, depends 

on the chemical properties of the contaminant and the volume 

of contaminated water to be treated. It is common in ground 

water contamination problems that only a small amount of 

source material is necessary to produce a large volume of 

contaminated water. Weinstein (1982), for example, cites 

that : 

400 lbs of contaminant (one drum or less 
of solvent) can cause an average of 
almost 100 ppb contamination in 
500,000,000 gallons of water. The 
treatment of this quantity of water at a 
rate of 100,000 GPD could take on the 
order of 14 years, or on the order of 
1.4 years at 1,000,000 GPD. 
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Treatment systems must be capable not only of handling a 

given volume of contaminated water but also of removing a 

complex mixture of contaminants which behave chemically in 

different ways. At a single site, different treatment 

processes may be necessary to remove all forms of 

contamination from the ground water. Different treatment 

options for recovered ground water are discussed in detail 

by Quince and Gardner (1982), Absalon and Hockenbury (1983) 

and Stover (1982). 

Treatment process, in general,' may be classified as 

physical,. chemical and biological. Physical treatment 

involves a separation of gas, liquid or solid phases by such 

processes as filtration and settling, or a separation of 

different contaminant components by adsorption, stripping 

and ion exchange. Chemical treatment involves the addition 

of reagents which alter the chemistry of the contaminated 

water and detoxify or immobilize the contaminants. The 

processes, like those described for in-situ treatment, 

include acid neutralization, precipitation, oxidation and 

reduction. Biological treatment relies on microbial 

activity for the removal of contaminants and involves the 

use of activated sludge, aeration lagoons, trickling 

filters, anaerobic digestion or composting (Quince and 

Gardner, 1982). Biodegradation applies to the removal of 

organic chemicals. Biological techniques, together with 

adsorption and physical stripping, comprise the three most 

common types of treatment for removing organic chemicals 
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from ground water (Absalon and Hockenbury, 1983). 

Consideration of the three techniques, with regard to the 

removal of volatile organic chemicals such as TCE will be 

given below. 

Absalon and Hockenbury (1983) analyzed the performance 

of carbon adsorption, air stripping and activated sludge in 

removing different classes of chemical compounds. They 

concluded that for chlorinated solvents such as 

trichloroethylene and tetrachloroethylene, adsorption and 

stripping processes were acceptable treatment processes, 

whereas biological processes were of "very limited" value. 

The authors, however, stress the need for treatability 

studies in properly designing and constructing a treatment 

system, since the interactions of different compounds in a 

given contaminated water may complicate removal processes. 

Stover (1982) performed pilot studies for the removal 

of TCE and 5 other volatile chemical compounds from well 

water drawn from an industrial site. He compared the 

performance of a typical activated carbon system to that of 

an air stripping unit. The adsorption system consisted of 4 

columns of granular activated carbon operating in series. 

In the pilot study, the adsorption rate of the organic 

chemicals onto the carbon was monitored through time to 

determine the relationship between retention time and carbon 

exhaustion rate. Determination of such parameters is 

necessary in proper design of an adsorption system (Stover, 

1982). 
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In general, air stripping involves contacting the 

contaminated water with a stream of air so that dissolved 

volatile organic chemicals diffuse into the air phase and 

are carried away in the vapor flow. Important design 

parameters include the size of the contacting tower and the 

air to water ratio (Weinstein, 1982). In pilot studies, 

such as those described by Stover (1982) and Weinstein 

(1982) the air to water ratio is varied and mass transfer 

coefficients determined for the various conditions to 

determine the most efficient system for a given contaminated 

water. 

On the basis of pilot studies on carbon adsorption and 

air stripping, Stover (1982) found air stripping to be the 

least costly form of removing organic chemicals from the 

water treated in the study. In general, however, he 

concluded that carbon adsorption would be effective in 

removing low molecular weight organic chemicals from water 

containing no high molecular weight compounds which could 

preferentially desorb the lower molecular weight ones. He 

also concluded that’ the effectiveness of air stripping 

depended on the mass transfer characteristics of the 

contaminants. His results again stress the importance of 

case-specific feasibility studies. 

Other references illustrate the suitability of 

different treatment techniques under different conditions. 

Quince and Gardner (1982), for example, present four case 

studies in which contamination occurs by organic chemicals 
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introduced to the ground water regime through accidental 

spillage and leakage of storage tanks. The cases are 

addressed with various schemes including in-situ 

biodegradation, removal by pumpage and treatment by 

adsorption, and removal by gravity collection and treatment 

by a combination of aeration, heat stripping and carbon 

adsorption (Quince and Gardner, 1982). Singhal (1982) uses 

a detailed economic analysis to evaluate different treatment 

techniques for removing TCE. Gruber (1983) describes the 

remedial scheme applied to an industrial site in 

Romansville, Pennsylvania where organic solvents had 

contaminated the ground water. In this case, a well system 

was employed both to contain the plume and withdraw the 

contaminated water which was treated by carbon adsorption. 

At another site in Pennsylvania described by Kraus and Dunn 

(1983), ground water contaminated by TCE at an average 

concentration of 2670 ug/1 was collected in a similar 

pumping system but treated by air stripping which reduced 

the concentration of TCE to 6.5 yg/1. air stripping was 

also found to be the most cost effective means of removing 

TCE from a municipal water supply in Massachusetts 

(Kelleher, Stover and Sullivan, 1981). Similar case studies 

are discussed by McBride (1982) and Kaufmann (1982). 

Computer Modeling to Develop Remedial Schemes 

As suggested in the previous section, numerous factors 

such as the extent of the affected area, the volume of the 
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contaminated water and the chemical properties of the 

contaminant must be considered in evaluating suitable 

remedial schemes for a given ground water contamination 

problem. In addition, once a suitable scheme is chosen, the 

design of the system, e.g. the placement of withdrawal 

wells, the size of an air stripping tower or the retention 

time for carbon adsorption, must represent the most cost 

effective means for achieving the desired level of clean-up. 

Computer modeling can be used in several ways to aid in 

developing an optimal remedial scheme. 

Several authors (Willis, 1976; Remson and Gorelick, 

1980; Gorelick and Remson, 1982; Moosburner and Wood, 1980; 

Gorelick et al, 1984) have used transport models in 

conjunction with optimization techniques to develop ground 

water management schemes. Governing equations which 

describe ground water solute transport are used as 

constraints in the optimization method as linear or non¬ 

linear objective functions. Applying this modeling 

technique to containment of a contaminant plume, Remson and 

Gorelick (1980) determined the optimal locations of pumping 

and injection wells, and the minimum pumping rate necessary 

to prevent movement of the plume. 

In other papers (Willis, 1976; Gorelick and Remson, 

1982), the combined simulation and optimization method was 

used in managing hazardous waste disposal. The authors 

determined the maximum concentration of contaminant which 

could be released from a source before ground water quality 
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would be adversely affected. In a recent publication 

(Gorelick et al, 1984), the authors used nonlinear 

optimization techniques, combined with ground water 

transport simulation to determine the optimal pumping and 

reinjection system necessary to maintain contaminant 

concentrations below a given water quality standard. 

Keely (1984) presents a method for optimizing pumping 

strategies in contaminated aquifers, but employs a different 

approach. He defines qualitatively the factors which might 

influence the effectiveness of a pumping scheme such as 

nonideal aquifer conditions, poor well construction, 

vandalism and other anthropogenic influences. He uses 

computer generated plots of ground water streamlines to 

illustrate how the removal capacity of a pumping system is 

affected by different well configurations and pumping rates. 

While Keely's approach is not as mathematically rigorous as 

the simulation-optimization technique described above, his 

paper suggests the value of using computer modeling simply 

to simulate and compare the results of different proposed 

remedial schemes. 

In his discussion of ground water recovery systems, 

Glover (1982) states: 

The optimum pumping arrangement is 
generally the result of a trial and 
error process based on an initial 
concept design and pumping scheme. Once 
the initial series of wells is installed 
and operational, the number can be 
adjusted to optimize the system. 

Computer simulation with a ground water transport model 
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might reduce the costs of the trial and error process 

described by Glover. The USGS Solute Transport Model, for 

example, is particularly veil-equipped to evaluate pumping 

and other remedial schemes. 

The USGS model allows injection or withdrawal wells to 

be specified at any node in the grid. Simply by changing 

the grid coordinates of the wells and/or changing the 

pumping rates, the results of different pumping schemes can 

be compared. The effects of introducing additional wells to 

the system at a later date can also be tested. Changes in 

the plume geometry and the distribution of contaminants can 

be compared for other remedial schemes as well. Physical 

containment of the plume by impermeable barriers can be 

simulated by designating no-flow boundaries around the 

contaminated area. The movement of the contaminant plume 

under such rememdial schemes can be predicted over a period 

of years, giving some idea of the operating period necessary 

to halt or remove the plume. 

Ground water contaminant modeling applied to the 

evaluation of recovery systems is constrained by the same 

limitations encountered in plume delineation. Predictions 

concerning the performance of a given remedial scheme are 

only as reliable as the data on which the simulation is 

based. Unknown geologic heterogeneities or transport 

processes not simulated in the model may prevent the 

"optimum" recovery scheme from producing the predicted 

results in the field. Computer modeling is, however, useful 
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in evaluating remedial schemes at well-characterized sites. 

A number of case studies illustrate this application. 

Investigators used a transient finite element ground 

water model to address contamination of an aquifer in South 

Brunswick, New Jersey by 1,1,1 trichloroethane (Geraghty and 

Miller, 1979; Althoff et al, 1981; Wood et al, 1984). The 

model was used to evaluate 30 different remedial strategies 

and to select the well configuration and total pumping rate 

necessary to contain the plume. In two studies (Naymik and 

Barcelona, 1981; Naymik, 1982), the two-dimensional "random 

walk" transport model developed by Prickett, Naymik and 

Lonnquist (1981) was applied to designing monitoring and 

remedial schemes at sites in Illinois. At the Rocky 

Mountain Arsenal, Colorado, Konikow used the USGS Solute 

Tranport Model to compare the effects of natural recovery of 

the system to those produced by active aquifer restoration 

strategies. He found that a network of withdrawal wells 

would reduce the restoration period from decades under 

natural conditions to a restoration period on the order of 

years. Other researchers used computer models to test the 

effectiveness of employing bentonite barriers at the same 

site (Konikow and Thompson, 1984). 

It is evident from the literature that ground water 

transport models have been useful both in delineating and 

treating contaminant plumes. The following chapters attempt 

to demonstrate the usefulness of computer modeling in this 

regard. The USGS Solute Transport Model is applied to 
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ground water investigations and remedial activity at 

industrial site. 

an 
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CHAPTER THREE 

THE USGS SOLUTE TRANSPORT MODEL ; 

Theory and Application 

SECTION 3.1 Transport Theory in the USGS Model 

The USGS Model is capable of simulating contaminant 

transport in ground water in one or two dimensions, under 

steady-state or transient flow conditions. In its two- 

dimensional form, it is one of the most widely used ground 

water tranport models and consequently its use is well- 

documented (Bredehoeft and Pinder, 1973; Konikow and 

Bredehoeft, 1974; Robertson,1974; Robson, 1974; Konikow, 

1977; Konikow and Bredehoeft, 1978; Bedient et al, 1983; 

Bouvette, 1983). The following chapter describes the 

mathematical theory on which the model is based and the 

general capabilities of the model as it is applied to the 

delineation of contaminant plumes. 

_3.1,.l Transport Processes 

The USGS model simulates the movement of a contaminant 

plume in the ground water regime by computing changes in 

concentration of the solute through time. It takes into 

account changes in concentration caused by convective 

transport, hydrodynamic dispersion and mixing from fluid 

sources, but its application is constrained by a number of 
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assumptions. 

The model utilized in this study assumes that the 

solute carried in the fluid flow is nonreactive. (A later 

version of the model [Tracy,1982], however, takes into 

account the effects of adsorption and decay.) Furthermore, 

hydraulic gradient is the dominating mechanism in fluid 

flow, and gradients of fluid density, viscosity and 

temperature do not affect the velocity distribut ion. 

Dispersion occurs primarily as a result of mechanical 

mixing; molecular diffusion is assumed to represent a 

negligible contribution to the dispersive flux. 

Assumptions are also made concerning the hydrogeologic 

regime in which the ground water flows. While the aquifer 

may be heterogeneous or anisotropic with respect to 

transmissivity, the porosity and hydraulic conductivity of 

the unit are assumed to be invariant through time and 

unaffected by chemical reactions with the solute. Porosity 

and longitudinal and transverse dispersivity do not vary 

spatially. The saturated thickness of the aquifer may vary 

spatially and temporally, but vertical variations in head 

and solute concentration are assumed to be negligible; head 

and solute concentration are averaged over the thickness of 

the aquifer. 

The physical assumptions made in the USGS model may not 

be valid under all circumstances. Consequently, before the 

model is applied to a specific field problem, the validity 

of the assumptions should be carefully evaluated. 
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2.1.2^ Mathematical Model and Governing Equations 

The physical assumptions made in the USGS model are 

embodied in two partial differential equations. The two 

governing equations, which describe ground water flow and 

solute transport, are solved simultaneously through 

numerical methods. 

In the model, the field area is represented on a 

rectangular, block-centered, finite difference grid. In 

this scheme, injection and withdrawal wells and areas of 

discharge and recharge may be specified, accounting for 

fluid fluxes in and out of the system. Boundary conditions, 

aquifer parameters such as saturated thickness and 

transmissivity, and initial values of head and solute 

concentration are designated at the nodes of the grid and 

employed in the subsequent simulation. 

At a given time step in the calculational procedure, 

the head distribution is first computed by solving the 

governing equation for ground water flow: 

i,j » 1,2 

(Eqn. 10) 

where TN 

S = 
W = 

*i 
h = 
t = 

= transmissivity tensor 
storage coefficient 
source or sink term 

cartesian coordinate direction 
hydraulic head 
time 
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The equation describes transient two-dimensional flow of a 

homogeneous fluid through a nonhomogeneous, anisotropic 

aquifer and is approximated by an implicit finite difference 

form. The finite difference equation is then solved by an 

alternating direction implicit (ADI) method of iteration. 

In this way, the head distribution is computed over the 

entire grid. 

Next, the velocity field is calculated using an 

explicit finite difference form of Darcy's equation: 

- K,| Qh 
E 3xj 

(Eqn. 11) 

where Vi = seepage velocity in the direction of Xi 
Kij = hydraulic conductivity tensor 
E = effective porosity of the aquifer 

Velocity values are computed at each node and used in the 

solution of the second governing equation. 

The second governing equation solved in the USGS model 

is the solute transport equation: 
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EQUATION 12 

Governing Equation for Solute Transport 

9CCb) __9_/hn 9C 
at " ax; ( DD‘i 8xj 

C'W 
E 

DISPERSION CONVECTION SOURCE 

OR 

SINK 

WHERE 

G = THE CONCENTRATION OF THE SOLUTE 

Djj = THE COEFFICIENT OF HYDRODYNAMIC DISPERSION 

b = SATURATED THICKNESS OF THE AQUIFER 

C' = CONCENTRATION OF THE SOLUTE IN THE SINK OR 

SOURCE FLUID 

W = SOURCE OR SINK TERM 

E = EFFECTIVE POROSITY OF THE AQUIFER 

Vj = SEEPAGE VELOCITY IN THE DIRECTION OF Xj 
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This equation is solved indirectly using the method of 

characteristics (MOC). The partial differential equation is 

replaced by an equivalent set of ordinary differential 

equations which are approximated using finite differences. 

The MOC is applied in the USGS model in a particle tracking 

scheme described pictorially in Figure 2. Solute transport 

is simulated by placing a number of particles in each cell 

of the finite difference grid and tracing the movement of 

these particles through time. The particles are moved along 

streamlines described by the characteristic equations: 

“j"Y* 
= Vx and -JJJ = Vy • (Eqns. 13 & 14) 

In the governing equation, the term dC/dt is the rate of 

change observed from the frame of reference of the moving 

particle where: 

dC BÇ 3C_dx. 3C dy 
dt 3t 3* dt By dt 

(Eqn. 15) 

and the partial derivative, 3C/3t is the concentration 

change observed at a fixed point. Each particle, therefore, 

has both a concentration and position associated with it as 

it moves along its characteristic curve. Within a time 

step, particles in a given cell are moved a distance 

proportional to the seepage velocity defined in the cell. 

At the end of the time step, the concentration of particles 

associated with each node is calculated, giving a measure of 
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FIGURE 2 

PARTICLE TRACKING METHOD 

EXPLANATION 

• INITIAL LOCATION OF PARTICLE 

O NEW LOCATION OF PARTICLE 

—► FLOW LINE AND DIRECTION OF FLOW 

  COMPUTED PATH OF PARTICLE 

PART OF HYPOTHETICAL FINITE-DIFFERENCE GRID SHOWING 

RELATION OF FLOW FIELD TO MOVEMENT OF POINTS 
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the change in concentration produced by advective transport. 

The third characteristic equation is: 

(Eqn. 16) 

C = the concentration of the solute 
D » the coefficient of hydrodynamic dispersion 
b = saturated thickness of the aquifer 
C = concentration of the solute in the sink or 

source fluid 
W = source or sink term 
E = effective porosity of the aquifer 
h = hydraulic head 
S = storage coefficient 
x = cartesian coordinate direction 

This characteristic equation accounts for changes in 

concentration caused by hydrodynamic dispersion,, fluid 

sources, divergence of velocity and changes in saturated 

thickness and is solved by explicit finite difference 

methods at each point in the grid. This change in 

concentration is then added to the concentration changes 

produced by advection of the solute particles, with 

corrections made to preserve a mass balance within each 

cell. The mass balance calculations made in the MOC model 

provide an indication of the accuracy of the numerical 

solution. 

3.1.3 Numerical Limitations 

Several authors question the numerical accuracy of the 
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USGS model. As mentioned in Section 2.2.4, Pinder (1984) 

suggests that the MOC is not a mathematically rigorous 

procedure. Neumann (1983) specifically criticizes the 

application of MOC to particle tracking techniques. He 

notes that while the method is generally free of numerical 

dispersion, instability in the solution occurs when the time 

step exceeds a certain limit. Numerical dispersion may 

occur under other special conditions. In his sensitivity 

analysis of the USGS model, Bouvette (1983) found that due 

to truncation errors in the particle tracking method, large 

mass balance errors occurred in simulations using low 

dispersivity values. 

The particle tracking method may be complicated by the 

presence of no-flow boundary conditions and non-linearities 

in the flow field, and the method may be time-consuming, 

particularly if the number of particles is large (Neumann, 

1983). In their documentation of the USGS model, Konikow 

and Bredehoeft (1978) note some of the problems associated 

with particle tracking and suggest how numerical errors may 

be minimized. 

Particles, for example, are moved stepwise along linear 

paths which approximate a curvilinear flow field. The 

deviation between the extrapolated position of a particle 

and the curvilinear streamline introduces an error into the 

numerical solution which is proportional to the time step 

Konikow and Bredehoeft (1978) provide criteria for choosing 

a time step size which minimizes this error. 
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Other problems arise in the simulation of no-flow 

boundaries, fluid sources and fluid sinks. Konikow and 

Bredehoeft describe the techniques embodied in the model 

which address these problems and attempt to minimize the 

associated errors. The deviation between the extrapolated 

position of a particle and the curvilinear flow line 

mentioned above may cause particles to be convected across a 

no-flow boundary. Such particles are reflected back across 

the boundary to correct the error. Corrections to velocity 

computations, replacement of particles at source nodes and 

removal of particles at sink nodes, attempt to maintain both 

radial flow and uniform spacing of particles. Cells may 

become void of particles where divergent flow paths are 

widely spaced; in this case, particles may be swept out of 

some cells and not replaced by particles moving out of other 

cells. The program corrects for the problem by regenerating 

particles, which adds a small amount of numerical dispersion 

to the computations associated with particle concentrations. 

Other routines in the program attempt to minimize the 

error produced in converting the concentration values of 

particles within a cell to an average concentration at the 

node. Konikow and Bredehoeft (1978) provide a more complete 

discussion of the techniques used to address particle 

tracking errors. Awareness of the limitations of a 

numerical model such as the USGS Solute Transport Model is 

necessary if the model is to be applied to field problems in 

a reliable way. 
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SECTION 3.2 Application of the USGS Model 

2.2.1 Capabilities of the Model 

The USGS Model is capable of simulating steady-state or 

transient flow conditions. In most applications, however, 

the period of time required for the head distribution to 

adjust to changes in flow conditions is a small fraction of 

the total period of time represented in the simulation. 

Movement of the solute during the period of hydraulic 

adjustment, therefore, makes a negligible contribution to 

the long-term movement of the solute, so that the steady- 

state solution often provides an adequate model of solute 

transport. 

Spatial variations in the flow field can also be easily 

modeled. Constant head boundaries or regions are designated 

in the finite difference grid to simulate streams, ponds or 

other features in the hydrologic regime. Regions of diffuse 

recharge and discharge can also be designated. Injection 

and withdrawal wells operating over different pumping 

periods may act as contaminant sources or sinks. Each well 

is specified by grid coordinates and pumping rate and if it 

is an injection well, also by solute concentration in the 

injection fluid. In addition to operating wells, five 

observation wells can be specified in order to monitor the 

movement of the plume at chosen points in the aquifer. 
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^•2.2 Input Data 

The input data set used in running the USGS model is 

short; the format is such that it can be easily constructed 

and modified. Parameters such as effective porosity, 

longitudinal dispersivity, ratio of transverse to 

longitudinal dispersivity and ratio of transmissivity in the 

x-direction to transmissivity in the y-direction are 

constants which must be specified empirically or by trial 

and error adjustment. Parameters which vary spatially such 

as transmissivity, saturated thickness, water table 

elevation and background concentration of the solute are 

input by means of two-dimensional maps. The spatial 

variation of these parameters is determined primarily by 

pump tests, water level measurements in monitoring wells and 

chemical analyses of ground water samples and other field 

observations. Adjustment of the parameters within the error 

associated with the measurements may be necessary in model 

calibration. The input parameters required in the model are 

summarized in Table 2. 

Output Data 

At each time step, the model generates hydrologic data 

such as head distributions,. X- and Y- direction velocity 

distributions and chemical concentration distributions. 

These data, along with drawdown maps and mass balance 

calculations for fluid and solute fluxes, are printed at the 

end of specified pumping periods. Maps showing the areal 



63 

TABLE 2 

INPUT DATA NEEDED IN RUNNING 

THE USGS MODEL 

I. INPUT AS SINGLE-VALUE PARAMETERS: 

A. EFFECTIVE POROSITY 

B. LONGITUDINAL DISPERSIVITY 

C. RATIO OF TXX/TYY 

II. OTHER DATA MAY BE INPUTTED IN MAP FORMAT 

AS SPATIALLY VARYING PARAMETERS 

A. TRANSMISSIVITY 

B. SATURATED THICKNESS 

C. WATER TABLE ELEVATIONS 

D. BACKGROUND OR INITIAL CONCENTRATION 

DISTRIBUTION OF SOLUTE 
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distribution of the contaminant may be printed at the end of 

pumping periods or after a chosen number of particle moves. 

Observation well data also provide information on the 

movement of the contaminated ground water. Changes in 

solute concentrations and water table elevations which occur 

during the course of a given pumping period are reported at 

each of the observation wells. By choosing the duration of 

pumping periods, the locations of observation wells and 

other printout options, the user can manipulate the format 

of the output data. This capability is useful in model 

calibration, when output data from the simulation must be 

compared to actual data collected from monitoring wells at 

specific points in space and time. 

Model calibration, the adjustment of input parameters 

to fit output data to observed data, and sensitivity 

analysis to determine the input parameters which most affect 

the shape of the simulated plume, are important processes in 

examining the reliability of the model. The mass balance 

calculations presented in the output data, as mentioned 

before, are useful in checking the numerical accuracy of the 

solution. Mass balance calculations for the flux of solute 

in the system will reflect numerical instabilities in the 

particle tracking method. Typically chemical mass balance 

errors should not exceed 10%. Interpretation of the output 

data via model calibration, sensitivity analysis and mass 

balance checks is necessary in application of the model. 



65 

SECTION 3.3 Testing the USGS Model 

3.3.1 Comparison with an Analytical Model 

As described in Section 2.2.3, Wilson and Miller (1978) 

used an analytical model to simulate the movement of 

hexavalent chromium in a glacial sand aquifer on Long 

Island, New York. The hydrogeologic properties of the site 

are well-defined and hence, the study provides a good means 

of testing the accuracy of the USGS model. 

Over a period of 2,800 days, chromium wastes leaked at 

a rate of 24 kg/day from three disposal ponds with a total 

area of 15470 sq. ft. On the basis of this information, 

Wilson and Miller (1978) modeled the ponds as a single 

continuous point source with a concentration of 36.5 mg/1. 

Like the pollutant loading, the ground water regime at the 

site was well characterized. The water table varied 

seasonally from a depth slightly above the bottom of the 

disposal basins to 1 or 2 feet below the bottom of the 

basins. The hydraulic gradient of 0.0025, hydraulic 

conductivity of 214 ft/day and porosity of 0.35 produced a 

seepage velocity of 1.5 ft/day. Other aquifer properties 

defined at the site included an average saturated thickness 

of 110 ft, longitudinal dispersivity of 69.9 ft, and 

transverse dispersivity of 14.0 ft. Using this data in 

their steady-state analytical model, Wilson and Miller 

(1978) delineated the chromium plume shown in Figure 3a. 
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• SOURCE  END OF GRID 

— CONTOURS OF EQUAL CONCENTRATION MG/L 

FIGURE 3. SIMULATION OF CHROMIUM PLUME, 
LONG ISLAND, NY AT T = 2800 DAYS 
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The data base given in Wilson and Miller (1978) was 

used in the USGS Solute Transport Model to provide a 

comparison of the two mathematical models. In one 

simulation, the source was modeled as a single constant head 

node with a chromium concentration of 36.5 mg/1. The 

dimensions of the finite difference grid were chosen such 

that the area of one cell (130 ft X 130 ft) corresponded 

roughly to the total area of the waste disposal ponds. 

Constant head boundaries were oriented to produce the 

hydraulic gradient of 0.0025. The water table elevation at 

the constant head node representing the source was chosen by 

trial and error to produce a contrast with elevations at 

surrounding nodes within the range of 1-2 feet (the distance 

from the bottom of the pond to the water table which varied 

seasonally). A steady-state simulation with the water table 

elevation 0.4 ft higher at the source than at surrounding 

nodes produced the plume shown in Figure 3b after 2,800 

days. The length and width of the chromium plume simulated 

in the USGS model, as well as the positions of the 20 mg/1, 

10 mg/1 and 1 mg/1 concentration isopleths, compare 

favorably with the plume delineated by Wilson and Miller 

(1978). 

Similar results were achieved by simulating the source 

as an injection well in the USGS model. An injection rate 

of 0.3 CFS was chosen so that at a concentration of 36.5 

mg/1 in the injection fluid, the chromium would be released 

into the aquifer at the rate of approximately 24 kg/day. 
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The plume produced in this simulation after 2,800 days is 

shown in Figure 3c. 

Both USGS simulations, modeling the source first as a 

constant head node and then as an injection well, produce 

flow fields in which ground water velocity in the direction 

of plume migration (1.83 X 10~^ ft/sec = 1.58 ft/day) falls 

within the expected range of 1-2 ft/day. The simulations 

produce mass balance errors of 9.3 and 12.9% at the end of 

the simulation period. In the injection well simulation, 

mass balance errors are slightly lower than those produced 

by simulating the source as a constant head node. The 

injection, however, creates a plume in which the 10 mg/1 and 

20 mg/1 isopleths are slightly more elongated; injection 

disperses higher concentrations of the contaminant a longer 

distance than simple leakage along a hydraulic gradient. 

The chromium plumes predicted by the USGS model match 

closely with the plume predicted by the analytical model of 

Wilson and Miller. Given the appropriate data, the 

numerical model achieves the results of the analytical 

solution. In many cases, however, hydrogeologic parameters 

will not be so nearly well-defined as in the case of the 

Long Island chromium plume. Sensitivity analysis is often 

necessary to establish a possible range for the values of 

unknown parameters and to establish the reliability of a 

model based on limited data. 
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Sensitivity Analysis 

In his application of the USGS model to hazardous waste 

sites, Bouvette (1983) used sensitivity analysis to 

establish the most cost effective combination of execution 

parameters. By simulating a site with simplified geometry 

and varying input parameters, Bouvette determined that an 

initial loading of 9 particles per cell, as opposed to 8 or 

5 produced the lowest mass balance errors. Loading 8 

particles into each cell did not reduce computer costs 

significantly but reduced accuracy by an order of magnitude. 

Bouvette also varied the number of iterations and the 

convergence criteria and found that the changes in the two 

parameters produced only slight changes in execution time 

and mass balance errors. Execution parameters used in 

simulations in this study were chosen in accordance with 

Bouvette's recommendations. Tolerance was set to 0.001, 

maximum number of iterations to 100, maximum cell distance 

per particle move to 0.5 and particles per cell to 9. 

In this study, as in that of Bouvette (1983), a site 

with simplified geometry was used to determine the 

sensitivity of the model to variations in hydrogeologic 

parameters. As shown in Figure 4, a 17 X 20 grid was used 

in the sensitivity analysis, with the source modeled as a 

single injection well in a homogeneous aquifer of constant 

thickness. The flow field was also simplified, with 

parallel constant head boundaries at either end of the field 
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producing a planar piezometric surface. In this simplified 

system, hydrogeologic parameters were varied within the 

range observed at study site A to determine the effect of 

variations in transmissivity, hydraulic gradient, solute 

concentration in the injected fluid and contaminant loading 

rates on the shape of the predicted plume. 

Variations in transmissivity and hydraulic gradient 

affect the seepage velocity according to the relationship: 

V = Æl 
E dl 

(Eqn. 17) 

where V = seepage velocity = 
darcy velocity/effective porosity E 

K = hydraulic conductivity = 
transmissivity/saturated thickness 

dh/dl = hydraulic gradient. 

One would expect that, at a constant saturated thickness, 

varying transmissivity and hydraulic gradient individually 

by equal proportions would produce equivalent changes in the 

shape of the contaminated plume. Simulating the source of 

contamination as an injection well, however, affects the 

model's sensitivity to these two parameters. 

In the sensitivity analysis, transmissivity was varied 

within the range of values measured at site A. At this 

site, transmissivity was calculated from time-drawdown data 

collected at a pump test. Using various forms of Theis 

nonequilibrium analysis, the calculations gave values of 

transmissivity ranging from 10,760 to 26,670 gpd/ft (or 

0.017 to 0 .041 ft^/sec) . With this range of 
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transmissivities and with saturated thickness of the aquifer 

varying from 25 to 20 ft, hydraulic conductivity might range 

from 6.7 X 10”^ to 2.1 X 10“^ ft/sec. To produce this 

possible range of hydraulic conductivities with the constant 

aquifer thickness of 25 ft used in the sensitivity analysis, 

transmissivity was varied from 0.015 to 0.03 to 0.06 ft^/sec 

(in runs A, B and C, respectively). This variation in 

transmissivity produced a marked change in both the shape of 

the plume and the distribution of contaminants within the 

plume. 

During a 5 month segment in the monitoring period at 

site A, hydraulic gradient varied from 0.001 to 0.003. In 

the sensitivity analysis, with transmissivity held constant 

at 0.03 ft^/sec, the water table elevations were varied to 

produce hydraulic gradients of 0.0009, 0.0017 and 0.0033. 

The first and third simulations (runs D and E) represented a 

50% decrease and increase, respectively, in hydraulic 

gradient compared to the second simulation which was 

identical to run B. In this way, the sensitivity of the 

model to variations in transmissivity and hydraulic gradient 

could be compared. The results of this sensitivity analysis 

are shown in Figure 5. Increasing transmissivity and 

hydraulic gradient each by 50% produced nearly identical 

plumes, with comparable mass balance errors. Decreasing 

transmissivity and hyd. aulic gradient each by 50% produced 

contaminant plumes which were equal in areal extent but 

contained different concentration distributions of the 
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solute. In a lower hydraulic gradient (run D), the pumping 

of the injection well contributes more strongly to the 

dispersal of the contaminant, particularly in the upgradient 

direction and in the vicinity of the well. With a lower 

transmissivity and intermediate hydraulic gradient (run A), 

more contaminant is tranported in' the downgradient 

direction, and the simulation produces a mass balance error 

which is an order of magnitude greater than that produced in 

the simulation with the lower hydraulic gradient and the 

imtermediate transmissivity (run D). 

When the plume is modeled as an injection well, the 

distribution of solute within the contaminated area is 

slightly more sensitive to changes in transmissivity as 

compared to changes in hydraulic gradient. Changes in 

hydraulic gradient, however, affect the accuracy of the 

model to a lesser extent, since mass balance errors produced 

by the changes are lower than those produced by comparable 

changes in transmissivity. In calibration of the model at 

site A, changes in hydraulic gradient proved to be more 

useful in altering the direction of plume movement, since 

slight changes in the orientation of the constant head 

boundaries could simulate the complex flow field observed at 

the site. Adjustments in transmissivity were used to 

simulate areas of lower and higher transmissivity, but such 

adjustments were used to a lesser extent, because no field 

observations indicated large-scale spatial variations in 

transmissivity. Changing the transmissivity also 
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contributed to mass balance errors, so hydraulic gradient 

was adjusted to a greater extent. 

Simulating the contaminant source as an injection well 

releases a discrete mass of solute into the system over a 

certain interval of time. If the actual rate of release of 

the contaminant cannot be measured in the field or if the 

length of time over which the release occurred is unknown, 

any number of combinations of injection rate, pumping period 

and solute concentration in the injected fluid may simulate 

the release of a given mass of contaminant into the aquifer. 

At site A, the length of time over which contaminants leaked 

from a storage tank into the surrounding aquifer was ill- 

defined, so the sensitivity of the model to such parameters 

as injection rate, period and concentration was of interest. 

In one part of the sensitivity analysis, the 

concentration of the solute in the injection fluid was 

varied while the injection rate and length of the pumping 

period were held constant. Variations in the concentration 

of injected contaminant produced proportional variations in 

the concentrations observed in the contaminant plume, but 

did not affect the magnitude of mass balance errors produced 

in the simulations. Parameters characterizing the loading 

of a given mass of contaminant did, however, affect the 

shape of the simulated plume and the numerical accuracy of 

the simulation. The model is particularly sensitive to the 

pumping rate and the changes in the flow field associated 

with the injection, which affect the movement of the solute 



76 

particles. 

The sensitivity of the model to different contaminant 

loading scenarios was analyzed for two-year simulations. 

The injection period was varied from 0.5 to 1.0 to 1.5 

years, with the concentration varied proportionally to 

inject a constant mass of contaminant into the system. In 

each simulation, the injection ceased after a given period 

of time. The contaminant plume was then allowed to migrate 

under ambient flow conditions for the remainder of the 

2-year simulation. Although each injection period released 

an equivalent amount of contaminant into the aquifer, a 

comparison of the plumes after injection ceased showed the 

plumes to be markedly different in extent and concentration 

distribution. As expected, the half-year injection produced 

a tighter, more concentrated plume than the injections of 

longer duration. A comparison of the plumes at the end of 

the 2-year simulations, showed that while all plumes 

exhibited roughly the same range of contaminant 

concentrations, the peak concentration at the center of each 

plume had traveled a different distance. The fluid of 

highest concentration moved the furthest for the case of the 

half-year injection. A short period of injection releases a 

highly concentrated mass of contaminant which travels a 

greater distance during the longer period of non-injection 

at the end of the simulation. 

Although the mass balance errors accumulated at the end 

of each simulation did not vary significantly between the 
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three simulations, it was apparent that the accumulation of 

large mass balance errors occurred primarily in the 

injection periods rather than in the subsequent periods of 

flow or non-injection. Mass balance errors on the order of 

30% were produced in the loading simulations. In later 

simulations used to calibrate the model at site A, the 

injection rate was varied to determine its effect on the 

mass balance error. Increasing the injection rate from 

0.0001 CFS to 0.01 CFS and reducing the concentration of 

solute in the injection fluid proportionally, reduced the 

mass balance errors accumulated at the end of a half-year 

simulation from roughly 25% to 5%. From these simulations 

and other simulations discussed above, conclusions can be 

made about the sensitivity of the model. 

In terms of numerical accuracy, the model is 

particularly sensitive to the pumping rate of the injection 

well. The loading scenario, the combination of rate and 

duration of injection, has particular effect on the shape 

and migration of the plume. The concentration of 

contaminant in the injected fluid tends to have a 

predictable but lesser overall effect on the distribution of 

contaminants in the plume. 

Other parameters such as longitudinal dispersivity and 

ratio of transverse to longitudinal dispersivity (OIT/CXL) 

were varied in the calibration of the model at site A. 

These parameters, however, did not affect the shape of the 

contaminant plume to the same extent as transmissivity. 
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While a reduction in increases concentrations at the 

center of the plume, it introduces negative concentrations 

at the edges of the plume, indicating numerical 

instabilities in the solution. Adjustment of transmissivity 

was found to be more useful in altering the distribution of 

contaminants in the plume. 

As indicated in the above discussion, sensitivity 

analysis and parameter adjustment are important processes in 

applying a model and establishing its limitations. 
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CHAPTER FOUR 

APPLICATION OF THE USGS MODEL 

TO 

GROUND WATER INVESTIGATIONS AT SITE A 

SECTION 4.1 Site Description 

At industrial site A, leaking from a subsurface storage 

tank released TCE and other solvents into the underlying 

aquifer. An engineering firm was hired to delineate the 

contaminant plume and to develop and install a system for 

its removal. The geohydrologic and chemical data collected 

during the ground water investigation and the remedial 

activity which followed are described in the following 

sections. 

4.1.1 Collect ion of Field Data 

The site under investigation, including the area 

affected by ground water contamination and the surrounding 

area monitored by wells, covered a total area of 700 ft X 

700 ft. Fifteen monitoring wells, installed during a 

multiphase field program over the period of six months, were 

placed in the vicinity of the storage tank and across the 

predicted path of the migrating plume. The final 

configuration of monitoring wells is shown in Figure 6. 

Similar well installation techniques were used in all 
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FIGURE 6 
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phases of the program. Drilling was performed dry to the 

depth of the saturated soil using a rotary drill rig and 

5.5" diameter auger and rotary drill bits. The boreholes 

were extended by wet drilling procedures through the entire 

thickness of the aquifer, a sand unit which reached to a 

depth of 37 ft below the ground surface. Geologic logs 

constructed during well installation showed that several 

continuous strata underlie the study area. Clay and silty 

clay layers extend from the surface to a depth of 10 or 15 

ft. The underlying unit of silty, fine sand varies in 

thickness. The sand extends to a depth ranging between 32 

and 37 ft below the surface, where a second confining layer 

of clay is found. Well casings constructed of 2" schedule 

40 PVC pipe were screened over the entire thickness of 

saturated sand, with an average 25 ft length of No. 10 slot 

PVC screen. The borehole surrounding the casing was 

backfilled with sand and sealed at the surface with 

cement/bentonite grout. 

Well installation and monitoring techniques were chosen 

to enhance accurate sampling and to prevent further 

contamination of the ground water. Wells were flushed free 

of sediment by withdrawing a volume of 100-150 gal of water. 

Ground water samples were collected from the monitoring 

wells with a stainless steel bailer. 

Monitoring of the system began after the leaking tank 

had been removed from the site. During the one year period 

prior to installation of the recovery system, water levels 
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were measured frequently at existing wells. Water level 

measurements were taken on 12 different occasions and 

potentiometric surface maps constructed periodically from 

the data. Ground water samples were collected as the wells 

were installed. Immediately prior to start-up of the 

recovery system, all fifteen monitoring wells were sampled. 

The ground water samples were extracted with methylene 

chloride or carbon disulfide and analyzed on a gas 

chromatograph with a flame ionization detector (GC-FID). On 

6/23/83 and on following sampling dates, the samples were 

analyzed on a GC-FID equipped with a purge and trap 

apparatus to achieve sensitivity of low concentrations at 

the ug/1 level. In early stages of the monitoring program, 

the samples were analyzed for the following potential 

contaminants: 

toluene 
xylene 
trichloroethylene 
1,1,1-trichloroethane 
isopropyl alcohol 
methyl ethyl ketone 
methyl isobutyl ketone 
cyclohexane. 

Later, the samples were also analyzed for 

1,1-dichloroethylene and 1,2-transdichloroethylene. In 

addition, total organic carbon in the samples was measured 

with a total carbon analyzer equipped with an infrared 

detector. 

Analysis of the ground water samples showed the primary 

contaminants to be trichloroethylene, 1,1,1-trichloroethane, 

1,1-dichloroethylene and 1,2-transdichloroethylene. These 
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compounds were known constituents of solvents stored in the 

leaking tank. An example of the chemical data collected 

during the monitoring period is shown in Table 3. 

Monitoring wells 4, 5, 7, 12 and 14 were designated as 

observation wells in the USGS model simulation; data from 

these wells is listed at the top of the table, as well as 

the chemical times in the simulation which correspond to the 

actual sampling dates. 

The data in Table 3 indicate that the most sensitive 

measurements achieved in the laboratory corresponded to a 

detection limit of 1 ug/1. The quality of data from 

analyses conducted on the last three sampling dates 

(3/19/84, 6/5/84, and 9/28/84) is of greatest interest, 

since these data were used most in testing the predictions 

of the USGS model. Prior to analysis of the field samples, 

standards from two sources (Supelco and EPA) were run on the 

GC-FID to establish the accuracy of the measurements. 

Blanks were run preceding and following the analysis of a 

series of samples. Duplicates were run occasionally to 

establish the reproducibility of the measurements achieved 

on the GC-FID. Although no duplicates were run of samples 

from MW-1 to MW-15 on the three sampling dates of interest, 

data from duplicate analyses of other samples from the same 

site were available. These data are reported in Table 4, 

along with the means and standard deviations of the pairs of 

measurements. 
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TABLE 3. CHEMICAL DATA 
CONCENTRATIONS OF TCE <ug/l) 
OBSERVED AT MONITORING WELLS 

DATE SAMPLED 1983 
4/1 4/29 5/10 6/17 6/23 9/15 

1984 
3/19 6/5 9/28 

CHEMICAL TIME IN 
PLUME SIMULATION 0.50 0.58 0.61 0.71 0.73 0.96 1.47 

(YEARS) 

CHEMICAL TIME IN 
RECOVERY SYSTEM 
SIMULATION (YRS) 

0.16 0.47 

MW4 » 01 1383 70 <1 0 

MW5 - 02 ND-1 ND-1 84 <1 159 9 

MW12 - 03 9.5 4 0 

MW14 - 04 17.5 14 0 

MW7 * 05 587 822 1062 552 575 344 48 

MW1 ND-1 ND <1 0 

MW 2 ND-1 ND 

MW 3 TR-1 85 <1 TR 

MW6 TR-1 328 TR-1 229 186 

MW8 ND-1 38 1022 

MW9 ND-1 ND <1 0 

MW10 ND-1 ND <1 33 0 

MW11 ND-1 ND 34 70 

MW13 0.0 <1 78 0 

MW15 0.0 <1 0 

KEY: 
ND * none detected at level of 1 ug/1 
TR * trace at level of 1 ug/1 
ND-1 * none detected at level of 100 ug/1 
TR-1 * trace at level of 100 ug/1 
blank * sample not analyzed or well not sampled 
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TABLE 4 

RESULTS OF DUPLICATE ANALYSES FOR TCE 

SAMPLE CONCENTRATION MEAN of STANDARD 
Of TCE 
(ug/l) 

MEASUREMENTS DEVIATION 

186 
1 

162 
174 17.0 

100 
2 

95 
97.5 3.5 

21 
3 

19 
20 1.4 

In addition to collection of chemical and water level 

data, the ground water investigation included a constant 

discharge pumping test to determine hydraulic properties of 

the aquifer. During this test, MW-2 was pumped continuously 

for 8 hours at a rate of 30.4 gpm. Water levels in four 

surrounding wells were measured frequently to develop a 

time-drawdown relationship at various distances from the 

pumping well. Water levels were also measured after the 

eight hour pumping period to provide time-recovery data. 

Aquifer transmissivity and storage coefficient values were 

calculated from the pumping test data, using time-drawdown, 

distance-drawdown and residual drawdown forms of Theis 

nonequilibrium analysis. The range of values calculated for 
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transmissivity were discussed in Section 3.3.2. The average 

transmissivity was found to be 16,600 gpd/ft corresponding 

to 2.57 X 10”^ ft^/sec. With an average saturated thickness 

of 25 feet, hydraulic conductivity of the aquifer is 

calculated to be 1.03 X 10“^ ft/sec or 3.13 X 10-^ cm/sec. 

Assuming an effective porosity of 0.3 and an average 

hydraulic gradient of 0.002, seepage velocity at site A is 

found to be approximately 200 ft/year. 

4.1^.2 Other Geohydroloqic Characteristics 

While monitoring well data provides a quantitative 

measure of properties of the ground water, other more 

qualitative characteristics of the system were described in 

a regional hydrogeologic evaluation compiled by the 

engineering firm. A stratigraphic cross-section of the 

region, showed that no interconnections existed between the 

near surface sand layer and underlying aquifers which serve 

as public water supplies to the area. No oil or gas 

activity is conducted in the area surrounding industrial 

site A, and no geologic faults exist which might transmit 

contamination in the upper sand layer downward to drinking 

water supplies. 

Migration of ground water contaminants within the sand 

unit, which extends between the depths of 10 and 35 ft below 

the surface, is of primary concern. Regional ground water 

flow occurs in ■ a southeastern direction so that 

contamination migrating down gradient would be carried 
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towards a ditch draining west to east along the southern 

border of the site. Since the base of the ditch is 18 feet 

below grade and the sides of the ditch are found to be moist 

even during periods of low flow, discharge of ground water 

from the sand unit to the ditch may be occurring. Because 

the • ditch represents the boundary of the industrial 

property, flow of contaminated ground water into the ditch 

would have legal ramifications, in addition to the potential 

impact on surface water in the ditch further downstream. 

Inspection of potentiometric surface maps constructed 

from water level data substantiated the southeastern 

direction of ground water flow. While the potentiometric 

surface is essentially planar in the region parallel to the 

ditch, curving of the equipotential contours occurs in the 

vicinity of the storage tanks so that flow seems to follow a 

southeastern direction before bending directly south. The 

flow regime also varies somewhat through time. During the 

first quarter of the one-year monitoring period, for 

example, ground water flow in the vicinity of the ditch 

changed directions. Curving of the equipotential contours 

created a sink at the southeastern corner of the site. A 

typical potentiometric surface map used in calibration of 

the USGS model at site A is shown later in Section 4.2.2. 

4.1^.2 Characteristics of the Contaminant Source. 

While the hydrogeologic characteristics of site A were 

relatively well-defined, quantitative data describing the 
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release of contaminants into the aquifer system was lacking. 

The underground solvent tank was in use 15 years before it 

was excavated and ground water monitoring began, but the 

history of leakage during that 15 year period is unknown. 

The rectangular tank was constructed of concrete and 

emplaced in the ground with its base directly atop the near 

surface sand unit. The tank had a full storage capacity of 

5000 gallons, but the flow of degreasing solvents to the 

tank varied through time and the contents of the tank were 

frequently drained. The composition of solvents in the tank 

also varied. A mixture of varying proportions of primarily 

trichloroethylene and toluene was used in degreasing 

processes at industrial site A. While the solvents were 

99.9% pure prior to use and contaminated very little during 

subsequent use, they were mixed with other water-based 

wastes during disposal. The contents of the storage tank, 

as a result, ranged from 40-80% pure solvents. 

TCE or other chlorinated hydrocarbons stored in the 

tank may have contributed to the formation of hydrochloric 

acid, which dissolved the vinyl seals along the seams of the 

tank. Leakage of the tank contents through the seams, which 

began at some unknown point in time following installation 

of the tank, probably occurred continuously at a flow rate 

which varied with the volume of fluid in the tank. Other 

leakage may have occurred more sporadically in accidental 

spills associated with overflow of the tank or drainage of 

the contents. During the 15-year period over which the tank 
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was used, the rate of release of contaminants from the tank 

was therefore unknown. 

The ground water analyses provided the only reliable 

means of quantifying the load of contaminants to the system. 

At the midway point in the monitoring period (9/15/83), the 

engineering firm used the chemical data collected at the 

monitoring wells to delineate the areal extent of the 

contamination (Figure 6). The area of the plume was then 

used to calculate the total volume of contaminated ground 

water, which was found to be 12.3 million gallons. Ground 

water samples collected within the contaminated area at this 

point in time exhibited an average concentration of TCE 

equal to 176 ug/1. Therefore, the plume at that time 

contained an approximate total mass of TCE equal to 8 kg. 

As described in a later section, this total load of 8 kg was 

used in the computer simulation to model the contaminant 

source as an injection well. 

4.1.4 Remedial Activity 

Remedial activity at industrial site A began 

approximately one year after the solvent tank was excavated 

and the monitoring program had begun. A recovery scheme had 

been developed nearly one half year prior to actual 

installation and start-up of the system. The engineering 

firm analyzed pumping test data to determine the 

configuration of wells operating at a design flow rate which 

would most effectively capture and control the contaminant 
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plume. The recovery system was designed with the following 

objectives in mind: 1) to produce an area of drawdown 

sufficient to encompass the contaminant plume, 2) to 

minimize the total flow rate and thereby reduce the volume 

of contaminated ground water to be treated, and 3) to 

minimize installation and operating costs. 

The most cost-effective recovery system was found to be 

one which employed three monitoring wells already in 

existence. Monitoring wells 2, 6 and 8 were to be pumped 

continuously each at a flow rate of 30 gpm. Locations of 

the recovery wells are shown in Figure 6. At that point in 

time (1/2 year following removal of the tank), the 

engineering firm estimated that if operation of the recovery 

system were immediately begun, the average contaminant 

concentration in the plume could be reduced by 99% in the 

period of two years. The three-well recovery system, 

however, did not become operational until 6 months after the 

design was developed. Continued movement of the plume 

during the delay necessitated the addition of a fourth well 

(MW-11) to the system. Due to operating problems, start-up 

of pumping did not occur simultaneously at the four recovery 

wells. The operating flow rate did not approach the design 

flow rate of 30 gpm. On the start-up date which was assumed 

to be 4/6/84 for the entire system, flow rate ranged between 

19 and 12.5 gpm at the tour wells and declined during the 



91 

following months. Table 5 shows an average of pumping rates 

measured at the four wells over a two month period following 

start-up of the recovery system. These average pumping 

rates were used to simulate the recovery system with the 

USGS model. 

TABLE 5 

Average values of pumping rates recorded 
between the dates of 4/6/84 (start-up of 
the recovery system) and 6/5/84 (first 
ground water sampling date following start¬ 
up) . 

WELL # RECOVERY PUMPING 1 RATE 
WELL # 

MW-2 Rl 18.1 gpm = 0.0403 cf s 
MW-6 R2 12.4 gpm = 0.0276 cf s 
MW-8 R3 14.4 gpm = 0.0321 cf s 
MW-11 R4 11.7 gpm = 0.0245 cf s 

In addition to development of a recovery scheme, the 

engineering firm was also responsible for the design of a 

system to treat the recovered ground water. The 

contaminated ground water contained a number of sparingly 

soluble, volatile organic compounds at concentrations in the 

jig/1 range. These compounds, with the corresponding 

concentrations typically observed in ground water monitoring 

at site A (at MW-4), are listed in Table 6. 
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COMPONENT CONCENTRATION 
(ug/1) 

1.1.1- trichloroethane 322 
trichloroethylene 1383 
toluene 263 
1.1- dichloroethylene 294 
1.1- dichloroethane 128 
vinyl chloride 197 
1.2- transdichloroethylene 305 

Due to the volatility of the contaminants, air 

stripping was chosen as the form of treatment. An 

experimental mass transfer system was used to measure the 

relative volatilities of the chemical components when an 

actual sample of the contaminated ground water was treated 

by air stripping. Because of its high concentration and low 

volatility compared to the other compounds in the 

contaminated water, TCE was considered to be the 

"controlling component" in the treatment of the water by air 

stripping. A design concentration of 1000 ug/1 was chosen 

for this controlling component. Toluene, at a design 

concentration of 200 ug/1, was also considered a target 

component during evaluation of treatment processes, because 

of its low volatility and dissimilar chemical structure 

compared to the other components. 

With these design parameters in mind, three methods of 

air. stripping were evaluated by the engineering firm: 1) 

use of a packed stripping column, designed especially for 

treatment of the contaminated ground water, 2) use of 
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continuous stirred tank reactors in an existing on-site 

sanitary wastewater treatment plant, and 3) use of an 

existing on-site cooling tower. Because of low operating 

costs and adequate treatment capacity associated with the 

method, air stripping using the sanitary wastewater 

treatment facilities was chosen. 
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SECTION 4.2 

Application of the USGS Model 

$.2.1 Assumptions Made in Simulation of the Plume 

In the USGS model application, the study area at 

industrial site A was simulated using a finite difference 

grid, 20 X 35 cells in dimension. Each cell represented an 

area of 50 X 50 feet. Five of the 15 wells monitored at the 

site were designated as observation wells in the model. 

Actual water quality data from these wells, MW-4, 5, 12, 14 

and 7 provided the most information about the movement of 

the plume and the distribution of contaminants; as 

observations wells, they would be useful in calibration of 

the model. The location of observation wells and other 

monitoring wells, and the orientation of the finite 

difference grid is shown in Figure 7. Because hydrogeologic 

properties such as transmissivity and ground water velocity 

are described in the model as tensors and vectors in a 

cartesian coordinate system, the grid was oriented so that 

the predominant direction of plume migration paralleled the 

y-axis. 

As discussed before, plume simulation using the USGS 

model requires the specification of constant or spatially 

varying parameters. In the simulation of industrial site A, 

constant parameters such as effective porosity, longitudinal 

dispersivity, ratio of transverse to longitudinal 
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dispersivity, ratio of transmissivity in the y-direction to 

transmissivity in the x-direction (ratio of Tyy to Txx), 

saturated thickness, and background contaminant 

concentration were specified as shown in Table 7. 

TABLE 7 

PARAMETER VALUES USED IN SIMULATION OF SITE A 

effective porosity 0.3 
longitudinal dispersivity 10 feet 
ratio of transverse to 

longitudinal dispersivity 0.29 
ratio of Tyy to Txx 1.00 
saturated thickness 25 feet 
background concentration of 
contaminant 0 

Effective porosity was not measured for aquifer 

material at site A,, so a typical value was assigned. 

Longitudinal dispersivity and the ratio of transverse to 

longitudinal dispersivity were adjusted during model 

calibration before arriving at the values shown in Table 7. 

During the earlier simulations conducted, transmissivity was 

also specified as a single value parameter equal to 0.03 

ft^/sec or 2600 ft^/day (the average value for 

transmissivity determined from pumping test data). However, 

in subsequent calibration of the model, varying 

transmissivity spatially across the grid provided better 

results. 

Constant head boundaries, shown in Figure 7, were 
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oriented to produce the flow field observed at site A. The 

ditch which runs along the southern boundary of the site was 

represented by a line of constant head nodes with water 

level elevations chosen in the range of the 66 feet measured 

in the field. A second constant head boundary was placed at 

the opposite end of the grid to drive flow in the system and 

to produce the observed migration of the plume. The 

orientation of this boundary and the values of constant head 

assigned to it were adjusted considerably during model 

calibration. 

Other assumptions were made in simulating the 

contaminant plume. The migration of TCE was simulated in 

the model, because its movement in the ground water regime 

is essentially unretarded by reactions with the aquifer 

material. As a nonreactive tracer and as the primary 

pollutant at site A, the movement of TCE would best 

approximate the movement of the entire contaminant plume. 

Because the rate of release of TCE from the leaking tank was 

unknown, the contaminant source was modeled as an injection 

well. The length of the injection period, which simulated 

the period of leakage prior to removal of the tank, and the 

concentration of TCE in the injection fluid were chosen so 

that a total mass of 8 kg of TCE was released into the 

aquifer. The choice of injection period length was 

constrained to some extent by the high seepage velocity at 

the site; injection periods of greater than one year in 

length allowed the simulated plume to migrate further than 
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the observed plume. The concentration of TCE in the 

injection fluid was assigned a value on the order of 1400 

lig/1, the highest TCE concentration observed in the field. 

Adjustment of the loading of the contaminant to the system 

is discussed in greater detail in the following section. 

Following release of the contaminant during the first 

pumping period, the injection well was turned off, to 

simulate excavation of the leaking tank. Subsequent pumping 

periods in the simulation represent the one year monitoring 

period which followed removal of the tank and preceded the 

start-up of the recovery system. During these pumping 

periods, no injection or withdrawal of fluid occurred and 

the movement of the contaminant plume was due only to the 

natural movement of ground water and the effects of 

dispersion. Concentration maps produced in this simulation 

of the monitoring period permitted a comparison with actual 

monitoring well data, during calibration of the model. 

4.2.2 Calibration of the Model 

Calibration of the USGS model at site A involved the 

adjustment of the following parameters: longitudinal 

dispersivity, ratio of transverse to longitudinal 

dispersivity, transmissivity, hydraulic gradient and 

contaminant loading. As indicated in the sensitivity 

analysis, the latter two parameters had the l~~gest effect 

on the results of the simulation. Adjustment of parameters 

to best match the contaminant plume measured at site A, 
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including sensitivity analysis runs, required a total of 

approximately 100 computer runs. These runs included 

preliminary simulations of the site on a smaller 17 X 20 

grid, as well as simulations for the sensitivity analysis 

described in Chapter 3. Calibration of the model using the 

20 X 35 grid at first required some adjustment of 

contaminant loading. The majority of runs, however, 

involved adjustment of the flow field. For final 

calibration of the model, transmissivity and the ratio of 

transverse to longitudinal dispersivity were adjusted. 

These adjustments are described in some detail in the 

remainder of this section. 

Adjustment of hydraulic gradient involved altering the 

constant head values along the ditch and along the second 

boundary at the opposite end of the flow field. The 

orientation of the second constant head boundary was crucial 

in directing the movement of the plume. From field data, 

the plume appeared to move away from the tank in a southeast 

direction before bending in a more southerly direction 

towards the ditch. This bending of the plume was simulated 

by creating a sink in the ditch and by orienting the other 

constant head boundary at an angle to the ditch. The ditch 

was represented by a boundary extending between the grid 

coordinates (2,23) and (19,31), with constant head values 

defined at those nodes as 66.6 and 66.3 ft respectively. 

Head along the middle section of the ditch decreased to a 

low value of 65.8 ft so that the nodes in this area 
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represented a sink in the flow field. The constant head 

boundary at the opposite end of the flow field extended 

along column 2 from nodes (2,13) to (2,9), angled across the 

corner of the grid to (9,2), and from there, extended across 

the top row of the grid. This configuration of boundaries 

produced the best results during calibration and is shown in 

Figure 7. 

The orientation of the boundaries and the constant head 

values were adjusted until the head distribution map and the 

observation well data approached the actual potentiometric 

surface map and monitoring well data. Water table 

elevations computed at the five observation wells were 

compared with elevations observed at the corresponding 

monitoring wells. Final adjustment of the constant head 

boundaries produced the fit shown in Table 8. 

TABLE 8 

OBSERVATION MONITORING PREDICTED WATER 
WELL NUMBER WELL TABLE ELEVATION 

AND GRID NUMBER (FEET MSL) 
COORDINATES 

OBSERVED WATER 
TABLE ELEVATION* 

(FEET MSL) 

1 (9,12) = MW-4 
2 (11,15) = MW-5 
3 (5,16) = MW-12 
4 (13,17) = MW-14 
5 (10,18) = MW-7 

68.1 67.7 
67.7 67.6 
67.6 67.4 
67.4 67.5 
67.3 67.3 

* An average of up to 12 measurements collected during 
the one-year monitoring period. 

The same final configuration of constant head boundaries 

produced the head distribution map shown in Figure 8a. This 

predicted head distribution compares favorably to the 
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potentiometric surface map constructed from water levels 

measured on 7/19/83, which represents a map intermediate in 

appearance between maps from data collected before and after 

that date. The actual potentiometric surface map is shown 

in Figure 8b for comparison to the predicted map in Figure 

8a » 

Like adjustment of hydraulic gradient, adjustment of 

the contaminant loading had significant effect on the shape 

and extent of migration of the plume. Injection periods of 

1.0-, 0.75- and 0.50-year durations were simulated at site 

A. As in the sensitivity analysis, different loading 

scenarios produced different plumes at the end of the 

monitoring period, even though the mass of contaminant 

released into the aquifer during the different injections 

was held constant. A one-year injection produced too large 

a plume in which predicted TCE concentrations were too low 

and too evenly distributed. A 0.75-year injection produced 

a plume in which TCE was better concentrated towards the 

center, but predicted concentrations were still too low. A 

0.5-year injection produced the best results. With a 

concentration of TCE in the injection fluid equal to 1500 

ug/1 and an injection rate of 0.012 CFS, the half-year 

loading simulated a plume in which the distribution and 

migration of contaminants approached that observed in the 

field. 

Adjustment of transmissivity improved the distribution 

of contaminants within the plume. Chemical data from the 
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final sampling in the monitoring period indicated that TCE 

was concentrated in the regions near MW-7 and MW-8, while 

very little contamination reached MW-13 (see Figure 9). 

Allowing transmissivity to vary spatially improved the 

calibration. An area of lower transmissivity (=0.02 

ft^/sec) was specified in the region surrounding MW-12, 13, 

9 and 10. Transmissivity was adjusted to 0.032 ft^/sec in 

the remaining area of the grid. This adjustment in 

transmissivities reduced the concentrations predicted at 

MW-13 and also created a bending of the simulated plume as 

it migrated towards the ditch. 

Some calibration of longitudinal dispersivity and the 

ratio of transverse to longitudinal dispersivity (a-p/oiL) was 

also useful in adjusting the distribution of contaminants 

within the plume. Reducing OIT/OIL below the value chosen in 

the final calibration (arp/oiL = 0.29) produced negative 

concentrations in the predicted plume indicating instability 

in the solution. Changing longitudinal dispersivity from 20 

ft to 10 ft did not affect the results of the simulation 

significantly. According to Bouvette (1983), decreasing 

longitudinal dispersivity below the value of 10 feet chosen 

would also have introduced numerical inaccuracy. 

Through adjustment of parameters described above, 

calibration of the model at site A continued until the error 

between the predicted and measured contaminant plumes was 

minimized. The differences between predicted and measured 

concentrations of TCE at the monitoring wells were summed to 
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produce the following measure of error: 

E Px mx 

where px = predicted concentration of TCE 
at monitoring well x 

and mx = measured concentration of TCE 
at monitoring well x. 

The error E provides a comparison between the predicted and 

measured volumes of contaminated ground water. Errors (E) 

calculated for a selected number of different computer runs 

are shown in Table 9. 

The peak concentration of TCE predicted in each of the 

simulations, and the distance of this predicted peak from 

monitoring well MW-8, are also shown in Table 9. Since the 

highest measured concentration of TCE is found at MW-8, a 

comparison of this measured peak (1022 ug/1) and the 

predicted peak provides a second measure of the fit between 

the measured and predicted plumes. Table 9 confirms that in 

terms of both volume of contaminated fluid and peak 

concentration of contaminant, the final calibration 

represents the best fit. 

Final calibration of the model at site A produced the 

plume in Figure 9. Simulation of the plume with a half year 

of injection and one year of flow produced a mass balance 

error of only 0.67% at the end of the computer run. 
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TABLE 9 

ERROR VALUES AND PEAK CONCENTRATIONS 
FOR DIFFERENT COMPUTER SIMULATIONS 

PEAK CONCENTRATION 
COMPUTER 
RUN NO. DESCRIPTION OF SIMULATION E VALUE TCE 

(ng/1) 
DISTANCE 

FROM 
MW-8. 

97 Final calibration (0.5 yr 
inject ion, concentration 
of TCE in injection fluid 
* 1500 pg/1, injection 
rate * 0.012 CFS) 

661 819 50 ft 

96 Same as 97, but stronger 
hydraulic sink in ditch 

663 791 50 ft 

98 0.75 yr injection, 
concentration of TCE in 
injection fluid * 1300 
pg/1, injection rate * 
0.009 CFS 

712 658 50 ft 

93 Same as 97, but trans¬ 
missivity varies spatially 
from 0.02 to 0.025 ftVsec 

1461 976 100 ft 

86 0.5 yr injection, 
concentration of TCE in 
injection fluid * 1100 
pg/1, injection rate * 
0.016 CFS, constant trans¬ 
missivity of 0.02 ftVsec 

1622 574 160 ft 
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FIGURE 9 
PLUME PREDICTED AT END OF MONITORING PERIOD 

values predicted across the grid. 
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Actual concentrations of TCE observed at the various 

monitoring wells are indicated in bold lettering in Figure 

9, for comparison to the predicted plume. Input data for 

the final simulation is given in Appendix I. 

4.2.2 Simulation of the Recovery System 

Calibration of the model established a scenario by 

which contamination of the aquifer at site A may have 

occurred. Using the same aquifer parameters and 

hydrogeologic conditions developed in the calibration, the 

recovery system employed at the site could also be 

simulated. 

A new input data set was constructed for simulation of 

the recovery system. Constant head boundaries and 

parameters such as porosity, dispersivity, saturated 

thickness and transmissivity remained unchanged. The 

background concentration of TCE, however, was changed from a 

constant value of 0 to a spatially varying value specified 

by means of a concentration map. In modeling the recovery 

system, the contaminant plume simulated in the calibration 

of the model could be inputted in this way as a region of 

background concentration. Four recovery wells corresponding 

to MW-2, 6, 8 and 11 were designated in the finite 

difference grid. Pumping rates corresponding to the actual 

average pumping rates (as cited in Table 5) were also 

specified. The recovery wells were turned on at the start 

of the simulation and allowed to operate continuously until 
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the run was terminated. The input data set for the recovery 

system is shown in Appendix II. 

Simulation of the recovery system showed that the 

operation of the four wells produced a marked decrease in 

the extent of the plume and in the concentrations of TCE 

predicted. Figures lOa-d show the contaminant distributions 

predicted by the model after 0.5, 1.0, 1.5, and 2.0 years of 

pumping. At 2.0 years in the simulation, a mass balance 

error of 0.46% was computed, indicating good numerical 

accuracy in the solution. 

Comparisons of actual chemical and water level data to 

values predicted in the simulation provide a good check on 

the accuracy of the model. Water level elevations predicted 

by the model are shown in Table 10, along with elevations 

predicted prior to start-up of the recovery system. The 

drawdown produced by pumping is also computed. Table 11 

shows the corresponding data which was actually measured in 

the field. When the measured change in water level 

elevation at each of the five wells is corrected for a 

regional drop in the water table produced by a period of 

drought, the remaining change represents the actual drawdown 

produced by the recovery system. A comparison of the two 

tables, shows that the predicted drawdown compares favorably 

with the actual observed drawdown. 

On 6/5/84, 0.16 years after the start-up of the 

recovery system, analyses for trichloroethylene were 

conducted on samples from 5 of the monitoring wells. 
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Figures 10 a-d show contours of equal concentration of TCE 
(\xq/l) predicted by the USGS model at 0.5, 1.0, 1.5, and 
2.0 years following start-up of the recovery system. 
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TABLE 10 

PREDICTED WATER TABLE ELEVATIONS 

OBSERVATION HEAD BEFORE HEAD AFTER DRAWDOWN 
WELL PUMPING 

(FT MSL) 
PUMPING 
(FT MSL) 

(FEET) 

1 68.1 67.4 0.7 
2 67.7 67.1 0.6 
3 67.6 67.3 0.3 
4 67.4 66.9 0.5 
5 67.3 66.7 0.6 

TABLE 11 

OBSERVED WATER TABLE ELEVATIONS 
AVERAGE VALUES OF MEASUREMENTS TAKEN 

AT MONITORING WELLS 

OBSERVATION HEAD BEFORE HEAD AFTER ] DRAWDOWN CORRECTED 
WELL PUMPING PUMPING (FEET) DRAWDOWN 

(FT MSL) (FT MSL) (FEET)* 

1 67.7 65.0 2.7 0.8 
2 67.6 64.9 2.7 0.8 
3 67.4 65.4 2.0 0.1 
4 67.5 65.1 2.4 0.5 
5 67.3 64.7 2.6 0.7 

* NOTE: Water levels in wells lying outside the zone of 
influence of the recovery system dropped an average 1.9' 
due to drought . This value was subtracted from the appar- 
ent drawdown to compute the actual (corrected) drawdown 
due to pumping. 
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A comparison of this data (shown in bold lettering) to the 

contaminant plume predicted at 0.16 years in the simulation 

is provided in Figure 11. On 9/28/84, 0.47 years after 

pumping began, 9 of the monitoring wells were sampled. In 

Figure 12, the results of this sampling are compared to the 

corresponding plume predicted in the simulation of the 

recovery system. 



112 

FIGURE 11 
PLUME PREDICTED AFTER 0.16 YEARS PUMPING 

Bold figures represent observed concentrations 
of TCE (pg/1), provided for comparison to 
values predicted across the grid. 
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FIGURE 12 

PLUME PREDICTED AFTER 0.47 YEARS PUMPING 

Bold figures represent observed concentrations 
of TCE (ug/1), provided for comparison to 
values predicted across the grid. 
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SECTION 4.2 Evaluation of Modeling Results 

The first step in computer modeling at site A consisted 

of plume simulation. The USGS model was calibrated to 

provide the best fit between the simulated plume and the 

plume delineated by ground water sampling efforts. Final 

calibration of the model was reached when the error between 

the simulated and measured plumes was minimized, as 

described in Section 4.2.2. A comparison of actual 

potentiometric data collected in the field with water levels 

predicted at the observation wells and with the head 

distribution map simulated in the model, suggests that the 

hydrogeology represented in the model is a reasonable 

approximation of field conditions. 

The comparison of predicted and observed chemical data 

in Figure 9 also suggests that simulating the leaking tank 

as an injection well is a valid approach to modeling the 

site. Predicted concentrations of TCE in the simulated 

plume in Figure 9 match observed concentrations reasonably, 

except at monitoring wells MW-5, 13 and 11. Modeling the 

release of contaminants as a 0.5-year continuous injection 

probably represents a major source of error. The release 

occurred at an unknown rate over a period of 15 years, and 

fluctuations in the actual leakage of solvents from the 

storage tank might have caused anomalies in the shape of the 

contaminant plume. Geologic heterogeneities present in the 

aquifer system, but not simulated in the model, could also 
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have contributed to irregularities in the observed plume. 

Part of the deviation in predicted results from 

observed results may also be due to inaccuracies in 

locations of the simulated wells caused by the orientation 

of the grid. In the model, concentrations are predicted at 

nodes at the center of each finite difference cell. Due to 

the orientation of the grid, actual well locations may vary 

from the center of a cell by a distance of up to 15 feet. 

This deviation may explain part of the difference between 

predicted and observed concentrations at MW-5 and MW-11; the 

observed concentration at each of these wells is within the 

range of concentrations predicted at surrounding nodes. 

At MW-13, the predicted concentration of TCE is 112 

ug/1 compared to an observed concentration of <1 yg/1. At 

MW-12, however, which is 100 feet away, predicted and 

observed concentrations compare favorably. An employee at 

industry A has suggested that the observed concentration at 

MW-13 is reduced by dilution with discharge from a water 

distillation facility in the vicinity of the well. 

At other monitoring wells located within the body of 

the plume, the match between observed and predicted 

concentrations is better. At MW-8, the predicted value is 

somewhat lower than the observed value; the predicted value, 

however, does correspond to the peak concentration in the 

simulated plume. The observed concentration of 1022 ug/1 at 

that well is also the highest observed concentration, 

indicating that the movement of the center of the simulated 
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plume roughly matches that of the observed plume. 

The second step in computer modeling at site A was to 

simulate the behavior of the plume after remedial activity 

was begun. The 4 well recovery system was applied to the 

plume simulated in the first phase of the modeling effort. 

Drawdowns produced in the simulation corresponded to 

drawdowns observed in the field, indicating that the 

transmissivity values chosen during calibration of the model 

were reasonable. 

In Figure 11, which shows observed and predicted 

contaminant concentrations 0.16 years after start-up of the 

recovery system, the value predicted at MW-7 matches fairly 

well with the observed value. Observed values at MW-5 and 

MW-11 are higher than predicted suggesting that declining 

pump rates or other factors may reduce the efficiency of the 

recovery system in the field, particularly at the periphery 

of the plume. For example, a malfunction in MW-11, 

prevented the well from pumping for a period following 

start-up of the recovery system. This might explain why the 

observed concentration at that well is higher than 

predicted. At MW-10 and MW-13, predicted concentrations are 

lower than observed concentrations. At these two wells, 

however, the concentrations of TCE in ground water samples 

collected after start-up of the recovery system are actually 

higher than concentrations measured during the monitoring 

before pumping began. The malfunction in MW-11 may have 

allowed a spreading of the actual plume toward MW-10. The 
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discrepancy at MW-13 may be due to some phenomenon not 

accounted for in the model, such as a geological 

heterogeneity. 

At 0.47 years after start-up of the recovery system 

(see Figure 12), more chemical data points were available to 

test the fit between predicted and measured contaminant 

plumes. Concentrations of TCE were measured at nine 

monitoring wells at this point in time (as compared to only 

five monitoring wells sampled at 0.16 years following start¬ 

up of the recovery system). When the concentrations of TCE 

measured at these nine monitoring wells are totaled, the 

chemical data show a 90% reduction in the total 

concentration of TCE measured at the same nine wells prior 

to pumping. The simulation predicts an 89% reduction in TCE 

concentrations at the nine wells during the 0.47 years of 

pumping. This comparison of percent contaminant removal 

achieved in the field with percent removal predicted in the 

model suggests that the simulation of the recovery system is 

fairly accurate. 

A comparison of the spatial distributions of TCE 

predicted and measured after 0.47 years of pumping also 

shows good results (Figure 12), although chemical analyses 

of ground water in the southern portion of the plume are 

lacking. At MW-5 and MW-7, predicted concentrations of TCE 

are higher than observed in the field. When concentrations 

at nodes surrounding the two wells are inspected, however, 

the discrepancy appears to result from errors in simulating 
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well locations on the grid. The actual values observed at 

the two wells approach the values predicted at the 

surrounding nodes. 

Despite variations between the predicted results and 

actual observations, simulation of the contaminant plume and 

recovery system at industrial site A provides a useful 

prediction of plume migration and of the efficiency of 

contaminant removal during remedial activity. The model 

shows that a recovery period on the order of 2.0 years is 

necessary to reduce concentrations of TCE to 6 ug/1 or less. 

The modeling exercise also indicates gaps in the data base, 

for example, concerning the existence of spatial variations 

in transmissivity or other heterogeneities in the system 

which might occur in the vicinity of MW-13. 
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CHAPTER FIVE 

CONCLUSIONS 

This study indicates the capabilities of the USGS 

Solute Transport Model when it is applied to plume 

delineation and aquifer restoration. 

1) The general capabilities of the model were established 

during preliminary studies of well-defined or 

simplified problems. 

a) Simulation of the chromium plume at Long Island, NY 

produced results similar to those predicted by an 

analytical model. 

b) Sensitivity analysis was performed using a 

simplified grid and varying parameters within the range 

observed at site A. When the source was modeled as an 

injection well, variations in hydraulic gradient, 

contaminant loading, and to a lesser degree, 

transmissivity had the most effect on the shape and 

movement of the plume. Dispersivity values did not 

significantly affect the plume geometry and migration 

in a pumped system. 

2) The model, in its two-dimensional, steady-state form, 

provided good results at industrial site A, when the 

leakage of trichloroethylene (TCE) from an underground 

storage tank was modeled as an injection well. 



120 

a) In the simulation, the predicted head distribution 

map resembled the potentiometric surface contour map 

constructed from monitoring well data. 

b) Modeling the leaking storage tank as an injection 

well allowed the release of a discrete mass of TCE. 

The mass of TCE to be released to the aquifer during 

the simulation could be estimated from the observed 

volume of the plume and TCE concentrations measured in 

the plume. However, the actual rate of leakage was 

unknown. 

c) The predicted physical extent of the plume and 

predicted concentration levels of TCE within the plume 

matched actual observations fairly closely at the end 

of a one-year monitoring period. 

d) Departures in predicted results from measured 

values were due primarily to a lack of data concerning 

the loading rate of TCE to the system and geologic 

heterogeneities in the aquifer. Smaller deviations 

between the concentration predicted at a given 

observation well and the value measured at a 

corresponding monitoring well might have been due to 

the difference between the observation well location at 

the center of a grid space and the actual monitoring 

well location. 

3) Simulation of a recovery system at site A also provided 
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good results. A pumping system was applied to the 

plume delineated in the first phase of modeling. The 

recovery scheme, however, might easily have been 

simulated using a plume constructed directly from 

monitoring well data. 

a) After two years of pumping, the simulation produced 

a mass balance error of 0.46%, indicating the solution 

was numerically accurate. 

b) The drawdown predicted during simulation of a 

system of four withdrawal wells matched the observed 

drawdown at five points in the field area. 

c) Predicted concentrations of TCE approximated the 

observed concentrations at two points in time following 

start-up of the recovery system. At the second point 

in time, one half year after pumping began, the 

chemical data indicated that the pumping had actually 

removed 90% of the TCE from the 9 monitoring wells 

sampled. The model predicted that a half year of 

pumping would produce an 89% removal of TCE at the same 

9 wells. 

d) Differences between observed and predicted values, 

may have been due to declining pumping rates in the 

actual recovery system, or malfunctions in the pumping 

wells. 

e) In the simulation, the four-well recovery system 
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prevented further movement of the plume towards the 

site boundary and after two years of pumping, reduced 

the concentration of TCE in the ground water from 

approximately 1000 ug/l to 6 ug/l. 

These conclusions indicate the usefulness of 

contaminant transport modeling applied to ground water 

investigations. The reliability of predictions produced by 

the model is limited by the completeness of the data base 

describing the system, so that modeling is particularly 

useful at well-characterized sites. In this case, a model 

such as the USGS Solute Transport Model is capable of both 

delineating the initial plume of contaminated water and 

simulating its movement under the influence of a recovery 

system. 
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