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Abstract of Thesis Presented to the Graduate School
of the University of Florida in Partial Fulfillment of the

Requiremants for the Degree of Master of Engineering

GROUNDWATER MODEL CALIBRATION
FOR A HYDROCARBON PLUME IN A

SANDY, SURFICIAL AQUIFER

By

STEVEN RAYMOND SCANLAN

December, 1988

Chairman: W. Lamar Miller
Cochairman: Paul A. Chadik
Major Department: Environmental Engineering Sciences

A gasoline-contaminated surficial aquifer, the site of

four years of remediation efforts, was investigated using a

semi-quantitative soil extraction procedure to determine the

vertical distribution of sorbed contaminants present. The

effectiveness of contaminant flushing in highly contaminated

soils by aquifer augmentation was demonstrated. The site

was modeled using BIOPLUME II, an updated version of the

USGS Solute Transport Model. Although the model was

effectively calibrated to the groundwater flow through the

site, the extreme vertical contaminant distribution and the

variation of groundwater contaminant concentrations as a

function of aquifer elevations and time prevented the
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acceptable calibration of the pollutant transport model to

this site. A three dimensional model should be considered.
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CHAPTER I

INTRODUCTION

Groundwater is a valuable resource, and has become

recognized as such over the past few years. It represents

96 percent of all fresh water resources in the United

States, an estimated 36 quadrillion gallons (DeHan, 1981).

However, its importance, based on use, varies significantly

across the United States. In 1970, groundwater contributed

29 percent of the public water supply for the 31 eastern

states and 46 percent for the 17 western states (Freeze and

Cherry, 1979). These figures exclude private wells used by

an estimated 40 million people in the United States,

particularly in rural areas where most water is consumed

without significant pretreatment (Miller, 1985). In

Florida, 92 percent of all drinking water is obtained from

groundwater sources (Florida Department of Environmental

Regulation, 1985).

The awareness of groundwater's importance improved as

demand for water was increasing, the capacity of known,

economically available sources was limited, and the quality

of many known sources was deteriorating from outside

contamination. The problem with availability of

uncontaminated groundwater was further exacerbated by

1
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overpumping of some coastal aquifers, resulting in land

subsidence and salt water intrusion.

Potential sources of groundwater contamination are

numerous, and have become commonplace in our society. They

include underground storage tanks. Across the country,

there are an estimated 1,400,000 installed underground

storage tank systems with capacities greater than 1,100

gallons, 84 percent of which are made of unprotected steel.

About 50 percent of these tanks are used for petroleum

products (Kosowatz, 1988), and the United States

Environmental Protection Agency estimates that ten percent

of these petroleum storage tanks are currently leaking.

Based on benzene being one percent of unleaded petroleum

products, and the current maximum contaminant level for

benzene being one part per billion as established by the

Florida Department of Environmental Regulation, one gallon

of gasoline has the potenti~l of contaminating over eight

million gallons of groundwater (Cherry, 1987). In a 1978

study of leaking petroleum storage systems, the Petroleum

Equipment Institute found 81.6 percent of tank leaks and 98

percent of piping leaks were the result of corrosion (Kost

and Parish, 1986).

Over the past 15 years, significant legislation at all

levels of government has been enacted to regulate or

prohibit certain practices commonly linked with groundwater

contamination. Although there has been progress,
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significant sources of potential contamination remain, and

existing contamination plumes continue to spread.

Once an aquifer is contaminated, the recommended

cleanup option is dependent upon the characteristics of the

contaminant, extent of the contaminant plume, physical

characteristics of the site, and sound engineering practices

(Nyer, 1985). At best, an aquifer cleanup operation will be

expensive, difficul., and long term. Considering the large

investment of time and money for cleanup, predictive models

of the groundwater system have proven extremely useful in

determining relative effectiveness of plume control and

remediation plans (Freeberg et al., 1987).

There have been three types of predictive models

commonly applied to groundwater systems: sand tank models,

analog models, and mathematical models. A difficulty with

all models is readily duplicating conditions found in the

field. While the sand tank models and analog models enjoyed

considerable use prior to the 1960's, they fell out of favor

when high-speed digital computers became available. While

mathematical models have been used since the late 1800's, it

has been computers that led to their widespread use (Wang

and Anderson, 1982). The advent of the personal computer

has brought the capability of mainframe computers to the

desk top. The major limitations of the personal computer,

in comparison to a mainframe, are limited data set/code

size, and the speed at which the program is executed (Westiy
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and Robertson, 1985). With the recent development of the

Operating System/2 software, the data set/code size

restrictions have been reduced, and technological advances

are increasing the personal computer's operating speed.

These advances, coupled with the recent proliferaticn of

modeling programs for personal computers, have made

mathematical models virtually essential for all who work

with groundwater and groundwater contamination problems.

While mathematical models have simplified the

predictive process for groundwater contamination assessment,

transport and remediation, they still require considerable

site specific hydrogeologic information to be effective.

They should also incorporate any biological degradation,

chemical reactivity, and physical processes such as solute

adsorption to and desorption from the soil.

The research described in this thesis concerned a

gasoline contaminated surficial aquifer at the University ot

Florida, Institute for Food and Agricultural Sciences Citrus

Research and Education Center (IFAS-CREC), Lake Alfred,

Florida. Based on previous hydrogeologic characterization

of the site, the objectives were to:

1. Identify the vertical extent of adsorbed

hydrocarbons on the site,

2. Develop a water balance for the system,

Il
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3. Select a mathematical solute transport model that

adequately describes the contaminant transport for the field

site under study, and

4. Use water table elevations, aquifer

transmissivities, and groundwater contaminant concentrations

to validate the selected model.

-4



CHAPTER II
LITERATURE REVIEW

This chapter presents a review of literature pertaining

to the contamination site with its operational recovery

system, and the development and application of mathematical

models. The major areas of discussion are the history of

the project site, the development of mathematical models,

the model calibration process, and case histories of model

application.

The Project Site

The University of Florida, Food and Agricultural

Sciences, Citrus Research and Education Center (IFAS-CREC)

is located just north of Lake Alfred, Florida, at 810 42.9'

west longitude, and 280 06.1' north latitude. The facility

borders on a wetland to the west which eventually drains

into Lake Swoope, and the site itself is reclaimed wetland.

The area is underlain by the Hawthorne Formation, a

clayey-sand confining layer in excess of 11 feet thick. The

surface of this layer ranges in depth between 6.4 feet and

12.8 feet beneath the ground surface in the area under

study. This layer maintains the surficial aquifer in the

6
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sandy fill material overlying it. The water table surface

generally follows the ground surface elevation, but varies

by a few feet depending upon the background flow of the

aquifer, the existing climatic conditions, and the volume of

recycled groundwater and fresh water being sprayed on the

spray field. However, the typical water table elevations

vary from a maximum of 140 feet above mean sea level on the

spray field to a minimum of 130 feet near the wetlands. The

water table is, on average, about four feet below the ground

surface. Figure 2-1 shows the physical layout of the site,

and identifies the monitoring and recovery wells.

Accidental Release and Subseauent Cleanup Efforts

The following is a summary of Killan's (1987)

historical overview, readers are referred to his original

document for a more detailed discussion.

The University of Florida, Institute of Food and

Agricultural Sciences, Citrus Research and Education Center

operated an on-site petroleum refueling system consisting of

a 7,000 gallon, on-grade gasoline storage tank, a 3,000

gallon underground gasoline storage tank, a 300 gallon

underground diesel storage tank, and the necessary

underground piping and pumps to operate the system. In May

1983, a loss of leaded gasoline was detected from the on-

grade storage tank. The tank was removed from service in

June 1983, and later dismantled for subsequent disposal.

Air pressure tests of the tank and the underground fuel

iI
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transfer lines were performed, indicating leaks, probably

the result of corrosion. A review of the CREC gasoline

delivery and pumping records indicated 7,500 to 8,000

gallons of gasoline were released.

Between January and May 1984, a series of 12 monitoring

wells were installed to monitor the contaminant plume and

facilitate recovery operations. The free product recovery

operation was conducted between 17 May and 04 June 1984.

Based on the benzene content of water samples taken

throughout the operation, an estimated 6,000 gallons of

gasoline were removed from the aquifer.

In January 1985, again following a review of their

delivery and pumping records, IFAS-CREC personnel discovered

a 50 gallon per day gasoline leak from their 3,000 gallon

underground storage tank. Subsequently, both underground

storage tanks were taken out of service in February 1985,

emptied and filled with sand.

There has been virtually no free product observed in

any monitoring well since May 1985.

The drinking water supply, drawn from the underlying

Floridan Aquifer by a pump housed in building 12, was

regularly tested for benzene and total hydrocarbons. The

benzene analysis, performed by a contractor, was

consistently less than one part per billion. With one

notable exception, the total hydrocarbon concentration was

less than one part per million. Upon investigation, the
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exception was found to be the direct result of a quality

control error in the laboratory. The adjacent wetlands were

also periodically tested, and a detectable concentration was

routinely found, but not in sufficient concentrations to

indicate the contaminant plume ever reached the wetland

(Killan, 1987).

Groundwater Recovery/Spray Aeration System

The groundwater recovery/spray aeration system depicted

in Figure 2-1 has been in use since August 1986, except for

the December 1987 addition of the small intermediate-

pressure, single nozzle rotating head sprinkler near the

northwest corner of the electric power substation. Since

completion of the free product recovery, groundwater

recovery from select wells, followed by spray aeration has

continued to strip the volatile organic compounds from the

water, returning the less contaminated, oxygenated water to

the aquifer.

The operational groundwater restoration system can be

broken down into three distinct components: the groundwater

recovery system, the spray aeration system, and the aquifer

augmentation system. Each component will be discussed

individually.

Groundwater recovery system. The groundwater recovery

system is comprised of submersible pumps (Goulds, Model

25EL10422) placed in wells RAP-l, UF-2M, and RAP-3. Each

pump is controlled by a Pump Sentry controller (Model
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AWl00), which allows the well to pump dry, shut off for a

preset time period, and then reinitiate the pump cycle. The

placement of wells RAP-1 and UF-2M were made to prevent the

further expansion of the contaminant plume, as well as

provide recovery points in the areas of highest contaminant

concentration. RAP-3 serves as a backup well for UF-2M,

minimizing the threat of release of contaminated groundwater

to the wetland, as well as providing a back flushing

capability of the surrounding soil by drawing water from the

wetland through the surrounding contaminated soil, and

pumping it into the system.

For contaminants with a density less than water, the

use of recovery wells and injection wells as a means of

hydrodynamic plume control is well documented (Nyer, 1985).

The effectiveness of these wells is further supported by the

lack of significant plume movement since their operation

began (Miller, 1988).

Spray aeration system. The spray aeration system

consists of 30 low flow rate spray heads installed on 24

inch vertical risers distributed across the spray field as

shown in figure 2-1. The droplet size produced is a

function of the water pressure of the system; at low

pressures, small droplets are produced, while at high

pressures, a fine mist is produced. In both cases, the

air/water interface area is significantly increased for a

given mass of water. Since the alkylbenzenes, which compose
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most of the gasoline, are highly volatile and have

relatively high Henry's Law constants (Nyer, 1985), the

large air/water interface results in a phase change of the

contaminant from the liquid phase to the gaseous phase. In

addition, the oxygen concentration gradient at the interface

will result in oxygen movement from the gaseous phase to the

liquid phase, thus returning an oxygen enriched, cleaned

water to the aquifer, when the aerated water infiltrates the

spray field and percolates to the underlying aquifer.

Aouifer aucimentation system. The aquifer augmentation

system consists of a double nozzle, medium intermediate-

pressure sprinkler located in the center of the spray field,

and the single nozzle, small intermediate-pressure sprinkler

at the northwest corner of the electric power substation.

These sprinklers can deliver an additional 15,000 gallons of

fresh Floridan Aquifer water per day to the spray field.

Since gasoline has a density less than water and is

immiscible in water, the released product will move downward

under the force of gravity, wetting soil surfaces, with

minor capillary forces creating some lateral spreading

during the vertical movement of the plume. Once the

gasoline reaches the water table, it may create a slight

depression in the water table surface, but will spread as a

result of elevation gradients and later, capillary forces,

with small amounts of hydrocarbons dissolving in the water.

Free product recovery operations will generally remove
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significant amounts of the product reaching the water table,

but some will remain in the soil, either adsorbed to organic

material (Jury, 1986), or held between soil particles by

capillary forces. However, since the non-ionic, non-polar

alkylbenzenes adsorb almost exclusively to organic material,

and most sand aquifers with a significant water yield

contain little carbon, Cherry (1987) contends adsorption is

not a significant process in delaying the contaminant

movement through such an aquifer. Should the water table

drop in elevation after the free product recovery is

completed, the layer of adsorbed and surface tension

immobilized product will remain in place (Freeze and Cherry,

1979). These perched contaminated layers are susceptible to

biodegradation by native bacteria found in most soils, but

as long as the layer remains, it poses further contamination

threats to the underlying aquifer because small quantities s

of the contaminant can be released to the aquifer by the

percolation of water through the contaminated zone, or more

significant quantities will be released should the water

table become elevated and engulf the contaminated soil

region. Since the contaminant is immobilized in the soil,

the driving force for release of the contaminant is the

concentration gradient between the contaminated soil and the

"fresh" water moving through it (Nyer, 1985). While the

concentration diffusion process is not instantaneous, it is

a function of the hydrocarbon solubility, the rate of
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transfer from the solid phase to the aqueous phase, and the

contact time between the two phases. Therefore, elevation

of the water table or a continuous downward percolation of

water will have a more significant effect on release of the

immobilized contaminant than will an infrequent movement of

water such as that resulting from a small rainfall.

Additional research on the contaminant transfer from the

solid to liquid phase under field conditions needs to be

conducted (Cherry, 1987).

The aquifer augmentation with the fresh water

sprinklers elevates the water table, provides a continuous

flushing action through the soil containing the adsorbed

hydrocarbons, and increases the groundwater elevation

gradient across the site.

Natural Factors Affecting Groundwater Recirculation System

While the ideal conditions for modeling a groundwater

system would be a static situation with neither loss nor

gain of water, this is an impossible condition in the field

because of natural occurrences, particularly evaporation,

evapotranspiration, and precipitation.

Evaporation. Evaporation is the direct vaporization of

water from a wet surface. The amount of evaporation

occurring is a function of relative humidity, air

temperature, and wind speed. To standardize its

measurement, the National Weather Service (NWS) has adopted

standard dimensions, construction materials, and operating
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procedures for evaporation pans in their weather stations

(Smaistrla et al., 1982). There is an NWS standard weather

station operated by IFAS-CREC personnel at the Lake Alfred

site, and daily measurements of pan evaporation are made.

Measured pan evaporation values from a properly

maintained pan, corrected with the appropriate pan

coefficient, are accurate indicators of the amount of

evaporation occurring from free water surfaces and wetted

solid surfaces under similar exposure conditions (Decker,

1966).

The use of sprinklers also increases the amount of

evaporation occurring. The spray emitting from sprinkler

heads is exposed to the same evaporative conditions during

its flight through the air, but its increased air/water

surface area makes it more susceptible to evaporation.

Therefore, the finer the water droplets emitted, the greater

the evaporation, under the same climatic and physical

conditions. Water loss due to wind drift must also be

considered if the drift results in depositing the water

outside of the study area.

Experimentation and measurement of evaporation from

different types of irrigation sprinklers has been conducted

to reduce evaporative losses. Ali and Barefoot (1981)

provide an overview of several noteworthy experiments.

Early pivoting irrigation sprinklers were set with a

trajectory angle of about 26 degrees above horizontal.
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Although the evaporation was found to be a function of the

existing climatic conditions, operating pressure, and nozzle

size, many of these sprinklers were found to have an

evaporative loss ranging between 15 and 35 percent for a

7.26 millimeter diameter nozzle to between 40 and 52 percent

for a 6.32 millimeter nozzle. To reduce the evaporation

from these sprinklers, their trajectory angle has been

reduced to seven degrees above horizontal, thus reducing the

air/water interface time (Ali and Barefoot, 1981). Low

trajectory irrigation sprinklers are used on the Lake Alfred

spray field.

Ali and Barefoot (1981) conducted 72 tests of low

trajectory irrigation sprinklers under various climatic and

operating conditions. Defining evaporative loss as "the

combined loss of evaporation from the spray and the drift

loss," they used the following equation for its computation:

Loss = Sprinkler volume - Collected volume X 100%.
Sprinkler volume

The loss results reported from the tests ranged between

0 and 48 percent. The data were analyzed using stepwise and

least square regression procedures to provide the following

model:

Loss = 7.95 - 0.40 RH + 0.83 T + 0.85 WS + 0.03 PR

+ 2.71 RHT

where RH = relative humidity (%),
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T = temperature ('C),

WS = wind speed (kilometers/hour),

PR = pressure (kilopascals), and

RHT = riser height (meters).

This model had a square of the multiple correlation

coefficient (R') of 0.91, a standard deviation (S) of 4.42

percent, and a coefficient of variation of 16 percent (Ali

and Barefoot, 1981).

While the evaporative loss of the low pressure spray

systems are less studied, they are regularly used as

undertree micro irrigation systems in Florida citrus groves.

In such applications, the operating pressure is low enough

to produce small droplets of water. The shielding effect of

the trees reduce the droplets' exposure to the wind and sun,

contributing to an average application efficiency of 80

percent (Smajstrla et al., 1988).

An additional complication which may occur is the

evaporative effect of the irrigation system may lower the

air temperature and raises the relative humidity in the

immediate area, thus reducing evaporation from the wetted

ground surface (Decker, 1966).

Evapotranspiration. Evapotranspiration is the

combination of evaporation and transpiration, the flow of

water vapor from the interior of a plant to the atmosphere.

The amount of evapotranspiration occurring is again
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dependent upon the existing climatic conditions, as well as

the crop canopy covering the ground.

While there have been several methods developed for

predicting evapotranspiration, the easiest and most widely

used is the pan evaporation method. The equation is

provided below:

Evapotranspiration = k, x k2 x Pan Evaporation

where k, = crop coefficient, and

k4 = evaporation pan coefficient.

Experiments conducted in Fort Lauderdale, Florida

obtained a crop coefficient of 0.9 for turfgrass. Past

experiments have also shown that the evaporation pan

coefficient is variable throughout the year, but under

Florida conditions, 0.7 is a good year around value (Pair et

al., 1983 and Jones et al., 1984).

Precipitation. Precipitation is measured at all NWS

Weather Stations, so this information is readily available.

Agricultural experts break down precipit.tion into effective

rainfall, runoff, and percolation. Effective rainfall is

the moisture temporarily stored in the soil to meet the

evapotranspiration requirements of the crops, runoff is

water lost over the ground surface without ever entering the

soil, and percolation is the water moving below the crop

root zone toward the aquifer (Jones et al., 1984). This
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study will be concerned with effective rainfall and

percolation.

Historical Development of Mathematical Modeling

Mathematical models have been used since the late

1800's, but it was not until the availability of high-speed

digital computers in the 1960's that their use became

widespread.

In 1856, French engineer Henry Darcy published his

report on the water supply of Dijon, France. Included in

that report were results of experiments of water flow

through a sand-filled cylinder. From this, he developed the

empirical relationship known as Darcy's Law. This is

commonly attributed as the birth of groundwater hydrology as

a quantitative science (Freeze and Cherry, 1979).

Groundwater Flow Models

Groundwater flow models are concerned strictly with the

flow cf watcr through porous media, the aquifer material.

They have proven their worth in groundwater planning and

management. Numerical calculations of Darcy's Law and other

refinements such as the Theis equation for well drawdown

have allowed groundwater flow models to become reliable

predictive tools if calibrated with accurate data for the

site. The information required includes aquifer parameters

(porosity, transmissivity, saturated thickness,
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storativity), physical conditions of the site (initial

conditions, boundary conditions, locations of pumping and

injection wells), and a historical database with which to

calibrate the model. There are several available articles

and textbooks which discuss these models in detail,

including Wang and Anderson (1982), and to a lesser extent,

Freeze and Cherry (1979).

Solute Transport Models

By the mid 1970's, groundwater flow models were

experiencing widespread use and had become largely accepted

in the groundwater community. This was also the period that

groundwater contamination problems began receiving

considerable attention. These factors resulted in research

efforts being extended to include the modeling of physical,

chemical and biological processes in groundwater

contamination. The legal profession often relies on them as

well, making use of solute transport models in litigation

cases involving contaminated groundwater (Geraghty, 1984).

In surface waters, solute transport has been modeled

using the advective-dispersion equation for many years.

However, there is a significant difference between fluid

flow and solute transport in surface waters and that through

porous media. While all of the requirements of the

groundwater flow model still apply, increased dispersion and

adsorption effects, lower transport velocities, and greater

aquifer heterogeneities prevent the direct translation of
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the surface water advective-dispersion equation to

groundwater transport. Freeze and Cherry (1979, Appendix X)

provide an overview of the derivation of the advective-

dispersion equation as it applies to groundwater, while Bear

and Bachmat (1984) proceed through a rigorous development of

the basic transport equations. Bedient et al. (1985)

present an easily understood overview of solute transport

modeling and the factors which affect it, targeting the

basic level hydrologist, hydrogeologist, and ground water

resource manager without a background in modeling.

Advection. Advection is the movement of solute within

flowing groundwater. If advection is the sole force moving

a solute, it will move in the direction of groundwater flow,

at the seepage velocity of the groundwater, and there will

be an extremely sharp concentration gradient between the

leading edge of the plume and uncontaminated wateL. While

advection is a significant force in groundwater, it should

not be considered the sole source of solute movement

(Beljin, 1985).

Hydrodynamic dispersion. Hydrodynamic dispersion (or

dispersion) is the combination of two known physical

effects. The first, and most significant effect is

mechanical dispersion caused by velocity variations in

magnitude and direction within the pore spaces of the

aquifer on the microscopic scale, and variations in

permeability on the macroscopic scale. Molecular diffusion
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of contaminant from high concentrations to areas of low

concentration also contributes to dispersion. While

molecular diffusion will be more significant at lower

velocities, it is usually considered negligible and is

disregarded in groundwater flow (Bear, 1979).

While it is possible to measure jn &ltu dispersion

coefficients, it is difficult at best, and the results

obtained have been of questionable reliability. As a

result, dispersion is normally determined during model

calibration (B3ljin, 1985).

Biodegradation. It has only been in the past 15 years

that sizable bacterial populations were detected in the

ground below the root zone. Prior to this discovery, it was

assumed to be a sterile region (Wilson et al., 1986). These

microbial populations have been found to develop in

microcolonies attached to the soil particle surface.

Investigators have measured attached microbial populations

on the order of 106 bacteria per gram of dry soil in

surficial aquifer material, to a depth of six meters (Wilson

et al., 1983 and Harvey et al., 1984).

Harvey et al. (1984) conducted their experiment in a

sewage-contaminated Cape Cod, Massachusetts aquifer. They

found no significant difference in the attached microbial

population in the contaminated plume or in an uncontaminated

section of the aquifer. However, the population of smaller,

free-floating bacteria within the contaminant plume had a
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strong correlation with the distance from the contaminant

source. Similarly, in a southern California gasoline spill,

hydrocarbon bacteria of 50,000 per milliliter of sample or

* more were found in wells containing free product, while a

nearby uncontaminated well had only 200 bacteria per

milliliter of sample (Borden and Bedient, 1986).

While it is a growing area of research, there is little

known about microbial dynamics and simultaneous

biodegradation of contaminants in an aquifer system. Under

favorable conditions, research has shown significant

reduction of degradable organic contaminants, enough to

indicate that solute transport models of aquifers under

these conditions should account for biodegradation. The

favorable environmental conditions include a degradable

carbon source, dissolved oxygen, oxidation-reduction

potential, and the availability of mineral nutrients. Two

vital requirements for the bacteria are the degradable

contaminant, serving as a food/energy source, and the

dissolved oxygen, serving as the primary electron acceptor

(Widdowson et al., 1987).

Given favorable conditions and naturally occurring

aerobic bacteria commonly found in aquifers, benzene,

toluene, xylenes, and other alkylbenzene components of

gasoline are readily degraded (Angley, 1987). These same

compounds have also recently been found to be degraded under

anaerobic conditions in methanogenic river alluvium
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contaminated with landfill leachate and a sandy surficial

aquifer contaminated with aviation gasoline. However,

anaerobic degradation occurs at a significantly slower rate

than aerobic degradation (Wilson et al., 1986).

Aerobic bacterial populations are believed to increase

until limited by oxygen, degradable organic material, or

essential nutrients. In most contaminated aquifers,

dissolved oxygen is assumed to be the limiting factor

(Wilson et al., 1986). The oxygen consumption in areas of

high contaminant concentration will be great enough to

produce significant oxygen concentration gradients. While

these gradients may induce the diffusion of oxygen from the

phreatic zone or from oxygenated waters outside the plume

into the plume (Wheeler et al., 1987), this process is

unable to keep up with the oxygen consumption rate.

However, there is a great deal of uncertainty concerning the

vertical dispersion coefficient of a conservative tracer.

Recently measured vertical dispersion coefficients have been

on the order of molecular diffusion coefficients, orders of

magnitude lower than previously believed (Borden and

Bedient, 1986).

The rapid oxygen consumption within the plume produces

an anaerobic zone in the region of reduced contaminant

concentration, resulting in biomass decay and significant

reduction, if not total cessation, of aerobic degradation of

the contaminant. Near the fringes of the plume, the biomass
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decay appears to be reduced, and this is believed to be the

result of oxygen diffusion from surrounding, oxygenated

waters. This oxygen diffusion along the lateral edges of

the plume is also believed to retard the lateral movement of

the plume (Widdowson et al., 1987).

Angley (1987) conducted a series of aromatic

hydrocarbon degradation experiments using contaminated

groundwater from the Lake Alfred site. Due to the rapid

rate of degradation, he concluded the native bacterial

population was acclimated to the hydrocarbons present. The

first order rate equation provided the best fit to the

measured experimental data.

Card (1987) reviews case histories using biological

remediation of contaminant plumes, as well as viable methods

of oxygen augmentation to the oxygen deficient waters of the

plume.

Adsorption. Once a contaminant has adsorbed to a soil

6urface, it will come to equilibrium with the surrounding

fluid, thus gradually reducing the adsorbed contaminant

concentration. This has the effect of delaying (retarding)

the passage of the contaminant through the aquifer. For

compounds undergoing linear instantaneous adsorption, this

retardation factor (R) may be calculated as shown below

(Borden and Bedient, 1987):

R = V/Va 1 + pKd/n
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where V, = ground water velocity of
nonadsorbing compound,

Va = ground water velocity of
adsorbing compound,

Kd = partition coefficient (cm./g
compound adsorbed),

p = soil bulk density (g/cm3) and

n = soil porosity.

Adsorption may significantly increase the rate of

biodegradation of a contaminant by allowing oxygenated water

to overtake the retarded contaminant plume. This is

particularly true of oxygenated water entering the trailing

edge of the plume (Wheeler et al., 1987). Without

significant adsorption, oxygenated groundwater will be

unable to overtake a contaminant plume moving at the same

velocity, nor does longitudinal dispersion appear to have

much of an effect. In such cases, transverse dispersion has

the dominant effect (Borden and Bedient, 1986).

Adsorptive solute transport models may be reduced to

two general categories, equilibrium models and kinetic

models. The equilibrium models assume there is an

instantaneous equilibrium between the adsorbed solid phase

and liquid phase solute, while the kinetic models assume

solutes are simultaneously moving toward and away from the

adsorbing surface at variable rates and different rate

constant coefficients (Saleh et al., 1986). The limiting

process favoring a kinetic model is normally a chemical
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reaction or a diffusion process. Grove and Stollenwerk

(1987) provide an overview of groundwater models

incorporating chemical reactions, as well as a table

providing an extensive list of models discussed in recent

literature and their applications.

While adsorption is assumed to play a significant role

in the reduction of hydrophobic contaminants in groundwater,

there is considerable uncertainty about the solute-soil

interaction process. Two additional processes known to

occur, producing similar effects, are partitioning and

absorption. These three processes are often referred to

collectively as sorption. Although these processes are

normally considered fully reversible, recent research has

demonstrated this is not true under all conditions (Angley,

1987).

Aauifer heteroqeneities. Varying values of aquifer

transmissivity will alter groundwater flow lines, thus

affecting the mechanical dispersion. In surficial aquifers

of limited thickness, the surface of the underlying

confining layer may also have a significant effect on the

groundwater flow patterns. Twenter et al., (1985) found the

sloping clay confining layer at a spill site altered the

flow of water at different flow levels of the aquifer. This

resulted in the displacement of the contaminant plume's

lateral edge.
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Killan (1987) reported a swale in the confining layer's

surface between wells RAP-5 and RAP-6. He also indicated

additional heterogeneous effects from underground utility

lines, storm sewers, and compression of the aquifer below

building foundations . The buried steam lines can also

induce thermal convection currents.

Further Modeling Developments

In 1978, the USGS developed their Solute Transport

Model, a two dimensional, finite difference model for

nonreactive contaminants. This model incorporated several

assumptions which are provided below (Konikow and

Bredehoeft, 1978, p. 4):

1. Darcy's law is valid and hydraulic-head
gradients are the only significant driving
mechanism for fluid flow.

2. The porosity and hydraulic conductivity of the
aquifer are constant with time, and porosity is
uniform in space.

3. Gradients of fluid density, viscosity, and
temperature do not affect the velocity
distribution.

4. No chemical reactions occur that affect the
concentration of the solute, the fluid properties,
or the aquifer properties.

5 Ionic and mclecular diffusion are negligible
contributors to the total dispersive flux.

6. Vertical variations in head and concentrations
are negligible.

7. The aquifer is homogeneous and isotropic with
respect to the coefficients of longitudinal and
transverse dispersivity.
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The model uses a block centered, uniformly spaced grid

system with the nodes at the center of the cell representing

the average value over the area of the cell.

The transport equation in the model incorporates the

Method of Characteristics, a method developed to solve

hyperbolic differential equations, which the transport

equation closely approximates if advection is the dominant

mode of transport, a condition existing in most field

applications. This method has been used successfully in

numerous field problems without introducing significant

numerical dispersion. Konikow and Bredehoeft (1978) include

a detailed description of the program, an explanation of

each program subroutine, and a printed copy of the computer

code, written in FORTRAN.

This model has several advantages. It is a well

documented and easily understood program that has been

verified in both laboratory and field tests. There has been

a menu-driven preprocessor added to the program to make it

more user friendly, and the program has been updated

repeatedly, and improvement efforts are continuing (Rifai et

al., 1987).

0 McDonald and Harbaugh (1985) developed a modular,

three-dimensional finite difference model for groundwater

flow that is easily modified by the user to fit existing

site conditions at a new location. The program consists of

a series of discrete packages, from which the user selects
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those which apply to the site under consideration, and then

executes the program. However, this model does not

incorporate solute transport.

The USGS Solute Transport Model was modified to

simulate the transport and removal of contaminant and

oxygen, as well as microbial activities, under the

assumptions of instantaneous degradation reactions and no

retardation of the contaminant. Assuming the reaction is

oxygen limited and there is an instantaneous reaction

between the contaminant and oxygen, the microbial

concentration is not necessary, provided it is present in

sufficient concentration to degrade the contaminant.

Sensitivity analysis performed on the model indicated

microbial kinetics did not significantly affect the

contaminant distribution, thus justifying the instantaneous

reaction simplification. The development took place at Rice

University with the support of the United States

Environmental Protection Agency and was marketed under the

name BIOPLUME (Wheeler et al., 1987).

BIOPLUME II incorporates the additional capability of

including adsorption of the contaminant to aquifer material

and anaerobic degradation of the contaminant. In both

BIOPLUME models, there is no time allowance given for

bacterial acclimatization to the contaminants present; this

is assumed to have occurred prior to the initiation of

modeling. There is also an implicit assumption that three
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molecules of oxygen are required to totally degrade one

molecule of contaminant (Rifai et al., 1987).

Mathematical models have also been used to solve the

"inverse problem," that is, given limited monitoring well

data, the model is back calculated to produce the likely

source of the contaminant. This same process may also be

used to quantify unknown parameters, given sufficient

information about the contaminant source and monitoring

wells (Chieh et al., 1985). Yeh (1986) reviews the

available literature concerning both of these techniques.

While most of the models discussed concentrate on

computer codes written in FORTRAN or BASIC, there are

several proponents of using computer spreadsheets instead of

these special programs (Olsthoorn, 1985 and Highland, 1987).

Model Calibration

The International Ground Water Modeling Center at

Butler University has established and promulgated a two step

testing process for groundwater models. The two steps are

verification and validation.

Verification

The verification process has two purposes, to test the

accuracy of the computer code under known conditions, and to

ensure the code is fully operational. Both of these

purposes are accomplished by running the program with a
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given set of conditions and a known answer obtained either

from laboratory testing or from an accepted computer model.

One benefit of using a published program is this should

already have been completed prior to publication (van der

Heijde et al., 1985).

Model validation is intended to determine how well the

model simulates the actual behavior of the system. The

first method of doing this is known as calibration, and

involves adjusting the model's physical parameters to obtain

a good correlation between the model's values and the

measured field data. The better form of validation is then

to take the calibrated model, and use it in a predictive

mode beyond the limits of the time period of the data set

used for calibration (van der Heijde et al., 1985).

This calibration process is normally done manually,

using trial and error. However, there have recently been

some numerical estimating processes developed for parameter

estimation (Yeh, 1986). One key point concerning

groundwater models is that there is not one unique set of

system parameters for the calibrated model. This is clearly

demonstrated in Freyberg's (1988) article. Another

interesting point brought out in the article is the best fit

model was the one utilizing a few large region-, in the

conductivity field, while the worst fit model used numerous
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small regions in the conductivity field, attempting to

"tweak" the model to match the data.

Case Histories of USGS Model Application

At the Coast Guard's request, the U.S. Geological

Survey investigated an organic solvent contamination plume

in a surficial aquifer in East Bay Township, Michigan. The

long narrow contaminant plume discovered indicated oxygen

diffusion into the plume along its lateral edges had

significantly retarded the lateral spread of the plume. The

model was calibrated using measured field data, and was then

used as a design tool to develop the most effective recovery

well system to prevent further movement of contaminant from

the site (Twenter et al., 1985).

The USGS model was also applied to a creosote waste

site in Conroe, Texas. On the site, there is a hydrocarbon

plume contained within a larger chloride plume. The

chloride is believed to have originated as a contaminant or

decomposition product of pentachlorophenol, a compound used

in wood treatment processes and present in the waste lagoon.

The chloride concentrations and distributions were used to

calibrate the model initially, and then the model was

applied to the hydrocarbon plume. The original computer

code had to be modified to incorporate the biodegradation.

These modifications were the basis of the BIOPLUME program.
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They provided a good fit of the field measured values

(Borden et al., 1986).

Freeberg et al. (1987) applied the United States

Geological Survey (USGS) Solute Transport Model to a

trichloroethylene-contaminated, shallow, sandy aquifer. Due

to curved flow lines on the site's potentiometric surface,

the configuration and values for a constant head boundary

were adjusted during model calibration. They also found

varying transmissivity spatially across the grid produced

better results, and the transmissivity values used in the

model varied by 23 percent from the measured value. The

model was calibrated by minimizing the error (E) between the

predicted and measured contaminant plumes, using the

following formula:

E = ZIP, - M

where P, = predicted concent:ation of
TCE at well x, and

= measured concentration of TCE
at well x.

In an experiment to determine In situ retardation

factors for naphthalene and paradichlorobenzene, Borden and

Bedient (1987) used three wells in a line, six feet on

center, with the center well used as an injection well, and

the two outer wells were pumped to induce a greater

hydraulic gradient and monitoring wells. They attempted to

calibrate this system using the USGS Solute Transport Model,
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however were unable to obtain an acceptable solution with

either uniform or non-uniform permeability distributions.

This case illustrates the reason that the code authors do

not encourage its use in problems dominated by radially

convergent and divergent flow patterns around wells.

However, El-Kadi (1988) evaluated three situations of such

conditions, finding two produced acceptable results by

utilizing a finer mesh. Efforts are presently underway to

modify the code to improve this aspect of the model.



CHAPTER III
MATERIALS AND METHODS

The efforts of this study can be divided into three

main categories: semi-quantitative soil core analysis, water

balance of the system, and validation of a solute transport

model at the Lake Alfred site.

Soil Core Analysis

To gain an appreciation for the vertical distribution

of sorbed hydrocarbons in the aquifer, soil cores were taken

from several locations on the site. These cores were taken

by three different methods over the course of this study.

Coring Procedure

The initial method of coring employed a trailer-mounted

hydraulic sampler. Although the equipment functioned

properly, the cores were difficult to retrieve from the core

barrel, and impossible to retrieve intact. A split spoon

sampler would have been preferred. In addition, reference

marks were not used to differentiate between the undisturbed

sample and collapse material from the bore walls following

removal of the previous core, which became particularly

significant once the aquifer was entered. These problems,

36
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along with questions about the integrity of the samples

resulted in the data being discarded.

The second coring method used a stainless steel,

manually operated bucket auger. While most problems

encountered with the first method were solved, the continual

collapse of surrounding aquifer material into the bore hole

following the removal of the auger prevented this from being

a viable option, particularly since the upper portion of the

elevated aquifer was of greatest interest.

In the interest of sample integrity, the final method

was developed and used. Since the area of interest was the

upper portion of the aquifer, the initial two to three feet

of overburden were excavated with the manual bucket auger

and discarded. An eight foot length of 1+ inch (1* inch

inner diameter) LEXAN tubing, sharpened at one end, triple

rinsed with 2-propanol and water, was then placed into the

existing hole, the length remaining above ground was

recorded, and it was driven to the desired depth by using a

fabricated six-pound sliding well-point hammer. A steel

plunger with a rubber gasket was inserted into the open end

of the tube, gasket first, and pushed down until it

contacted the sample. A large diameter dowel rod was

inserted to occupy the void, and the end of the tube was

plugged with a number 6 rubber stopper. The plunger, dowel

rod, and stopper minimized the loss of core material due to

the suction effect of the aquifer upon tube removal. The
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core was then driven from the tube by a horizontal force

through the open end, or through controlled, sharp vertical

movements, thus allowing the mass of the plunger to drive

the core out. The coring assembly is shown in Figure 3-1.

The cores were divided into discrete samples of

measured length, with each sample placed in a sealed "zip

lock" sample bag, marked, sealed in a second "zip lock" bag,

and stored on ice for transport to the laboratory.

Extraction and Analysis Procedure

Within ten hours of taking the first core, this

extraction procedure was performed. While still in the

sealed bags, the samples were thoroughly kneaded to produce

a homogenous mixture. A quantity of the soil mixture, about

15 grams, was placed in a clean 40 milliliter VOC vial,

weighed, filled with pesticide grade n-hexane, sealed with a

Teflon-lined septum cap and shaken by wrist action for 10

seconds. Although it would have been preferable to extract

the hydrocarbons without headspace in the sample vials, this

was impossible because of the air entrained in the soil

matrix. Instead, the final head space was minimized through

careful handling and sealing of the vials. The vial was

again weighed to obtain the mass of hexane added. These

prepared samples were then stored at room temperature for

later analysis.

Based upon the initial site investigation conducted by

Killan (1987), the contaminant plume was found to contain 14
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aromatic hydrocarbons in sufficient concentrations to be

readily identified through gas chromatography. Since the

groundwater was tested monthly for these analytes, they were

also used to analyze the soil extracts. The 14 analytes

were benzene, toluene, ethylbenzene, meta-xylene,

para-xylene, ortho-xylene, isopropylbenzene, propylbenzene,

3-ethyltoluene, 4-ethyltoluene, 1,3,5-trimethylbenzene,

2-ethyltoluene, 1,2,4-trimethylbenzene, and

1,2, -trimethylbenzene.

Aromatic standard preparation. The stock standard was

prepared by adding a known mass of each of the above

analytes to pesticide grade methanol to produce a final

volume of ten milliliters. Because of co-elution of

analytes, about 0.010 grams of each of meta-xylene, para-

xylene, 3-ethyltoluene, and 4-ethyltoluene were added, while

about 0.020 grams of each of the remaining ten analytes were

used. To produce a calibration curve, the stock standard

was diluted in pesticide grade n-hexane using dilution

ratios of 1:2,000, 1:1,000, 1:250, 1:125, 1:62.5, 1:40, and

1:20. All prepared standards were stored in sealed two

milliliter serum vials in an explosion-proof freezer untli

required. Storage of these standards did not exceed 30

days.

Soil extract analysis. The soil extracts were analyzed

on a Perkin-Elmer 8410 Gas Chromatograph having a 30 meter

DB-1 capillary column with a 0.53 millimeter inner diameter
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and a three micrometer coating. All samples were injected

directly through a Thermogreen LB-2 11 millimeter septum,

with the septum being replaced after every ten injections.

Each sample was analyzed at least twice, and two diluted

standards were run after every ten sample runs. All extract

samples were taken by syringe through the septum. Once the

septum was pierced, the analysis of that sample was

completed as soon as this method would allow. The

instrument's analytical conditions are provided in Table

3-1.

Recovery study. To verify extraction efficiency of the

hexane extraction method for the aromatic compounds of

interest, two recovery studies were conducted on

representative soil samples obtained from the site. The

first recovery study was conducted at low concentrations

without sampling head space, while the second study used

higher hydrocarbon concentrations and included head space

analysis. In both studies, a known mass of soil was placed

in a clean 40 milliliter vial, injected with a measured

volume of stock standard, sealed with a Teflon lined septum

and cap, and allowed to equilibrate at room temperature for

20 minutes. Equilibrium was assumed to have been reached

within this 20 minute period. In the first study, the

sample vials were opened, filled with pesticide grade

n-hexane, resealed, shaken, and later analyzed by the

procedures discussed previously. In the second study,



42

TABLE 3-1. Perkin-Elmer 8410 Analysis Conditions for
Soil Extracts.

1 2 3

Oven Temperature (0C) 35 70 250

Iso Time (minutes) 8.0 15.0 5.0

Ramp Rate (OC/minute) 5.0 30.0

FID Sensitivity High

Detector Zero On

Injector Temperature 250 'C

Detector Temperature 300 IC

Flow Rate of Helium Carrier Gas 10 milliliters/minute
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following the equilibration period, a ten microliter sample

of the vial's head space was taken and analyzed using the

aforementioned procedure. The head space analysis was

repeated before the vial was opened and hexane added.

The results of this recovery study are included in

Chapter IV.

System Water Balance

To obtain an estimate of evaporation from the spray

heads, an experiment measuring the amount of water reaching

the ground surface in a known area under two application

pressures was made. The equipment was setup as indicated in

Figure 3-2. The pumped volume for each application was

metered, and the spray heads were identical full-circle

heads. The collected water was drained from the white vinyl

collection sheet and stored in small-mouth plastic

containers, to minimize evaporation, for later measurement.

Upon completion of each test, approximately 20 minutes, the

volume of collected water was measured using a graduated

cylinder.

Daily pan evaporation and precipitation data were

obtained from the Lake Alfred weather station. Using this

information, the records of the aquifer augmentation and

recovery system, and the sprinkler efficiency rates, an

approximate water balance was calculated.
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Model Validation

While the following two sections are presented as two

discrete topics, the inclusion of the Method of

Characteristics in the BIOPLUME II code necessitates the

particle movement calculations be completed, even if there

is no contaminant present. Therefore, to minimize the

required computer time, both processes were conducted

simultaneously, with the initial emphasis being placed on

hydraulic flow. Once this was calibrated, the emphasis was

placed upon the solute transport calibration.

Groundwater Flow

A water table database was developed through periodic

measurements of the water elevation in each monitoring well.

This information is presented in Appendix A. Metered

volumes of water were injected into select wells, to

evaluate the effect on water table elevation and recovered

volume of groundwater. The injection and recovery

information is presented in Appendix B. Based on these data

and measured aquifer parameters (Appendix C) from Killan

(1987), a trial and error method was used to calibrate the

groundwater flow portion of the BIOPLUME II model.

Three periods of stable system operation were selected

for the calibration procedure, each representing a different

aspect of the system: steady flow through the system without

injection, injection at the upgradient edge of the study
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area in RAP-5 and RAP-7, and injection in the middle of the

study area through P-6 and P-7. The model's steady state

mode was employed, using one week pumping periods and the

average metered injection and pumped volumes over that

period.

The error minimization was performed using this

Freeberg et al. (1987) equation as a guideline:

E = E I P - M

where P, = predicted value at well x, and

= measured value at well x.

The water elevations in eight wells (M-1, OHM-3, OHM-4, P-5,

RAP-4, RAP-12, RAP-13, and UF-1E) were used.

A K-V Associates' Groundwater Flowmeter (Model 30) was

used to obtain the groundwater flow velocity and direction

in five selected two-inch monitoring wells. The field

procedures used were those specified in the system's

operations and maintenance manual (K-V Associates, Inc.,

1982). To obtain values under static conditions, the

measurements were taken after the recovery wells and spray

field had been turned off for over 30 hours. The flow meter

had been calibrated in a sandy soil matrix prior to field

use.

Solute Transport

The groundwater on site was sampled monthly, in

compliance with the contract between IFAS and the Department
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of Environmental Engineering Sciences. The hydrocarbon

analysis was performed on the Perkin-Elmer model 8410 gas

chromatograph utilized for the soil extract analysis. In

addition, a Tekmar LSC/ALS purge and trap system was used to

concentrate the water samples prior to analysis. The

progrant settings are provided in Table 3-2 (Angley, 1987).

Once the hydraulic flow was calibrated, those

parameters remained constant, and the solute transport

parameters were adjusted by trial and error. The Freeoerg

et al. (1987) equation was applied to the meta-xylene and

para-xylene concentrations in wells OHM-3, OHM-4, P-5,

UF-2M, and UF-3W.

TABLE 3-2. Perkin-Elmer 8410 Analysis Conditions for Water
Samples.

1 2 3 4

Oven Temperature (0C) 50 70 94 200

Iso Time (minutes) 5.0 7.0 0.0 0.0

Ramp Rate (C/minute) 3.0 3.0 30.0

FID Sensitivity High

Detector Zero On

Detector Temperature 300 'C

Flow Rate of Helium Carrier Gas 5.5 milliliters/minute



CHAPTER IV
RESULTS AND DISCUSSION

The information in this chapter is divided into four

sections; the first (The Site) includes field work and soil

extraction results, the second (System Water Balance)

presents the initial assumptions, summarizes the

calculations and discusses the results, the third (Model

Selection) discusses the model selection criteria, and the

fourth (Model Validation) discusses the process used and

problems encountered with the model calibration.

The Site

A number of problems arose during the continuous

operation of the recovery system.

Operation and Maintenance of Recovery System

Because of the geographic separation of the project

site from the University campus, it was not possible to

maintain a continuous on-site presence. IFAS-CREC support

was enlisted to record daily readings, perform emergency

repairs, and ensure proper day-to-day operation of the

system.

48
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One significant problem encountered was fouling of the

pump intake screens by bacterial growth in RAP-i and UF-2M.

This phenomenon did not occur in RAP-3. The pumps were

routinely removed from the well and cleaned. After

returning to operation, the pump would experience flow

restriction problems after about two months, and would plug

after three months. This was overcome by weekly dosing the

well with one gallon of five percent sodium hypochlorite

solution. With the pump turned off, the hypochlorite

solution was added to the water in the casing and allowed to

contact the pump and well casing for about 20 minutes before

the pump was returned to operation. This periodic dosing

kept the biofouling problem under control.

Each pumping well and the irrigation sprinklers in the

spray field had a dedicated, in-line water meter measuring

the flow volume. These meters were standard multi-jet flow

meters, with plastic measuring cylinders. While these

meters were not new when installed in the system, they

experienced a 100 percent failure rate between the

eighteenth and twenty-fourth month of system operation.

Finally, the spray heads in the spray field were not

operating efficiently at low-flow periods. This was

overcome through reduction in number of operating spray

heads, and reducing some full circle spray heads to one-half

or one-quarter circle heads. These measures effectively

increased the operating pressure of the system, producing a
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finer spray, thus increasing the air-stripping ability of

the system.

Groundwater Flowmeter

A graphic summary of the results from the field

measurement of the groundwater velocity and direction is

provided in Figure 4-1, with the numerical values listed in

Table 4-1.

Killan (1987) speculated on the aquifer compression

experienced beneath building 10, producing an effective

barrier to groundwater flow, diverting it to the south for

passage between buildings 10 and 12. The test conducted in

well M-3 supports this idea with its northwesterly

direction. There is a similar effect, although not as

dominant, in well OHM-4. The building induced compression

and the natural movement of water toward RAP-l, even without

pumping, helps explain why the gasoline pooled south of the

wash rack, without spreading north to RAP-2 or west of

building 31.

The pump house (building 12) has a 79 inch deep

concrete wet-well in its south east corner. The physical

presence of it would have prevented the passage of free

product and severely restricted the flow of dissolved

organics through this area, since the confining layer

surface is only eight feet below grade at this location.

The flows in RAP-4 and RAP-6 toward the opening between

buildings 10 and 12, and the flow of RAP-il away from this
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Table 4-1. Groundwater Flowmeter Results for Select Wells

Computed Velocity Direction'

Well ReadinQ (feet/day) of Flow

M-3 51.3 1.3 298

OHM-4 90.6 2.6 2570

RAP-4 259 >4.9 b  305'

RAP-6 159 4.8 2930

RAP-I1 6.7 <0.91 1490

a 3600 equals North

The instrument's calibration curve upper limit for these

tests was 4.9 feet per day.

The instrument's calibration curve lower limit for these

tests was 0.9 feet per day.
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opening indicate the existence of a groundwater divide

between these two areas, probably induced by a combination

of the pump house and variations in the confining layer

surface.

During the installation of additional monitoring wells

for further research, a shallow swale was discovered between

buildings 10 and 12, running toward RAP-i.

Soil Core Analysis

The purpose of this portion of the study was to

qualitatively determine the vertical distribution of sorbed

contaminants in the soil. While the first two coring

methods proved unsuccessful, the final method produced

acceptable results.

Coring process. The LEXAN tubing was an effective

coring device, withstanding the forces of driving without

significant damage. However, it should be noted that the

site material was sandy-clayey soil. The maximum core

length that could reasonably be extracted from the core

barrel by a horizontal driving force was 24 inches, but a

30 inch length of aquifer material was easily recovered by

controlled, sharp vertical movements of the core assembly.

Analytical Process. Because of the variation in

response of the flame ionization detector to each analyte, a

separate calibration curve was developed for each of the 12

eluting peaks of interest. There was a minor interference

between the benzene peak and a small peak attributed to an
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impurity in the hexane. Since the volume of sample injected

was kept fairly constant, about 3.0 microliters, this was

accounted for in the calibration curve.

The range of each calibration curve varied between 5

and 350 nanograms of analyte. The curves may be found in

Appendix D. From these curves, the mass of analyte was

determined, given the integrated response of the

chromatogram. The mass of sorbed analyte in the soil sample

was calculated from the following equation:

MIore =x (1000 ul/ml)

Mobe 1x Vol. x Dent

where M0rbed = mass of sorbed analyte,
nanograms solute/gram soil,

Ma = mass of analyte, nanograms,

= mass of hexane in vial,
grams,

MI = mass of soil, grams,

Vol, = volume of injected sample,microliters, and

Denh = density of hexane, at 203C
= 0.6603 grams/milliliter.

The method and instruments used were capable of

detecting lower concentrations than the low limits adopted

in this study. The calibration curves of several analytes

began displaying a nonlinear relationship at levels below

these limits. The high limit of the curve was set so as to

avoid overloading the column. The curves utilized were
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therefore restricted to the region of linear relationship,

without threatening column contamination. If the analyte

was not detected by the analytical method, it was reported

as ND and given a sorbed mass of zero, while if it was

detected but in insufficient concentration for the limits of

the calibration curves, it was reported as BDL and given the

sorbed mass value produced by one-half of the lower limit

value of that analyte.

Discussion of results. The sorbed hydrocarbon

concentrations as a function of elevation are plotted for

each core taken, as Figures 4-2 through 4-6. The samples

ranged in length from six to nine inches, and the midpoint

elevation of each discrete sample was used for these plots.

The tabulated raw data may be found in Appendix E.

Although the less contaminated cores (Figures 4-3, 4-4,

and 4-5) appear to vary without a dominate concentration

profile, this is attributed to analytical results at or

below the calibration curves' lower limit, and slight

differences in the soil mass used in the extraction. The

highly contaminated soil profiles (Figures 4-2 and 4-6)

indicate a narrow, horizontal region of contamination. The

contaminated region in Figure 4-6 was reported by Killan

(1987) to have contained floating free product prior to the

recovery operations.

While the lower sorbed concentrations found at the

upper and lower edges of this region may indicate the result
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of thoroughly mixing the soil from each discrete sample

prior to extraction, they may also reflect contaminant

volatilization, transport within the capillary fringe,

flushing effects of water movement through the region, or

biodegradation. More likely, it may be a combination of any

or all of the above processes.

Since the free product was known to have pooled east of

building 31 and south of the wash rack, this is a likely

area of significant sorbed contaminant. Being covered by

asphalt, contaminant volatilization and oxygen diffusion

from the atmosphere into the soil is prevented.

Angley (1987) reported organic carbon constituted 0.015

percent of the Lake Alfred aquifer material. In laboratory

leaking column and equilibrium batch isotherm experiments,

he measured this aquifer material's retardation factor

ranging from 1.66 to 1.99 for both meta-xylene and para-

xylene. Based on these results, a low retardation factor

(about 1.8) would be expected in this aquifer under

equilibrium conditions. The presence of the highly

contaminated soil located just above the saturated zone, and

the adjacent highly contaminated soil just below the upper

limit of the saturated zone in the elevated aquifer, should

serve as a continuous contaminant source until full

equilibrium with the surrounding aquifer is reached. The

water flowing through the contaminated area rapidly becomes

saturated with hydrocarbons, thus preventing the transport
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of the total sorbed mass at the seepage velocity of the

groundwater, which would indicate a retardation factor of

1.0. The situation is further complicated by small vertical

dispersion coefficients. This is the type of problem which

has encouraged the development of three-dimensional solute

transport models.

All the monitoring wells on site have screen sections

fully penetrating the aquifer, and the wells are purged of

three casing volumes of water before a sample is taken for

hydrocarbon analysis. This produces a composite sample over

the depth of the aquifer.

Recovery Study

The first recovery study was unsuccessful. This

failure can be attributed to several factors. First, the

soil sample used for both studies was slightly contaminated

with sorbed hydrocarbons. Although the control sample was

analyzed twice for each study, several detected analytes

were at or below the lower limit of the calibration curves.

In such a case, the mass of solute on the column was

estimated by using one-half the calibration curve's lower

limit, thus introducing additional errors. Low

concentrations of the analyte spike and extensive

volatilization of hydrocarbons with the addition of hexane

(visible vapors were seen escaping), further complicated the

procedure. The results are tabulated in Table 4-2. While

the values in this table may appear reasonable, the
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Table 4-2. Results of Initial Hydrocarbon Recovery Study

Soil Mass of Total
Sample Repetition Hydrocarbons Percent
Number Number Iniected (mg) Recovered

1 1 0.127 48.3

2 0.127 37.9

3 0.127 28.4

1 1 0.637 66.8

2 0.637 95.1

3 0.637 95.6

1 1 1.274 64.1

2 1.274 67.4

3 1.274 81.8

2 1 0.127 14.5

2 0.127 -39.0

3 0.127 -28.5

2 1 0.637 57.2

2 0.637 59.3

3 0.637 48.2

2 1 1.274 72.6

2 1.274 71.1

3 1.274 73.2

L0
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variation between replicate analyses of the same sample

becomes more significant, particularly with regard to

specific analytes. These tabulated raw data may be found in

Appendix F.

The second recovery study included higher analyte spike

concentrations, and analyzing the sample vial head space

prior to the addition of hexane. The mass of hydrocarbons

lost due to the hexane displaced head space was calculated

using the following equation:

ea4 = &JLI x (1000 ul/ml)
Voli x Den\

where e, = mass of volatilized analyte,

nanograms solute,

MI  = mass of analyte, nanograms,

% = mass of hexane in vial, grams,

Vol = volume of injected sample,
microliters, and

Den= density of hexane, at 200C
= 0.6603 grams/milliliter.

The mass of hydrocarbons displaced from the vial, when

combined with the total sorbed hydrocarbons in the sample,

adequately accounted for the mass of hydrocarbons in the

spike and that originally in the sample. The results of

this study are presented in Table 4-3.

While sufficient repetitions were not conducted to

establish a rigorous quantitative method, the results are
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Table 4-3. Results of Second Hydrocarbon Recovery Study

Mass of Total Extraction Total
Hydrocarbons Repetition Percent Percent
Iniected (mg) Number Recovered Recovered

2.517 1 69.5 112

2 62.0 104

12.59 1 86.7 97.1

2 82.0 92.4

27.99 1 87.5 92.0

2 71.6 76.1
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sufficient to support the semi-quantitative application used

in this study.

Fresh Water Iniection.

During this study, metered volumes of water were

injected into selected wells to evaluate this method's

effectiveness in elevating the water table. The injection

wells, and their period of use are presented in Table 4-4.

The daily volumes of water injected into each well were

normalized to a 24 hour period between 0730 and 0730 the

following day. These normalized volumes are included in

Appendix B.

Elevations of the water table surface in selected wells

as a function of time are presented as Figures 4-7 and 4-8.

Both figures demonstrate the hydrodynamic influence high

volume injection wells have on the aquifer, particularly

between days 727 and 758 (injection in RAP-5 and RAP-7), and

between days 814 and 832 (injection in P-6 and P-7). They

also provide an indication of the extent of the regularly

occurring fluctuations.

Figure 4-9 presents the combined daily volume pumped

from the three recovery wells. The general shape of this

curve is similar to the water table elevation curves, with

the greatest similarity exhibited by wells closest to the

recovery wells. It should be noted this is a six day moving

average curve, thus introducing a delay in exhibiting the

effects shown in the water table elevations. The low points
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Table 4-4. Injection Well Utilization

WelDates Used Proiect Days

RAP-5 30 JAN - 24 APR 1988 727 - 812

RAP-7 30 JAN - 24 APR 1988 727 - 812

RAP-8 30 JAN - 29 APR 1988 727 - 817

P-6 26 APR - 14 MAY 1988 814 - 832

P-7 26 APR - 06 MAY 1988 814 - 824
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at project days 733 and 813 reflect power outages to UF-2M;

day 793 reflects the flow meter failure at UF-2M; and days

750 and 761 reflect disruption of the RAP-I distribution

system by an on-site contractor. Similarly, the low points

at day 841 coincide with the cessation of injection at P-6

and P-7, and the irrigation sprinklers being secured for two

days. The final low point at day 854 was caused by the

irrigation sprinklers being secured for a 12 day period.

The flushing capabilities of injection wells were also

demonstrated in this study. The effect was most pronounced

in the highly contaminated area around P-5, OHM-3, OHM-4,

and UF-2M. Figures 4-10 through 4-13 present the combined

meta-xylene and para-xylene concentrations for each of the

wells. Background data from August 1987 to January 1988 is

also included to emphasize the effect of the injection

wells.

In P-5, a relatively uncontaminated well in comparison

with the other three wells, there was a marked decrease in

contaminant concentration following injection in P-6 and

P-7. While this concentration has remained suppressed for

three monitoring periods since the termination of injection,

continued monitoring is necessary to evaluate the extent of

recontamination from up gradient areas.

In OHM-3 and OHM-4, the concentration increased with

the injection operation in RAP-5 and RAP-7, but considering

the variation in concentrations over the preceding months,
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and the decrease in UF-2M's concentration, it is not

possible to attribute this increase strictly to the

injection of water. However, following the injection in P-6

and P-7, the three wells (OHM-3, OHM-4, and UF-2M) recorded

their highest concentrations in the 2.5 year history of the

Environmental Engineering Sciences monitoring program. This

supports the hypothesis that high levels of contaminant are

present under the asphalt surface which were previously not

being flushed by the unaugmented groundwater flow.

System Water Balance

Sprinkler Evaporation Test

The sprinklers were not protected from the wind during

the sprinkler evaporation experiment, in order to simulate

their normal operating conditions. While the wind was not

blowing during the 0000 or 0600 tests, it was blowing

lightly during the 1800 test, and was a significant factor

in the 1200 test. The results are presented in Table 4-5.

Low pressure. In the low pressure test, the spray head

was producing a continuous 12 foot diameter spray pattern

and the collection sheet covered a 61.3 degree arc,

extending the full spray radius of the sprinkler. The spray

head was also isolated from possible overspray from

surrounding heads. The collection percentage was greatest

early in the morning, closely followed by the midnight
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Table 4-5. Sprinkler Evaporation Collection Results

Low Pressure
Volume Volume Percent

Time Pumped (gal) Collected (gal) Collected

1800 88.0 2.88 3.27

0000 96.4 3.93 4.08

0600 89.3 3.85 4.32

1200 96.5 1.29 1.34

High Pressure
Volume Volume Percent

Time Pumped (gal) Collected (gal) Collected

1800 118.2 1.49 1.26

0000 111.1 1.38 1.24

0600 101.0 1.37 1.35

1200 102.1 1.41 1.38

S
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collection period. While the smallest percent collected

occurred during the noon sample, as expected, this was also

the period the wind had its greatest effect on the spray

pattern, and solar radiation and air temperature were

nearing their daily peaks. Therefore, it is impossible to

evaluate from these limited data the extent of evaporation,

and the extent of loss due to the wind affected distribution

patterns.

High pressure. The high pressure test produced an

intermittent 24 foot diameter spray pattern and was not

protected from overspray. This collection sheet only

covered the inner 6.5 feet of a 64.2 degree arc through the

spray pattern. The results from this phase of the

experiment show little deviation in the percent collected at

the designated times. This apparent inconsistency is

attributed to the unequal spray distribution across the

pattern's radius, and overspray from surrounding heads.

Spray System Efficiency Rates

The low pressure system consists of 15 spray heads on

the north half of the spray field. Since the prevailing

wind is from the north, any wind "loss" will still fall on

the spray field. Unlike the watering systems used in citrus

groves where the average application efficiency is 80

percent (Smajstrla et al., 1988), this spray is fully

exposed to the wind and direct solar radiation. Therefore,

an application efficiency of 70 percent was applied to the
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volume pumped from RAP-i and distributed on this section of

the field.

The main high pressure system distributes the flow of

UF-2M through ten spray heads on the south half of the spray

field. The heads produce a mist, readily affected by the

prevailing wind which transports considerable quantities to

the asphalt road adjacent to the south edge of the spray

field, resulting in a loss to the system. The fine spray

and wind loss combine to produce a lower than average

application efficiency. Therefore, a 50 percent efficiency

was applied to the flow from UF-2M.

The intermittent flow from RAP-3 is applied to the 15

spray heads of the low pressure system. During this period,

this section also becomes a high pressure system. However,

because of its location on the spray field's northern half,

it is not subjected to the high wind loss out of the system.

Therefore, the flow from RAP-3 was assigned an application

efficiency of 60 percent.

The fresh water irrigation sprinklers in the spray

field are operated at a relatively low pressure, thus-

producing a steady stream and large droplets of water.

Since Ali and Barefoot (1981) reported evaporative loss

ranged from 0 to 50 percent, an efficiency of 80 percent was

applied to this flow stream.
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Additional Water Sources/Sinks

EvaDotranspiration. Under identical climatic

conditions, a wetted surface is assumed to experience an

evaporation rate equal to the pan evaporation rate

multiplied by its pan coefficient. In the spray field, the

constant spray will increase the relative humidity and

decrease the air temperature, both factors reducing the

evapotranspiration rate. However, considering the limited

extent of the spray field, 5,250 square feet, and the

prevailing wind blowing during the peak evaporation periods,

it was assumed there is no reduction in the

evapotranspiration rate of the field.

Turfgrass in Florida will transpire an annual average

of 63 percent of the measured pan evaporation (Jones et al.,

1984). The grass covered surface within the area of

interest is approximately 14i200 square feet, excluding the

wetted area of the spray field.

Iniection wells. During this study, fresh water was

injected into the aquifer through select monitoring wells.

It was assumed there were no evaporative losses from this

augmentation system. In the unique case of RAP-7, injecting

adjacent to the model-designated no flow boundary, it was

assumed 50 percent of this freshly injected water crossed

the boundary and was lost from the system

Precipitation. The site has roof gutter systems and

storm sewer systems which are capable of effectively
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removing precipitation from improved areas before it can

enter the soil. The assumptions listed below were made

concerning this potential water source.

1. Surface run-off of rain falling on the grassed
areas was assumed to be 10 percent of the total
volume, and

2. There was no runoff from the developed areas
onto the grassed areas.

S
Groundwater flow. The naturally occurring groundwater

flow through the area should also be considered. Killan

(1987) estimated this flow to be 5,500 gallons per day.

During this study period, a relative decrease in groundwater

flow was indicated by the low levels of water in the

adjacent wetlands. This, coupled with the high volume

addition of water over the spray field was assumed to

produce a hydraulic mound sufficient to divert the

background flow around the study area. At lower rates of

artificial recharge, this would not be the case.

Aquifer storativitv. A rise in the water table

reflects an increase in the quantity of water stored in the

aquifer. In a surficial aquifer, this quantity is closely

approximated by the specific yield of the aquifer. While

the quantity of stored water ranged widely over the study

period, its level on June 07, 1988 had returned to its

January 30, 1988 level, the first day of the study.

Therefore, this does not enter into this calculation.

i

S
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Final Balance. The calculated values discussed above

are presented in Table 4-6. This balance indicates an

unaccounted for loss of 623,000 gallons during a period of

130 days, or 25 percent of the expected recovered volume.

However, it should be noted that these quantities are based

on approximations and average values.

Table 4-6. Results of System Water Balance Calculations

Volume pumped from - 1,900,000 gallons
recovery wells

Volume injected into 493,000 gallons
injection wells

Volume of effective 2,150,000 gallons
spray on the spray
field

Volume of effective 155,000 gallons
precipitation

Volume of - 273,000 gallons
evapotranspiration

Net volume difference 623,000 gallons

• n nnnnon ~ u mw mmm um un m Ino u m - - nI
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Model Selection

To adequately simulate the Lake Alfred site, a model

must include the ability to accommodate aquifer

heterogeneities, irregular flow boundaries, solute

retardation, and biodegradation to support the bulk of the

remediation research being conducted on site. Because of

the well defined contaminant layer across the surface of the

aquifer, a three-dimensional model would be well suited for

modeling the site, but their lack of availability and high

computer memory requirements precluded this possibility.

BIOPLUME II was selected because it included solute

retardation, aerobic and anaerobic degradation, and had the

necessary flexibility to simulate the site. In addition,

the program was verified, well documented in the literature,

and supported by the Department of Environmental Science and

Engineering staff at Rice University. The addition of the

menu driven preprocessor and its operation on a personal

computer were two additional attractive features.

Model Validation

Before the model could be calibrated, initial

conditions were required. Once established, the pnysical

parameters and contaminant concentrations were entered, and

the calibration procedure was continued.
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Initial Conditions

The BIOPLUME II model, as well as the USGS Solute

Transport model, require no-flow boundaries to surround the

modeled region. No-flow boundaries have a transmissivity of

zero, thus preventing the movement of water or contaminants

across the cell's boundaries. A constant-head boundary may

also be assigned to cells, indicating a stable water table

elevation. Constant-head boundaries, coupled with large

leakance terms are used to simulate sections of aquifer

under stable flow conditions.

The project site was divided into a 200 by 200 foot

grid system containing 400 square cells, ten feet per side.

However, 76 of these cells were included in the requisit no- s

flow boundaries. The orientation of the established grid on

the site map is shown in Figure 4-14. Arbitrary no-flow

boundaries were established along the northern and southern

edges of the study area. Since the wash rack proved an

effective barrier to the northward spread of the plume, a

boundary was established at its southern edge. Similarly,

the no-flow boundary along the southern edge was established

between UF-2M and OHM-2, outside of UF-2M's cone of

influence.

A constant head boundary on the western edge of the

area was established west of RAP-3. The assigned elevation

was the water level measured in UF-3W.
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On the remaining side, a boundary was established along

the western edge of the spray field. The boundary location

was dictated by the line of wells available to generate data

to set the upgradient constant head boundary. Measured

water table elevations for RAP-5, RAP-6, RAP-7, and RAP-lI

were entered into their respective cells and values were

interpolated for the intermediate cells. The additional row

of cells upgradient are included in the model to minimize

boundary effects if these four wells are used as injection

wells.

By assigning a leakance factor to constant head

boundaries, a net flux of oxygen and contaminant to or from

the system may be represented. With a high hydrocarbon

removal efficiency of the spray aeration system, the

hydrocarbons not removed by air stripping were assumed to be

biologically degraded in the upper layer of the soil.

Therefore, there was no contaminant flux into the system.

This was a reasonable assumption considering the relatively

low hydrocarbon contamination levpls found in RAP-4, RAP-6,

and RAP-7. However, the area of the initial gasoline spill

around RAP-5, had a persistent hydrocarbon concentration.

To accommodate this contaminant input, the constant head

boundary in this area was given a leakance coefficient of

1.0 with contaminant addition, thus allowing the movement of

contaminant into the area. An influx of oxygen was also
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used to simulate the movement of oxygenated water into the

system from the spray field.

Due to indications of aquifer compression below

buildings, the transmissivity and thickness of the areas

underlying these buildings was assumed to be zero. This is

a reasonable simplification when coupled with the areas of

relatively high transmissivity surrounding the buildings.

Parameter Selection

Killan (1987) determined the effective porosity of the

aquifer to be 25 percent, and the bulk density to be 1.4

grams per cubic centimeter. His measured values of aquifer

transmissivity, presented in Appendix C, were used as the

original estimates, although they were later adjusted during

the calibration phase.

The aquifer thickness map was generated by subtracting

the surface elevation of the confining layer from the

average augmented water table elevation in each monitoring

well, and interpolating between those points over the

remainder of the area. Thickness values of injection wells

were disregarded during their period of use.

The recharge parameter is based on the measured pan

evaporation and precipitation data obtained from the NWS

weather station at Lake Alfred. The daily values of these

measurements for the study period are listed in Appendix G.

Assuming 10 percent of total rainfall is surface runoff,

there was an effective rainfall of 13.02 inches during the
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course of the study. Based on the average annual

evapotranspiration rate for turfgrass, there was 20.25

inches of water lost through this process. The net loss of

7.23 inches of water from grassed areas over the 130 day

period of the study produces a recharge rate of 5.4 x 10'

feet per second. Although this value represents a net loss

from the system, it is given a positive value by the

numbering convention used in the model. This factor was

only applied to unimproved surfaces on the site.

The values of longitudinal dispersivity and the ratio

of transverse to longitudinal dispersivity were taken from

Freeberg et al. (1987) as ten feet and 0.1 respectively.

These values were obtained in a similar calibration study.

A partition coefficient (Kd) of 1.8 was used for the

calibration procedure. This value is based on laboratory

experiments conducted by Angley (1987).

The anaerobic decay coefficient was set at zero.

Although recent research has found anaerobic degradation of

alkylbenzenes under restricted conditions, it occurs at a

slow rate in comparison with aerobic degradation (Wilson et

al., 1986). Therefore, any anaerobic degradation was

assumed to be negligible.

The reaeration decay coefficient was also kept at zero.

Although there is sure to be some reaeration occurring

because of the shallow depth of the aquifer, the area of

highest concentration is effectively sealed under the
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asphalt surface. Infiltration of dissolved oxygen across

the upgradient constant head boundary is the main source of

oxygen.

The process of entering data into the BIOPLUME II

program is simplified through the use of the menu-driven

preprocessor. Its use ensures the input file is properly

formatted, as well as providing the allowable parameter

ranges. The main loader menu is shown in Figure 4-15. The

input file may also be constructed or edited with a

commercial program editor. A sample input file is presented

in Appendix H, and an edited program output is presented in

Appendix I.

Figure 4-16 provides a simplified flow diagra. for the

model.

Groundwater Flow Calibration

After adjusting the transmi3sivity values to minimize

the summation of errors between the measured water table

elevations and the predicted water table elevations in the

eight monitoring wells under the three flow conditions, the

minimum error obtained was 6.108 feet. A breakdown of this

value is provided in Table 4-7.

Sources of error include geologic heterogeneities in

the aquifer and variations in the hydraulic gradient not

accounted for in the model. The model also uses nodes

centrally located in the finite difference cells. Due to

the grid-size limitation of the model, there is a maximum of
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Loader
Main Menu

1. Edit file name
2. Edit card 1 (Title)
3. Edit card 2 (Grid/timing parameters)
4. Edit card 3 (Grid/timing parameters)
5. Edit card 4 (Reaction parameters)
6. Edit data set 1 (Observation wells)
7. Edit data set 2 (Pump/Inject wells)
8. Edit data set 3 (Transmissivity map)
9. Edit data set 4 (Thickness map)

10. Edit data set 5 (Recharge map)
11. Edit data set 6 (Nodeid map)
12. Edit data set 7 (Nodeid code definitions)
13. Edit data set 8 (Water table elevations)
14. Edit data set 9 (Initial hydrocarbon conc.)
15. Edit data set 10 (Initial oxygen conc.)
16. Edit data set 11 (Pumping periods)
17. Write data to file
18. Quit

Enter the number of your choice (1..18) ...

Figure 4-15. BIOPLUME II Preprocessor's Main Menu

. . .... ..0 - - - , m m l l p..-.=
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/ START

READ

DATA

GENERATE UNpADI 7"UE: KTR OU TC~
DISTRIaUTION OF TRACER

PARTICLES FOR F T

CONTAJIINAMT ,'.') OXYGEN ?r

)DETERMINE LENGTH OF TIMEZ COMUTE GROUND VATER

IWCR=NT FOR EXPLICIT YELocITES AND DISPERSICN
CALCULATIONS I I EOVATION COEFICIETs

CTV't1 ' O REMIOVEr COtIRATIRE OXYRE IPARTICLES AT PARICLES AT
APPROPRIATE BOUDARIES 'APPROPRIATE BOUNDARIESUZchry T CMUEOYGE

CONCErIATION IN CELLS 'COVCE TRATIOV IN CELLSAMD AT NODES An AT I-DES

COPT ASB.AC :OXSPfTT MSASS BAL.ANCE

SUPTEPrSt CORTAIYArT

XID OXTGEN PARTICLS

ADJUST MASS BALASCE

dfo END OF TIKE YtEDOF PUING

STEPTNo

STEO P PRINT• - NE SU iTS

Figure 4-16. Simplified Flowchart of BIOPLUME II
(Source: Rifai et al., 1987, P. 2-9).
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Table 4-7. Minimized Groundwater Calibration Error

Condition

Well Static RAP-5 and RAP-7 P-6 and P-7

RAP-4 0.265 -0.067 0.037

RAP-12 -0.218 -0.649 -0.291

M-1 0.318 0.083 -0.079

RAP-13 0.577 0.257 0.139

UF-IE 0.357 -0.024 0.184

P-5 -0.275 -0.451 -0.398 S

OHM-3 -0.070 -0.036 0.633

OHM-4 0.133 -0.033 0.534

Minimized Total Error = Z IP - M1

= 6.108 feet

.. .. .. .. -- -mil. a i i in i lli m iN k1P m i S
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seven feet between the actual location of the monitoring

well in the field and the mathematical representation of the

well in the model. Considering these factors, the

variability of the water table elevation, and the similar

results obtained under three diverse flow conditions, the

model is considered adequately calibrated.

Solute Transport Calibration.

Meta-xylene and para-xylerne are present in sufficient

quantities in the contaminated groundwater to serve as

indicators of the plume movement; therefore, they were used

to calibrate the solute transport portion of the model. The

sum of both isomers was used since the gas chromatography

method used for analysis failed to differentiate between

them. Although the same argument could be made for ortho-

xylene, the meta- and para- isomers were selected because of

their faster degradation rate (Angley, 1987). This tracer

method will be effective under conditions without

degradation, but where degradation occurs, the oxygen will

be consumed in the degradation process of all organics, not

just the tracer organics.

The unknown contaminant distribution or concentration

beneath the asphalt roadway, the limited database available,

and the instability of the database that was available gave

additional sources of error.

BIOPLUME II does not effectively model this site for

solute transport. The extreme vertical variations of
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contaminant concentration involved, make it unrealistic to

predict the contaminant concentraticn in the groundwater.

The highly contaminated regions serve as an intermittent

source of contaminant whenever the saturated zone enters

these areas. Preliminary calculations of the model, and the

elevated hydrocarbon concentrations observed after the high

volume injections in P-6 and P-7 indicate combined

concentrations of 150,000 to 250,000 parts per billion of

meta-xylene and para-xylene in the area beneath the asphalt

surface.



CHAPTER V
SUMMARY AND CONCLUSIONS

The objectives of this study have been met. A semi-

quantitative evaluation of the vertical distribution of

sorbed hydrocarbons in the soil was conducted, confirming

that high concentrations of solute are localized in areas

previously contaminated with ftee product. The vertical

stability of the sorbed contaminants is further supported by

the large contaminant concentration swings in the

groundwater which correlate with the fluctuations in the

water table elevation.

A mass balance of the water flowing through the system

was performed, using pan evaporation and precipitation

values, pumped water volumes, and sprinkler application

efficiencies. There was an unaccounted for loss of 25

percent of the estimated recoverable water, a reasonable

margin of error considering the estimations involved in the

process. This justified considering the study area as a

closed system for the purposes of modeling. The most likely

avenue of unaccounted water loss is from the north face of

the spray field toward building 14. If the assumptions of

total hydrocarbon removal through air stripping and

95
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biological degradation in the surface layer of soil are

valid, there will be no adverse impact.

BIOPLUME II was selected as the modeling program based

on its adaptability to variable site conditions, thorough

documentation of the program and its predecessor, the USGS

Solute Transport Model, the program's availability and

institutional support, and the user friendly software.

The program was calibrated to the site conditions using

a trial and error method to minimize the difference between

predicted and actual values. Despite the physical

obstructions and heterogeneities within the aquifer, the

program was able to readily simulate the groundwater flow

conditions; however, the solute transport model was not able

to be adequately calibrated. To account for the highly

contaminated region at the surface of the elevated water

table, intermittent contaminant sources would be required,

but the concentration at the source would also depend on the

water table elevation and would vary over time. While this

aids the overall model, it reduces the model's ability to

realistically predict the dissolved contaminant movement.

This inability to predict reasonable transport will severely

restrict its usefulness. To obtain a more sensitive model,

a three-dimensional model would be required.

The database available for model calibration at

elevated water tabie conditions was very limited.

Fluctuations in the water table significantly affect the
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contaminant concentrations. The transmissivity values of

the area remain constant.

The largest area of contamination remains under the

road surface between buildings 12 and 31. Flushing the

aquifer via fresh water injection proved effective at

removing large quantities of contaminants. Because of the

low cost and high effectiveness, flushing under the road

surface, with recovery wells operating, should be an

effective remedy on high contaminant concentrations. Follow

on work with bioremediation should be much more effective

with lower concentrations remaining after flushing.

Development of a more extensive database could improve

the calibration of the model. In particular, improved

information on the biological parameters and quantification

of the distribution and concentration of contaminants under

the road surface would improve the reliability of the model.

I[ - . --.-- i.amili l III i IS ~ li



APPENDIX A

RECORD OF WATER TABLE ELEVATIONS
IN MONITORING WELLS
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Table A-I. Water Table Elevations

Elevation (feet, a.m.s.l.) on Specified Date
Well
Name 30 Jan 88 02 Feb 88 06 Feb 88 09 Feb 88 i3 Feb 88

M-1 135.28 136.40 136.45 136.33 135.95

M-2 134.72 135.52 135.65 135.52 135.27

M-3 134.81 135.63 135.73 135.63 135.38

OHM-I 133.58 133.98 133.88 133.90 133.68

OHM-2 133.18 133.23 -- 133.05 132.90

OFM-3 133.71 134.04 134.19 134.14 134.04

OHM-4 133.69 133.92 133.99 133.44 133.34

P-5 134.82 135.62 135.74 135.59 135.34

P-6 135.08 136.00 136.10 135.95 135.63

P-7 135.19 136.29 136.39 136.26 135.86

RAP-2 133.41 133.56 133.71 133.74 133.69

RAP-4 136.06 137.28 137.33 137.23 136.76

RAP-5 136.70 143.03 144.13 144.13 144.13

RAP-6 137.07 138.34 138.32 138.29 137.77

RAP-7 136.34 140.44 142.14 142.14 142.14

RAP-8 -- 145.52 145.52 144.12 142.37

RAP-9 137.52 138.97 138.85 138.97 138.35

RAP-10 137.21 138.81 138.66 138.76 138.11

RAP-i 136.80 138.47 138.32 138.42 137.75

RAP-12 136.02 137.77 137.65 137.57 136.97

RAP-13 134.8 136.05 134.13 136.00 135.55

UF-1E -- -- -- 136.02 135.72

UF-3W 132.59 132.64 132.74 132.47 132.09

99
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Table A-i--continued.

Elevation (feet, a.m.s.l.) on Specified Date
Well
Name 16 Feb 88 20 Feb 88 23 Feb 88 27 Feb 8 01 Mar 88

M-1 136.08 135.80 135.55 135.43 135.25

M-2 135.30 135.22 134.98 134.75 134.62

M-3 135.38 135.36 135.12 134.86 134.73

OHM-I 133.68 133.48 133.33 133.30 133.08

OHM-2 132.93 133.00 -- 132.75 132.60

OHM-3 133.99 134.44 133.94 133.54 133.64

OHM-4 133.34 133.37 133.24 133.04 132.94

P-5 135.37 135.29 135.06 134.84 134.72

P-6 135.68 135.53 136.13 135.13 134.93

P-7 135.91 135.74 135.49 135.36 135.06

RAP-2 133.61 133.99 133.83 133.24 133.24

RAP-4 136.96 136.61 136.36 136.28 136.08

RAP-5 144.13 144.13 144.13 144.13 142.43

RAP-6 138.14 137.57 137.25 136.32 136.12

RAP-7 141.36 142.14 142.14 142.14 141.44

RAP-8 142.52 141.42 -- 141.62 141.27

RAP-9 138.85 138.37 137.67 138.07 137.75

RAP-10 138.54 138.09 138.41 137.81 137.44

RAP-li 138.10 137.70 136.75 137.40 137.02

RAP-12 137.12 136.92 136.62 136.55 136.12

RAP-13 135.60 135.43 135.10 135.05 134.73

UF-lE 135.77 135.62 135.35 135.22 134.87

UF-3W 132.09 132.34 132.34 132.22 132.17



Table A-i--continued.

Elevation (feet, a.m.s.l.) on Specified Date
Well
Name 02 Mar 88 05 Mar 88 08 Mar U 12 Mar 88 15 Mar 88

M-1 135.45 135.40 135.61 135.76 136.28

M-2 135.07 134.70 134.87 135.00 136.30

M-3 135.13 134.81 136.00 135.12 134.58

OHM-i 133.35 133.23 132.61 133.75 134.28

OHM-2 132.60 132.55 132.80 132.78 133.18

OHM-3 133.64 133.54 133.69 133.76 133.96

OHM-4 133.07 132.94 133.08 133.14 133.39

P-5 135.17 134.77 134.97 135.08 135.33

P-6 135.55 135.03 135.23 135.33 135.67

P-7 135.74 135.19 135.68 135.49 135.83

RAP-2 133.26 133.26 133.41 133.46 133.68

RAP-4 136.93 136.23 136.46 136.61 136.81

RAP-5 142.80 142.55 -- 142.76 143.06

RAP-6 138.07 137.34 137.64 137.78 137.92

RAP-7 141.79 141.89 -- 142.04 142.14

RAP-8 141.72 141.62 -- 141.82 141.97

RAP-9 138.82 137.87 138.07 138.27 139.55

RAP-10 138.56 137.61 137.79 137.99 138.24

RAP-il 138.12 137.22 137.39 137.57 136.75

RAP-12 137.12 136.32 136.47 136.62 136.90

RAP-13 135.50 134.85 135.05 135.16 135.77

UF-lE 135.37 134.97 135.22 135.27 135.72

UF-3W -- 131.99 132.16 131.99 132.01
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Table A-i--continued.

Elevation (feet, a.m.s.1.) on Specified Date
Well
Name 19 Mar 88 22 Mar 88 26 Mar 88 30 Mar 88 02 Apt 8

M-1 136.58 -- 135.92 135.80 135.78

M-2 135.72 135.05 135.27 135.81

M-3 135.82 -- 135.18 135.33 134.43

OHM-I 133.60 134.76 134.65 134.78 134.64

OHM-2 133.40 133.20 132.93 133.45 133.19

OHM-3 134.24 134.14 133.85 134.12 133.84

OHM-4 133.59 133.49 133.22 133.79 133.35

P-5 135.81 135.46 135.12 135.32 135.16

P-6 136.14 135.65 135.43 135.58 135.45

P-7 136.39 135.79 135.58 135.69 135.67

RAP-2 133.96 133.95 133.58 133.91 133.56

RAP-4 137.46 137.48 136.66 136.43 136.59

RAP-5 143.41 139.30 139.28 141.13 142.75

RAP-6 138.69 137.79 137.81 137.21 137.62

RAP-7 142.14 141.64 141.66 137.74 141.55

RAP-8 142.25 141.90 142.32 142.42 142.37

RAP-9 139.27 138.52 138.41 136.82 138.27

RAP-10 138.96 138.21 138.10 137.31 137.99

RAP-I 138.52 137.82 137.67 137.07 137.58

RAP-12 137.59 136.87 136.72 136.52 136.72

RAP-13 136.10 135.48 135.26 135.30 135.33

UF-IE 136.31 135.67 135.37 135.57 135.59

UF-3W 131.42 132.49 132.20 132.49 132.45
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Table A-i--continued.

Elevation (feet, a.m.s.l.) on Specified Date

Well
Na 0Ar880 Apr 88 17 Avr 88 .24LAp88 29 Apr 88

M-1 136.04 135.58 135.43 135.03 136.27

M-2 135.34 134.90 134.79 134.55 135.69

M-3 135.43 135.02 134.92 134.68 135.64

OHM-I 134.70 134.50 134.00 133.95 134.27

OHM-2 133.10 132.85 132.64 132.75 132.62

OHM-3 134.20 133.76 133.67 133.57 134.00

OHM-4 133.53 133.16 133.03 133.38 133.51

P-5 135.45 134.98 134.86 134.65 135.94

P-6 135.78 135.24 135.08 134.81 138.29

P-7 135.99 135.41 135.22 134.89 138.90

RAP-2 133.86 133.49 133.39 133.32 133.61

RAP-4 136.86 136.35 136.21 135.70 137.21

RAP-5 142.93 142.12 144.13 136.14 137.90

RAP-6 137.79 137.32 137.21 136.51 137.82

RAP-7 141.56 141.42 142.14 141.51 137.00

RAP-8 142.18 141.09 141.85 142.40 141.57

RAP-9 138.67 137.97 137.76 136.69 138.37

RAP-10 138.37 137.68 137.49 136.48 138.14

RAP-11 137.94 137.28 137.12 136.20 137.84

RAP-12 137.12 136.45 136.29 135.67 137.59

RAP-13 135.68 135.08 134.88 134.49 137.00

UF-lE 135.85 135.24 134.97 134.72 136.16

UF-3W 132.51 132.12 131.74 131.07 130.97
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Table A-I--continued.

Elevation (feet, a.m.s.l.) on Specified Date
Well
Name 02 May 88 06 May 88 14 May 88 20 May U 07 Jun a

M-1 136.58 137.07 135.72 135.57 134.83

M-2 135.98 136.35 135.97 134.94 134.42

M-3 135.94 136.40 134.59 135.10 134.58

OHM-I 134.67 134.56 134.52 134.29 134.30

OHM-2 132.97 132.95 132.77 132.48 132.44

OHM-3 134.31 134.43 134.05 133.92 133.56

OHM-4 133.85 133.86 133.39 133.09 132.87

P-5 136.21 136.45 135.36 134.99 134.49

P-6 139.57 139.50 139.10 135.15 134.63

P-7 140.21 140.14 135.74 135.23 134.74

RAP-2 133.89 133.95 133.83 134.01 133.47

RAP-4 137.53 137.66 136.46 136.30 135.51

RAP-5 138.32 138.11 137.05 136.89 136.17

RAP-6 138.14 138.29 137.14 137.30 136.22

RAP-7 137.24 137.37 136.65 136.75 135.82

RAP-8 -- 139.45 138.20 138.62 137.47

RAP-9 138.80 138.64 137.50 137.54 136.63

RAP-10 138.55 138.41 137.29 137.29 136.40

RAP-I 138.23 138.13 137.02 136.97 136.12

RAP-12 137.94 137.78 136.52 136.22 135.57

RAP-13 -- 137.05 135.35 134.89 134.35

UF-1E 136.62 136.51 135.40 134.94 134.62

UF-3W 131.82 132.03 132.02 131.16 131.72



APPENDIX B

PUMPING RECORD OF THE GROUNDWATER RECYCLING SYSTEM
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Table B-1. Pumping Record of the Groundwater Recycling
System

Date Project Normalized Daily Pumped Volume (gallons)

(1988) Day RAP-I UF-2M RAP-3 Siray

30 Jan 727 6631 312 18837

31 Jan 728 7015 109 17631

01 Feb 729 8473 534 11246

02 Feb 730 9136 0 10951

03 Feb 731 7200 0 12000

04 Feb 732 7200 0 12000

05 Feb 733 13981 0 9683

06 Feb 734 10016 5778 446 2459

07 Feb 735 8972 7298 549 558

08 Feb 736 8523 7298 1051 13200

09 Feb 737 8077 7125 723 13200

10 Feb 738 6500 8000 510 13000

11 Feb 739 5700 8000 490 13000

12 Feb 740 6656 8776 508 13000

13 Feb 741 6969 8789 503 14213

14 Feb 742 7073 8793 502 14493

15 Feb 743 7073 8793 502 14493

16 Feb 744 6678 8358 559 11416

17 Feb 745 3269 8377 537 10371

18 Feb 746 2718 8413 529 10398

19 Feb 747 0 8464 501 11310

20 Feb 748 0 8772 495 11672

21 Feb 749 0 8863 494 11779

106
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Table B-1 -- continued.

Date Project Normalized Daily Pumped Volume (gallons)
(1988) Day RAP-I UFZh RAP-3 Spray

22 Feb 750 1142 8770 490 11399

23 Feb 751 8687 8624 546 11427

24 Feb 752 12825 8533 582 11446

25 Fsb 753 12825 8533 582 11446

26 Feb 754 12825 8533 582 11446

27 Feb 755 4183 8135 785 11341

28 Feb 756 1140 7987 855 11305

29 Feb 757 1140 7987 855 11305

01 Mar 758 7116 7233 451 11242

02 Mar 759 8037 7364 378 11341

03 Mar 760 6506 7350 418 11122

04 Mar 761 6733 7297 429 11051

05 Mar 762 7323 7806 1102 10997

06 Mar 763 7416 7886 1207 10989

07 Mar 764 8119 7920 1658 11830

08 Mar 765 8531 7719 2049 14129

09 Mar 766 8623 7623 2167 15060

10 Mar 767 9243 8020 2205 13236

11 Mar 768 9371 8019 1325 13161

12 Mar 769 7972 7417 1135 13100

13 Mar 770 7649 7278 1092 13085

14 Mar 771 7959 7617 1068 12979

15 Mar 772 7963 6774 1315 12153

, , M l ! i i ! a
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Table B-I -- continued.

Date Project Normalized Daily Pumped Volume (gallons)

(1988) Day RAP-I -2M RAP-3 Spray

16 Mar 773 7925 5545 2837 14000

17 Mar 774 8246 5032 3096 12937

18 Mar 775 8784 4828 3355 12864

19 Mar 776 6565 4838 1203 12792

20 Mar 777 6186 4840 836 12780

21 Mar 778 6186 4840 836 1278U

22 Mar 779 6106 4670 816 12782

23 Mar 780 6045 4192 680 12700

24 Mar 781 8170 3968 1643 12688

25 Mar 782 10581 3710 1771 12642

26 Mar 783 7026 2376 994 12844

27 Mar 784 5969 1979 763 12912

28 Mar 785 5764 200 687 12110

29 Mar 786 6023 0 934 9255

30 Mar 787 6120 910 6576

31 Mar 788 6490 807 11439

01 Apr 789 8953 882 10814

02 Apr 790 5757 719 10551

03 Apr 791 4968 679 10477

04 Apr 792 5122 727 10452

05 Apr 793 5965 879 887 10703

06 Apr 794 6900 5200 1710 10280

07 Apr 795 8100 4600 1670 10690
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Table B-1 -- continued.

Date Project Normalized Daily Pumped Volume (gallons)

1Day RAP- UF-2M RAP-3 Spray

08 Apr 796 8621 4891 1477 10122

09 Apr 797 5562 4518 422 10320

10 Apr 798 4542 4394 71 10398

11 Apr 799 4500 4400 1500 10380

12 Apr 800 5300 4600 1320 9960

13 Apr 801 5200 4500 820 10330

14 Apr 802 7932 4940 1913 10144

15 Apr 803 7932 4940 1913 10144

16 Apr 804 7932 4940 1913 10144

17 Apr 805 5415 4582 1044 10107

18 Apr 806 4700 5100 690 9920

19 Apr 807 6400 3700 1770 10120

20 Apr 807 8400 0 3190 10640

21 Apr 809 8300 0 3160 9310

22 Apr 810 8183 0 2947 8919

23 Apr 811 8183 0 2947 8919

24 Apr 812 6135 0 2026 8711

25 Apr 813 4500 4400 2740 8550

26 Apr 814 5400 6000 3300 9340

27 Apr 815 7100 7200 3680 9270

28 Apr 816 9147 8000 3724 9280

29 Apr 817 8783 7721 2655 9425

30 Apr 818 8685 7638 2327 9468

• mm mllamN iH H( a ........ N -0
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Table B-1 -- continued.

Date Project Normalized Daily Pumped Volume (gallons)

(1988) pay RAP-1 U RAP-3 Svray

01 May 819 8685 7638 2337 9468

02 May 820 9245 8029 4622 9232

03 May 821 9203 7851 3565 9331

04 May 322 9752 7928 3646 9293

05 May 823 9787 7958 3867 9122

06 May 824 8698 7347 2641 9215

07 May 825 8698 7347 2641 9215

08 May 826 8698 7347 2641 9215

09 May 827 8854 6930 3068 9156

10 May 827 9530 6982 3354 4189

11 May 829 9835 6998 3700 1340

12 May 830 9419 6822 2608 0

13 May 831 9030 6789 2736 0
S

14 May 832 8201 6470 2397 5184

15 May 833 7983 6380 2305 9570

16 May 834 8068 6343 2136 9478

17 May 835 7905 6152 2114 9410

18 May 836 8034 6118 1889 8787

19 May 837 8469 6099 1887 9679
20 May 838 7650 5948 2025 9491

21 May 839 7650 5948 2025 9491

22 May 840 7650 5948 2025 9491

23 May 841 7595 5874 1919 9479

• mmmmm mm Nl lm n=
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Table B-i -- continued.

Date Project Normalized Daily Pumped Volume (gallons)

(1988) Day RAP-I A RAP-3 Spray

24 May 842 8494 6245 2736 9439

25 May 843 9548 6722 4207 909

26 May 844 9325 6386 3828 0

27 May 845 9360 6172 3360 0

28 May 846 9360 6172 3360 0

29 May 847 9360 6172 3360 0

30 May 848 9360 6172 3360 0

31 May 849 8023 5965 1581 0

01 Jun 850 8646 6010 1610 0

02 Jun 851 8646 5979 1620 0

03 Jun 852 8646 5866 1978 0

04 Jun 853 8646 5866 1978 0

05 Jun 854 8646 5866 1978 0

06 Jun 855 8646 5685 2190 0

07 Jun 856 7264 5500 1460 6672

0
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Table B-2. Injection Record in the Well System

Date Project Normalized Daily Injected Volume (gallons)
118) Day RAP-5 RA- RAP-8 p-6 P-7

30 Jan 727 5171 5171 8417 0 0

31 Jan 728 686 6863 12243 0 0

01 Feb 729 6477 6477 11085 0 0

02 Feb 730 6578 6578 6663 0 0

03 Feb 731 7303 7303 4800 0 0

04 Feb 732 7303 7303 4800 0 0

05 Feb 733 7441 7441 4909 0 0

06 Feb 734 3836 3836 2514 0 0

07 Feb 735 3004 3004 1962 0 0

08 Feb 736 5894 5894 1708 0 0

09 Feb 737 3430 3430 985 0 0

10 Feb 738 6240 6240 800 0 0

11 Feb 739 6640 6640 700 0 0

12 Feb 740 5185 5185 610 0 0

13 Feb 741 3067 3067 714 0 0

14 Feb 742 2510 2510 741 0 0

15 Feb 743 2510 2510 741 0 0

16 Feb 744 2454 2454 697 0 0

17 Feb 745 2464 2464 651 0 0

18 Feb 746 2470 2470 647 0 0

19 Feb 747 2677 2677 726 0 0

20 Feb 748 1893 1893 736 0 0

21 Feb 749 1699 1699 738 0 0
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Table B-2 -- continued.

Date Project Normalized Daily Injected Volume (gallons)

(1988) Day RAP-5 RAP-7 R -6 P-7

22 Feb 750 1726 1726 722 0 0

23 Feb 751 1825 1825 682 0 0

24 Feb 752 1877 1877 662 0 0

25 Feb 753 1877 1877 662 0 0

26 Feb 754 1877 1877 662 0 0

27 Feb 755 982 982 630 0 0

28 Feb 756 707 707 621 0 0

29 Feb 757 707 707 621 0 0

01 Mar 758 703 703 611 0 0

02 Mar 759 659 659 525 0 0
I

03 Mar 760 659 659 525 0 0

04 Mar 761 659 659 525 0 0

05 Mar 762 616 616 482 0 0
06 Mar 763 609 609 475 0 0

07 Mar 764 609 609 475 0 0

08 Mar 765 602 602 444 0 0
09 Mar 766 598 598 430 0 0

10 Mar 767 598 598 430 0 0

10 Mar 768 598 598 430 0 0

12 Mar 769 597 597 409 0 0

13 Mar 770 597 597 404 0 0

14 Mar 771 597 597 404 0 0

15 Mar 772 618 618 413 0 0
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Table B-2 -- continued.

Date Project Normalized Daily Injected Volume (gallons)

(1988) Day RAP-5 RAP-7 RAP-8 P6 _-7

16 Mar 773 632 632 418 0 0

17 Mar 774 632 632 418 0 0

18 Mar 775 632 632 418 0 0

19 Mar 776 464 464 291 0 0

20 Mar 777 423 423 259 0 0

21 Mar 778 423 423 259 0 0

22 Mar 779 407 407 409 0 0

23 Mar 780 397 397 499 0 0

24 Mar 781 397 397 499 0 0

25 Mar 782 397 397 499 0 0

26 Mar 783 592 592 390 0 0

27 Mar 784 644 644 354 0 0

28 Mar 785 644 644 354 0 0

29 Mar 786 644 644 354 0 0

30 Mar 787 641 641 344 0 0

31 Mar 788 640 640 338 0 0

01 Apr 789 640 640 338 0 0

02 Apr 790 660 660 347 0 0

03 Apr 791 602 602 349 0 0

04 Apr 792 602 602 349 0 0

05 Apr 793 575 575 334 0 0

06 Apr 794 562 562 326 0 0

07 Apr 795 562 562 326 0 0

" i Il i i I I l I i ll I I I
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Table B-2 -- continued.

Date Project Normalized Daily Injected Volume (gallons)

(1988) Day R RAP-7 RAP-8 P-6 _-7__

08 Apr 796 562 562 326 0 0

09 Apr 797 1208 1208 319 0 0

10 Apr 798 1461 1461 316 0 0

11 Apr 799 1461 1461 316 0 0

12 Apr 800 1461 1461 316 0 0

13 Apr 801 1259 1259 316 0 0

14 Apr 802 1236 1236 316 0 0
15 Apr 803 1236 1236 316 0 0

16 Apr 804 1236 1236 316 0 0

17 '.pr 805 571 571 272 0 0

18 Apr 806 447 447 264 0 0

19 Apr 807 447 447 264 0 0

20 Apr 808 447 447 264 0 0

21 Apr 809 447 447 264 0 0

22 Apr 810 447 447 264 0 0

23 Apr 811 447 447 264 0 0
24 Apr 812 0 0 264 0 0

25 Apr 813 0 0 264 0 0

26 Apr 814 0 0 264 6852 7449

27 Apr 815 0 0 264 6852 7449

28 Apr 816 0 0 264 6852 7449

29 Apr 817 0 0 0 7017 7576

30 Apr 818 0 0 0 7066 7614

-0 m ma ~ n m i ~ ~ i ..
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Table B-2 -- continued.

Date Project Normalized Daily Injected Volume (gallons)(1288) .Day RA- RAP-7 RAP-8 P-6 P-72:

01 May 819 0 0 0 7066 7614

02 May 820 0 0 0 6203 6738

03 May 821 0 0 0 5912 6362

04 May 822 0 0 0 5939 6390

05 May 823 0 0 0 5859 6305

06 May 824 0 0 0 4476 0

07 May 825 0 0 0 4476 0

08 May 826 0 0 0 4476 0

09 May 827 0 0 0 4281 0

10 May 828 0 0 0 4189 0

i May 829 0 0 0 4271 0

12 May 830 0 0 0 4269 0

13 May 831 0 0 0 4242 0

I



APPENDIX C

HYDRAULIC CHARACTERIZATION OF CONTAMINATION SITE
LAKE ALFRED, FLORIDA



Table C-I. Summary of Estimates of Hydraulic Parameters for
the IFAS-CREC Project Aquifer.

Relevant Hydraulic Specific Seepage
Area of Conductivity Transmissivity Yield Velocity

Apicatin (fDd) (qDd/ft) (%) fpd)

Within 40 ft 160 4,700 30 18
of UF-2M

Within 80 ft 310 12,400 10 10
of RAP-i

Between RAP-9 30 400 21 16
and RAP-10

Between RAP-10 26 580 21 10
and RAP-I

Between RAP-11 31 580 21 6
and P-7

Between P-7 60 810 30 10
and UF-2M

Near P-5 11 220 21 2

Near P-6 7 190 21 1

Near P-7 8 140 21 2

Near UF-3W 4 170 30 <1

Source: Killan, 1987.
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APPENDIX D

GAS CHROMATOGRAPHY CALIBRATION CURVES
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APPENDIX E

HEXANE EXTRACTION RESULTS OF SOIL CORE SAMPLES
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Table E-5. Extractini Results from Soil Care 5, Nokth of
UF-2M.

Measured Concentration

Analvte (nanograms hvdrocarbon/gram soil)

Benzene BDL (550) BDL (378) BDL (370)

Toluene BDL (431) BDL (296) BDL (290)

Ethylbenzene 1170 BDL (377) BDL (369)

Meta-,Para- 1130 BDL (326) BDL (319)
xylene

Ortho-xylene 1230 BDL (292) ND (0)

Isopropyl- 1080 BDL (295) BDL (289)
benzene

Propylbenzene 1430 BDL (331) BDL (325)

3,4-Ethyltoluene 1110 BDL (321) BDL (315)

1,3,5-Trimethyl- BDL (388) 932 BDL (262)
benzene

2-Ethyltoluene BDL (401) BDL (276) ND (0)

1,2,4-Trimethyl- BDL (433) BDL (298) BDL (292)
benzene

1,2,3-Trimethyl- ND (0) ND (0) ND (0)
benzene

Total 9340 4120 2830

Mean Elevation of
Sample (feet above 134.7 134.0 133.4
mean sea level)
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Table E 5 - continuad.

Measured Concentration

Analvte (nanograms hvdrocarbon/gram soil)

Benzene BDL (488) 62900 752

Toluene 2790 338000 3120

Ethylbenzene 5720 186000 5180

Meta-,Para- 18800 571000 15000
xylene

Ortho-xylene 8180 234000 7000

Isopropyl- 1040 22600 1080
benzene

Propylbenzene 3790 87300 2570

3,4-Ethyltoluene 15400 380000 9380

1,3,5-Trimethyl- 5980 143000 3520
benzene

2-Ethyltoluene 7470 139000 3910

1,2,4-Trimethyl- 18400 420000 10800
benzene

1,2,3-Trimethyl- 4780 93900 2720
benzene

Total 92800 2680000 65000

Mean Elevation of
Sample (feet above 132.7 131.8 131.0
mean sea level)
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Tabl E-5 -- czntinued.

Measured Concentration

Analvte (nanograms hydrocarbon/gram soil)

Benzene BDL (226)

Toluene BDL (177)

Ethylbenzene 735

Meta-,Para- 1530
xylene

Ortho-xylene 729

Isopropyl- BDL (176)
benzene

Propylbenzene BDL (198)

3,4-Ethyltoluene 878

1,3,5-Trimethyl- BDL (159)
benzene

2-Ethyltoluene 428

1,2,4-Trimethyl- 1260
benzene

1,2,3-Trimethyl- 557

benzene

Total 7050

Mean Elevation of
Sample (feet above 130.4
mean sea level)



APPENDIX F

RESULTS OF EXTRACTION RECOVERY STUDIES
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APPENDIX G

CLIMATOLOGICAL DATA FOR LAKE ALFRED, FLORIDA
30 JANUARY TO 07 JUNE 1988



Table G-1. Daily Measurements of Pan Evaporation at Lake
Alfred, Florida, 30 January to 07 June 1988.

Day of Evaporation (inches)
Month January February March April May June

1 0.19 0.20 0.24 0.04 0.37
2 0.13 0.26 0.28 0.44 0.37
3 0.14 0.17 0.19 0.35 0.41
4 0.16 0.11 0.16 0.28 0.33
5 0.14 0.11 0.31 0.41 0.24

6 0.07 0.04 0.37 0.43 0.14
7 0.16 0.20 0.41 0.31 0.15
8 0.05 0.26 0.30 0.36
9 0.20 0.27 0.19 0.30

10 0.36 0.32 0.25

11 0.11 0.19 0.28 0.28
12 0.31 0.38 0.19 0.37
13 0.18 0.18 0.27 0.12
14 0.11 0.43 0.25 0.27
15 0.10 0.28 0.34 0.27

16 0.14 0.22 0.24 0.32
17 0.13 0.18 0.25 0.24
18 0.19 0.30 0.33
19 0.16 0.27 0.25 0.31
20 0.30 0.22 0.25 0.40

21 0.11 0.17 0.33 0.43
22 0.17 0.25 0.29 0.28
23 0.23 0.24 0.29
24 0.27 0.33 0.30 0.54
25 0.22 0.26 0.23 0.12

26 0.21 0.30 0.28
27 0.24 0.19 0.39 0.26
28 0.20 0.25 0.42 0.35
29 0.19 0.26 0.23 0.39
30 0.12 0.26 0.11 0.37

31 0.16 0.30 0.34
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Table G-2. Daily Measurements of Precipitation at Lake
Alfred, Florida, 30 January to 07 June 1988.

Day of Precipitation (inches)
Month January February March April May June

1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0.21 0.09 0 0
5 0.07 1.30 0 0 0.03

6 0.21 0.01 0 0 0.13
7 0.58 0 0 0 0
8 0.03 0 0 0
9 0 0.85 0 0

10 0.03 0 0 0

11 0 0 0.14 0
12 0 1.05 0.24 0.49
13 0 0.72 0 0.17
14 0 0 0 0.03
15 0.63 0 0 0

16 0 0 0 0
17 0 0 0 0
18 0 1.73 0 0
19 0 0 0.25 0
20 0.32 0 0 0

21 0.08 0 0 0.82
22 0 0 0 0
23 0.2 0 0 0
24 0 0 0 1.52
25 0 0 0 0.02

26 0 1.51 0 0
27 0 0 0 0
28 0 0 0 0
29 0 0 0 0
30 0 0 1.01 0

31 0 0 0

m mn mmmdm-a M !'i



APPENDIX H

SAMPLE INPUT FILE FOR BIOPLUME II



rua-49 Blased on 06 May Datas wi th 30 Apr - 06 May pumpinmg data

1 1 20 208000 1 7 0 100 5 9 3 0 0 0 0 0 1

.02 .0010 .250 2.0 .00 .00 0. 10.0 10.0 .1001.000 1.00

125.00000 1.40000 .00000 .00000 .00000

214 .14E-01 .00 .00

1414 . 12E-01 .00 .00

1519 .51E-02 .00 .00

10 8-.94E-02 .00 .00

12 7-.91E-02 .00 .00

11. 0000

* 000. 000. 000. 000. 000. 000. 000. 000. 000. 000. 000. 000. 000. 000. 000. 000. 000. 000. 000. 000

.000.010.010.010.010.010.010.010.010.005.005.010.010.010.010. 000. 000. 000. 000. 000

.O00.010.010.010.010.010. 010.010.010.005.005.010.010.010.010.010.010. 010. 000. 000

.000.010.010. 010. 010. 010. 010. 010. 005. 005. 010. 010. 005. 005. 010. 010. 010. 010. 010. 000

.000.000. 000. 000. 000. 010. 010. 010. 005. 005. 010. 005. 005. 005. 005. 010.0o t.0oio.010. 000

.000.000.000.000.000.010. 010. 010. 000. 000. 010. 010. 005. 005. 005. 000. 000. 010. 000. 000

.000.000. 000. 000.000. 010. 010. 010.000. 000. 020. 010. 005. 005.005. 000. 000. 010. 000. 000

*000. 000. 000. 000. 000. 010. 010. 020. 020. 020. 020. 005. 005. 012. 012. 010. 010. 010. 010.000

000. 060. 060. 020. 020. 020. 010. 020. 020. 005. 005. 005. 010. 012. 012. 010. 010. 010. 010. 000

S000. 060. 060. 060. 060. 020. 005. 005. 005. 005. 010. 010. 010. 012. 012. 025. 025. 025. 020. 000

* 000. 060. 060. 060. 060. 060. 020. 020. 020. 010. 010. 010. 025. 025. 025. 025. 025. 025. 025. 000

* (00. 060. 060. 060. 060. 060. 060. 060. 060. 020. 010. 025. 025. 025. 025. 025. 025. 025. 025. 000

* 000. 060. 060. 060. 060. 060. 060. 060. 050. 020. 020. 025. 025. 025. 025. 025. 025. 025. 025. 000

.000.060.060.060. 0,.. oO. 060. 060. 060. 050. 020. 025. 025. 025. 025. 025. 025. 025. 025. 000

* 000. 000. 000. 000. 000. 000. 000. 000. 000. 000. 000. 020. 020. 020. 020. 000. 000. 000. 000. 000

* 000. 000. 000. 000. 000. 000. 000. 000. 000. 000. 000. 020. 020. 020. 020. 000. 000. 000. 000. 000

.000.000.000.000.000.000.000.000.000.000.000.015. 015. 015. 015. 000. 000. 000.000.00

.000.000.000.000. 000. 000. 000. 000. 000. 000. 000. 010. 015. 015. 015.010.006.006.006.000

* 300. 000. 000. 000. 000. 000. 000. 000. 000. 006. 006. 006. 006. 006. 006. 006. 006. 006. 006. 000

* 000. 000. 000. 000. 000. 000. 000.000.000.000.000.000.000.000.000.000.000.000.000.000

1.10000

'1. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 41. 41. 41. 42. 43. 45. 47. 50. 50. 45. 23. 12. 5. 2. 0. 0. 0. 0. 0.

0.43.43.43.44.45.47,51.60.72.66.40.20.13. S. 5. 2. 2. 0. 0.

0.44.44.44.46.46.47,.52.59.62.58.42.29.20. 15. 10. 7. '.. 6. 0.

0. 0. 0. 0. 0.42.43.45.5s4. 57-.55. 36. 35. 25. 20. 16. 15. 17. 17. 0.

0. 0. 0. 0. 0. 40. 40. 43. 0. 0. 50. 44. 35. 28. 24. 0. 0. 24. 0. 0.

0. 0. 0. 0. 0. 44. 44. 40. 0. 0. 47. 43. 36. 32. 27. 0. 0. 30. 0. 0.

0. 0. 0. 0. 0.48.45.45.49.51.49.43. 38. 34. 33. 33. 34. 35. 36. 0.

0.51.51.50.50.50.47,.49.46.47".46.44.40.37.37,.37.3.40.40. 0.

0.51.52.54.52.52.49.47.47,.46.46.44.42.42.42.41.42.43.45. 0.

0.52.57.57.55.52.50.49.48.47.46.44.44.44.44.4S.47.47.50. 0.

0.53.57.57.55.54.52.50.49.48.47.47,.46.47.47.48.50.52.54. 0.

0.56. 58. 58. 54. 52. 49. 46.46. 49. 48. 49. 47. 47. 48. 49.S54. 55. 57. 0.

0. 59. 59. 59. 54. 52. 49. 49. 48. 47. 46. 47. 46. 46. 48. 49. 56. 5-..60. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 53.S3.54. 55. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.55.56.60.58. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.57.59.60.62. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.57.60.63.65.63.60.58.56. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0.54.55.57.60.63.65.63.60.59. 56. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

151.
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1,.10000E-07

.00 .00 ,00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00

.00 .21 .21 .21 .21 .21 .21 .21 .21 .21 .21 .21 .00 .00 .21 .00 .00 .00 .00 .00

.00 .21 .21 .21 .21 .21 .21 .21 .21 .21 .21 .21 .00 .00 .21 .21 .21 .21 .00 .00

.00 .00 .00 .00 .00 .21 .21 .21 .21 .21 .21 .21 .00 .00 .21 .21 .21 .21 .21 .00

.00 .00 .00 .00 .00 .21 .21 .21 .21 .21 .21 .21 .00 .00 .21 .21 .21 .21 .21 .00

.00 .00 .00 .00 .00 .21 .21 .00 .00 .00 .21 .21 .00 .00 .21 .00 .00 .21 .00 .00

.00 .00 .00 .00 .00 .21 .21 .00 .00 .O0 .21 .21 .00 .00 .21 .00 .00 .21 .00 .00

.00 .00 .00 .00 .00 .21 .21 .21 .21 .21 .21 .21 .00 .00 .21 .21 .21 .21 .21 .00

.00 .00 .00 .00 .00 .21 .21 .21 .21 .21 .21 .00 .00 .00 .21 .21 .21 .21 .21 .00

•.00 .00 .00 .00 .00 .00 .00 .00 .00 .00 O00 .00 .00 .00 .21 .21 .21 .21 .21 .00

• 00 .00 ,00 .00 .00 .00 .00 .00 .00 .00 .00 .00 O00 .00 .00 .00 .00 .00 .00 .00

.00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00

.00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .21 .21 .21 .21 .21 .21 .21 .00

.00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .21 .21 .21 .21 .21 .21 .21 .21 .00

.00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .21 .21 .21 .21 .00 .00 .00 .00 .00

.00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .21 .21 .21 .21 .00 .00 .00 .00 .00

.00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .21 .21 .21 .21 .00 .00 o00 O00 .00

.00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .21 .21 .21 .21 .00 .00 .00 .00 .00

.00 .00 .00 .00 .00 .00 .00 .60 .90 O.0 CO .21 .21 .21 .21 .00 .00 .00 .00 .00

• 00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00

11. 0000

00000000000000000000

O00000000000000000000

D2222222233332200000

00000000000000000000

O00000000000000000000

00000000000000000000

00000000000000000000

O00000000000000000000

00000000000000000000

00000000000000000000

00000000000000000000

O000000000000000000

00000000000000000000

00000000000000000000

00000000000000000000

00000000000000000000

00000000000000000000

00000000000000000000

O0000000001111111l110

00000000000000000000

1 1.00 .00 .00 .00 0

2 1.00 .00 2.00 .00 0

3 1.00 100.00 .00 .00 0
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1. 01000

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0.730.737.750.770.790.810.829.821.813.813.811.805.795.785. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

. I . 0. 0. 0. 0. 0. 0. 0. 0. 0. q . 0. 0. 9. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0.203.203. 203. 203. 203. 203. 203. 203. 203. 203. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

1100. 000

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 1. 1. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 1. 1. 3. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 1. 1. 1. 1. 5. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 1. 1. 1. 1. 1. 5. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 80. 50. 1. 0. 0. 1. 2. 10. 0. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0.100. 60. 40. 0. 0. 2. 3. 10. 1. 0. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0.100. 60. 40. 1. 1. 2. 3. 20. 1. 0. 0. 0. 0. 0. 0.

0. 0. 0. 5. 15.100. 60. 40. 5. 2. 3. 10. 30. 2. 1. 0. 0. 0. 0. 0.

0. 0. 5. 20. 25. 100. 100. 50. 50. 50. 50. 50. 50. 20. 10. 1. 0. 0. 0. 0.

0. 10. 20. 70. 100. 150. 150. 150. 150. 100. 100. 100. 70. 50. 10. 10. 0. 0. 0. 0.

0. 30. 60. 75. 300. 300. 300. 300. 300. 200. 150. 1C. 7.0. 50. 30. 20. 1. 0. 0. 0.

0. 75. 75. 100. 300. 300. 300. 300. 300. 300. 200. 100. 80. 80. 45. 30. 10. 0. 0. 0.

0. 80. 100. 200. 300. 300. 300. 300. 300. 300. 200. 120. 50. 70. 60. 45. 20. 1. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 10. 20. 60. 10. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 3. 3. 3. 3. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 3. 3. 3. 3. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 2. 2. 3. 2. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 1. 2. 3. 1. 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

00. 0000



APPENDIX I

SAMPLE OF BIOPLUME II OUTPUT, EDITED



3IOPLUME IT
P'NTAKINANT TRANSPORT UNnER THE : NFLUENCE UF OXYGEN LIMITED I ODEGRADATiON
run-49 Based on 06 May bata, with DO Apr -06 May puiping la'a

INPiUT DATA
,jRiD DESCRIPTORS

NX NUBE FJ COLUMNS) 20
NY ONUMBER OF ROWS)
IDEL li-DISTANCE IN FEET) 1.
YT98L .D ISTANCE IN FEET) 0.

TIME PARAMETERS

NTIM (MAX, NO. OR TIME STEPS,
NPMP NO. OF PUMPING PERIODSJ
PINT 'PUMPING PERIOD IN YEARS) .2
TIMI TIMR INCREMENT MULTIPLIER) .00
TINIT 17NITIAL TIME STEP IN SEC.) )

HYDROLOGIC AND CHEMICAL PARAMETERS

S STORAGE COEFFICIENT) .000000
POROS )erPECTIVE POROSITY) 2I
BETA LONGITUDINAL DISPERSIVITY):
D'LTRAT RATIO OF TRANSVERSE TO

'ONG[TUDINftL DISPERSIVITYI .10
ANFCTR (RATIO0 OF T-YY TOj T-XII 1300000

EXECUTION PARAMETERS

N)ITP iNO. OF ITERATION PARAMETERSi
TOL CONVERGENCE CRITERIA - ADIP) 0010
*TMAX * MAX. N , OF I TERATIOCNS _ ADIP) 10
E6LDIS :MAX.I RLL DISTANCE PER MOVE

;.F PARTICLES - M.O.C.i : .000
NPMAX !MAX. SO. OP PARTICLESi sco
NPTPND ;NO PARTICLES PER NODEi

PROGRAM OPTIONS

NPNT TIME STEP INTERVAL FOE
COMPLETE PRINTOUT!

NPNTMV (MOVE INTERVAL FOR CHEM,
CrCNCRNTRATION PRINTOUjT)

NPNTVL (PRINT OPTION-VELOCITY
O:NO; l:FILRST TIME STEP;
.:ALL TIME STEPS) : 0

NP4ID APINT OPTION-DISPOOEF.
O:NO; 1:FIRST TIME STEP;
2,:ALL TIME STEPS) 0

NUMOBS (NO. OF OBSERVATION WELLS
FOR HYDROGRAPH PRINTOUT) 0

NREC NO, OF PUMPING WELLS)

NGODES (FOR NODE IDENT.) (
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WPNCHV (PUNCH VELOCITIES;
NPDELC IPRINT OPT. -CDNC. CHANGEI J

REACTION TERMS

UK (DISTRIBUTION CO)EFFlCIENT. .-250H+U3
RHOB HULK DENSITY OF SOLIDS 14000E+Oi

RE 1TARDATION FACTORI .70100E+03
T.4ALF uqALF LIFE OF DECAY.11N SEC): .OOODOE+00
DECAY :DECAY CONSTANT:LN Z;THALF1: MoogE+uo

DECAY TRRN

DEC] !ANAEROBIC DECAY CEFF, .*uOOOOE+UO
DECZ lREAERATION DECAY C'OEFF. CIOOOOE+01)

STEAY-STATE FLOW

"ME INTERVAL UIN SECI FOR SOLUTE -TRANSPFORT SIMULATION .151U

LOCATION OF PUMPING wELLS

I Y RATE( IN CFS I ON 2CNC X0

14 .0140 .,,0O.
114 14 .4iz0 .0 .0
15 i3 'CIO ~ 4.0

-. 0091 .00 .

AREA OF ONE CELL 0.
1-Y SPACING:

10.4000

IO.DOO

7RANSMISSrVITY MAP (FTSMTEC!

ooE+ 00 0. 00E+00 v . 10E400 M.OO+00 S> + ~0 C, 0 .E+00 JO uE+Ou 4 OrOE+00 4O cf
LOOE+00 0.OOE+00 lo.008+00 .i4E+Ou .OE 4 0 " 1.'OE+00 0 M+00 '2.0'E+uO t, L0,E+00 O.~E400
O.. HEi+0 1. 0E-Oz 1. 00E-02 ', R. OcE%1; 1. 40-4 1. OOu ". Z0' I. ~uE -0 . W")E-02 . O-

-.1UOE-oa 1,46E-Oz lOOE-OZ l.clEUL E-0/Z OE+00 4.UOE+ftl u.)0E + 00 " .J0E + 0 ctuuE+Ou
, OOE+00 I OOE-02 1 .OE-O 1.40E-02 1 .008-02 1 .0E-02 1 00E-OzI u.R -i * 1.OOE-U2 Z uE -u
5 .OOE-03 1 OOE-02 I.00E-02 1 .0 R- 0Z 1.UOE-02 1,i.JOE-i C, 0R-02 1 .uOE-Oz 0. OE+00 j OOE+Uo
0.00E'00 I OOE-OZ I uOE-02 1 .02-02 1. VUE-02 1. LOE -4 100 D2 : 1 i. l , 9- )'ji J.UE-uj 0 .O- 0
1 .00ER- 02 11 .00-OOE-0 3 5OEO S.002-03 !.OLJE-o0 1.400R-.0 1 .JE-01. 1.',,,)E - 1 , j0E -0 944+ 0
0 08+00u O+O 0.'OE+00 ! , O+00 .O+ 0 .E+Ou I lOR-02 I.GOE-044 1. ,H-Ol I .,uE-ui iUOE-J3
1.O 4 S-.008-03 5.43E^v-03 S , OE-0L I%-u -OE-'44 H.OOK-DI 1. LHO-0 , , E-02 0.00E+00
j.0OE+OO0 0OOE+OO O.OOE+00 0 OE+OO u . OE+ou I U0E-0Z I OOE-02 1 .uog- t H800Eu OU.E~uo
1 100E-02 1 OOE-OZ 5 .00E-03 M.I-03 - Oui-03 0 .Oto0f '.4E+OO 1 .H01 o 1 10E'ou .041+00
0 .OO 000+00 0.00+00 OEO 0 . OE 00 u , VR40 1.41-02 1.4009-02 1 . 031-42 i.01)E+00 U. URsuu
I 0001-02 .001-02 .008-03 5.41-4 5 .,E-03 4. 0E+000 4.401+00 I .c01-02 O.Ovi'uo0 -.408+uo
00+00 0.,001+00 0,00+00 l.ocE+OO :40+O0 3.40-02 1.3,31-02 J.uE-O02 i.)CE-42 2 ."1- -42
Z. 0E-02 5 OOE-03 5 .001-03 1.21- .1. BE-D 0 z F-DI .E02 1.401z )-0,4 ai-o1-4 1. OE+00
0.00+00 6 ,008-uz ~. OE-02 2.,VOE-oz 4.Ol i. .001-02 OOE0-02 2,001-02 2,01O 00-03
5. 40-03 5. 008-03 1 .001-02 1 . 20E-02 1 .231-42 i IOG-02 i 401-02 1.401-Oz i. 401-o2 OOB0+00
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I OOE+0O 6 .00E-02 6 .6-26.6-UB2 6.6B -~ u Efj A.u-03 AU-K E~ :, k

I. O- . 2 1. uOE-oz I 0OR-02 1 L' 2E -O 0 Z 2ERi -0 2 O j L ~E -0 u i- 'E - 1if
HE .OOE-OZ 6 .OOF-OZ 6 . uE-,2 E. 61,. 2 6.OBE-02 E -2.Eu 0 ~~

>UOE-02 I.)'jO-02 2.50EB-02 2.50B-'2" Z.5oE-f2 .. 0u-' . 5O-z E. 2-z E -' R+
OOE+;o OOE-OZ. 6. 0OB-02 6. 0 E -" 6 E-3 6.OE-o 1 0 ~E -~ 0 .f"E-
0 .O-Z 5.3O .0 E -0 2 'A~-02 2.08-0Z2c-2 >SuE-'RJ2 0 . -0i E

2 COOE-O% 2.507-0Z .50E-02 O.C-i 2E-K .5 UR-3 2.50E-oz zl.5 OE-U2 6 oiu v6~uu
OOE+60 6. OOE-02 6. UOR-2 S. 0OP-02 6. A3E-02 E . )OE-VZ 6. MU-uz 6. iUE-O2 L uui-'3 OOE-j2Z

2. OE-F2 2 5OB-02 2. 5E-0Z 2.S 5E -6 . "E-02 2. 70E-022 (-3 .E. .5E~
0 00MO 0 '3ooR+oo jOOE+00D 090 (jog++O .6tuu 6.'TE+OO) 6.OQE9tu A.UEwu6 i~j vE + tU UL' 0k +u

OOE+OO 9 . OE-02 0 2 Z. 0 8 -: 2 Z.O-z H 0 0 M. u3~ + ' o

009+00 2 OC 0E O 2.' OOE4 2 2 - 0 0~6 6. E+oo0 3 uO E+uU U. E+) .~ ji, JO. J

f) .OOE+00 0 VuE-02 1+E00 00. 1 uoF+2 . I.,-C 0 8+00 i,. 00OE+ U .,.j+U U E+Q) M .

7. 00E00 .OOE+00 O. OUE400 3. 3E +u CIL . . 00B+ 00 u .3UE+Uo0 u . QD+U :. 602+00 .2~v ~ Eu
U)3E~uo iUOE-0 .6-02 1 .5032 1 .-1 I 3-uz 1 . 08u 6. OC-7 .aE-ol2 6 . IuE-i . u8+n'
1. +00 . 3R080 C.vo+) 1,i~0 .9110 R +O C .1) ou .O+O A N O u . -j2+UU u. i .i
OOE0-03 6 .009-u7i 6 U0 .08-03 3 08-02 OOF0-v3 .OOE-uj aEKU-'A ~J'j 8 - .4' uUE+uu

.0094d0 3 +. 0 2 .30 O0 0. 1)0 E+ t, u 0U E~ 4- 'm0 j uE+Ou Ou BU8U +. 11+9 U. v8c+ v
3.00E;,00 32E400 *.002,00 OR,30E~7 0.c08+to o.3;00 AMUE+O O.00+00 I . 'E +!~ . E.

1 FIE 05CKNESS l F T

.04

.0 4 .1 1 4.2 4 .6 4 .5 . u5. .52312

42 .. 4314 4 4.7. 7. 6. 4. 2. .6 . z .

49 4. 4. 4. .. 4. 4.4 5 .2 9 1. . 4 . 2. 83 ~ .1 ~. 2 . I~

1 .0 0~. ~ 4 7 4 . . - .

.0 5.1 7 C 4492. .3. .4 4. 74 1 . .74 . 8 2.5

.9 5.1 4 Z. 1. 4.9 4 . 4.68 4 .7 4. 4. 49 3. 7 1 62. 6 4 .i.i 4, 9
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0 . 0 .

.3.0.00.3.3. .9 6 5 ~ 5

.0 .0 .0 . .0 .0 .0 .0 .0 .0 .0 5.7 6.u 62 6.5 .,3 6.0 5. 5 .6

.0 . 0 . 3 .0 . 0 .54 5 5 .7 6.v 6.3 2 .5 6. 6. 5 9 5~

.. 0

DIFFUSE RECHARGE AND DISCHARGE IFT/SEC)

(".008+00 0 .06+00 0.006+00 0UoOE+00 0.O06+00 0. AMI o+00 06+0 309+00 o.O. oft 0 .306+00
0.008+00 0.008.00 906+00 0 DuP +ou 0PO0O0 u DOPD+00 .uOE+00 0 M+600 0.06+0 o.OE'40
'009+00 2.10O6-09 2.106-09 t.106-09 OB2-09 Z.106-09 M.L-09 2.10-O9 M,0-0 M.3-09
.106B-09 2.106-09 0.006+00 01008+00 2.10-09 0.006+00 O.OOR+00 (1.0 0+ 0 0 o.'JOE+Ou 049060

0.006+00 2, 106-OS Z.102-09 2 .1M-09 2.106-09 Z. 1"E-09 Z ,IOE-09 2,106-09 Z 106-09 92. M0-o9
2, 106-09 2. i08-09 0 U08+00 0.006+00 2.0-9 2.> O-09 2.106-09 Z.1M-09 0,uOO+Oo 0.006Oou
006+00 0.06+0 0. ou6+00 0.006+00 U. 08+00 2.0M-09 :.,B -09 2. lU-09 2.1 UP- 09 2108 -09
2,10-093 2.106B-09 0 .0000O O.00+00 2.106E-09 Z2.106-09 2206-09 2.06E- o9 Z I 0 -u 9 o.006+00

0,006+00 0 .006E+0 0.006+00 0.00+00 0 .006+OO 2. 106-09 2. 109-o Z 2.100-09 w 06-09 2.106-09
2 .106B- 09 2 .1I06-0 9 0. 008+00 0. M00u ,2.108-09 Z24060-09 2 .106-09 "I.106R-09 2.I1Of')- 0O i. oE+u0
0.006+00 o.006+00 0.006+00 0.006+00 5.00MO00 2. IU-09 2.106-09 0 . u6.00 0.90i'oo 0.006o+u0
z .106-09 2.206o-09 0.906OP00 0.006+00 2, 106-09 0.-00M+9 V.060 2206,,. O-09 0 .006+0o0 0.0080
0 ,006+00 0 .006+00 0 .006+00 0,00i.00 0.00+00 2. 106-09 22IE-09 u .,UE+00 o .OE+I00 ( 0. 306+o
2.106-09 2.1OR-09 0.006+00 0,.006+00 2.10-09 0206.+00 0 OE +0 U C Z. -)E9 0 .306+90 0.306+00
u M0E40 0.006O ,O+00 006 0+00 0 .00 +00O 2,108-09 Z 13E-09 42.1'E-09 OE2- fl :2206-09
2.106B-09 z .106O-09 0 .006+00 3. u06+o .1 O-09 2. 06-09 "' -1) -9 2o6- 09 U.E -09 J '. u E u0
0.306+00 0. G0+ 00 .0.00 036+0 00+00 2. : 9-09 2.A-09 ).E2-09 I2,. 11-o 2.106-0
2 ,136-09 0 .006+00 0 ,36.E00 u.0M+00 2.10-09 2206!O-09 2 -09 Z206-09 2 'U8 10
3,006+00 0. 06+00 0 . O0+00 0.006+00o 0.00 .OPU108+00 0. oo+OO ".,90+ul0 "A 0;6' ,o0 E

D . DE 1)0 0.006+00 0 .B00 0,906+00 2.106-09 2.106E-09 2.26-09 E.0- 09 UE0-us i.306+t99
I), O06+00 '.006O+00 0 .U06.00 0oOE'00 (1.006E+00 0 .3 40 0 ft R0+00 1) ,OE+00 0 OOEo Li "o + 3010
j , 0E+00 0,306+00 0 .006+00 0 ..26+00 0.006+00 0,IOPov 2U'36.00 ,iL')E+UO u.0OE.oo :coE
J,0. O 00 0.006+00 0.006+00 0.008+00 uOU0+00 C030 1+o09 A.M6+0 0 006+.u v.006+00 L i.uE0Ou
.,006+00 0 UBOE+ 0 .00600 0,006+00 0,o06+0o0 C,", 0. u0 c. 9, 006E+0 u v. 0 + 00 0 .0 11E+0 0 3,006+
AM0D+0 o.vu8+6. 0 0iLB + 0 V.006+00 0 006.00 0 J08+0otl( .00+oo0 0. D06Ou 0 F +!" ,0 u.9+Q0
OOE4600 0.,006+00 2. 106-09 2.106E-09 ,108-09 UB106~9 2 ,106B-0ul9 " . l-09 22u6-09 .906.0

0.006+00 006+00 0 .006+00 0.006800 0.006+00 ("009+.00 G.006+00 3.996+00 0 .0084tuO I: )000
* 0,006.00 2.10-09 2 .106-09 Z .10E-09 2. .106-09 .106R-09 .. M-09 2',106E-09 Z2.106-09 0 .906+00

O.30+00 006+00 0 .006+00 0 .4E'6+00 0. O0+00 0,0.OE+O0 .06+00 1). 006+00 0.06+00 F). 006+00
O.00+00 2 .1 O-09 2 .106-09 2. '06-09 2, 106-09 0.D06+00 0.006G+00 u ODE, )0 0 v08+00 0.,906+00

'008+00 0.006+00 0. 06+00 0.008+00 0.006+00 0,006O+00 0.006+00 '006+00 3.006R+00 0 .96+00
0.006+00 2 .10E-09 Z .106-09 2.106R-09 2. 108-09 0 .009+00 0 .00E+00 l0. U F+ l J .0,J~O 0 U+00
(I,. 00+00 0 .006+00 0 Oo6loo '.008+00 C, .LO0800 0 .006E+0' J. 08+00 b3o 9.096+00 ao06l3

*0.006+00 2 1OE-09 2.106-09 2.106-0 2206"O-09 0206+0lo0 0.006+90o 3.90+00 v.306.00 M2+00
0.006g+30 0.006+00 0.006+00 0,.0fo0 0.36+00 0.CA0+00 9.9+00 C, .1306+0 0.008+00 ".0+o0
0.006+00 .106-09 2 .106-09 2.106B-09 .106-09 0.006+00 v .006+00 M,306. o 0. ool~i 0.00+00
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008O+00 OO+~ '.0+o~o 0.OOE+Uu O. OH+00 L" 0E + ), UEO .j0 ~
0.00B+00'O .3EO A.)-09 2 1OE-oj 2 10RO- AuE+ou uAJJE+u .uuE+Ou u 0 E 01 J00+00
HbEoo 0.ooE+oo 3.OOE+00 0 30E+00 vLoE+uo '.,JE+oo '0.C'OEoc' )E+00 ".008+00 (,.30+00
008E+00 9OOE+00 O.')E+O obooE+OO +0 +O .,O+O~.u~~ 309+00 :,E+)to I.ucU :OR+Oo

9REBLi! MAP (FT/ISEC)

00B+00O a0 oobo 008O+00 0.OOE+00 H,1+00) C 00+Ou v.OOE+Oj VuOA9+00 Q uOREUO 'JUoE+00
)J.OOE40 OOHM~O ,, OOE+00 0.00E+0O A.i+OU v 00E+00 CucE+oo 0 fL +OOEtOO L U ) O9 ') OOO
),00B+00 Z .44E-03 2 .10-03 2-448-03 2 .288-U3 2 :2E-03 L.LZB-3 2 .13E-0.1 H.E-0i I.AE-u3
::.E-03 4 .35E-03 8.338-0' . 2.-QOE-OZ 5 .JOE-02 0. B+OO 0 , EOO 0 .90Etu uuUUE+01C' ~ O+O
.009+00 2.33 -03 2.2' .E-03 92.71-03 2,244 3 .1E-03 9...- i. E-U3 94 -U4
.58E-04 2.508-03 HOE-03I M-03 i . 5E-02lL 2. DE-02 5,OHE-02 5u E -0 .UUE+OO )(GE+00

0,008+00 2 ,2,1E- 01 -21-0O3 2.2:1-03 '6. 1-041 2.IM-03 2. 12E-03 E All~' .4E-u4 ~.068-04
.72E-03 2.. 38E-03 1 72E-O3 2 OR-u 6 -VE-03 I OOE-02 1 1438-02 1.438-U2 1 ~E-02 1) COE4'JO

08 +uo.OO 0E+000 HM'OEO Q.OHM+O O-00R+00 238E-03 2.3-01 .208-0 9 ~.2 8. ?'R-04
A.23-03 .29E-02 1.43E-03 Z-0OB-Q3 Z.50E-03 6 . M-03 .61E-03 a.8E-C-3 8E-03 u .,uE+00
008E+00 'JOEC 0800 uOE± O .OE+OO OOEQ00tO . .50E-03 I OE -3 21 2E-03 u -UOE+Uil uUtURUO
zOE-03 M.Z7E* 1 UR-03 1 . 3E-03 '21. 0 8-)3 .OOB+OO u~OEU ..?E0 t' UO .OO HE

00800 u. E~OO .0 E +O 0 0 OOO0 0 AEO+00 1.?E0 2.27E-03 4. 'OE-3 ) 00E+0 0 OuN+G
.2-03 23E-03 11.39E-03 11 .56E-03 I .85E-03 0 . uE+00O .OE+OO 22-0 3 U08~+00 C.ORE+v
OR + 0 0 D.ORO £.AE+00 "'E+0 OR+~sO C>~',uZ..B-O 2 .ZE-o% 4.448-u., j.8E-,,,3 Z-u

4OBE-03 16E-03 ~.EO 538-03 3.64E-03 2. 02-03 2 34B-03 8 E-03 2.78-LV, u .E+~
D~DB+D5 16: O SE-2 4 A E-03 1 -- 3 1 ,0E-03 Z .12R-0., 4 J8E-fl3 4 2 B-u 3 I.069-03

U,~-3~4-03 L O-0 ~3 3.4E-63 -03 2 ~ .70E-03 2.643E-U * .50E-U L'OE~ , 00E+00

'E- 300E rE-03 2.'28E -03 >-6E-03 Z 86E- 03 6 IOR-03 5 .95E-03 5. I E- 3 4.44E-o A 0+O
H.S.v 15-02 0~5B-02 >5-02 .39E-02 15E-02 4OOR-03 17- 4 1 7E-0i ~.38-J

~.?-03 68E(' .E-K 5. E-03 fl68E-01 1.6E) 5.2Eb 52E-3 O.VE-03 i'n, 10+0
)'18+0 1 i * -02 1' 'E- 02 -. )H-02 .,I-oz 2iE-Uz 1 158-02 , '.E-0' M>ZZE 4 . 1-03

S 2-03 i.438-10.3 5 . E-O3 ."9-01 %21E-03 5 OOE-03 4 gig-U3 4 .638-0'. ,JOE+Ou

1)08+00 01~?-02 IJA-02 i ,Q3E-O2 I F;-O2 158-02 122B-02 I2E-02 104E-uz 4 ."6-03
1 1" -03 %1OR-03 5-J43-0'. .2E-U t S2 1-fil O.1E-03 4 UE-02 4 .56-i. 2 .%E-113 2"JE1)

i '5E-03 5.32E-03 5 .13R-03 -428-K, S,2;A-03 !,OE-03 i .46R-(-3 .39E-01 4 11E-A3 0009+00
7JJOB4-0 A+Oo OE+C 0-, 0~ "08~O+00 ODF+00 jOEO80 1 D.OR+0 0)E+'L) n8u+bu 0 uLE4vu
,00E+00 2 .7 E-O3 377R-0 3?AE-03 3.648-03 u DOE+OO J. OiO ,OE+00o. URvj 1 o00 'iu R+ 0u
jB+oo VARO+00 C ~..iA84) 08+Ou O.UB+D0 .o&E+00 OOE+O L, u 8+ 00 ~E+ u 1 2+ u

0 .OOE+00 3.64B-03 ,57E-03 :'.138g-03 3 458-03 0 . voi~oo .OoE+H ) LuE +~ (). 0.400 S,3OE4OO
,).008+00 .OOF+00 OAR+9G uEO . l08+.0 iOOR+00 'JE "'.008+00 ijD8+OO i, . Ok+L 0 iE8400

'.v. .68- 1U 249-:i 2.-OE-O3 2.4'.R-03 u .OoE+Olj 5. OE+0 UU.E+!JU ~.108+)u ).JUE400
> 03400~+O v.'~' ..oo )UR+OL A,~E+00 uOL+(d' 0 r)uE+(,,I 38+01) 1f) O+U00
*32O 8IE~ 2.OE5 3-% 0 -3 S-U 1 C,08-03 .J2R8-ul I .,7E-vl ..JUR+OUU

H8E+00 1,.008+00 jC'8+00OO)DE+00 M.-oR'o An'i0EDO .U09+00 '*UDE+OO ')~OR +0 1 i 1
O 9-3 I VE-03 I uJOB-Lu3 * S Z-04 9. 22-I4 I .52R-04 009-03 1 *Z-1 09-03 .uOR+uO

'00R+00 0 .OOE+Oo C .2RO HE+00 ~ O '*.00 0 F+ 1 00 LOUB+00 ,.OF+OO : g,)u AiU+o , E u
JNO, OF PJNCTR-DIFFEENCE CELLS 1.4 .44!IrER 2J13

AREA 0'F AQUIFER IN 9 DEL7 : 3300. SQ. FT.
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NZCRIT (MAI. NO. OF CELLS THAT CAN BE VOID OF
PARTICLES; IF EXCEEDED. PARTICLES ARE REGENERATED

NODE IDENTIFICATION MAP

3 2 2 2 21 2 2 2 2 .3 3 3 3 A, Z 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 00 0 000 00 00 00 0 000 00

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
000 0 0 000 00 0 00 0 0 00 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

u;0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 00 0 000 00 0 0u0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

NO. OF NODE IDRNT. CODES SPECIFIED 3
"HE FOLLOWING ASSIGNMENTS HAVE BEEN MADE:

CODE NO. LEARANCE SOURCE CIONC. 02 CONC RECHARGE
.100OO+01 .00 .00
2 ~~~ loOE0 0 20

.IOOE+0 100.0 .00

VERTICAL PERMEABILITY/THICKNESS tFTI(FTtSEC))

0.00E+00 0 .OOE+00 0.00E+00 1,1.00E+00 0 .OOE+00 0 ,OE8+o '. OOE+00 *luE+00 1) )0E+00 0.0E+00
0.O00 0+E00 0.00E00 0 .uOE00 0. OOE+00 0.009+ 00 .OOE+00 *i.00E~oct 1,10F+ 00 0 .'JoE4oo
.OOE+00 0 .002 f600 A 0O+ 00 1.).OOE+00 C,. OOE+00 0 .OOE+00l ^u !0.OOE+00 ,.00E+00 v",.JE+G0 0.00ol

0,0R .ODE+D V, OO DE+00 0. 00OE000 0.OOE+0 0 0 DOE+00 ,OOE+00 0.O 00BO+00 u UOE+00 u.OOE+00
0 .00E+00 I ,00E+00 I 00R+00 I1.OOE+00 1 .00E+00 1.OOE+00 I1JOE+00 1 .OOE+uo IJOE~u0 I OOE+O0
1. ooE+00 1. OOE+00 1 .O0E+00 1. OOE+00 1 .00E,00 0.00E+00 0.OOVE+00 0 .00E+00 ".0UE+00 u .OuE+0
0.0OE+00 0 .OOE+00 0.OOE+00 O.OOE+00 0.0OE+00 0.00E+00 u .OOE+00 u , -ERuu0 0.oOE+oU 0 .cE+uo
0.OOE+D0 0.OOE+00 0.OOE+00 0.00E+00 0,0OE.00 0,00E+00 0.0OE+00 0.OOE+00 0.OOE+00 0,00E+00
0.,OOE+00 0 .00R+00 0 .0OE+00 0.OOE+00 0 .OOE+00 0 ,OOE+00 0.OOE+00 0 .0O+uo0 o. IOE+uu 0 0.00E.0O
0 .OOE+00 0.00E+00 0.00E+00 0 ,uoE*00 0 .OOE+00 0 ,OOE+00 0.-00R+00 ~010E+0u 1 00E+uu 0 .UOE+00
0,O00 0.OOE+00 O.OOR+00 0 .OOB+00 0. OOE+00 0OOE9+00 0.OOE+00 0,00E+00 0.ooE+Dq 0 .00E+00
0.00R+00 0,O0E+00 0.O0E+00 OOE .OOE+00 0 , 0 E+00 0 0E+00 0 OOE+00 0E+00 Eo 0 ,OOE+00
0,00R+00 0OO0E+00 0 .OE+00 0. 00R+00 0 .oO+00 0 OOE+oo0 -00E+00 0 ,002+ou *)oE+ol v.008+00
0.008+00 0,00E+00 0 OOE+00 0 .O0E+00 0 ,O1E+oo0 0OOE+00 uo00+00 ) oOEqc DuOE+00 t. uE+00
0.0OE+00 O.OOE+0O 0.OOE+00 0.OOE+00 0.00R+00 0.OOE+00 0 .OOE+00 ' .iug+uo OO0E+00 0,00E*00
0,00E+00 0,00E+00 0 V08+00 O.OOE+00 0,00R+00 0 ,O00 0,00E,00 0,00E+09 O.OOE+00 0.,30E+00



161

0 .HEMO O.OOE+00O UPOF' AAI.Oo 0 ~qnRM 0 AA u.jOOF+oo to S+t)o [ (,UEqjo L OUB+I33
O3.90E+ O OOO 00OO O.O30E+QO Q.OOE+ OO 0 H O OE)OOO o.EO u.E3 .OB+OO 0,.30E+uO) '3.E+UO
0 ,OOE+OO 0. OOE+OO 0.008+0 OPOO 030E+00 .0E3 OUE+OO 0.OOE+Ovu U.OR+00 ( 9OUt3nOE+0 00+0
0.O08+OO 0. OOO 0 .MEOO O.OOE+00 0.009+00O O.OOEPOO 0 .03E+OO J.00E+00 9u~uotuO 0 oOE+OO
0 . OE+OO 0. OOE+OO 0.0OE+OO (,COO 0 .O3E+00 O.39E+oo M.UME+"OO 9 + u . 91+Uu o 9. 09+00
1. DOM 0.300O 0.901+00 0.001E+00 0. O0+00 0.010u 0. IE+UOi u.OuE+00 Q.901+00 u .0U0+00
0 .HMO00 0. HEM0 0.008+00 0.301H0M C.701+03 0.002+00 0 .701+30 3.OE+Ou 9.+0 .DE uv. O1+300
0.008+00 0.001+0 0 0.3OHM 0.001+00 0.001+03 0.001+00 0 .O0+00 ".309+UO 3. OO+uou u.'JU1+0
0.031+00 0.00+00 0.001E+00 3,001O0M 3.001+00 01. 00 0.001O 0+00 0. 0. 3.jo~fv v.H000
0 .001+00 0.008+00 0 .001+O0.00833+00 0.00 - PO u.31 v.. O 00) L u. UUB+I3 '). uvboo U.3E100
0.01+00 0.009+00 0. MOO00 .008+H0 0. N01+39 .00+00 0.00+1w90+0 ou u OE31.o u vOHM0
0.001+00 0.001+00 0.01+00 0 .OE+00 to.01,0 30+00 0.00+00 DEO UuOE+Ouo .CUE+uo v.001.00
0.1001+Dtl 3010+00 0.001+0OO0 3. O01.O uO. 00 MONO+0 0.3HMtO O O j.00 J.00E.90 v.0E+Oo
o.00O .0+00 v.311 .. ~ 3 O.301+3 u.008+00 0 3.3~u000O ,OPO 01+00 (,. I01+00 '0.009+00 0 .01+00
0.00+00 0.01+00 0.008+00 0 .001+00 0,0.00 0.001+30 0.01+00 3.008+00 u .08+00 3. U08+0
0.000.00 100 0.001+00 u u01+00 vl00 0.00 1+00 O.oOl+00 uO~oo. OuPO 1 vuogoE. 0 3. '09+00

'). G0E.00 O.001+00 0.008+00 0.001O+00 O.301+00 0.001H0O 0.008+00 .,48 .'EO UvOE.00 u .u+0
0.,001+30 0.001+00 .002+00 0.001+0 0 3. O0+00 0.00+00 O.O01+03 3i.u .0+0O.v1OO+ 0 ,.901.00

40.001+00 0.50+00 0 .U0+00 0.01+00 0.008+00 0.001+0o0 ..301.vO 1). M U 08+00 '3.001+00

.001+00 0,001+00 £001.00 0 OE+Io 0 E OOPO 0 .00M1 +00 .00 +00 .0+ 0 0.001+00 I .01+00
1.0013 1.000O I.010 -HMO HMO 1 .O01+I90 M+ 1,091.0 I )R£u .3,1 .0 E+0u0 0. UOl.00

0.003+00 MOO3.00+00 0 ,.301 +00 01 0 3. NW 01+03,. 080 0.1)8+00 u .009+00 3.013 v,011 UO3100
0.00M+0 0.00+00 0.-301+00 0 .OOE'u 0100 0 .001+E00 .001+00 0.001+00 0.031+1). O .00+00 OO

WATER 'ABLE

UU

9.)

0.
3. . 3. 0. 3, 3. 3. 0. 3, . 0j. 3. 10 3 3 . 3. (1 0.

0.

0 . 7. 0 . 0. . 3. 0. 0. 3. 0. 1). II, L, !, 3,.

1 0. 3 .3, . 0. 0. 0. 3). 0. 0. 0. u . . 1,. 0. , .

3. 3. . 3. 0. 0. 3. 0. 0 . 0 . 0. u. i. u. . 0 . 0 . 9. 3 .

0. 0. 0. 0 0 0. 0. 0. . 0. 0. 0.1 0 7, . 0 . 0. 3. 3.
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0,

') 9. .. u. 0. 9 . r i. , 2. . U. ,,. i.n ] .

,) O. 0;. :O. O. '2. '. . .. '2. 0. 3). . . 2. .J ,. '2 .
9.

0. 0. 0. 0. 9. 9. . 0 . .. 9. 0. 9. 0. 9 . u. U. 9. ,c. 9.

U.
12. 0. 2. i. 9. 9. u. 0. 9 . '9. 9. 9. O. 9. 9. '. c. .. u.

0.

0. 3. 9. 0. 0. 0. 9. 9. 3. 0. ,9. 9. u. i). '. L. u. in. i.
O.'

HEAD DISTRIBUTION - ROW
NUMBER OF TIME STEPS 0

TIME(SECONDS) .00000
TIME(DAYS) .0000OE+O0
TIME(YEARS) .O000DE00

1) .000000 .0000000 .0000000 ,00000 .0000000 .uOOOOu ,00000Ou ,;OOOoOO
0000000O .0000000

0 .000000 .0000000 .0000000 .000000 0900000 J000000 .900009 uo00O0
.000000 .00000
0 .0000000 .0000000 .1000000 .O00000 .0000000 .000000 ,Coouoo0 uO00000

000O0000 .0000900

0 .000000 .0000000 .000000 .0.000000 .1)000OO0 .1400000 .A00000
.O000000 .0000000

' .000000 7.3000000 7.3700000 7.5000000 7.?000000 7.9000000 .lOOOOOO 0.990000
8.2100000 i.1300000
0 8.1300000 1.1190000 .0500000 7.500000 .8500000 .u900000 .uu00oo .u0LoU
.1000000 .00O0
0 .0000000 .0000000 J000000 ..00000 *uOOOOu .09000.u aUUooo
.1000000 .2000000
0 .0000000 .0000000 .9000000 .:O00000 .0000000 .0000000 .J00009 .9900006
.0000000 .A00000

0 .0000000 .0000000 .000000 .000000 .000000 .OO000 .0000009 Aou0000o
,0000000 JOOOOOO

J .0000000 .0000000 , 00000 .,000000 .000000 .000000 "000090
.9000000 .0000000

0. ,O00000 .0000000 .0000000 ,9000000 .A000000 .0000000 .uOOOOO .,1A000090
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