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The Charles E. Via Department of Civil and Environmental Engineering 

 

(ABSTRACT) 

 

Numerical models (GMS MODFLOW, SEAM3D, and SEAM3D Interface) were applied to 

simulate groundwater flow, petroleum hydrocarbon compound (PHC) transport and 

biodegradation, and the transport and biotransformation of chlorinated ethenes at Site FT-002 

Plattsburgh Air Force Base (PAFB), NY.  Site FT-002 was contaminated with waste jet fuel and 

chlorinated ethenes used as a fire source during fire fighting training.  The results of groundwater 

analysis indicated that the aquifer exhibited aerobic, nitrate reducing, ferrogenic, sulfate reducing 

and methanogenic conditions due to the biodegradation of the PHCs.  Additional groundwater 

analysis showed the biotransformation of TCE to DCE, VC, and ethene.  A numerical model was 

developed to simulate and assess the extent to which reductive dechlorination and direct 

anaerobic oxidation were responsible for the biotransformation of the chlorinated ethenes.  

Reductive dechlorination accounted for the 100%, 98.3%, and 97.5% of the biotransformation of 

TCE, DCE, and VC respectively.  Direct anaerobic oxidation accounted for 1.7% and 2.5% of 

the biotransformation of DCE and VC respectively.  Though direct anaerobic oxidation only 

accounted for a small percentage of total biotransformation it was necessary to fully develop the 

biotransformation of the DCE and VC in the ferrogenic zone.  This study focused on the 

mechanisms responsible for the biotransformation of chlorinated ethenes, specifically reductive 

dechlorination and direct anaerobic oxidation.  By further defining the NAPL source and initial 

conditions it could be used as a tool to accurately predict the monitored natural attenuation 

(MNA) of the FT-002 contaminant plume.  
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Chapter 1 

 

Introduction 

 

Chlorinated ethenes are among the most prevalent groundwater contaminants in the United 

States (Bradley and Chapelle,1998a; Magnuson et al, 1998).  Trichloroethene (TCE) and 

tetrachloroethene (PCE) were respectively the second and fourth most frequently detected 

volatile organic compounds found in an EPA study of 1430 U.S. National Priority List sites 

(Butler and Hayes, 1999).  Their prevalence as groundwater contaminants is due to their wide 

use in the dry cleaning industry and as solvents in military and industrial operations (deBruin et 

al, 1992).  PCE and TCE readily biodegrade in anaerobic conditions to cis-1,2-dichloroethene 

(DCE) and vinyl chloride (VC).  These progeny are both listed as U.S. EPA priority pollutants 

(Bradley and Chapelle, 1998a; Bradley, 2000).  The complete biotransformation of chlorinated 

ethenes to harmless products is of importance due to their prevalence in groundwater and their 

potential adverse effects to human health. 

 

Fire fighting training at the Plattsburgh Air Force Base (PAFB) in New York, led to the release 

of waste fuel and chlorinated ethenes into the groundwater.  Groundwater contaminants include 

TCE, cis-1,2-DCE, VC, and the petroleum hydrocarbons benzene, toluene, ethylbenzene, and 

xylene (BTEX) (EPA, 1997).  The plume is characterized by an anaerobic zone, created by the 

oxidation of the BTEX, followed by an aerobic zone.  Such conditions allow for the reductive 

dechlorination of the more chlorinated ethenes followed by the direct oxidation of the lesser 

chlorinated ethenes.  The complete biotransformation of chlorinated ethenes to ethene, CO2 and 

H2O is possible in plumes that are characterized by an upgradient anaerobic zone followed by a 

downgradient aerobic zone (Bradley and Chapelle, 1998b). 

 

Objective and Scope 

 

The objective of this research was to apply a numerical model (SEAM3D) to determine to what 

extent various microbial processes (reductive dechlorination, direct oxidation, etc.,) are 

responsible for the biotransformation of the chlorinated ethenes in the BTEX/TCE contaminated 
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aquifer of the PAFB.  This research evaluates the potential for using computer simulations to 

adequately determine which microbial processes dominate the biotransformation of chlorinated 

solvents. 

 

The research objective was accomplished in three phases.  In the first phase, the site 

characteristics and groundwater parameters were analyzed from previous site investigations.  

This analysis led to the construction of a three-dimensional groundwater flow model using the 

USGS GMS interface for the MODFLOW numerical modeling code.  The second phase 

consisted of the analysis of the contaminant characteristics and the biotransformation processes 

active at the site.  These findings were then used to construct a fate and transport model using the 

SEAM3D�s (Sequential Electron Acceptor Model 3-Dimensional) NAPL Dissolution and 

Reductive Dechlorination Packages.  In the final phase of this research, the results of the flow 

model and fate and transport model were used to determine the adequacy of computer simulation 

techniques in the analysis and prediction of the chlorinated ethene plume�s biotransformation. 
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Chapter 2 

 

Literature Review 

 

The chlorinated ethenes, PCE and TCE are two of the most frequently measured contaminants in 

groundwater (Haston and Mc Carty, 1999; Bradley and Chapelle, 2000; deBruin et al., 1992; 

Magnuson et al., 1998; Rosner et al., 1997).  For example, PCE and TCE were two of the three 

most frequently detected volatile organic compounds found in an EPA survey of 945 

groundwater-based drinking water supplies (Butler and Hayes, 1999).  The abundance of PCE 

and TCE contamination is due to the their widespread use in the dry cleaning industry and as 

degreasers for military and industrial operations. 

 

PCE and TCE readily biodegrade in anaerobic environments producing the less chlorinated 

ethenes DCE and VC.  The less chlorinated the ethene the slower the biotransformation rate in a 

reduced environment (Haston and McCarty, 1999).  The difference in biodegradation rates 

results in DCE and VC accumulation.  The accumulation of these progeny, listed as U.S. EPA 

priority pollutants, drive regulatory concern for site remediation (Bradley and Chapelle, 1996; 

Bradley and Chapelle, 1997).  Vinyl chloride is a known carcinogen (Haston and McCarty, 

1999). 

 

Biotransformation Mechanisms 

 

Chlorinated ethenes biodegrade in the subsurface either as a primary growth substrate or through 

cometabolism (Weidemeier et al. 1999; Suarez and Hanadi, 1999).  As a growth substrate, a 

chlorinated ethene can serve as an electron donor or as an electron acceptor.  Direct oxidation, 

aerobic or anaerobic, of the chlorinated ethene occurs when the chlorinated ethene serves as an 

electron donor.  As an electron acceptor, the chlorinated ethene is reduced through a reductive 

dechlorination process known as halorespiration.  During cometabolism, enzymes produced from 

the aerobic or anaerobic degradation of a primary substrate degrade a chlorinated ethene.  Table 

2.1 presents the processes attributed for the biotransformation of PCE, TCE, DCE, and VC in the 

environment. 
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Through halorespiration, a chlorinated ethene is used as an electron acceptor and hydrogen 

serves as an electron donor.  A hydrogen ion replaces a chloride ion and the chlorinated ethene is 

reduced.  Figure 2.1 illustrates the reductive dechlorination of TCE to cis-1,2-DCE via 

halorespiration.  Two environmental conditions must be met for the halorespiration of 

chlorinated ethenes to occur: first, the subsurface must be anaerobic and second, there must be an 

adequate supply of dissolved hydrogen (Weidemeier et al. 1999).  

 

Direct oxidation of chlorinated ethenes occurs when microbes obtain energy and carbon from the 

degradation of the chlorinated ethene (electron donor) in the presence of an electron acceptor 

(O2, NO3, Fe(III), and SO4).  The process is aerobic if oxygen is the electron acceptor and 

anaerobic if all other electron acceptors are used.  Highly chlorinated ethenes (PCE and TCE) are 

not likely to serve as electron donors due to their highly oxidized state.  Dichloroethene and VC 

have been shown to readily degrade by direct oxidation.  Bradley and Chapelle (1998c) showed 

that VC could be oxidized to carbon dioxide and water under Fe(III)-reducing conditions without 

the production of ethene. 

 

In general, the more chlorinated an ethene the greater it�s potential to undergo halorespiration.  

Conversely, the least chlorinated ethenes have a lower potential to undergo halorespiration but a 

greater potential for direct oxidation.  Tetrachloroethene the most oxidized of the chlorinated 

ethenes, will undergo reductive dechlorination in the presence of all naturally occurring electron 

acceptors except oxygen (Chapelle, 2001).  Trichloroethene, with three chloride molecules, 

requires at least Fe(III)-reducing conditions for it to undergo reductive dechlorination.  

Dichloroethene requires at least sulfate reducing conditions to undergo reductive dechlorination 

but proceeds more readily in methanogenic environments.  Vinyl chloride, the most reduced of 

the chlorinated ethenes, also requires at least SO4-reducing conditions but its reduction is only 

significant during methanogenesis (Chapelle, 1996). 

 

Chlorinated ethenes not serving as a primary substrate (electron donor or acceptor) can be 

degraded via cometabolism.  Cometabolism is the process during which enzymes produced from 

the biodegradation of a primary substrate such as BTEX degrade a chlorinated ethene.  The 
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microbes responsible for the biodegradation of the primary substrate gain no energy from the 

cometabolism of the chlorinated solvent (Suarez and Hanadi, 1999).  Compared to reductive 

dechlorination or direct oxidation, cometabolism has been shown as a slow and incomplete 

chlorinated ethene biodegradation process (Weidemeier et al., 1999; Chapelle, 1996).  Due to the 

limitations of cometabolism it is not viewed as a predominate process for the biodegradation of 

the PAFB chlorinated ethene plume. 

 

Redox Parameters/Conditions 

 

Redox indicators such as concentrations for electron acceptors (oxygen, nitrate, and sulfate), 

intermediate products (hydrogen), and end products ((Fe(II), sulfide, and methane) help to 

determine which terminal electron accepting process (TEAP) is predominant (Chapelle et al, 

1995).  Terminal electron accepting proccesses sequentially dominate the environment based on 

the amount of energy released to the microbial population.  Oxygen-reduction releases the most 

energy therefore it is predominate followed by nitrate-reduction, Fe(III)-reduction, sulfate-

reduction, and methanogenesis. 

 

The biotransformation of chlorinated ethenes is primarily attributed to either reductive 

dechlorination or direct oxidation (Chapelle, 2001).  The extent to which each process is 

responsible for chlorinated ethene degradation is controlled by the redox environment.  

Understanding the redox environment can be determined by analysis of the TEAP indicators.  

For example depleted dissolved oxygen and nitrate concentrations and increased levels of Fe(II) 

are good indications that oxygen and nitrate reduction have depleted their respective electron 

acceptors and that Fe(III) reduction is the predominate TEAP in the aquifer.  Under Fe(III)-

reducing conditions the biotransformation of VC has been shown to be dominated by direct 

anaerobic oxidation (Bradley and Chapelle, 1997).  As the environment becomes more reduced 

and methanogenesis is predominate VC is biotransformed by reductive dechlorination. 
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Biotransformation Zones 

 

Based on the redox conditions and the primary carbon source, biodegradation of chlorinated 

ethenes occurs in three zones: Types 1-3.  One or more of these environments may exist at a 

remediation site as is the case with the PAFB contaminant plume where Type 1 and Type 3 

zones both exist.   

 

Type 1 is defined as an environment that is anaerobic due to the biodegradation of an 

anthropogenic carbon source such as petroleum hydrocarbons.  Through the fermentation of the 

anthropogenic carbon, hydrogen is produced.  The hydrogen then serves as the electron donor 

required for the halorespiration of chlorinated ethenes (Weidemeier et al, 1999).  

Tetrachloroethene and TCE rapidly degrade in this environment.  Dichloroethene, and to a lessor 

extent VC, will also degrade.  Due to their slow utilization rates, DCE and VC tend to 

accumulate as they are produced from the faster degradation of PCE and TCE. 

 

The Type 2 environment is anaerobic due to the biodegradation of naturally occurring carbon.  

Like the Type 1 environment, the carbon source fermentation produces hydrogen that then serves 

as an electron donor during reductive dechlorination.  The Type 2 environment exist in areas 

such as coastal plain sediments or aquifers recharged by swamps were there is a high influx of 

organic carbon (Bradley et al, 1998; Weidemeier et al, 1999). 

 

Type 3 is an aerobic system that has concentrations of oxygen greater than 1.0 mg/L and 

concentrations of hydrogen too low to support halorespiration.  Tetrachloroethene (PCE) and 

TCE will not degrade in this environment.  Vinyl chloride, and to lessor extent DCE, has the 

potential to serve as an electron donor degrading to carbon dioxide and water by direct oxidation.  

 

Complete biotransformation of PCE and TCE to non-toxic ethene, CO2 and H2O is possible in 

aquifers that exhibit Type 1 followed by Type 3 conditions.  Figure 2.2 illustrates such an aquifer 

contaminated with BTEX and TCE.  The BTEX biodegradation drives the depletion of the 

electron acceptors O2, NO3, Fe(III), SO4 and CO2.  The BTEX biodegradation also produces high 

levels of hydrogen.  The higher chlorinated ethene TCE has a high affinity for the hydrogen and 
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undergoes reductive dechlorination producing DCE.  Dichloroethene then biotransforms via 

reductive dechlorination to VC in the SO4-reducing zone.  Vinyl chloride with its less oxidized 

composition degrades slower then TCE and DCE in the Type 1 zone and accumulates.  As the 

Type 1 zone becomes more reduced, methanogenesis is the predominate TEAP in the source 

area.  The VC undergoes reductive dechlorination under the methanogenic conditions and 

produces ethene.  The remaining VC continues to migrate with groundwater flow and enters the 

aerobic Type 3 zone.  In the Type 3 zone the VC, in its highly reduced state, serves as an 

electron donor to oxygen.  Vinyl chloride is biotransformed to CO2, H2O, and chloride by direct 

oxidation. 
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Table 2.1 Chlorinated Ethenes Biotransformation Processes 

Compound Halo-

respiration 

Direct 

Aerobic 

Oxidation 

Direct 

Anaerobic 

Oxidation 

Aerobic 

Cometabo-

lism 

Anaerobic 

Cometabo-

lism 

PCE X    X 

TCE X   X X 

DCE X X X X X 

VC X X X X X 

Table adapted from Weidemeier et al., 1999 
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Figure 2.1: Molecular Hydrogen Driving the reductive dechlorination of trichloroethene to cis-

1,2-dichloroethene.  Adapted from Chapelle, 1996. 
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Figure 2.2: Chlorinated ethenes biotransformation by reductive dechlorination and direct 

oxidation in Type 1 and Type 3 zones. 
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Chapter 3 

 

Site Description 

 

3.1 Facility and Site Location 

Plattsburgh Air Force Base (PAFB) is located in northeastern New York State, 167 miles north 

of Albany and 26 miles south of the Canadian Border.  It is bordered to the north by the Saranac 

River, to the east by Lake Champlain, to the south by the Salmon River and to the west by 

Interstate 87 (Figure 3.1). 

 

Plattsburgh AFB operated as a base for B-52s during the Cold War (Chapelle, 2001).  In 

September 1995, PAFB was closed to military operations as part of the Department of Defense�s 

Base Realignment and Closure Act (URS 2001a).  Future reuse may incorporate industrial 

operations at Site FT-002 and airfield or aviation support operations for the runway and flightline 

areas (URS, 2001b). 

 

Site FT-002 is located in the northwest corner of PAFB approximately 600 feet from the runway 

to the east and 600 feet from the base�s western perimeter fence (Figure 3.1).  FT-002 is 

approximately 700 feet wide and 800 feet long (Parsons, 1996).  It consists of four bermed fire 

training pits ranging in diameter from 60 to 160 feet (Figures 3.2a&b).  In 1980, Pits 2 and 3 

were upgraded from simple sand and gravel depressions to cement stabilized soil lined basins.  

Pits 1 and 4 were also removed from service at that time (Parsons, 1996). 

 

3.2 Site Operational History 

Fire training exercises were conducted at Site FT-002 from mid to late 1950s until 1989 for base 

and municipal fire fighting crews.  During a typical training event the bottom of the fire pits was 

saturated with water then approximately 75-100 gallons of waste jet fuel were added, ignited and 

then extinguished.  An estimated 2000 gallons of fuel was burned weekly prior to the 1980s 

(Parsons, 1995).  Solvents and other chemicals were sometimes mixed with the waste jet fuel 

during collection awaiting for disposal.  The unburned fuel and solvents eventually seeped into 
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the soil contaminating the soil column and unconfined aquifer beneath FT-002.  The site was 

permanently closed to fire training on May 22, 1989. 

 

3.3 Topography and Surface Water Hydrology 

The land surface in the vicinity of FT-002 generally slopes from the northwest to the southeast.  

Elevations range from a high of 270 feet above mean sea level (MSL) west of site FT-002 to 180 

feet above MSL east of the flightline (Parsons, 1995). 

 

Two surface water bodies influence groundwater flow through FT-002 (Figure 3.3): a drainage 

basin and an intermittent stream.  The drainage basin is located between the runway and 

flightline (Figure 3.3a).  Portions of the basin lie up to 27 feet below the flightline.  Pooled water 

has been detected in the basin indicating direct contact with groundwater flow (Figure 3.3b) 

(URS, 2001b).  The drainage basin is lined with six storm sewer drops that direct the collected 

water via a storm sewer to the Weapons Storage Area (WSA) drainage system west of the 

runway.  The second surface water body possibly influencing groundwater flow is a tributary of 

the WSA drainage system.  It is located approximately1800 feet south of the FT-002 site 

(Parsons, 1995). 

 

3.4 Site Geology and Hydrogeology 

Five hydrostratigraphic zones define site FT-002: an unsaturated zone, an unconfined sand 

aquifer, a confining clay layer, a confined till water-bearing layer, and a confined bedrock 

aquifer (Figure 3.4) (URS, 2001b).  The sand extends from the ground surface to a maximum 

depth of 90 feet below ground surface (bgs).  It contains both the unsaturated zone and the 

unconfined sand aquifer.  Depth to the water table ranges from five to 40 feet bgs.  The clay 

forms the confining layer under the sand and has an approximate thickness of five feet.  The till 

extends from a depth of 80 to 105 feet bgs.  The confined bedrock aquifer forms the lowest unit 

at a depth of 120 feet bgs.  

 

3.4.1 Sand Unit 

The sand unit primarily consists of well-sorted medium to fine grained sand with occasional 

gravel and cobbles.  Grain size generally becomes smaller and permeability decreases with depth 
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(URS, 2001b).  The sand unit thickness decreases from northwest to southeast.  In the vicinity of 

site FT-002 it is approximately 90 feet thick.  East of the flightline, the sand unit�s thickness is 

only 20 feet (Parsons, 1995).   

 

The sand unit is divided into two hydrostratigraphic zones: the unsaturated zone lying between 

the ground surface and the water table and the unconfined sand aquifer lying between the water 

table and the clay confining unit.  The unconfined sand aquifer provides the dominant media in 

which groundwater flow, contaminant fate and transport, and microbial processes are analyzed.  

The unconfined aquifer ranges in depth from 15 feet to 50 feet. The unsaturated zone ranges in 

depth from 40 feet at site FT-002 to 5 feet or less at the drainage ditch between the runway and 

flightline. 

 

3.4.2 Clay Unit 

The clay unit is characterized as clayey-silt to silty-clay.  The clay ranges in thickness from 3.5 

to 30.5 feet.  In the vicinity of site FT-002, it is approximately 5 feet thick (URS, 2001).  The 

clay unit is defined as an aquitard allowing little flow between the unconfined sand aquifer and 

the underlying water bearing till and the bedrock aquifer.  Vertical hydraulic conductivities for 

the clay aquitard were determined to be approximately 2.83E-5 ft/d (Parsons, 1995).  

Permeability test conducted with TCE/DCE/deionized water showed little change in this value.  

Therefore, the assumption that the clay unit forms a confining layer to both groundwater flow 

and contaminant transport is valid. 

 

3.4.3 Till Unit 

The till consist of a mixture of sand, silt, clay, cobbles, and boulders.  The till is approximately 

30 to 40 feet thick in the vicinity of site FT-002.   The till is a conductive-water bearing zone that 

is confined by the overlying clay aquitard.  It is in direct contact with the bedrock aquifer at its 

base.  Data indicates that in the vicinity of FT-002 the till produces an upward vertical gradient. 

 

3.4.4 Bedrock Unit 

The confined bedrock aquifer is isolated from the unconfined sand aquifer by the overlying clay 

and till units.  Regional groundwater flow in the bedrock aquifer is generally from the west at its 
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recharge source in the Adirondack Mountains to the east toward Lake Champlain.  Vertical flow 

gradients within the bedrock aquifer have not been measured but are believed to be upward. 

 

3.5 Groundwater Hydraulics 

 

3.5.1 Groundwater Flow/Gradients 

The groundwater flow patterns within the PAFB unconfined aquifer are complex.  The 

potentiometric surface and groundwater flow directions are shown in Figure 3.5.  Groundwater 

flows into the FT-002 site from upgradient areas west of the base and continues southeast 

towards Lake Champlain.  The average horizontal gradient through FT-002 is 0.01 ft/ft.  The 

vertical hydraulic gradients in the unconfined aquifer on average are slightly upward at 0.0091 

ft/ft (Parsons, 1995).  Downward gradients do exist in areas of groundwater discharge such as the 

runway drainage basin southeast of FT-002. 

 

Field measurements showed not only spatial variation in the potentiametric surface but also 

temporal variation.  Seasonal fluctuations of the potentiametric surface of up to 2 feet were 

indicated by field measurements (URS 2001b).  Also measurements taken for multiple years 

showed variability that could not be associated with a given trend.  For example, some 1987 field 

observations were greater than 1993 field observations while other 1987 observations were less 

then 1993 observations. 

 

3.5.2 Hydraulic Conductivity 

Hydraulic conductivity for the unconfined sand aquifer was estimated by conducting both slug 

test and pump test.  The slug test generated horizontal hydraulic conductivity (KH) ranged from 

0.059 to 90.7 ft/d with an average of 11.6 ft/d (Parsons, 1995).  The pump test generated KH 

ranged from 51.8 to 82.1 ft/day and the vertical hydraulic conductivity (KV) ranged from 0.71 to 

1.90 ft/d (URS, 2001b).  The hydraulic conductivity values generated from the pump tests were 

generally higher then the slug test data.  The horizontal hydraulic conductivity was determined to 

be approximately two orders of magnitude greater than the vertical hydraulic conductivity, which 

indicates anisotropy does exist in the unconfined sand aquifer. 
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3.5.3 Groundwater Velocity 

The horizontal groundwater velocity parallel to the direction of flow ranged from 0.002 ft/day to 

3.02 ft/d (Parsons, 1995).  An average horizontal velocity of 0.38 ft/d was determined by 

multiplying the average hydraulic conductivity (11.6 ft/day) by the average horizontal gradient 

(0.01 ft/ft) and then dividing by the effective porosity (0.30).  The vertical groundwater velocity, 

0.0194 ft/day, was calculated in the same manner using an average vertical hydraulic 

conductivity of 0.638 ft/day and an average vertical gradient of 0.0091 ft/ft. 
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Figure 3.1: Location of Site FT-002, Plattsburgh AFB, Plattsburgh, New York.  Source URS 
2001b. 
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Figure 3.2a: FT-002 Fire Training Pits.  Source: Parsons, 1995. 
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Figure 3.2b: FT-002 Fire Training Pits circa 1989.  Source: URS, 2001b. 
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Figure 3.3: Surface Water Bodies Influencing Groundwater Flow Through FT-002.  Source: 
URS, 2001b. 
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Figure 3.3a: Drainage Basin Looking South.  Source: URS, 2001b. 
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Figure 3.3b: Pooled Water in Drainage Basin.  Source: URS, 2001b. 
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Figure 3.4: Conceptual Representation of Hydrogeologic Zones.  Source URS, 2001b. 
 
 



23 

220

210 200

190

180

170

 
 
Figure 3.5: Potentiometric Contours and Groundwater Flow Directions.  Source: URS, 2001b. 
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Chapter 4 

 

Contaminant Extent and Composition 

Petroleum hydrocarbon and chlorinated ethene contamination at Site FT-002 exist as soil gas, 

soil residual, free-product LNAPL and aqueous phase contaminant.  The soil gas and soil 

residual are relatively immobile and do not significantly contribute to the contaminant plume in 

the aquifer.  The free-product LNAPL resting on top of the water table is the predominate source 

of contamination to the aquifer.  The continuous dissolution of LNAPL to the aqueous phase 

poses the greatest regulatory concern in that it initiates the migration of contaminants with 

groundwater flow.  The focus of this research is to determine the extent and composition of 

contamination and to assess the capacity of natural attenuation to stop the migration of 

contaminants and to ultimately biodegrade them.  The research primarily analyzes the LNAPL 

and aqueous phase contamination due to their adverse effects to the environment. 

 

4.1 Soil Gas and Soil Residual Contamination 

Soil gas and soil residual contamination was found primarily in the vicinity of the FT-002 fire 

training pits.  Both the soil gas and soil residual contamination increased with depth to the water 

table.  Measurable amounts of vapor phase BTEX were found only between 12 to 38 feet bgs 

(Parsons, 1996).  This indicates that the shallow portions of the vadose zone are subject to 

volatilization.  The highest concentrations of soil residual contamination were found near the 

water table with in the capillary fringe.  Soils below the water table did not have measurable 

contaminant concentrations due to contaminant dissolution to the aqueous phase.  Due to the 

slow and varied release of contaminants at FT-002 lateral spreading in the soil has been 

measured (Figures 4.1 and 4.2). 

 

4.2 LNAPL Contamination 

An estimated 39000 gallons (147600 L) of mobile and residual LNAPL exist within the source 

area (Parsons, 1996).  The free-product LNAPL covers approximately 350000 ft2 with a 

maximum depth of 10 ft as shown in Figure 4.3.  The plume is comprised of a mixture of 

petroleum hydrocarbon compounds (PHC) and TCE.  Table 4.1 summarizes the LNAPL 

compound concentrations. 
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4.3 Groundwater Contamination 

Groundwater contamination at FT-002 is a mixture of dissolved PHCs and chlorinated ethenes.  

The chlorinated ethenes are TCE, cis-1,2-DCE, and VC.  The DCE and VC are not detected in 

the free-product LNAPL but are the daughter products of the reductive dechlorination of the 

TCE.  The primary aqueous phase contaminants measured at FT-002 were BTEX, TCE, and cis-

DCE.  Downgradient of site FT-002, these contaminants were again measured in addition to VC.  

Table 4.2 and Figure 4.4 summarize the aqueous phase concentrations of these contaminants 

from the source at FT-002 to the down gradient extent of the contaminant plume. 

 

4.3.1 Dissolved Petroleum Hydrocarbon Contamination 

The dissolved petroleum hydrocarbon plume, specifically BTEX, was measured in a series of 

sampling events from 1987 to 1996.  The BTEX plume measured 2800 feet in the direction of 

groundwater flow with a maximum plume width of 500 feet traverse to the direction of 

groundwater flow.  Figures 4.5 and 4.6 present the horizontal and vertical distribution of the 

BTEX plume.  The maximum total BTEX concentrations measured were between 3.14 mg/L and 

6.01 mg/L (Parsons, 1996). 

 

4.3.2 Dissolved Chlorinated Ethene Contamination 

The total chlorinated ethene plume (TCE, DCE, and VC) was 4800 feet in length and 

approximately 2000 feet in width.  Maximum chlorinated solvent concentrations around 10 mg/L 

were measured in 1991 and 1994 (Parsons, 1995).  Figures 4.7 and 4.8 show the horizontal and 

vertical distribution of the chlorinated solvent plume respectively. 
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Table 4.1 

1995 NAPL Source Composition 

NAPL Compound Concentration (mg/L) Mass Fraction (%) 

Benzene 1400 0.83

Toulene 8970 5.32

Ethylbenzene 5440 3.23

m-Xylene 13700 8.13

o-Xylene 4570 2.71

p-Xylene 4920 2.92

1,2,3-trimethylbenzene 3560 2.11

1,2,4-trimethylbenzene 6960 4.13

1,3,5-trimethylbenzene 4110 2.44

1-methylnapthalene 1400 0.83

2-methylnapthalene 1990 1.18

Decane 17600 10.45

Dichlorethene Non-Detect 0.00

Dodecane 11100 6.59

Heptane 1170 0.70

Hexane 4090 2.43

Napthalene 1370 0.81

Nonane 15300 9.10

Octane 14600 8.67

Pentadcane 2980 1.77

Tetradecane 5490 3.26

Trichloroethene 16400 9.74

Tridecane 9320 5.53

Undecane 12000 7.12

Vinyl Chloride Non-Detect 0.00

Table adapted from Parsons, 1996. 
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Table 4.2 

1995 Contaminant Concentrations Along Plume Centerline 
Distance (ft) TCE (mg/L) DCE (mg/L) VC (mg/L) BTEX (mg/L) 

0 25.280 51.412 0.000 16.790 
970 0.002 14.968 0.897 3.060 
1240 0.003 10.035 1.430 3.543 
2560 0.024 2.218 0.008 0.040 
3103 0.001 0.226 0.005 0.002 

Table adapted from Wiedemeier et al, 1998. 
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Figure 4.1: Extent of Soil Total Petroleum Hydrocarbon Contamination.  Source Parsons, 1996. 
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Figure 4.2: Extent of Soil TCE Contamination.  Source Parsons, 1996. 
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Figure 4.3: Mobile LNAPL.  Source Parsons, 1996. 
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Figure 4.4 Contaminant Concentrations along Plume Centerline (Weidemeier et al, 1998).
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Figure 4.5: Horizontal Extent of Dissolved BTEX Plume.  Source Parsons, 1996. 
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Figure 4.6: Vertical Extent of Dissolved BTEX Plume.  Source Parsons, 1995. 
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Figure 4.7: Horizontal Extent of Dissolved Chlorinated Solvent Plume.  Source Parsons, 1996. 
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Figure 4.8: Vertical Extent of Total Dissolved Chlorinated Solvent Plume.  Source Parsons, 
1995. 
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Chapter 5 

 

Groundwater Flow Model 

 

Initially a large-scale groundwater flow model was created based on a model developed by URS 

Consultants (URS 2001b).  The large-scale model encompassed the majority of the PAFB.  The 

large-scale model confirmed the hydraulic characteristics affecting the contaminant plumes 

generated by Site FT-002.  It allowed for the formation of a small-scale model focusing only on 

the hydraulic characteristics affecting the FT-002 contaminant plume and not those affecting the 

entire air force base.  The small-scale model was developed by reducing the large-scale model 

area by approximately 40 percent. 

 

The small-scale groundwater flow model was developed to mathematically simulate the 

groundwater flow in the unconfined aquifer underlying Site FT-002.  The groundwater flow 

model was constructed in two steps: first, a conceptual model was formulated and then a 

numerical model was developed.  The conceptual model presented the hydrogeologic conditions 

in a simplified manner that formed the framework of the numerical model.  The three-

dimensional numerical groundwater flow model was constructed using the GMS interface for the 

USGS MODFLOW numerical modeling code.  The completed flow model formed the 

computational framework for the contaminant transport and fate model.  The flow model�s 

physical dimensions and hydraulic parameters are discussed in the following sections. 

 

5.1 Groundwater Flow Conceptual Model 

A conceptual model was developed to simplify the field problem and to organize the data 

associated with the groundwater flow effecting contaminant migration from Site FT-002.  

Addressing model boundaries, hydrostratigraphic unit properties, and flow system influences 

such as recharge, streams and drains was the focus of the conceptual model.  These properties are 

discussed in detail in the following sections. 
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5.1.1 Modeled Area and Boundaries 

The model area covered approximately 43,320,000 ft2 (1.55 mile2).  The model�s horizontal 

extent was established to completely encompass the predicted contaminant plume and to ensure 

boundary effects did not influence plume dynamics.  Figure 5.1 illustrates the model area and 

domain.  The model was oriented southeasterly along the general direction of groundwater flow. 

 

Sections of the model boundary were defined as either a hydrogeologic boundary or a hydraulic 

boundary.  Hydrogeologic boundaries such as streams and confining units are fixed physical 

features.  Hydraulic boundaries such as flow lines are subject to fluctuation due to seasonal head 

changes.  Hydraulic boundaries were defined at distances great enough from the predicted 

contaminant plume to ensure their seasonal fluctuations did not effect plume dynamics. 

 

The northwestern and southeastern boundaries were set as constant head boundaries with values 

of 230 ft and 179 ft respectively (Figure 5.2).  The constant head boundaries are areas where the 

direction of groundwater flow is perpendicular to their axis.  Constant head boundaries represent 

an unlimited supply of water for the aquifer. 

 

A head dependent boundary was selected to form the southwestern boundary.  Head dependent 

boundaries represent sources and sinks to the flow system.  Their influence on the system is 

dependent on two parameters: the difference between their hydraulic head and the adjacent 

aquifer�s hydraulic head and the conductance of the materials separating the two.  An 

intermittent stream of the Weapon Storage Area (WSA) drainage system formed a head 

dependent boundary along the southwestern portion of the model (Figure 5.2).  The stream�s 

primary sources of flow are surface runoff during precipitation events and groundwater 

discharge.  The stream was set as a drain because it acts as a sink to the groundwater flow 

system.  

 

The remaining portions of the model boundary were set along flow lines parallel to the direction 

of groundwater flow.  Flow line boundaries are hydraulic features that can fluctuate under 

transient conditions such as major precipitation events.  To prevent the flow line fluctuations 
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from influencing plume transport they were selected at distances far from the plume.  The flow 

lines effectively created no-flow boundaries perpendicular to their axis. 

 

Vertically the flow model�s upper boundary was the potentiometric surface (water table).  The 

lower boundary was set as a no-flow boundary at an elevation equal to the top of the clay 

confining unit.  The clay unit�s KH is approximately 10-5 ft/day compared to the sand unit�s KH 

range of 0.1 to 10 ft/day.  Based on the difference in conductivity magnitudes between the clay 

and sand it was assumed that the clay unit creates a no-flow boundary between the unconfined 

sand aquifer and the underlying till and bedrock units (Parsons, 1996; URS, 2001). 

 

5.1.2 Model Layering System 

Five model layers were developed to simulate vertical groundwater flow and contaminant 

transport within the unconfined sand aquifer.  Initially, three model layers were used to simulate 

groundwater transport but they did not provide enough vertical distribution to simulate 

contaminant vertical transport.  Monitoring well and borehole data were used to create a data set 

consisting of the ground surface elevations, water table elevations, and the top of clay elevations.  

Five model layers were then calculated from this data (Figure 5.3).  The upper layer extended 

from the ground surface to 10 feet below the water table.  The second, third, and fourth model 

layers extended below the water table from 10 to 20 feet, 20 to 30 feet, and 30 to 40 feet 

respectively.  The fifth layer extended from 40 feet below the water table to the top of clay.  

Depth to the clay limited some regions of the aquifer to only having two, three, or four layers.  A 

minimum thickness of 5 feet was chosen for each layer to maintain a time step of greater than 2 

days.  Therefore, saturated thickness for each layer ranged from 5 to 10 feet. 

 

5.1.3 Recharge 

The PAFB is located in the rain shadow of the Adirondack Mountains.  It receives approximately 

29 inches of precipitation per year (URS, 2001).  URS Consultants using the U.S. EPA�s HELP 

program calculated the rate of recharge to be 3 to 12 inches per year.  Five recharge regions, 

ranging in values of 0 in/yr to 12 in/yr, were established due to surface conditions and ground 

surface proximity to the water table (Figure 5.4).  Surface conditions were divided into four 

categories ranging from the least to the most recharge allowed: paved, developed, tree/shrub 
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covered, and grasses.  Due to evaporation, regions with water table elevations less than five feet 

below ground surface were determined to have less recharge than regions with the water table at 

greater depths. 

 

5.1.4 Streams and Drains 

Two potential groundwater sinks were incorporated into the model: the intermittent stream along 

the southwestern boundary and the drainage basin between the flightline and the runway (Figure 

5.5).  Conductance of the streambed materials was unknown but was determined during the 

development and calibration of the numerical model.  

 

5.2 Groundwater Flow Numerical Model 

The numerical model was constructed using the framework established in the conceptual model.  

The hydrogeologic conditions of the conceptual model were further defined and translated into a 

set of numerical parameters that could be analyzed. 

 

5.2.1 Finite Difference Grid 

The model area was translated into a 5700 by 7600 feet finite difference grid.  The grid was 

composed of 57 cells in the north-south direction and 76 cells in the east-west direction (Figure 

5.6).  Each cell measured 100 by 100 feet.  The model�s areal dimensions were selected: due to 

naturally occurring hydrogeologic boundaries, to ensure the entire contaminant plume would be 

enclosed within the modeled area, and to ensure boundary effects would not influence the 

plume�s behavior.  Additionally up to five cells were used in the vertical direction to represent 

five model layers.  Each cell had a minimum thickness of five feet. 

 

5.2.2 Layers 

Five layers were established to model vertical groundwater flow and aquifer parameter changes 

as a function of depth (Figure 5.7).  The top layer (layer 1) was modeled as unconfined.  The 

remaining layers (layers 2-5) were modeled as confined/unconfined.  The confined/unconfined 

designation is a switching function that allows cells to be designated unconfined if the water 

table drops below their top elevation.   
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5.2.3 Cell Types 

The numerical model was constructed of a series of interconnected discrete cells (Figure 5.8).  

Each cell was assigned certain properties based on the conceptual model.  Cells were designated 

as inactive, constant head, head-dependent, or variable-head.  Inactive cells were those no-flow 

cells that were outside of the model domain.  Constant-head cells were those cells that represent 

a region where the hydraulic heads remain constant.  The northwestern and southeastern 

boundary cells were designated as constant-heads cells with values of 230 ft/day and 179 ft/day 

respectively.  Head-dependent cells were used to represent streams or drains where the transfer 

of water is dependent on differences in head.  Head-dependent properties were assigned to the 

cells used to represent the stream along the southwestern boundary and the drainage basin 

between the runway and flightline.  These systems were set as drains because they both transfer 

groundwater out of the aquifer.  Conductances for streambed and drainage basin were unknown 

but were calculated by MODFLOW using a hydraulic conductivity value of 14.173 ft/day.  The 

value of 14.173 ft/day represented an average KH determined for the materials present from 

ground surface to 10 feet below the water table.  The average conductances (CAVG) of 2060 

ft2/day and 2600 ft2/day were assigned to the stream and the drainage basin based on the 

MODFLOW calculations.  The remaining cells within the model domain were designated as 

variable-head cells.  Variable-head cells represent areas of unknown head.  They are used to 

determine the flow within the model domain (URS, 2001b). 

 

5.2.4 Hydraulic Conductivity 

Horizontal hydraulic conductivity (KH) was found to increase with increasing distance (d) from 

the clay.  URS Consultants developed the curve that presents the relationship in Figure 5.9 based 

on slug test data at different elevations.  Figure 5.9 was used to determine the range of hydraulic 

conductivity for each model layer as depicted in Figures 5.10 to 5.14.  

 

Vertical hydraulic conductivity (KV) was selected to be two orders of magnitude less then the 

corresponding KH value within a model cell.  For example, if KH was equal to 14.173 ft/day then 

the corresponding KV value was set as 0.14173 ft/day.  The difference in KH and KV compares 

well with field measurements taken at the site.  It also reflects that anistropy between horizontal 
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and vertical flow does exist as is expected for an aquifer formed by glacial and sedimentary 

deposits. 

 

5.2.5 Effective Porosity 

A literature based value for the effective porosity was assumed due to the difficulty in measuring 

effective porosity.  Effective porosity (ne) for unconsolidated gravel, sand, and silt range from 

0.20 to 0.60 (Charbeneau, 2000).  An effective porosity of 0.30 was assumed for the unconfined 

sand aquifer. 
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Figure 5.1: Model Domain. 
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Figure 5.2: Model Boundaries. 

 



44 

 

Figure 5.3: Model Layer Concept. 
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Figure 5.4: Recharge Rate Distribution. 
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Figure 5.5: Groundwater Sinks. 
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Figure 5.6: Finite Difference Grid. 
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Figure 5.7: Five Layer Grid. 
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Figure 5.8: Cell Designations. 
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Figure 5.9: Hydraulic Conductivity vs. Vertical Distance above the Top of Clay. 
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Figure 5.10: Model Layer 1 Hydraulic Conductivity Distribution. 
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Figure 5.11: Model Layer 2 Hydraulic Conductivity Distribution. 
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Figure 5.12: Model Layer 3 Hydraulic Conductivity Distribution. 
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Figure 5.13: Model Layer 4 Hydraulic Conductivity Distribution. 
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Figure 5.14: Model Layer 5 Hydraulic Conductivity Distribution. 

 

 



56 

Chapter 6 

 

Contaminant Fate and Transport Model  

A contaminant fate and transport model was developed to mathematically simulate the natural 

attenuation of contaminants in the unconfined aquifer underlying site FT-002.  The fate and 

transport model was constructed in two steps.  First, a conceptual model and a numerical model 

were developed to simulate the natural attenuation of petroleum hydrocarbon compounds (PHC) 

and to establish the redox conditions in the aquifer.  Second, the PHC model was expanded to 

simulate the biotransformation of chlorinated ethenes.  The numerical groundwater flow model 

discussed in Chapter 5 formed the framework upon which the fate and transport model was 

developed.  The PHC numerical model was developed using the MT3DMS/SEAM3D package in 

GMS.  Once the PHC model was calibrated its data files were imported into the SEAM3D 

Interface and the Reductive Dechlorination Package was executed to simulate the 

biotransformation of chlorinated ethenes.  The following sections will discuss first the 

development of the PHC model and then its expansion to include the biotransformation of the 

chlorinated ethenes. 

 

6.1 Conceptual Model 

A conceptual model was developed to simplify the field problem and to organize the data 

associated with the natural attenuation of the petroleum hydrocarbon compounds and the 

biotransformation of chlorinated ethenes.  Addressing multiple constituents, the NAPL source 

strength and release, sequential aerobic/anaerobic biodegradation, and linear sorption was the 

focus of the conceptual model and is defined in the following sections. 

 

6.1.1 Constituents 

The PHC model was designed to simulate the fate and transport of ten constituents: one 

conservative tracer, two petroleum hydrocarbon substrates (BTEX and the non-BTEX 

hydrocarbon compounds present in NAPL source), three aqueous phase electron acceptors 

(dissolved oxygen, nitrate, and sulfate), one solid phase electron acceptor (ferric iron), and four 

reaction end products (nitrous oxide, ferrous iron , sulfide, and methane).  The expansion of the 

model to include the biotransformation of the chlorinated ethenes required six additional 
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constituents: one chlorinated ethene source (TCE), two progenitive products (DCE and VC), and 

two one end product (ethene and chloride). 

 

The two petroleum hydrocarbon substrates, BTEX and the non-BTEX hydrocarbons, were 

necessary to simulate the total demand on the electron acceptors used for the biodegradation of 

PHCs.  They were separated because concentration distribution data on BTEX existed that would 

allow for better calibration.  Equal parameter values such as sorption, utilization rates, etc., were 

applied to both.  The focus of the PHC model was first to establish the redox conditions needed 

to accurately simulate the chlorinated solvent biotransformation and second if possible to best 

calibrate the attenuation of the BTEX. 

 

6.1.2 Contaminant Release Time Frame and Source Strength 

NAPL release to the subsurface began with the execution of fire training activities in the mid-

1950s.  Physical migration from the fire training pits to the water table (a distance of 

approximately 40 feet) is estimated to have taken 5-10 years (URS, 2001b).  Therefore, 

contamination of the aquifer is assumed to have started around 1960 for the model simulations.  

The source of contamination in the aquifer was assumed to be solely due to the dissolution of 

NAPL into the aqueous phase from the NAPL pooled on the water table.  Source strength was 

assumed to remain constant throughout the full 36-year simulation.  This assumption was 

necessary due to a lack of fire training records that accurately reflected the frequency of training 

and the composition and quantity of ignitables used during more than 30 years of fire training.  

 

Samples of the NAPL were taken and analyzed in 1995 (Table 6.1a).  The analysis showed that 

the NAPL consisted of 23 constituents: 22 petroleum hydrocarbon compounds and one 

chlorinated ethene (TCE).  The field measurements down gradient of the source were readily 

available for BTEX and TCE but not for the remaining compounds found in the NAPL.  The 

NAPL was defined in the model as one tracer and two hydrocarbon substrates for the PHC 

simulations (Table 6.1b).  The expansion of the model to include the biotransformation of the 

chlorinated ethenes required the addition of TCE and DCE to the NAPL source as indicated in 

Table 6.1b. 
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6.1.3 Biodegradation/Biotransformation 

Decreased concentrations of oxygen, nitrate, and sulfate along with an increase in ferrous iron 

and methane were observed near and down gradient of the source.  These observations 

demonstrated that sequential aerobic, nitrate reducing, iron reducing, sulfate reducing and 

methanogenic processes were biodegrading the petroleum hydrocarbons.  BTEX concentrations 

steadily decreased with an increase in distance from the source due to it serving as an electron 

donor/growth substrate.  Biodegradability rates were dependent on the terminal electron 

accepting process (TEAP). 

 

A series of monitoring and observation wells were used to assess the distribution of contaminants 

and other constituents in the aquifer underlying FT-002.  Figure 6.1a shows the horizontal 

distribution while Figure 6.1b shows the vertical distribution of these points.  Point A, 

monitoring well MW310, was established as the point of origin.  Distances shown in figures 6.2, 

6.3, and 6.4 are measured from Point A.  The NAPL source was distributed from approximately 

300 feet up gradient to 400 feet down gradient of Point A. 

 

Field observations indicated that biotransformation of chlorinated ethenes was occurring at FT-

002.  NAPL source analysis only indicated the presence of TCE.  Groundwater samples though 

showed substantial amounts of TCE (25.28 mg/L) and DCE (51.412 mg/L) near the NAPL 

source (Figures 6.2 and 6.3).  This is a good indication that the TCE was being biodegraded to 

DCE via reductive dechlorination.  Observed TCE concentrations from zero (Point A) to 400 

(Point 2-006) feet down gradient of the source showed the depletion of TCE.  DCE 

concentrations also decreased sharply from zero to 1240 feet down gradient (Point C).  Observed 

VC concentrations increased from zero to 900 feet down gradient possibly due to its slower rate 

of reductive dechlorination (Figure 6.4).  At 900 feet the VC concentrations also began to 

decrease while DCE�s rate of decline slowed possibly indicating a change to a less reduced 

environment (Type 3 Zone). 

 

6.1.4 Sorption 

The partitioning of aqueous phase constituents was assumed to follow a linear isothermic 

relationship due to a total organic soil content fraction of 0.03 (Parsons 1995).  Batch and 
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column sorption laboratory test showed that BTEX and TCE retardation factors were 

approximately 1.3 (URS 2001b).  It was assumed that the other PHC substrate (non-BTEX) and 

chlorinated ethenes would exhibit the same retardation as the BTEX and TCE.  Ferrous iron 

(Fe(II)), the product of Fe(III) reduction, also readily adsorbs to organic material.  Ferrous iron 

(Fe(II)), the two petroleum hydrocarbon substrates, and the chlorinated ethenes were effected by 

sorption (Table 6.2).  The remaining constituents (electron acceptors and products) were 

assumed to be in equilibrium between aqueous and sorbed phases therefore exhibiting no 

retardation.   

 

6.2 Numerical Model 

 

6.2.1 Fate and Transport Model 

PHC biodegradation and the establishment of redox conditions were simulated using the 

SEAM3D (Sequential Electron Acceptor Model, 3 Dimensional) reactive transport model 

(Waddill and Widdowson, 1998).  SEAM3D simulates NAPL dissolution and sequential 

aerobic/anaerobic biodegradation.  Input parameters include advection, dispersion, sorption, 

biodegradation, NAPL source release, and output control options.  The output consisted of 

aqueous phase concentrations of all constituents in each model cell, mass-balance of each 

constituent, and the mass of each substrate biodegraded by each TEAP (Brauner and 

Widdowson, 2001). 

 

Biotransformation of the chlorinated ethenes was simulated using the SEAM3D Interface 

reactive transport model.  In addition to the input parameters used for the PHC numerical model, 

parameters to define reductive dechlorination and direct oxidation were also included (Table 6.6, 

Table 6.7, and Appendix C).  Parameters included the inhibition of higher chlorinated ethenes on 

the reductive dechlorination of more reduced chlorinated ethenes.  Also utilization rates for 

reductive dechlorination and direct oxidation were installed in the model.  The output was 

expanded to include the aqueous phase concentrations and mass balances of the chlorinated 

ethenes. 
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6.2.2 Grid Design and Initial/Boundary Conditions 

The five-layer finite difference grid constructed to simulate the groundwater flow model 

(Chapter 5) formed the framework for the SEAM3D simulation.  The horizontal model layers 

consisted of 57 rows and 76 columns.  Grid cells were 100 feet by 100 feet in the X-Y plain and 

had a saturated thickness of approximately 5 to10 feet.  The Third Order Total Variation 

Diminishing Method (Third Order TVD) was used to solve the solute transport equations.  

Transport step size was limited to 2.4 days by maintaining a Courant number less than 1.0 to 

satisfy model stability and accuracy. 

 

Initial aqueous phase concentrations for substrates, electron acceptors, and reaction end-products 

were determined by background field measurements.  Petroleum hydrocarbon compounds and 

chlorinated ethene substrate background concentrations were set as zero.  The electron acceptor 

concentrations for dissolved oxygen, nitrate, and sulfate were set as 4.0, 0.44, and 21.35 mg/L 

respectively.  The end-product background concentrations of ferrous iron (Fe(II)) and methane 

were set as 0.05 and 0.001 mg/L respectively.  Initial solid phase concentration of the electron 

acceptor ferric iron (Fe(III)) was assumed to be between 25-100 ug Fe(III)/g soil based on 

literature review. 

 

Boundary conditions were set as zero concentrations for all model boundaries except the 

upgradient (western) boundary.  The western inflow concentrations were set equal to the 

background initial concentrations found in the aquifer.  Inflow associated with precipitation was 

also set to background concentrations to prevent dilution within the aquifer.  All inflow 

concentration gradients were held constant with respect to time. 

 

6.2.3 Fate and Transport Governing Equations 

The governing equation for PHC transport and biodegradation (Waddill and Widdowson, 1998) 

is expressed as  

Rls(δSls/δt) = δ/δxi(Dij(δSls/δxj)) - δ/δxi(viSls) + RNAPL
source,ls - RBio

sink,ls (EQN 6.1) 

A  =  B  -  C  +  D - E   

where A is the total change of aqueous phase hydrocarbon concentration with respect to time 

multiplied by the retardation factor (Rls), B is the change in concentration associated with 
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hydrodynamic dispersion, C is change in concentration due to advection, D is concentration gain 

due to NAPL dissolution to the aqueous phase, and E represents the concentration reduction by 

biodegradation. 

 

The governing equation for chlorinated ethenes biotransformation (Widdowson et al, 2001) is 

expressed as  

dCC/dt = - Rbio
C + ξPCRbio

PC - Rbio
CDO  (EQN 6.2) 

where dCC/dt is the total change of aqueous phase chlorinated ethene concentration with respect 

to time, Rbio
C is the biodegradation term for the chlorinated ethene, ξPC is the production 

coefficient of the chlorinated ethene generated by the parent compound, Rbio
PC biodegradation 

term for the parent compound, and Rbio
CDO is the biodegradation term due to direct oxidation.  

The reductive dechlorination and direct oxidation processes are explained in further detail in 

Appendix C-Governing Equations. 

 

6.3 Model Variables and Input Parameters 

 

6.3.1 NAPL Parameters 

To define the NAPL source SEAM3D requires the constituent molecular weight and solubility, 

and the mass fraction and total mass of the source.  Solubility and molecular weights were taken 

from chemical references and used to calculate effective solubility and molecular weights for the 

BTEX, the non-BTEX petroleum hydrocarbons, TCE and DCE (Charbeneau, 2000).  Mass 

fractions and source mass are site specific parameters.  For the PAFB fire training site the mass 

fraction and source concentrations were available as referenced in Table 6.1a.  Table 6.1b 

presents the simplified NAPL data as used by SEAM3D. 

 

6.3.2 Sorption Parameters 

The SEAM3D NAPL Dissolution Package requires the input parameters listed in Table 6.2.  The 

bulk density value is typical of glacial fine to medium grain sand (URS, 2001b).  The magnitude 

of influence for molecular diffusion was assumed to be negligible.  Porosity was chosen based on 

values exhibited for similar soils.  Longitudinal dispersivity and its respective ratios in the 

horizontal and vertical directions were based on trial and error during model calibration.  
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Longitudinal dispersivity values below 100 ft resulted in the down gradient simulated 

concentrations of substrate, electron acceptor, and biodegradation products to be below the field 

measured concentrations.  Values above 100 ft resulted in an over prediction in plume lengths.  

The linear adsorption isotherm was used to calculate the 1st order sorption coefficients based on 

retardation factors reported by URS (2001b). 

 

6.3.3 Biodegradation/Biotransformation Parameters 

The PHC biodegradation parameters shown in Tables 6.3 and 6.4 were based on literature review 

and values used for previous PHC biodegradation site models (Waddill and Widdowson, 2000).  

The half-saturation constants and yield coefficients were chosen based on ranges used in similar 

PHC biodegradation models.  The EA use coefficients and the methane generation coefficient 

were calculated using stoichiometric relationships as illustrated in Weidemeier et al. (1999).  

Inhibition coefficients were chosen by trial and error during model calibration to control lag time 

between the TEAPs.  The Fe(II) production coefficient was selected to calibrate the model 

concentrations with field measurements.  

 

Maximum specific utilization rates were the dominating parameter in controlling to what extent 

each TEAP was responsible for degrading the PHCs.  Initial rates were based on rates used in 

other PHC site simulations.  The rates in Table 6.4 represent the values used in the final 

calibrated model.  Inhibition factors and microbial population size were determined by trial and 

error to reach calibration.  Both parameters established the lag time between TEAPs.  The 

methanogenic population was kept constant by specifying a yield coefficient of zero. 

 

The biotransformation of the chlorinated ethenes required the input parameters listed in Tables 

6.6, 6.7, 6.8, and 6.9.  In addition to the inhibition created by the electron acceptors (O2, NO3, 

Fe(III), and SO4), the higher chlorinated ethenes inhibit the reductive dechlorination of the 

chlorinated ethenes with fewer chloride ions.  Anaerobic direct oxidation was considered for VC 

and DCE.  In previous studies, the direct oxidation of VC was shown to occur at rates between 

0.009 d-1 and 0.0126 d-1 for the FT-002 chlorinated ethene plume (Chapelle, 2001).  No DCE 

direct oxidation rates were found in literature.  It was assumed that DCE anaerobic direct 

oxidation would occur at values half of the VC rates.  Vinyl chloride direct oxidation rates are 
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greater because it has more electrons to donate then the DCE.  Direct oxidation of TCE was 

assumed to be insignificant due to TCE�s highly oxidized composition.  
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Table 6.1a 

1995 NAPL Source Composition 

NAPL Compound Concentration (mg/L) Mass Fraction (%) 

Benzene 1400 0.83

Toulene 8970 5.32

Ethylbenzene 5440 3.23

m-Xylene 13700 8.13

o-Xylene 4570 2.71

p-Xylene 4920 2.92

1,2,3-trimethylbenzene 3560 2.11

1,2,4-trimethylbenzene 6960 4.13

1,3,5-trimethylbenzene 4110 2.44

1-methylnapthalene 1400 0.83

2-methylnapthalene 1990 1.18

Decane 17600 10.45

Dichloroethene Non-Detect 0.00

Dodecane 11100 6.59

Heptane 1170 0.70

Hexane 4090 2.43

Napthalene 1370 0.81

Nonane 15300 9.10

Octane 14600 8.67

Pentadcane 2980 1.77

Tetradecane 5490 3.26

Trichloroethene 16400 9.74

Tridecane 9320 5.53

Undecane 12000 7.12

Vinyl Chloride Non-Detect 0.00

Table adapted from Parsons 1995. 
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Table 6.1b 

Simulation NAPL Source Composition 

NAPL 

Component 

Solubility 

(mg/L) 

Molecular 

Weight 

(g/mol) 

Mass Fraction 

(%) PHC 

Model 

Mass Fraction 

(%) PHC + 

Chlorinated 

Ethenes 

PHC Substrate 1 (1) 

PHC Substrate 2 (2) 

Tracer 

TCE 

DCE (3) 

98 

33 

1100 

1100 

800 

101.78 

143.27 

131.40 

131.4 

96.9 

23.14 

67.12 

9.74 

0.00 

0.00 

23.14 

67.12 

5.56 

3.70 

0.50 
(1) PHC Substrate 1 is a composite of benzene, toluene, ethylbenzene, and xylene (BTEX). 
(2) PHC Substrate 2 is a composite of all petroleum hydrocarbons minus the BTEX.  
(3) DCE was not detected in the NAPL but was added to allow for its transfer into the NAPL 

phase as it is generated during TCE biotransformation. 

 

Table 6.2 

SEAM3D Aquifer and NAPL Input Parameters 

Parameter Values 

Bulk Density 

Diffusion Coefficient 

Porosity  

Longitudinal Dispersivity 

Ratio of Traverse Horizontal Dispersivity 

Ratio of Traverse Vertical Dispersivity 

1st Sorption Constant (Retardation Factor) 

                               PHC Substrate 1 and 2 

                               TCE, DCE, and VC 

                               Ferrous Iron (Fe[II]) 

4.53E7 mg/ft3 

0 ft2/d 

0.30 ft3/ft3 

100 ft 

0.001 

0.0001 

 

1.99E-9 ft3/mg (1.3) 

1.99E-9 ft3/mg (1.3) 

8.619E-8 ft3/mg (2.3) 
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Table 6.3a 

SEAM3D PHC Biodegradation Input Parameters 

Microbial 

Population 

Ks
x,le 

(mg/L) 

Ke
x,le 

(mg/L) 

Yx,ls,le 

(mg/mg) 

Aerobes 

Nitrate Reducers 

Iron Reducers 

Sulfate Reducers 

Methanogens 

5.0 (0.50-5.0) 

5.0 (0.50-5.0) 

5.0 (0.50-5.0) 

5.0 (0.50-10.0) 

5.0 (0.50-10.0) 

0.5 (0.5-1.25) 

0.5 

0.5 

0.5 

0.5 

0.50 

0.25 (0.25-0.30) 

0.20 (0.20-0.30) 

0.20 

0.00 

Ks
x,le - substrate half-saturation constant 

Ke
x,le - electron acceptor half-saturation constant 

Yx,ls,le - yield coefficient 

( ) Represent the range of values used during calibration. 

 

Table 6.3b 

SEAM3D PHC Biodegradation Input Parameters 

Microbial 

Population 

γx,ls,le 

(mg/mg) 

ζx,li 

(mg/mg) 

κle,li 

(mg/L) 

Aerobes 

Nitrate Reducers 

Iron Reducers 

Sulfate Reducers 

Methanogens 

3.2 

4.9 

21.8 

4.7 

--- 

--- 

0.100 

0.040 (0.020-0.100) 

0.800 (0.500-0.800) 

0.800 

0.10 (0.01-1.00) 

0.20 (0.02-2.00) 

1000.0 (1.0-1000.0) 

5.0 (0.5-5.0) 

--- 

γx,ls,le - electron acceptor use coefficient 

ζx,li - product generation coefficient 

κle,li - inhibition coefficient 

( ) Represent the range of values used during calibration. 
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Table 6.4 

SEAM3D Maximum Specific PHC Utilization Rates (νmax
x,ls,le) and Initial Microbial 

Populations (Mx) 

EA Condition  νmax
x,ls,le (day-1) Mx (mg/ft3) 

Aerobic 

Nitrate-Reducing 

Ferrogenic 

Sulfate-Reducing 

Methanogenic 

0.50 (0.50-0.85) 

0.50 (0.08-0.80) 

0.20 (0.009-0.075) 

0.20 (0.009-0.350) 

0.01 (0.003-0.100) 

0.030 (0.030-3.000) 

0.001 (0.001-0.200) 

0.001 (0.001-0.200) 

0.001 (0.001-0.200) 

0.020 (0.020-0.300) 

( ) Represent the range of values used during calibration. 

 

Table 6.5 

SEAM3D Initial Concentrations for Electron Acceptors and TEAP Products 

Constituent 

(EA) e- Acceptor (P) Product 

Initial Concentration  

(mg/L) 

Minimum Concentration 

(mg/L) 

Oxygen (EA) 

Nitrate (EA) 

Ferrous Iron (Fe[III]) (EA) 

Sulfate (EA) 

Ferric Iron (Fe[II]) (P) 

Methane (P) 

4.00 

0.44 

50.00 (25.00-150.00)* 

21.35 

0.05 

0.001 

0.00 

0.00 

10.00* 

0.00 

0.05 

0.001 

* ug Fe(III)/g soil 

( ) Represent the range of values used during calibration. 
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Table 6.6 

SEAM3D Reductive Dechlorination Inhibition Coefficients 

Inhibitor TCE 

(mg/L) 

DCE 

(mg/L) 

VC 

(mg/L) 

O2 

NO3
- 

Fe3+ 

SO4
2- 

TCE 

DCE 

0.75 (0.10-10.00) 

2000.0* (20.0-2000.0) 

450.0* (4.5-450.0) 

1000.0* (10.0-1000.0) 

---- 

---- 

0.5 (0.10-5.00)  

2000.0* (20.0-2000.0) 

15.0 (4.5-450.0) 

1000.0* (10.0-1000.0) 

50.0 (0.5-50.0) 

---- 

0.25 (0.10-2.50) 

2000.0* (20.0-2000.0) 

15.0 (4.5-450.0) 

1000.0* (10.0-1000.0) 

20.0 (0.5-50.0) 

35.0 (0.5-50.0) 

( ) Represent the range of values used during calibration. 

* Maximum values were used to simulate no inhibition of the chlorinated ethenes. 

 

Table 6.7 

SEAM3D Reductive Dechlorination Utilization Rates, Half-Saturation Coefficients and Use 

Coefficients 

Chlorinated Ethene Util Rate 

(1/d) 

Half-Sat 

(mg/L) 

Use Coefficient 

 

TCE 

DCE 

VC 

0.175 (0.001-1.000) 

0.036 (0.001-1.000) 

0.035 (0.001-1.000) 

12.00 

7.00 

0.35 

0.74 

0.64 

0.45 

( ) Represent the range of values used during calibration. 

 



69 

 

Table 6.8 

SEAM3D Vinyl Chloride Direct Oxidation Utilization Rates, Half-Saturation Coefficients 

and Use Coefficients 

TEAP Condition Util Rate 

(1/d) 

Half-Sat 

(mg/L) 

Use Coefficient 

 

Fe(III)-reduction 

SO4-reduction 

Methanogenesis 

0.028 (0.014-1.600) 

0.014 (0.007-0.800) 

0.007 (0.004-0.400) 

5.00 (0.50-5.00) 

5.00 (0.50-5.00) 

5.00 (0.50-5.00) 

17.30 

1.94 

0.17 

( ) Represent the range of values used during calibration. 

 

Table 6.9 

SEAM3D Dichloroethene Direct Oxidation Utilization Rates, Half-Saturation Coefficients 

and Use Coefficients 

TEAP Condition Util Rate 

(1/d) 

Half-Sat 

(mg/L) 

Use Coefficient 

 

Fe(III)-reduction 

SO4-reduction 

Methanogenesis 

0.014 (0.014-0.800) 

0.007 (0.007-0.400) 

0.0035 (0.0040-0.200)

5.00 (0.50-5.00) 

5.00 (0.50-5.00) 

5.00 (0.50-5.00) 

11.00 

1.98 

0.21 

( ) Represent the range of values used during calibration. 
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Figure 6.1a: Horizontal Distribution of Monitoring Wells. 
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Figure 6.1b: Vertical Distribution of Monitoring Wells. 
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Figure 6.2: Observed 1996 TCE Concentrations. 

 

Figure 6.3: Observed 1996 DCE Concentrations. 
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Figure 6.4: Observed 1996 VC Concentrations. 
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Chapter 7 

 

Results and Discussion 

 

7.1 Groundwater Flow Model 

 

7.1.1 Groundwater Flow Model Calibration 

Model calibration of the hydraulic heads and flow directions was achieved by trial and error 

adjustment of hydraulic conductivity and recharge rates.  Simulations were examined by 

comparing flow directions and calculated hydraulic heads with 1996 field observations.  Nine 

field observation points were established to calibrate calculated heads to field data (Figure 7.1).  

An estimated error of 2 feet was assumed based on field data variability and seasonal 

fluctuations.  Field measurements showed seasonal fluctuations of up to 2 feet.  Also 

measurements taken for multiple years showed variability that could not be associated with a 

given trend.  For example, some 1989 field observations were greater than 1993 field 

observations while other 1989 observations were less then 1993 observations.   

 

Target calibration was achieved if the model-predicted value was within twice the estimated 

error of the observed head.  GMS MODFLOW calibration targets were installed for each 

observation point (Figure 7.2a and 7.2b).  A green or amber target represented adequate 

calibration.  If the calibration target was red then the model-predicted value was not within twice 

the estimated error for that observation point.  Also the goodness of fit was measured using the 

root mean square (RMS) error analysis, calculated as  

 

RMS = {1/N [Sum1toN(Cobs
i � Ccalc

i)2]} 0.5 (EQN 7.1) 

 

where N is the total number of observation points, Cobs
i is the observed head of point i, and Ccalc

i 

is the model calculated head for observation point i. 

 

Model simulations using multiple combinations of hydraulic conductivity and recharge values 

were computed with the goal to simulate the 1996 water level data.  The calculated hydraulic 
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head distributions and groundwater flow directions were visually compared to the observed 

values.  Those with the �best visual fit� were then assessed based on the RMS.  Finally, the 

hydraulic conductivity and recharge values used to generate the calculated head distribution and 

flow directions were assessed to ensure they were within known ranges for the aquifer and 

environment.  The hydraulic conductivity values used as input were compared to hydraulic 

conductivities calculated from slug and pump test field data.  The input recharge values were 

compared to recharge values generated by the U.S. EPA�s HELP program based on historical 

precipitation data for the PAFB (URS 2001b). 

 

Calibration proceeded first by assigning hydraulic conductivity values based on distance from 

the clay confining unit.  As discussed in Chapter 5, hydraulic conductivity was shown to 

decrease with a decrease in the distance to the clay confining unit.  Hydraulic conductivity was 

assumed to range between 1.4 ft/d to 28.3 ft/d based on Figure 5.9.  Therefore the further the 

layer was from the top of the clay confining unit the higher its assigned hydraulic conductivity.  

A uniform value for recharge of 6 in/yr was then assigned across the entire surface.  Next, 

recharge values were adjusted based on surface conditions and surface distance to the water 

table.  Adjustments to both hydraulic conductivity and recharge values were made until the 

calibration targets were met and the RMS reached its lowest value. 

 

7.1.2 Groundwater Flow Model Results 

The replication of the hydraulic head distribution and groundwater flow directions was achieved 

by accounting for the changes in hydraulic conductivity associated with depth to the clay and the 

variation of recharge based on surface conditions and depth to the water table.  Final adjustments 

to the flow model were conducted due to observations made during the BTEX fate and transport 

simulations.  Observations revealed the need to simulate a greater downward movement of 

contaminants and biodegradation products in the aquifer.  Hydraulic conductivity values for 

Layer 3 were doubled.  Also the recharge values were further refined for the area west of the 

runway.  Initially the area west of the runway was assigned a uniform recharge value of 9 in/yr.  

The area was divided into a 6 in/yr zone and a 12 in/yr zone to reflect differences in vegetation.  

The 6 in/yr zone was covered by trees and shrubs which have a higher evapotranspiration rate 

then the grass covered 12 in/yr zone.  This change created more recharge above the NAPL 
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source therefore increasing its downward movement.  Also the downward flow of contaminants 

was encouraged by the increase in Layer 3�s permeability.  These changes did not effect the 

overall hydraulic head distribution but did create greater vertical flows. 

 

The simulated potentiametric surface (Figure 7.3) matched well with observed head values as 

shown by all calibration targets being within twice the estimated error.  The calibrated model 

also replicated the groundwater flow direction�s southward turn while moving from the source 

area to the runway.  Calculated heads were compared to observed heads as shown in Figure 7.4.  

Regression analysis of the plot generated an R2-value equal to 0.98 which reflects a good fit.  

Also a RMS of 1.86 ft was calculated for the �best fit� simulation and is within the 2 ft estimated 

error. 

 

7.1.3 Groundwater Flow Model Sensitivity 

Calibration of the hydraulic head distribution was most sensitive to changes in the hydraulic 

conductivity values.  For example, decreasing the hydraulic conductivity by half caused 

calculated heads to increase an average of two feet and the RMS to increase by 22%.  Also 

significant water mounding above the surface resulted in areas where the water table was closest 

to the ground surface.  The opposite was also true, an increase in hydraulic conductivity values 

would create a more permeable aquifer that would result in an under prediction of hydraulic 

heads. 

 

The model was also sensitive to changes in recharge especially in areas where the water table 

was near the surface.  In the region east of the flight line mounding of water above the surface 

would occur for recharge values above 4 in/yr even if the hydraulic conductivity was raised to 

the upper value of 28.3 ft/d. 

 

7.2 Fate and Transport Model 

The fate and transport model was developed; first by calibrating the BTEX biodegradation to 

match the observed redox conditions, then the biotransformation of chlorinated ethenes was 

calibrated, and finally all parameters and constituents were adjusted to account for the 

chlorinated ethenes biotransformation influence on BTEX biodegradation parameters and 
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constituents.  For example when the BTEX calibration was first executed, 40 ug Fe(III)/g of soil 

was used for the bioavailable Fe(III)�s background condition.  Direct anaerobic oxidation of VC 

and DCE put an additional demand on Fe(III).  Fe(III)�s initial condition was raised to 50 ug/mg 

to compensate for the anaerobic oxidation demand and to maintain the constituents� best fit 

calibration.   

 

The calibration procedures, results and sensitivities were assessed based on the comparison of 

calculated concentrations to observed concentrations for the monitoring wells shown in Figures 

7.5a and 7.5b.  Figure 7.5a shows the horizontal distribution while Figure 7.5b shows the vertical 

distribution of these points.  Point A, monitoring well MW310, was established as the point of 

origin.  Distances shown in Figures 7.6 through 7.16 are measured from Point A.  The NAPL 

source was distributed from approximately 300 feet up gradient to 400 feet down gradient of 

Point A.  The following calibration procedures, results and sensitivities are discussed for the 

�best-fit� model with all petroleum hydrocarbon biodegradation and chlorinated ethene 

biotransformation processes activated. 

 

7.2.1 Fate and Transport Model Calibration 

The fate and transport model was calibrated by systematic trial and error adjustment of the 

maximum substrate utilization rates, half saturation constants, inhibition coefficients, initial 

microbial population densities, initial Fe(III) concentration, and dispersivity.  Observed 

constituent concentration data sets were available for 1989, 1993, and 1996.  Temporal analysis 

of observed data sets showed source contaminant concentrations decreasing with respect to time.  

The 1996 observed data was chosen as the standard to compare model calculated concentrations 

to due to it having more measured observations per constituent.  Model calculated concentrations 

for ten constituents (BTEX, O2, NO3, SO4, Fe(II), CH4 TCE, DCE, VC, and Ethene) were 

compared to 1996 field data.  A relative root mean square error (RRMS) analysis was conducted 

for each constituent.  The RRMS is the RMS divided by the maximum observed value for a 

constituent.  Visually the constituent�s centerline calculated concentration distribution was also 

subjectively analyzed to field observations. 
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The fate and transport model�s overall best fit was determined by summing RRMS for each 

constituent. The model simulation with the lowest total RRMS was designated to have the best 

fit.  The RRMS was necessary due the constituents� values ranging over several orders of 

magnitude.  The advantage of the RRMS is that it more evenly distributes the weight of multiple 

constituents.  Pure analysis of the RMS can lead to constituents with greater magnitudes 

dominating the calibration analysis. 

 

BTEX calibration proceeded in order of sequential terminal electron accepting processes 

(oxygen reduction, nitrate reduction, ferric iron reduction, sulfate reduction, and 

methanogenesis).  For example, during the calibration of oxygen reduction subsequent TEAPs 

were inactivated.  Once oxygen was calibrated nitrate reduction was activated and calibrated.  

The remaining TEAPs, Fe(III) reduction, sulfate reduction, and methanogenesis, were then 

activated in order one by one until all processes were contributing to the biodegradation of the 

petroleum hydrocarbons.  

 

The biotransformation of chlorinated ethenes proceeded after the BTEX calibration generated 

constituent concentrations that best matched the observed redox zone indicators.  First, TCE 

concentrations were calculated via reductive dechlorination.  These calculated values were then 

analyzed and parameters were adjusted until the minimal RMS was calculated for the TCE.  Next 

the reductive dechlorination of DCE was calibrated by adjusting the utilization rate, inhibition 

coefficients and saturation constants.  Vinyl chloride was then calibrated via reductive 

dechlorination in the same manner as described for TCE and DCE.  The direct oxidation of VC 

under ferrogenic, sulfate reducing, and methanogenic conditions was then activated and the 

direct oxidation rate was adjusted until the lowest RMS was obtained.  Finally, direct anaerobic 

oxidation of DCE was activated and the model was again adjusted until a minimal RMS was 

reached for the DCE.   

 

The final step in the fate and transport model calibration process was determining the relative 

root mean square (RRMS) for each constituent.  The RRMS values were then added to determine 

the model simulation�s overall calibration.  Table 7.1 illustrates each constituent�s RRMS value 

for the overall �best-fit� model simulation.  Also constituent centerline concentration 



78 

distributions were visual checked to ensure they matched field concentration distributions 

(Figures 7.6-7.16).   

 

7.2.2 Results 

 

7.2.2.1 Concentration Distributions 

Through trial and error each constituent concentration distribution was reproduced to match 1996 

field data.  The overall best fit was determined by minimizing the sum of RRMS values for each 

constituent.  Figures 7.6 through 7.16 show the observed and model calculated concentrations for 

each constituent along the plume centerline except for Fe(III) where no observed data was 

available.  Field and model calculated concentrations are also available in Appendices A and B. 

 

Model calculated BTEX concentrations matched well to observed values except near the NAPL 

source (Figure 7.6).  BTEX concentrations were significantly higher (model: 28 mg/L vs. field: 6 

mg/L) near the NAPL source due to the large NAPL mass used as a source to replicate constant 

release during the entire simulation.  Due to the over prediction of BTEX in the source area, 

RRMS for BTEX was one of the higher values.  The RRMS for BTEX was 1.761 mg/L. 

 

The model predicted dissolved oxygen values along the center of the plume (Figure 7.7) matched 

well.  The model predicted dissolved oxygen concentrations near the source (Point A) and at the 

downgradient extent of the plume (Points E and F) over predicted field values.  Point A had a 

field measured value of 0.5 mg/L that is uncharacteristically high for an area located in the most 

oxygen reduced zone.  The observed value for Point A could be attributed to sampling error or 

localized heterogeneity in the subsurface.  Points E and F over predicted the observed dissolved 

oxygen concentrations possibly due to the model not simulating enough oxygen demand at the 

down gradient extent of the contaminant plume.  Field data may result from discrete 

heterogeneity with in the aquifer that the model can not predict.  The over prediction of dissolved 

oxygen at the up and down gradient portions of the plume led to oxygen having one of the higher 

RRMS values.  The RRMS for oxygen was 1.754 mg/L. 
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Nitrate model generated values (Figure 7.8) calibrated well to the observed values except for the 

concentrations at the down gradient extent of the nitrate depleted zone.  Points 2-040 and F 

observed values were 14.4 mg/L and 9.5 mg/L respectively.  These concentrations were 

significantly higher than the 0.44 mg/L reported as the background concentration (Airforce 

1999).  These field-measured values indicate there could be a nitrate source at the far extent of 

the contaminant plume that was not simulated.  The high concentrations of nitrate at Points 2-040 

and F were considered as outliers and not used to calculate the RRMS.  A max observed value of 

0.44 mg/L was used to calculate a RRMS of 0.151 mg/L for nitrate. 

 

Sulfate model-generated values (Figure 7.9) calibrated well to the observed values except for the 

concentrations at the down gradient extent of the sulfate depleted zone.  Model-predicted values 

for points 2-041 and E were higher than observed values.  Points D and F, which bracket these 

points, were on target.  Analysis of points E through F indicates that the field data has a steeper 

concentration gradient than model-predicted gradient.  The RRMS value for sulfate was 0.268 

mg/L. 

 

Bioavailable Fe(III) concentrations were simulated though no observed data was available.  The 

simulation of the Fe(III) was necessary to fully define the TEAP zones within the aquifer.  

Figure 7.10 shows the concentration distribution of Fe(III) along the plume centerline. 

 

The calibration of ferrous iron proved to be somewhat problematic due to it being a product of 

ferrogenic biodegradation that readily reacts in the subsurface and migrates with groundwater 

flow.  Adjustments to the generation coefficient and the sorption constant for the Fe(III) 

reduction created a simulation that accurately replicated the observed concentrations for Fe(II) 

(Figure 7.11).  The calculated concentration distribution did reflect migration down gradient 

from the NAPL source and downward vertical movement of the Fe(II).  The higher Fe(II) 

concentrations were predicted to be approximately 1500 feet down gradient of Point A which 

matched well to field observations.  The highest field value of Fe(II) was 45.6 mg/L observed in 

the source area.  This value was considered an outlier due to other source area observations being 

several orders of magnitude less than 45.6 mg/L.  A max observed value of 19.40 mg/L was used 

to calculate a Fe(II) RRMS of 0.086. 
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Methane model concentrations (Figure 7.12) were under observed values for Points A and E.  

The higher observed values for Points A and E may be contributed to heterogeneity in the 

subsurface or possible sampling error.  Overall the model accurately predicted methane�s 

migration down gradient and to the lower aquifer elevations.  The RRMS for methane was 0.448. 

 

TCE model-generated values (Figure 7.13) calibrated well to the observed values.  Model-

predicted values within the source area were within 1 mg/L of the observed concentration for 

Point A.  Field observations indicated the depletion of TCE to concentrations less than 1 mg/L 

by 1000 feet down gradient of Point A.  The model-calculated concentrations accurately 

replicated the depletion of TCE.  The RRMS for TCE was 0.270. 

 

Field observations showed DCE concentrations decreasing at a high rate from 51 mg/L in the 

source area to 10 mg/L at a distance of 1240 feet down gradient of the source (Figure 7.14).  

From 1240 feet on the DCE biotransformation slowed causing the curve to flatten.  Model 

generated values for DCE simulated these trends.  Calculated DCE reached a max concentration 

of 47.03 mg/L at 400 feet down gradient of Point A.  DCE decreased sharply to 10.99 mg/L at 

approximately 1240 feet down gradient then the curve flattened out to concentrations of less than 

0.2 mg/L by 3000 ft.  RRMS for DCE was 0.290. 

 

The vinyl chloride model predicted values were almost four times as high as field observations.  

Also the modeled peak concentrations were 700 feet down gradient of Point A; 200 feet short of 

the observed VC peak (Figure 7.15).  The model did predict the initial accumulation of VC while 

TCE and DCE were being reduced followed by its depletion.  The RRMS for VC was 1.565 

mg/L. 

 

Ethene model calculated concentrations steadily increased from 1.97 mg/L at Point A to a max of 

10.02 mg/L at Point D.  Observed concentrations were limited to only five observation points.  

The observed Cmax was 0.182 mg/L.  Model calculated concentrations were approximately two 

orders of magnitude above observed values (Figure 7.16).  The model calculated peak was 
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reached 810 feet further down gradient of the observed peak.  The over prediction of model 

concentrations resulted in the ethene RRMS being 30.454 mg/L. 

 

7.2.2.2 TEAP Zonation 

Model calculated constituent concentration distributions were analyzed to determine which 

TEAPs dominated specific zones of the aquifer (Figure 7.17).  The modeled TEAP zones were 

compared to zones determined by Chapelle in a study of the FT-002 conditions (Chapelle et al. 

1996).  Point A was designated as the point of origin for TEAP zone analysis.  Significant 

depletion of each electron acceptor began at a distance of 250 feet up gradient of Point A.  The 

dissolved oxygen concentration did not exceed 0.50 mg/L until a distance of 2600 feet down 

gradient of Point A.  Nitrate�s concentration remained below 0.20 mg/L to a distance of 2700 

feet down gradient of Point A.  Bioavailable ferric iron concentrations remained at 10.00 mg/L to 

a distance of 1000 feet down gradient of Point A.  Sulfate concentrations were below 2.00 mg/L 

up to a distance of 2100 feet down gradient of Point A.  Additionally, the TEAP product 

maximum concentrations of Fe(II) and methane were reached at 1650 feet and 1240 feet 

respectively down gradient of Point A. 

 

Analysis of the depleted electron acceptor concentrations and the TEAP product distributions led 

to the determination that specific TEAPs dominated certain zones of the aquifer (Figure 7.17).  

Sulfate reduction and methanogenesis dominate the biodegradation of PHCs from a distance of 

250 feet up gradient of Point A to a distance of 1240 feet down gradient of Point A.  This 

compares well to Chapelle�s findings for the sulfate reducing and methanogenic TEAPs 

dominating PHC biodegradation from 100 feet up gradient to 1350 feet down gradient of Point 

A.  From 1240 to 2500 feet down gradient of Point A, bioavailable ferric iron concentrations 

increase from a Cmin of 10.00 mg/L to background concentrations of 50 mg/L.  This zone is 

dominated by Fe(III) reduction.  Chapelle determined that Fe(III) reduction dominated PHC 

biodegradation from 1400 to 3000 feet down gradient of Point A.  The increase of dissolved 

oxygen concentrations from 2500 to 3000 feet down gradient of Point A is a good indication that 

aerobic oxidation is the dominate TEAP at the extent of the contaminant plume. 
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7.2.3 Sensitivity 

 

7.2.3.1 PHC Biodegradation Sensitivity 

Development and biodegradation of the PHCs was dominated by four parameters: inhibition 

coefficients, microbial biomass concentrations, bioavailable Fe(III) concentration, and substrate 

utilization rates.  Inhibition coefficients and microbial biomass concentrations controlled the 

timing of the TEAPs.  While, utilization rates and bioavailable Fe(III) influenced the amount of 

biodegradation attributed to each TEAP. 

 

The dissolved oxygen and nitrate inhibition coefficients (0.1 and 0.2 respectively) determined the 

extent to which the BTEX plume would expand before ferrogenic reduction and sulfate reduction 

became the dominant TEAPs.  An order of magnitude decrease in the O2 and NO3 inhibition 

coefficients resulted in a five hundred feet downgradient expansion of the BTEX 2 mg/L 

contour.  The BTEX RRMS also increased by 10%.  The Fe(III) inhibition coefficient (1000) 

was relatively high which enabled the sulfate reduction to begin almost simultaneously to 

ferrogenic reduction.  This was necessary to ensure that as the bioavailable Fe(III) was depleted 

there was no lag time before sulfate-reduction would begin BTEX biodegradation.  If lag time 

was allowed before sulfate-reduction began then the BTEX plume would continue to expand. 

 

Order of magnitude changes in the aerobic, nitrate reducing, sulfate reducing, and methanogenic 

microbial populations showed little effect to the BTEX model-predicted concentrations and 

plume dimensions.  An increase in the methanogens did result in over prediction of CH4 

concentrations.  Order of magnitude changes in the iron reducing microbial population 

concentration had the greatest effect on the BTEX model-predicted concentrations.  An increase 

of Fe(III) reducing microbes from 0.001 ug/g to 0.01 ug/g resulted in excessive biodegradation 

causing the BTEX 2 mg/L contour to retract 900 ft and the BTEX RRMS to increase by 15%. 

 

The bioavailable Fe(III) background concentration was unknown for the PAFB aquifer.  Based 

on similar studies bioavailable Fe(III) concentrations of 25-150 ug/g were tested during the 

calibration process.  Depletion of Fe(III) was limited to a minimum density of 10ug/g due to 

Fe(III) being a solid phase electron acceptor therefore less accessible then aqueous phase EAs. 
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All other electron acceptors were aqueous and their minimum depletion concentrations were set 

at 0.0 mg/L.  Fe(III) concentrations above 50 ug/g led to over prediction in BTEX 

biodegradation.  Concentrations toward 25 ug/g resulted in BTEX concentrations exceeding field 

observations.  A Fe(III) concentration of 50 ug/g was determined to yield model results that best 

predicted field data during the final model calibration. 

 

Utilization rates influenced BTEX concentrations significantly.  The model predicted BTEX 

concentrations were most sensitive to changes in the iron reducing and sulfate reducing 

utilization rates.  Changes in the aerobic, nitrogen reducing, and methanogenic rates had minimal 

effect on the BTEX concentrations.  Minimal effect by the aerobic and nitrogen reducing TEAPs 

indicated that those processes were likely limited by inadequate electron acceptor availability.  

An increase in the methanogenic rate did not affect the BTEX concentration distribution but did 

cause an over prediction of methane concentrations.  An order of magnitude increase in the 

sulfate reducing and iron reducing rates resulted in a significant decrease in BTEX 

concentrations (2 mg/L concentration contours retracted 500 feet).  The increase in sulfate 

reducing and ferrogenic rates caused a 17% increase in the BTEX RRMS. 

 

7.2.3.2 Chlorinated Ethenes Biotransformation Sensitivity 

Biotransformation of the chlorinated ethenes was dominated by three parameters: NAPL source 

mass fraction, utilization rates, and inhibition coefficients.  NAPL samples at the site showed a 

TCE mass fraction of 9.74 %.  Observed aqueous phase concentrations of TCE and DCE within 

the source area in 1996 were 25 mg/L and 51 mg/L respectively.  Model calculated TCE 

concentrations in the source area began at time zero at 105 mg/L for a mass fraction of 9.74%.  

Adjusting the utilization rates in order to achieve TCE source concentrations of 25 mg/L within 

36 years created concentrations of DCE on the order of 300 mg/L.  The TCE source mass 

fraction was reduced to 3.7 % in order to achieve TCE and DCE concentrations of approximately 

25 and 51 mg/L while keeping utilization rates within acceptable ranges.   

 

Increasing the utilization rates for the chlorinated ethenes lowered their respective peak 

concentrations.  Additionally, the higher rates would cause the chlorinated ethene to reach a 

minimum concentration at shorter distances along the plume centerline.  For example, increasing 
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the DCE reductive dechlorination rate by 25% decreased the DCE plume 6 mg/L contour from 

2560 feet to 1650 feet down gradient.   The increased rate also caused the DCE�s RRMS to 

increase by 30% and VC�s RRMS to increase by 35%. 

 

The reductive dechlorination of a chlorinated ethene is inhibited in the presence of higher 

chlorinated ethenes.  For example, TCE inhibits the reductive dechlorination of its progeny, DCE 

and VC.  The greater the inhibition coefficient of a parent constituent to its progeny the less 

inhibition.  For example increasing inhibition coefficients of VC with respect to TCE and DCE 

by 40% reduced VC�s Cmax by 30% and caused the peak concentration to occur 300 ft closer to 

the point of origin.  Increased inhibition coefficients decreased lag time and allowed for more 

biotransformation which lead to lower concentrations.   

 

7.2.4 BTEX Attenuation 

SEAM3D mass balance calculations from the calibrated model revealed that Fe(III) reduction 

was the dominant PHC biodegradation process which matches well with published literature.  

Fe(III) reduction accounted for 72% of the total aqueous phase BTEX removed over 36 years.  

Aerobic biodegradation, nitrate reduction, sulfate reduction, and methanogenesis accounted for 

9.1%, 0.5%, 16.1%, and 2.3% respectively of the aqueous phase BTEX removal.  Figures 7.18a, 

7.18b, and 7.18c shows the cumulative BTEX biodegradation at 2 years, 20 years, and 36 years.  

Initially, aerobic biodegradation was the dominant natural attenuation process (Figure 7.18a).  

Upon depletion of dissolved oxygen and nitrate, Fe(III) reduction was the predominate process 

and remained so throughout the simulation (Figures 7.18b&c).  The ratio of Fe(III) reduction to 

sulfate reduction and methanogenesis does begin decreasing after 10 years.  Bioavailable Fe(III) 

is a finite electron acceptor.  As Fe(III) is depleted sulfate and carbon dioxide gain importance as 

electron acceptors for the continued BTEX biodegradation. 

 

7.2.5 Chlorinated Ethenes Biotransformation 

Figure 7.19 depicts the model calculated centerline concentrations for TCE, DCE, VC, and 

ethene.  Trichloroethene�s highest concentration is in the NAPL source area.  Dichloroethene 

accumulates to its highest concentration also in the vicinity of the source.  As TCE and DCE 

concentrations decrease the VC is produced.  The rapid decrease of TCE followed by the 
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decrease of DCE was replicated by the model simulations (Figure 7.19).  The accumulation and 

then decrease of VC was replicated but at concentrations almost 400% above observed values.  

The VC peak concentration was calculated 200 feet before the observed peak.  Ethene, the final 

reductive dechlorination product, was produced at concentrations two orders of magnitude above 

observed concentrations.  

 

Biotransformation of TCE was solely attributed to reductive dechlorination.  Reductive 

dechlorination and anaerobic direct oxidation of VC and DCE were activated to assess their 

biotransformation.  To determine the extent to which each process was responsible for the 

biotransformation of VC and DCE, first a simulation was executed with only reductive 

dechlorination activated, then a simulation was executed with both reductive dechlorination and 

direct anaerobic oxidation activated.  The difference between the simulations in total DCE and 

VC mg lost was attributed to direct anaerobic oxidation.  The Reductive dechlorination of DCE 

was responsible for the biotransformation of 1.17E9 mg of DCE while direct anaerobic oxidation 

accounted for 1.99E7 mg.  Direct anaerobic oxidation of DCE accounted for only 1.7% of the 

DCE biotransformation.  Reductive dechlorination was responsible for the biotransformation of 

6.09E8 mg of VC while direct anaerobic oxidation accounted for 1.57E7 mg.  Anaerobic direct 

oxidation of VC was responsible for 2.5% of the total VC mass biotransformed.  Though direct 

anaerobic oxidation was only responsible for a small percentage of total DCE and VC 

biotransformation, it was crucial in matching simulated data to observed data in that it occurred 

in the iron reducing zone where reductive dechlorination was inhibited. 

 

Reductive dechlorination was by far the dominant DCE and VC biotransformation process.  

Direct anaerobic oxidation of DCE and VC though was important in that it reduced the 

concentrations of each constituent at the down gradient portion of the plume where Fe(III) 

reduction was the dominant TEAP.  Otherwise DCE and VC concentrations would have over 

predicted the concentration distribution of DCE and VC from 1240 to 3000 feet down gradient of 

Point A.  Reductive dechlorination rates for each chlorinated ethene and the rates of DCE and 

VC direct anaerobic oxidation were with in published values (Chapelle, 2001; Lee et al, 1998; 

Suarez and Hanadi, 1999). 
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Table 7.1 

1996 Field Observation Ranges and Calculated Relative Root Mean Square Errors 

Constituent Observed Concentration 

Range (mg/L) 

RRMS 

BTEX 

Oxygen 

Nitrate 

Fe(II) 

Sulfate 

Methane 

TCE 

DCE 

VC 

Ethene 

0.00-6.60 

0.10-4.00 

0.00-0.44 

0.05-19.40 

0.00-21.35 

0.001-1.80 

0.00-25.28 

0.00-51.41 

0.00-1.52 

0.00-0.18 

1.761 

1.754 

0.151 

0.086 

0.268 

0.448 

0.270 

0.290 

1.565 

30.454 
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Figure 7.1: Observation wells used to calibrate the groundwater flow model. 
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Figure 7.2a: Calibration Target. 

 

Figure 7.2b: Example Calibration Targets. 
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Figure 7.3: Model calculated potentiametric surface and groundwater flow direction. 
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Figure 7.4: Modeled vs. Observed Head Values. 

 

 

 

Modeled vs. Observed Heads

y = 1.051x - 11.173
R2 = 0.9828

180

190

200

210

220

230

180 190 200 210 220 230
Observed Heads (ft)

M
od

el
ed

 H
ea

ds
 (f

t)

Heads
Linear (Heads)



91 

A

2-026
2-014

2-027

2-006
2-007 B C

D

E

F

2-019
2-020
2-030

2-040
2-041
2-042

Figure 7.5a: Horizontal Distribution of Monitoring Wells. 
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Figure 7.5b: Vertical Distribution of Monitoring Wells.
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Figure 7.6: BTEX Observed vs. Modeled Centerline Concentrations. 

Figure 7.7: O2 Observed vs. Modeled Centerline Concentrations. 
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Figure 7.8: NO3 Observed vs. Modeled Centerline Concentrations. 

Figure 7.9: SO4 Observed vs. Modeled Centerline Concentrations. 
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Figure 7.10: Fe(III) Modeled Centerline Concentrations. 

 

Figure 7.11: Fe(II) Observed vs. Modeled Centerline Concentrations. 
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Figure 7.12: CH4 Observed vs. Modeled Centerline Concentrations. 
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Figure 7.13: TCE Observed vs. Modeled Centerline Concentrations. 

Figure 7.14: DCE Observed vs. Modeled Centerline Concentrations. 

TCE 96 Observed vs. Modeled

0

5

10

15

20

25

30

-1000 0 1000 2000 3000 4000

Distance (ft)

C
on

c.
 (m

g/
L)

Observed
Modeled

DCE 96 Observed vs. Modeled

0

10

20

30

40

50

60

-1000 0 1000 2000 3000 4000

Distance (ft)

C
on

c.
 (m

g/
L)

Observed
Modeled



97 

Figure 7.15: VC Observed vs. Modeled Centerline Concentrations. 

Figure 7.16: Ethene Observed vs. Modeled Centerline Concentrations. 
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Figure 7.17: TEAP zone comparison. 
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Figure 7.18a BTEX Consumption 2 Years.       Figure 7.18b BTEX Consumption 20 Years. 

 

Figure 7.18c BTEX Consumption 36 Years. 
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Figure 7.19: Model Calculated Chlorinated Ethenes Distribution. 
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Chapter 8 

 

Conclusions and Recommendations 

This study applied numerical models (GMS MODFLOW, SEAM3D, and SEAM3D Interface) to 

simulate groundwater flow, PHC transport and biodegradation, and the transport and 

biotransformation of chlorinated ethenes.  The groundwater model developed the physical 

properties upon which the PHC fate and transport model was used to develop the TEAP zones 

and finally the model was expanded to assess the biotransformation of the chlorinated ethenes.  

This study focused on the mechanisms responsible for the biotransformation of chlorinated 

ethenes, specifically reductive dechlorination and direct anaerobic oxidation.  By further defining 

the NAPL source and initial conditions it could be used as a tool to accurately predict the 

monitored natural attenuation (MNA) of the FT-002 contaminant plume. 

 

8.1 Site FT-002 

Discrepancies between the model calculated concentration distributions and field observed 

concentrations maybe attributed to an incomplete analysis of the NAPL source and initial 

conditions.  For example, BTEX calculated concentrations near the source area where four times 

higher than field observations (28 mg/L vs. 6.5 mg/L).  The high concentrations may be 

attributed to an incomplete analysis of the NAPL source.  The free product NAPL covers 

approximately 350,000 ft2 and it was assumed that the NAPL was uniform throughout.  The 

BTEX mass fraction in the NAPL was 23.14%.  The high mass fraction led to the over prediction 

of BTEX concentrations in the source area.  A more in depth analysis of the NAPL source may 

improve the model-calculated BTEX concentration distribution and the demand on electron 

acceptors.  Additionally, the Fe(III) initial concentration was of importance because Fe(III)-

reduction accounted for 72% of the total BTEX biodegradation.  No field analysis of the initial 

bioavailable Fe(III) concentrations in the aquifer was available.  An increased understanding of 

the Fe(III) background distribution would better validate calculated constituent concentrations. 

 

8.2 Monitored Natural Attenuation (MNA) 

The monitored natural attenuation of FT-002�s contaminant plume provides a fairly accurate 

analysis of the development of TEAP zones, and the biotransformation of chlorinated ethenes via 
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reductive dechlorination and direct anaerobic oxidation.  The complexity of FT-002�s 

contaminant constituents and its groundwater flow model though challenging were simulated 

using MODFLOW and SEAM3D.  Biotransformation of chlorinated ethenes is dominated by 

reductive dechlorination.  The direct anaerobic oxidation of DCE and VC though limited plays a 

vital role to accurately simulate the complete biotransformation of chlorinated ethenes.  Site FT-

002�s fate and transport model provides an excellent source of insight in the analysis of other 

large-scale complex sites contaminated with multiple petroleum hydrocarbons and chlorinated 

ethenes.  This study can be used to better understand to what extent various MNA mechanisms 

(reductive dechlorination, direct oxidation, etc.) are responsible for the biodegradation and 

biotransformation of similar contaminant plumes. 

 

8.3 Numerical Modeling Code (SEAM3D Interface) 

The over prediction of VC and ethene can be attributed to an inaccurate analysis of the NAPL 

source or short comings in the SEAM3D numerical code.  Currently SEAM3D addresses the 

reductive dechlorination and direct oxidation of chlorinated ethenes.  Cometabolism of 

chlorinated ethenes is not addressed.  Also abiotic (ie., adsorption) and biotic processes that may 

effect end products such as ethene are not addressed.  Including cometabolism and mechanisms 

affecting end products may result in lower concentrations of VC and ethene that would be more 

in line with field observed values.  The expansion of the SEAM3D Interface to include these 

processes would result in it becoming a more accurate MNA assessment tool. 
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Appendix A 

 

1996 Field Observations 

Well ID Obs Pt ID Distance TCE DCE VC Ethene BTEX 
2-026  -550 0.000 0.000 0.000  0.000
2-027  -550  

 DW 1 -250  
2-008* A 0 25.280 51.412 0.000 0.000 6.589
2-014  200  
2-006  400 0.000 0.023 0.000  0.538
2-007  400 0.000 0.000 0.000  

 DW 2 700  
2-310 B 900 0.002 14.968 1.520 0.035 4.198
2-019  950 0.051 0.192 0.360  0.304
2-020  950 0.000 7.300 0.000  3.000
2-030  950 0.054 0.136 0.001  0.015
84DD C 1240 0.003 10.035 1.050 0.182 3.898

 DW 3 1650  
84DF D 2050 0.000 1.423 0.524  0.089

34PLTW1
2 

E 2560 0.024 2.218 0.012 0.020 0.040

2-040  2700 0.000 0.550 0.000  0.000
2-041  2700 0.000 2.700 0.000  0.000
2-042  2700 0.021 1.043 0.004  0.049

35PLTW1
3 

F 3000 0.001 0.226 0.004 0.000 0.002

Table A.1: 1996 Chlorinated Ethenes, Ethene, and BTEX Field Observed Concentrations 
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Well ID Obs Pt ID Distance O2 NO3 Fe(II) SO4 CH4 

2-026  -550  
2-027  -550  

 DW 1 -250  
2-008* A 0 0.500 0.000 45.600 1.000 1.600
2-014  200  
2-006  400  
2-007  400  

 DW 2 700  
2-310 B 900 0.100 0.000 16.000 0.000 0.340
2-019  950 0.100 18.700 5.300 
2-020  950 0.100 19.400 0.200 
2-030  950  
84DD C 1240 0.200 0.000 19.300 0.000 0.710

 DW 3 1650  
84DF D 2050 0.200 0.100 2.500 1.500 0.620

34PLTW1
2 

E 2560 0.100 0.000 0.000 1.000 1.800

2-040  2700 15.600 0.213 6.800 
2-041  2700 0.300 0.163 1.300 
2-042  2700  

35PLTW1
3 

F 3000 0.200 9.500 0.100 14.400 0.040

Table A.2: 1996 EAs and TEAP Products Field Observed Concentrations 
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Appendix B 

 

36 Year Model Concentration Results 

 

Well ID Obs Pt ID Distance TCE DCE VC Ethene BTEX 
2-026  -550 0.00* 0.00* 0.00* 0.037 0.00*
2-027  -550 0.002 0.018 0.001 0.002 0.012

 DW 1 -250 1.588 4.395 0.201 0.926 7.572
2-008* A 0 25.896 27.972 1.972 2.094 29.055
2-014  200 2.430 17.437 1.556 3.059 14.171
2-006  400 26.456 47.052 4.981 2.679 28.983
2-007  400 0.003 0.503 0.042 1.466 0.536

 DW 2 700 1.266 29.213 5.815 6.750 25.292
2-310 B 900 0.158 23.916 5.646 5.268 15.086
2-019  950 0.081 17.639 4.588 6.075 11.062
2-020  950 0.263 19.078 3.627 8.803 21.321
2-030  950 0.00* 0.780 0.054 2.160 0.272
84DD C 1240 0.005 10.991 2.877 9.209 3.534

 DW 3 1650 0.00* 7.466 1.941 8.497 0.400
84DF D 2050 0.000 8.229 2.639 10.023 0.182

34PLTW1
2 

E 2560 0.001 3.806 0.523 6.154 0.298

2-040  2700 0.000 1.848 0.278 3.615 0.186
2-041  2700 0.000 0.780 0.074 2.507 0.163
2-042  2700 0.000 0.198 0.009 0.788 0.034

35PLTW1
3 

F 3000 0.00* 1.110 0.132 1.572 0.129

* Values calculated as less than zero. 

Table B.1: 36 Year Chlorinated Ethenes and BTEX Model-Calculated Concentrations. 

 



109 

 

Well ID Obs Pt ID Distance O2 NO3 Fe(II) SO4 CH4 

2-026  -550 3.513 0.404 0.271 19.747 0.004
2-027  -550 3.805 0.427 0.050 20.736 0.001

 DW 1 -250 0.087 0.012 2.845 0.330 0.087
2-008* A 0 0.066 0.007 5.394 0.230 0.270
2-014  200 0.082 0.009 7.498 0.313 0.305
2-006  400 0.067 0.007 7.555 0.230 0.416
2-007  400 0.692 0.184 0.777 12.387 0.063

 DW 2 700 0.068 0.008 14.666 0.243 0.688
2-310 B 900 0.082 0.010 12.423 0.309 0.535
2-019  950 0.093 0.011 16.806 0.367 0.532
2-020  950 0.050 0.005 19.855 0.009 0.843
2-030  950 1.546 0.237 0.00* 12.307 0.097
84DD C 1240 0.114 0.015 21.063 0.508 0.683

 DW 3 1650 0.243 0.034 1.363 1.685 0.550
84DF D 2050 0.251 0.035 0.240 1.767 0.594

34PLTW1
2 

E 2560 0.448 0.071 0.147 3.450 0.356

2-040  2700 1.414 0.209 0.049 11.509 0.154
2-041  2700 1.365 0.207 0.050 11.036 0.133
2-042  2700 3.093 0.363 0.050 18.055 0.030

35PLTW1
3 

F 3000 2.272 0.291 0.050 14.918 0.072

* Values calculated as less than zero. 

Table B.2: 36 Year EAs and TEAP Products Model-Calculated Concentrations. 
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Appendix C 

 

Governing Equations 

 

Reductive Dechlorination/Direct Oxidation Governing Equations 

The following explanation is an excerpt from Widdowson et al, 2001.  The reductive 

dechlorination package (beta v 2.0) of SEAM3D was used to model the degradation of the 

chloroethenes occurring in the microcosm experiments.  The reductive dechlorination package 

uses Monod kinetics as it sequentially reductively dechlorinates the chloroethene based on the 

following general equation, 

bio
CDO

bio
PCPC

bio
C

C RRR
dt
dC

−+−= ξ
,         (1) 

 

where Cc is the concentration of the contaminant (such that the subscript c = 1-5, for PCE, TCE, 

cis-1,2-DCE, VC or ethene, respectively), 
bio
CR  is the biodegradation term for the contaminant, 

PCξ  is the production coefficient of the contaminant generated by the parent compound (PC=c-

1), 
bio
PCR  is the biodegradation term for the parent compound, and 

bio
CDOR  is the biodegradation term 

from direct oxidation.  The biodegradation term, 
bio
CR , can be represented by 

C
CC

C
C

C
C

Cbio
C I

KC
CMM

R 







+Θ

=
Θ

= maxνν
,          (2) 

 

where MC is the biomass of the contaminant, Θ is the effective porosity, ν is the reaction rate of 

the contaminant, 
max
Cν  is the maximum specific utilization rate of the contaminant, KC  is the half 

saturation coefficient of the contaminant, and IC  is the inhibition function of the contaminant.  

The biomass in SEAM3D is divided into two microbial population sets (Harkness et al., 1999; 

Magnuson et al., 1998).  The first set incorporates the PCE and TCE degrading microorganisms, 

and the second set incorporates the DCE and VC degrading microorganisms.  The two microbial 

populations can be presented in the forms, 
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1
1

1

1
dTCETCEPCEPCE kYY

dt
dM

M
−+= νν

,    (3) 

2
2

2

1
dVCVCDCEDCE kYY

dt
dM

M
−+= νν

,    (4) 

 

where M is the biomass, Y is the yield coefficient, kd is the decay coefficient.  The inhibition 

function is represented by 

 

∏
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where KPC/C is the coefficient of the contaminant inhibition by the parent compound.   Direct 

oxidation as discussed by Bradley and Chapelle (1998c) of the contaminants, cis-1,2-DCE and 

VC, can be expressed as 
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,           (6) 

 

where M is the microbial population of the direct oxidizers for a specific TEAP, 
max
CDOν  is the 

maximum specific utilization rate of the contaminant for a specific TEAP, KCDO  is the half 

saturation coefficient for a specific TEAP, E is the electron acceptor concentration associated 

with the TEAP, and KE is the half saturation coefficient of the electron acceptor. 
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