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FORWARD 

The Maryland Department of Natural Resources Power Plant Research 
Program (PPRP) initiated research in January 2004 to evaluate the long-
term impacts to surface and ground water quality caused by the coal 
combustion product (CCP) fill at the Faulkner Fly Ash Storage Facility in 
Charles County, Maryland.  The objective of the study was to understand 
the time required for the on-site water treatment systems to reclaim 
downgradient surface water quality and provide technical guidance for 
determining future requirements for monitoring surface water and 
ground water quality downgradient of CCP fill areas. 

ERM prepared this report to present the results of an independent review 
of the surface water and ground water monitoring data provided by 
Mirant Mid-Atlantic, Inc. (Mirant), and the results of fate and transport 
modeling.  This report was prepared under the direction of Mrs. Susan 
Gray of PPRP. 

This study was initiaated by ERM under Contract No. KOOB0200092 and 
completed under Contract KOOB5200072 with the Maryland Department 
of Natural Resources. 
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ABSTRACT 

The Faulkner Fly Ash Storage Facility in Charles County, Maryland was 
established in 1970 to handle the large quantities of CCPs produced at the 
nearby Morgantown Generating Station.  CCPs placed at the site have 
generated leachate, characterized by low pH and elevated metals and 
sulfate, that has degraded shallow ground water and surface water 
quality in the area hydraulically downgradient of the facility.  However, 
water quality data collected by Mirant in 2003 and 2004 has shown 
evidence that the cutoff walls, drainage pipes and wetlands constructed at 
the site are beginning to improve surface water quality in the vicinity of 
the CCP fill area.  At the request of the MDE, PPRP initiated research in 
2004 to understand the time required for the constructed treatment 
systems to reclaim surface water quality and ground water quality 
downgradient of CCP fill areas.   

The study results indicated that ground water quality downgradient of 
the CCP fill areas is in a relatively steady-state condition with little 
improvement of sulfate concentrations likely to occur over an extended 
period of time.  However, improvement to surface water quality is likely 
to occur with respect to metals and acidity as a result of the constructed 
treatment systems’ ability to attenuate these parameters in effluent 
discharged to the on-site streams.     

While the downstream benefits of these treatment systems have yet to be 
fully realized, upstream portions of the tributaries to Zekiah Swamp Run 
have shown significant water quality improvements (decreases in sulfate, 
acidity and metals and modest pH increases).  Ground water and surface 
water modeling indicates that the concentrations of sulfate in on-site 
tributaries to Zekiah Swamp Run are not expected to increase beyond 
their current levels.  Further, although concentrations of sulfate in surface 
waters are not expected to decrease to pre-1970 levels within the next 40 to 
50 years, the concentration of sulfate in the unnamed tributary to Zekiah 
Swamp Run is expected to decrease by approximately 60 percent by the 
year 2050.  Further, additional improvements in surface water and ground 
water quality are expected to occur, specifically with respect to dissolved 
metals, acidity, and pH, which are also indicative of leachate-impacted 
water.   

Building on the results of this study, an evaluation of the technical and 
cost feasibility of innovative in-situ treatment techniques that will enhance 
microbially mediated sulfate reduction within the aquifer downgradient 
of the CCP fill areas is a reasonable next step.   
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1.0 INTRODUCTION 

1.1 BACKGROUND 

The Faulkner Fly Ash Storage Facility in Charles County, Maryland was 
established by the Potomac Electric Power Company (PEPCO) in 1970.  
Figure 1 shows the layout of the site.  This site was designed to handle the 
large quantities of coal combustion products (CCPs) produced at the 
nearby Morgantown Generating Station.  Mirant Mid-Atlantic, Inc. 
(Mirant) took over operation of the site in December of 2000, after 
acquiring the PEPCO generation assets, and has continued the water 
quality monitoring initiated by PEPCO.   

The Faulkner site is composed of three fly ash fill areas (Figure 2).  Phases 
I and II comprise the southern fill area, which was completed in 1985.  The 
central fill area, termed Phases III and IV, was completed in 1991.  The 
most northerly fly ash fill area is the Curtis Phase, which is currently 
being filled. 

CCPs placed at the site have generated leachate, characterized by low pH 
and elevated metals and sulfate, that has degraded shallow ground water 
quality and surface water quality in the area hydraulically downgradient 
of the facility.  The Maryland Department of Natural Resources Power 
Plant Research Program (PPRP) has documented the ground water quality 
impacts in previous studies in 1983 and 1991 (Simek et al., 1983; and Price 
and Keating, 1991).  In 1994, Mirant installed a leachate collection system 
at the South Stream and downgradient of Phases I through IV and the 
Curtis Phase.  The system consisted of a series of cutoff walls and 
drainage pipes to collect and redirect leachate-impacted ground water 
from the CCP fill area.  However, water quality data collected by Mirant 
between 1995 and 2000 indicated that the area of ground water quality 
degradation had expanded.   

In January 2001, the Maryland Department of the Environment (MDE) 
Water Resources Administration (WRA) issued Mirant a Consent Order 
requiring Mirant to address the nature and extent of the ground water 
impacts and to implement corrective action to mitigate the impacts.  In 
December 2002, Mirant completed installation of three passive water 
treatment systems (systems A, C, and F) at the facility in order to treat the 
acidity, metals, and sulfate present in the leachate-impacted ground 
water.  These systems supplemented the leachate collection systems 
installed in 1994.   
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Water quality data have been collected from streams and on-site 
monitoring wells from 1988 to the present (Mirant, 2005).  The data 
indicate that the downgradient benefit of the remediation efforts has not 
yet been realized, as there has been no significant change in the spatial 
extent of leachate-related parameters in ground water or the 
concentrations of these parameters in surface water monitoring locations 
far downstream of the CCP fill areas since 1995.  However, there is 
evidence that the treatment systems are beginning to improve surface 
water quality in the vicinity of the CCP fill area. 

1.2 PURPOSE 

In July 2003, Mirant requested PPRP’s support with evaluating the 
performance of the passive water treatment systems and cut-off walls.  
Specifically, Mirant asked PPRP to determine when surface water quality 
in the on-site tributaries to Zekiah Swamp Run would return to pre-1970 
conditions.  ERM, as PPRP’s Environmental Engineering Integrator (EEI), 
prepared a scope of work to address this question.  The scope of work 
included two primary tasks: 

1. Ground water flow and transport modeling to predict the long-
term ground water quality downgradient of the CCP fill area; and  

2. Modeling of the discharge of ground water to on-site tributaries to 
Zekiah Swamp Run to evaluate the long-term surface water quality 
at the site.  

The scope of work was provided to Mirant and MDE for comment and the 
work plan was finalized on 3 February 2004 (ERM, 2004).  ERM has 
prepared this report to describe the findings of its evaluation of long-term 
surface water quality at the Faulkner Fly Ash Storage Facility.  
Understanding the time required for the treatment systems to reclaim 
downgradient surface water quality will provide MDE and Mirant a basis 
for determining future requirements for monitoring surface water and 
ground water quality downgradient of the fly ash fill.   

1.3 REPORT ORGANIZATION 

This report is divided into the following sections: 

• Section 2.0 – Site Conditions describes the current conditions of 
ground water and surface water at the site based on a review of site 
and regional hydrogeologic data; 
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• Section 3.0 – Hydrogeologic Model Methods presents the methods 
for the construction of the hydrogeologic model;   

• Section 4.0 – Hydrogeologic Model Results presents the results of 
the hydrogeologic model calculations; and 

• Section 5.0 – Conclusions and Recommendations summarizes the 
key findings of the investigation. 

 
The input data for the ground water model are presented in Appendix A.  
The calculations for the surface water mixing model are detailed in 
Appendix B. 
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2.0 SITE CONDITIONS 

Shallow ground water at the Faulkner Fly Ash Storage Facility occurs 
under water table conditions in the Upland and Lowland Deposits.  
Leachate is generated from the CCP fill and infiltrates the aquifer 
impacting ground water quality beneath the fill areas.  The impacted 
ground water then flows eastward toward its discharge in Zekiah Swamp 
Run (Simek et al., 1983).  The water quality in the shallow aquifer and the 
on-site tributaries to Zekiah Swamp Run appears to be in a relatively 
steady-state condition characterized by a low pH and elevated metals and 
sulfate concentrations (Mirant, 2005; Price and Keating, 1991; Simek et al., 
1983).  The ground water quality data provided by Mirant (2005) for wells 
adjacent to the CCP fill areas (FN-1, FN-3, and FC-3) indicate that a source 
of dissolved sulfate to ground water is still present and sulfate-impacted 
ground water will continue to discharge to the on-site streams for some 
time.  However, recent remedial measures implemented by Mirant (i.e. the 
installation of the slurry cutoff walls and the leachate drains) have 
reduced the volume of untreated sulfate-impacted ground water from 
beneath the CCP fill areas that eventually discharges to local streams. 

2.1 PASSIVE WATER TREATMENT SYSTEMS 

2.1.1 Treatment Systems Design 

In December 2002, three passive water treatment systems (Systems A, C, 
and F) were completed at the site to treat water collected by the leachate 
collection system.  The systems are not entirely passive as limited 
pumping is performed to move water from the final collection point to the 
first treatment cells.  Systems A and C are located adjacent to Upper 
Bowling Creek between Phases I and II and Phases III and IV.  System F is 
located downgradient of the Curtis Phase.  The locations of the water 
treatment systems are shown on Figure 2. 

The leachate collection systems consist of a series of interconnected drains 
designed to capture approximately 85 percent of the ground water at the 
site, based on previous ground water flow modeling.  The captured water 
is directed to the passive treatment systems, which consist of a series of 
wetlands, limestone beds, and organic-rich reactive cells designed to 
attenuate low pH and high concentrations of metals in the water.  The 
limestone neutralizes acidity and raises the pH of the water.  As pH 
increases, iron and aluminum can precipitate as hydroxide minerals.  The 
removal of iron and aluminum also helps to prevent the generation of 
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acidity and low pH conditions once the treated water leaves the system.  
Dissolved iron and aluminum are positively charged ions that may 
interact strongly with negatively charged soil surfaces.  These interactions 
often displace hydrogen ions, which are held more weakly by the soils.  
This displacement results in lowered ground water pH values (pH is a 
direct measure of the activity of hydrogen ions in solution) as well as 
increased acidity (acidity and alkalinity are measures of buffering capacity 
- the ability of soil or water to resist changes in pH).  Metals are also 
removed through ion exchange, adsorption, and absorption to the organic 
media in the reactive cells and wetlands.  In addition, the organic material 
promotes anaerobic conditions allowing sulfate to be converted to sulfide 
which can react with dissolved metals to precipitate as sulfide minerals 
such as pyrite (FeS2).  As the treated water flows to impacted areas 
downstream, elevated total dissolved solids concentrations in ground 
water which discharges to the streams should be reduced. 

The treatment systems do not directly remediate sulfate, however, some 
reduction in sulfate is expected to be achieved via the activity of sulfate 
reducing bacteria (SRB), which can live in the organic media.  The treated 
water is then discharged to intermittent streams on-site.  As the alkaline 
treated water flows to impacted areas downstream, acidic soil conditions 
that have built up over the years due to ion exchange reactions should be 
neutralized as well.  Continued monitoring of surface and ground waters 
at the site will determine the success of the treatment systems at 
increasing pH downgradient of the site. 

2.1.2 Treatment Systems Water Quality 

Water quality data for the leachate entering and leaving the three 
treatment systems (A, C, and F), provided by Mirant (Mirant, 2005), were 
reviewed along with the supplemental data collected by ERM as part of 
the treatment system A evaluation (being conducted under a separate 
scope of work:  ERM, 2005).  The supplemental treatment system A 
samples were collected by ERM during the Winter, Summer and Fall of 
2004.  The data are summarized in Table 1. 

All three treatment systems appear to be effective at increasing pH and 
reducing acidity and aluminum concentrations.  In addition, systems A 
and F appear to be effective at removing iron.  However, all three systems 
appear to be less effective at removing sulfate.   
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2.2 WATER QUALITY 

Water quality data collected from streams and on-site monitoring wells 
between 1988 and 2004 are summarized in the Surface Water, Groundwater, 
and Biological Monitoring at the Faulkner Fly Ash Storage Site in 2004 report 
prepared by Mirant in May 2005.  The water quality monitoring stations 
are shown on Figure 2.  The data indicate that the downgradient benefit of 
the remediation efforts has not yet been fully realized, as there has been 
no significant change in the spatial extent of analytes and/or chemical 
parameters being monitored at downstream surface water or 
downgradient ground water monitoring locations since 1995.   

2.2.1 Ground Water Quality 

Ground water quality upgradient of the CCP fill areas is represented by 
monitoring well FC-1, located approximately 250 feet west of the active 
Curtis Phase.  The upgradient ground water quality data for FC-1 are 
presented in Table 2.  In general, the pH at FC-1 during the second quarter 
monitoring event was 4.9 and the specific conductance was 309 
microsiemens per centimeter (µS/cm).  Sulfate measured during the same 
event was present at 13 mg/L, iron was not detected with a detection limit 
of 0.10 mg/L.  Aluminum and manganese were detected during the same 
monitoring event at 0.07 mg/L and 0.096 mg/L respectively. 

There are several additional points at which downgradient ground water 
quality was monitored (not included in Table 2).  The water quality data 
from these points are summarized as follows (Mirant, 2005): 

• Shallow ground water pH levels have remained consistent, around 
3 to 6, at monitoring wells immediately downgradient of Phases III 
& IV and the Curtis Phase as of 2004; 

• The specific conductance in ground water has been as high as 7,500 
µS/cm at well FC-3, located downgradient of the Curtis Phase.  
Elevated conductivity measurements indicate elevated total 
dissolved solids.  At the Faulkner site, the increase in total 
dissolved solids is due primarily to elevated concentrations of 
sulfate and metals; and 

• Concentrations of sulfate, aluminum, manganese and iron in 
ground water samples collected from wells downgradient of the 
CCP fill were one to two orders of magnitude higher than the 
concentrations in upgradient well FC-1. 
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2.2.2 Surface Water Quality 

Background surface water quality is best represented by historic samples 
collected from an upgradient stream, in particular sample identification   
S-1 (Simek et al., 1983) located approximately 1,200 feet southwest of 
Phase II along an unnamed tributary to Bowling Creek (Figure 2).  The 
water quality data are presented in Table 2.  In general, the pH at S-1 was 
near neutral at 7.2 and the specific conductance was measured at            
110 µS/cm.  Sulfate and iron were measured at 4 mg/L and 0.05 mg/L 
respectively.  Aluminum was detected at 0.19 mg/L. 

Improvement of on-site surface water quality has been observed, 
particularly in upstream portions of the tributaries to Zekiah Swamp Run 
(i.e. FS-7 in the south Stream, and S-2 and S-3 in Upper Bowling Creek).  
All three of these monitoring locations have shown significant water 
quality improvements (decreases in sulfate, acidity and metals and 
modest pH increases as shown on Figures 3 and 4).  These improvements 
are most likely due, at least in part, to the activity of the treatment 
systems, though it also is likely that the treatment systems are scavenging 
ground water in the headwaters of Upper Bowling Creek.  This allows for 
the base flow of the stream to be primarily supported by shallow soil 
water and direct precipitation runoff, which contain significantly lower 
concentrations of sulfate than the ground water, resulting in a dilution 
effect on sulfate concentrations in Upper Bowling Creek. 

There are several additional points at which downgradient surface water 
was monitored (not included in Table 2).  The water quality data from 
these points are summarized as follows (Mirant, 2005): 

• pH levels in the on-site streams ranged between 3.8 and 7.4 in 
December 2004.  The lowest pH was measured in Lower Bowling 
Creek, east of Phase I.  The highest pH was measured in Upper 
Bowling Creek adjacent to System C; 

• Specific conductance in the on-site streams ranged from 82 to 1,699 
µS/cm downgradient of the CCP fill in December 2004; and 

• Concentrations of sulfate and iron in the surface water samples 
collected from Upper and Lower Bowling Creek and the South 
Stream were one to two orders of magnitude higher than 
background.     

Ambient surface water quality data for Upper Bowling Creek was also 
obtained from the 2000-2004 Maryland Biological Stream Survey 
(Maryland Department of Natural Resources, 2003).  This data is 
presented in Table 2.  The pH of Upper Bowling Creek, as measured at 
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monitoring point 118 was 4.05 and the specific conductance was 2,752 
µS/cm.  The concentration of sulfate was 798 mg/L.  Iron, aluminum, and 
manganese were not measured for this survey.  The concentration of 
dissolved oxygen in Upper Bowling Creek is extremely low (0.4 mg/L), 
indicating water quality impairment.     

Nevertheless, sulfate concentrations in Upper Bowling Creek (locations S-
2 and S-3) have decreased significantly (from an average sulfate 
concentration of approximately 1,000 mg/L to approximately 500 mg/L) 
since the systems were installed (Figure 4).  It is possible that part of the 
decrease in sulfate at these locations is due to changes in ground water 
flow patterns related to the installation of the leachate collection systems 
in 1994.  As ground water near the CCP fill area is being diverted through 
the treatment systems, these surface water monitoring points may be 
receiving a larger portion of their water from shallow soil water and direct 
precipitation runoff.  Both of these water sources are expected to contain 
low concentrations of leachate-related constituents. 

2.2.3 Surface Water Quality in South Stream   

The water quality data for the South Stream provided by Mirant (2005) 
indicates that the cutoff wall and limestone wetland constructed along the 
south side of Phases I and II in 1994 has improved surface water quality 
over time (see Figure 3).  The data for monitoring location FS-7, located 
downstream of the limestone wetland, indicates significant decreases in 
sulfate, specific conductivity, and total acidity and a modest increase in 
pH since 1995.  The concentration of iron at FS-7 has been very low during 
recent monitoring events, but due to the scatter in results for iron for this 
location, it is difficult to confirm this is part of an overall trend of 
decreasing concentration.  The data for other monitoring points along the 
South Stream are less complete; however, overall, they indicate similar 
improving water quality trends. 
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3.0 MODEL METHODS 

Site-specific and regional hydrogeologic data was reviewed to assess 
current hydrogeologic conditions at the site as well as to obtain sufficient 
geologic, hydrologic, and chemical data to set up the ground water 
transport model and the subsequent ground water /surface water mixing 
model.  The purpose of the water quality modeling was to determine an 
anticipated timeline over which improvements in ground water and 
surface water quality could be anticipated to occur. 

ERM reviewed existing ground water and surface water quality data 
collected from the area downgradient of the CCP fill to determine whether 
the stream quality in the on-site tributaries to Zekiah Swamp Run 
continue to be degraded by low pH and high sulfate or other constituents 
derived from the CCP fill.  ERM also reviewed published information on 
geologic and hydrologic characteristics of the region to determine how 
these characteristics may impact leachate migration from the CCP fill area. 

The modeling effort focused on sulfate as the plume marker since it is a 
conservative ionic species that will not readily adsorb to solids or 
precipitate as a secondary mineral under the conditions observed at the 
Faulkner site.  Also, under the existing site conditions sulfate is not likely 
to be reduced to native sulfur or sulfide by biological or chemical means 
along the flow path outside of the passive treatment systems. 

The water quality modeling was divided into two models.  First, the 
transport of sulfate through ground water from the CCP fill area was 
evaluated using the BIOSCREEN Version 1.4 (Newell et al., 1997).  The 
BIOSCREEN results were then used to calculate the concentration of 
sulfate in surface water at various locations by combining upstream flow 
and ground water discharge. 

3.1 GROUND WATER FLOW AND TRANSPORT MODEL 

3.1.1  Model Setup 

The BIOSCREEN program was developed from the analytical model by 
Domenico (1987).  The Domenico solution accounts for the effects of 
longitudinal advective transport, three-dimensional dispersion, and 
adsorption.  The BIOSCREEN model was originally designed to simulate 
transport and natural attenuation of organic contaminants, however, the 
program allows adjustments to adsorption and degradation factors such 
that more conservative constituents, like sulfate, can be adequately 
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modeled as well.  The BIOSCREEN model was selected for modeling of 
sulfate transport at the Faulkner site due its simplicity of operation and its 
flexibility, allowing for entry of site specific constants for hydrogeologic 
conditions, adsorption, and quantity of source material present. 

BIOSCREEN was used to simulate dissolved sulfate transport from the 
CCP fill area under two scenarios.  Scenario 1 assumes a continuous 
source of sulfate to ground water.  Scenario 2 assumes a source of sulfate 
to ground water that decreases over time.  In this manner, worst-case 
(continuous source, Scenario 1) and reasonable-case (declining source, 
Scenario 2) ground water concentrations were predicted by the model.     

To the extent practical, development of the conceptual and computation 
models and selection of the input parameters incorporated field data 
collected at the site and published literature values representative of site 
field conditions.  Where needed, appropriate default values provided by 
the model were also used.  The hydrogeologic conceptual model organizes 
the existing field data and literature derived parameter values so that 
ground water flow and particle transport can be properly analyzed.  The 
principal features of the conceptual model for the Faulkner site are 
discussed below. 

As shown in Figure 5 (from Simek et al., 1983), soil borings completed at 
the Site indicate that the unconsolidated saturated sediment beneath and 
down gradient of the CCP fill areas is approximately 15 feet thick and 
composed mostly of sand and gravel with occasional silt.  The average 
hydraulic gradient and hydraulic conductivity, as measured by Price and 
Keating (1991) are 0.003 feet per foot (ft/ft) and 71 feet/day.  The ground 
water flow direction is to the east, toward Zekiah Swamp Run.  Typical 
values of porosity for sand and gravel aquifers range from 25 to 50 
percent.  For this exercise an estimated porosity of 40 percent (Price and 
Keating, 1991) was selected.   

The source of ground water impacts at the site is the CCP fill areas.  The 
ground water quality data provided by Mirant (2005) for wells adjacent to 
the CCP fill area (FN-1, FN-3 and FC-3) and as shown in Figure 6 indicate 
that the concentration of sulfate at these wells has not significantly 
changed between April 2001 and October 2004.  While there is some 
variability between individual sampling events, particularly at well FC-3, 
there are no apparent trends of consistently increasing or decreasing 
sulfate concentrations at any of these three wells.  The average sulfate 
concentrations in these wells are 1195, 966, and 1701 mg/L at wells FN-1, 
FN-3, and FC-3, respectively.  Therefore, for Scenario 1, a continuous 
source of dissolved sulfate was assumed.  This scenario is considered to be 
conservative because recent remedial measures implemented by Mirant 
(i.e., the installation of the slurry cutoff walls and leachate drains) are 
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designed to capture the majority of ground water beneath the CCP fill 
areas for remediation before it can discharge to the local streams 
(Brightwater, 1999).        

Scenario 2 was designed to simulate a decreasing source of sulfate.  As 
mentioned above, the slurry walls and leachate drains installed in 1994 are 
designed to capture most of the leachate-impacted ground water before it 
can transport the dissolved sulfate away from the CCP fill areas.  In 
addition, filling activities at Phases I and II and Phases III and IV are 
complete and these cells are covered with soil and vegetation, therefore 
the leaching of sulfate from the fly ash in these areas is expected to 
decrease over time. 

The input data and assumptions of the ground water model are 
summarized below and are detailed in Appendix A. 

3.1.2 Model Assumptions 

Ground water data from the surface, groundwater, and biological 
monitoring surveys (Mirant, 2005) were combined with water level 
measurements and published hydrogeologic information (Achmad and 
Hansen, 1997; Simek et al., 1983; Slaughter and Otton, 1968; Price and 
Keating, 1991; Wilson and Fleck, 1990) in order to model the transport of 
leachate-related parameters (i.e., sulfate) from the CCP fill area to 
tributaries to Zekiah Swamp Run.  Table 3 lists the model parameters and 
rationale for selecting the parameters when setting up the model.  A key 
assumption with the BIOSCREEN model is that the water-bearing zone is 
homogeneous, isotropic and infinite in aerial extent.  In addition, ground 
water flow is assumed to be horizontal, unidirectional and at steady state 
(e.g. there is no active pumping).  ERM believes that the Faulkner site 
reasonably satisfies these assumptions, and that BIOSCREEN is an 
appropriate tool for simulating solute transport. 

3.1.3 Model Sensitivity and Calibration 

The key input parameters that could affect the BIOSCREEN results are 
source area width, source area concentration, ground water flow velocity, 
and dispersivity.  Summarized below is a qualitative analysis of how these 
parameters could influence the model predictions, assuming that the other 
parameters remain constant.   

• Source Area.  Predicted concentrations downgradient of the source area 
are directly related to the modeled width of the source area.  The 
model is not sensitive to the source area thickness.  A conservative (i.e., 
based on a large source width of 2,600 feet, which is equivalent to the 
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combined width of the three CCP fill areas) approach was used to 
define the source area using site-specific data.   

• Source Area Concentration.  Predicted concentrations downgradient of 
the source area are directly related to the source concentration.  For 
Scenario 1, a source concentration of 3,000 mg/L was selected.  In 1982, 
sulfate was detected in the sedimentation pond water at concentrations 
as high as 2,983 mg/L (Simek et al., 1983); this water is believed to be 
representative of leachate collected from the drains constructed 
beneath Phase I and II.  A higher initial sulfate concentration (6,000 
mg/L was used under Scenario 2 to allow for depletion.  This 
concentration is consistent with maximum sulfate concentrations 
observed in the leachate at the Interstate 695 highway embankment 
CCP study site (ERM, 2004a).  A sulfate depletion rate equivalent to a 
half-life of 20 years was selected based on leaching tests conducted by 
Capital Environmental, LLC in 1999. 

• Ground Water Flow Velocity.  Under Scenario 1, sulfate concentrations in 
ground water would be expected to eventually reach steady state, a 
condition under which concentrations of sulfate in ground water 
neither increase nor decrease because the total amount of sulfate 
added to ground water by leachate is balanced by the sulfate 
discharged to streams.  The rate at which steady state is reached is 
indirectly related to the ground water flow velocity.  As velocity 
increases, the time to reach steady state decreases.  Under Scenario 2, 
the concentrations of sulfate in ground water would be expected to 
eventually decrease as the leachate-impacted water in the shallow 
aquifer is replaced by un-impacted ground water.  The rate at which 
the leachate-impacted water in the aquifer is replaced by the un-
impacted water is also related to ground water velocity.  As velocity 
increases the time required for un-impacted ground water to flow into 
the study area decreases.  The flow velocity was calculated using site-
specific hydraulic gradients and hydraulic conductivity values.  A 
change of porosity of 5 to 10 percent will not have a significant change 
on the model.   

• Dispersivity.  Dispersivity is a factor that accounts for random particle 
motion that occurs in addition to flow along the ground water flow 
path.  These random motions are similar to the random particle 
motions that cause a drop of dye in a glass of still water to disperse 
through the entire glass, even though there are no flow patterns within 
the glass.  The shape of a contaminant plume and the concentration of 
constituents within the plume are both directly related to dispersivity.  
If dispersivity increases, ground water dispersion increases resulting in 
lower predicted concentrations but a larger plume.  Conversely, if 
dispersivity decreases, ground water dispersion decreases resulting in 
higher predicted concentrations but a smaller plume.  Default 
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dispersivity values recommended in the BIOSCREEN user’s manual 
were used for the simulations. 

The model was calibrated to the existing site conditions and assumed the 
initial release of sulfate occurred in 1970.  The existing sulfate 
concentration along the plume centerline was estimated by selecting 
concentrations from a “best fit” logarithmic trend line (R2=0.6981), which 
was applied to the average sulfate concentrations of 13 wells located 
between the CCP fill area and Zekiah Swamp Run.  Figure 7 shows the 
calibrated model results along the plume centerline.  Each monitoring 
point along the plume centerline was calculated as the average sulfate 
concentrations at that monitoring point between April 2001 and October 
2004.  As shown in Figure 7, the simulated concentrations calculated using 
the calibrated model plot almost exactly on the logarithmic trend line that 
was fit to the average 2001-2004 data. 

3.2 GROUND WATER/SURFACE WATER MIXING MODEL 

Surface water quality at any given point along a stream is impacted by 
both upstream water quality and by the quality of ground water that 
discharges to the steam at that location.  For this reason, it was necessary 
to model ground water sulfate concentrations prior to constructing a 
model to predict surface water sulfate concentrations. 

Measurements of surface water quality and flow rate (Mirant, 2005 and 
this report) were combined with data from the Scenario 1 and Scenario 2 
of the ground water transport model in order to estimate sulfate 
concentrations at three stream locations:  Location N5 on the North 
Stream, downstream of the System F outfall; Location 20 on Lower 
Bowling Creek, downstream of the confluence of Upper Bowling Creek 
and the South Stream; and TZ-5 on the Tributary to Zekiah Swamp Run, 
downstream of the confluence of the Tributary and Lower Bowling Creek. 

The concentration of sulfate in surface water at each location was modeled 
using the following three-component mixing equation (after Eshleman, 
Pollard and Obrien, 1993): 

Cds = (Cus1Qus1 + Cus2Qus2 + CgwQgw)/Qds 

Where: 

• Cds is the concentration of sulfate in mg/l and Qds is the flow rate in 
ft3/day at the modeled location;  
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• Cus1 is the concentration of sulfate in mg/l and Qus1 is the flow rate 
in ft3/day upstream of the modeled location;  

• Cus2 is the concentration of sulfate in mg/l and Qus2 is the flow rate 
in ft3/day for the tributary stream upstream of the modeled 
location; and 

• Cgw is the concentration in mg/l and Qgw is the discharge rate in 
ft3/day for ground water discharging to the modeled location.   

The input data and assumptions of the mixing model are detailed in 
Appendix B. 
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4.0 MODEL RESULTS   

The results of the ground water flow and transport model and subsequent 
ground water/surface water mixing model are discussed in the following 
sections. 

4.1 GROUND WATER FLOW AND TRANSPORT MODEL 

4.1.1 Scenario 1 

Based on the assumption that a continuous source of sulfate remains at the 
CCP fill areas the modeled sulfate plume is shown to extend to Zekiah 
Swamp Run.  The model indicates that under Scenario 1, ground water 
conditions at Zekiah Swamp Run should currently be approaching steady 
state (Figure 8).  Figure 9 compares the model results for Scenario 1 
projected for year 2030 with the average sulfate concentrations observed 
at the site from 2001 to 2003.  As shown, the projected concentrations in 
2030 are not significantly greater than the existing ground water 
concentrations for the site. 

4.1.2 Scenario 2 

Assuming that finite sources of sulfate remain at the CCP fill area and that 
the impact of this source to area ground water is decreased over time (due 
to the cutoff wall and leachate drain systems as well as the soil cover and 
vegetation placed over the completed cells); the modeled sulfate plume 
also extends to Zekiah Swamp Run.  However, under this scenario, the 
sulfate plume appears to move as a slug of sulfate-impacted ground 
water, which decreases in concentration over time.  As shown in Figure 
10, in year 2030, ground water sulfate concentrations at locations more 
than 400 feet from the CCP fill areas are expected to be less than 400 
mg/L.  By 2050, the concentrations are expected to decrease further to less 
than 250 mg/L.  Under Scenario 2, the projected concentrations of sulfate 
in ground water downgradient of the site in 2030 are significantly lower 
than the existing ground water concentrations for the site. 

4.2 GROUND WATER/SURFACE WATER MIXING MODEL 

Table 4 shows the results of ground water mixing model calculations.  
Surface water sulfate concentrations were estimated for each of the three 
locations (N5, L20, and TZ5) for current site conditions and for year 2050.  
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The surface water sulfate concentrations were calculated using the results 
of ground water modeling calculations under both Scenario 1 and 
Scenario 2.  For comparison, the most recent and maximum analytical 
results for each of the three locations are also shown on Table 4.  It should 
be noted that sulfate concentrations in the streams has varied significantly 
over the period for which data are available.  This variation is most likely 
due to a combination of dilution during precipitation events, combined 
with evaporation and concentration during extended dry periods.  As 
shown in Figure 11 however, the mixing model under both Scenario 1 and 
Scenario 2 predicts a current sulfate concentration similar to the range of 
concentrations observed at monitoring points N5, L20 and TZ5.   

Under Scenario 1, the concentrations of sulfate in stream water are not 
expected to change significantly from their current concentrations by the 
year 2050.  For example, under Scenario 1, the mixing model estimates the 
current sulfate concentration of sulfate at TZ5 as 460 mg/L and a 2050 
concentration of sulfate at this same location as 460 mg/L.  Under 
Scenario 2, the concentrations of sulfate in stream water are expected to 
decrease by the year 2050, particularly for the more downstream locations 
(i.e. Location 20 and TZ5).  Under Scenario 2, the estimated current 
concentration of sulfate at TZ5 is 461 mg/L and the 2050 concentration of 
sulfate at this location is projected to be 191 mg/L. 

 



 17  

5.0 SUMMARY OF FINDINGS 

The study results indicated that surface and ground water quality 
downgradient of the CCP fill areas is in a relatively steady-state condition 
with little improvement of sulfate concentrations likely to occur over an 
extended period of time.  However, improvement to surface water is 
likely to occur with respect to metals and acidity as a result of the 
treatment systems’ ability to attenuate these parameters in effluent 
discharged to the tributaries.     

While the downstream benefits of these treatment systems have yet to be 
fully realized, improvement of water quality has been observed in areas of 
the site, particularly in upstream portions of the tributaries to Zekiah 
Swamp Run (i.e. FS-7 in the south Stream, and S-2 and S-3 in Upper 
Bowling Creek).  All three of these monitoring locations have shown 
significant water quality improvements (decreases in sulfate, acidity and 
metals and modest pH increases).  These improvements are most likely 
due, at least in part, to the activity of the treatment systems, though it also 
is likely that the treatment systems are scavenging ground water in the 
headwaters of Upper Bowling Creek.  This allows for the base flow of the 
stream to be primarily supported by shallow soil water and direct 
precipitation runoff, which contain significantly lower concentrations of 
sulfate than the ground water, resulting in a dilution effect on sulfate 
concentrations in Upper Bowling Creek. 

The ground water quality data provided by Mirant (2005) for wells 
adjacent to the CCP fill areas (FN-1, FN-3, and FC-3) indicate that a source 
of dissolved sulfate to ground water is still present and sulfate-impacted 
ground water will continue to discharge to the on-site streams for some 
time.  However, recent remedial measures implemented by Mirant (i.e. the 
installation of the slurry cutoff walls and the leachate drains) have 
reduced the volume of untreated sulfate-impacted ground water from 
beneath the CCP fill areas that eventually discharges to local streams. 

Ground water modeling indicates that even with a continuous source of 
sulfate in the CCP fill areas, the projected concentrations of sulfate in 
ground water will not increase above existing ground water 
concentrations at the Site.  Further, assuming that a finite source of sulfate 
remains within the CCP fill and that the source is depleted with time, the 
sulfate concentration in ground water will eventually decrease to less than 
250 mg/L by the year 2050.  Although this modeling study was 
constructed and run using sulfate as a conservative constituent, additional 
improvements in ground water quality are expected to occur, specifically 



 18  

with respect to dissolved metals, acidity, and pH, which are also 
indicative of leachate-impacted water.   

Surface water modeling indicates that the concentrations of sulfate in on-
site tributaries to Zekiah Swamp Run are not expected to increase beyond 
their current levels.  Assuming that a continuous source of sulfate in the 
CCP fill areas is present, the projected surface water concentrations of 
sulfate are expected to remain relatively constant at least through 2050.  
Assuming a finite source of sulfate in the fill area that is depleted over 
time, the concentrations of sulfate are projected to decrease gradually over 
at least the next 40-45 years.  While concentrations of sulfate in surface 
water are not expected to decrease to pre-1970 levels within that time, the 
concentration of sulfate at TZ-5, along the unnamed tributary to Zekiah 
Swamp Run, is expected to decrease by approximately 60 percent by the 
year 2050. 
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6.0  RECOMMENDATIONS 

The various treatment systems installed at the South Stream and 
downgradient of Phases I through IV and the Curtis Phase are somewhat 
effective at reducing the impacts to ground water downgradient of the 
CCP fill area.  However, empirical data from monitoring wells indicate 
that sulfate and metals continue to be leached from the CCP fill and 
migrate beyond the remedial systems.  It is feasible that additional 
remedial measures targeting ground water downgradient of the treatment 
systems can be implemented to reduce the time needed to achieve pre-
1970 water quality conditions in the on-site tributaries to Zekiah Swamp 
Run.  Numerous studies have been published describing the benefits of in-
situ bioaugmentation for treatment of ground waters impacted as a result 
of acidic mine drainage and leachate from CCPs and mine tailings (i.e., 
elevated sulfate, metals and acidity).   

Building on the results of this study, an evaluation of the technical and 
cost feasibility of innovative in-situ treatment techniques that will enhance 
microbially mediated sulfate reduction within the aquifer downgradient 
of the CCP fill areas is warranted.  Promising remedial measures could 
include permeable reactive barriers and direct subsurface injection.  Field 
scale demonstration projects would be based on favorable results obtained 
from laboratory microcosm and/or bench scale studies. 
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Figures 



Figure 1
Aerial Photograph

Faulkner Fly Ash Storage Site



Figure 2
Surface Water and Ground Water Quality Monitoring Locations

Faulkner Fly Ash Storage Site



Figure 3
Surface Water Quality on South Stream

Faulkner Fly Ash Storage Site



Figure 4 
Surface Water Quality on Upper Bowling Creek

Faulkner Fly Ash Storage Site
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Figure 3
Geologic Cross Sections
Faulkner Fly Ash Storage Site
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Figure 6
Sulfate Concentrations in Ground Water Downgradient of the CCP Fill Areas

Faulkner Fly Ash Storage Site



Figure 7
Ground Water Solute Transport Model Calibration Results

Faulkner Fly Ash Storage Site



Figure 8
Sulfate Concentration in Ground Water 4,000 feet from the CCP Fill Area 

Simulated Using BIOSCREEN
Faulkner Fly Ash Storage Site



Figure 9
Ground Water Solute Transport Model Projection Results –

Using BIOSCREEN
Scenario 1:  Continuous Source



Figure 10
Ground Water Solute Transport Model Projection Results Using BIOSCREEN

Scenario 2 – Depleting Source
Faulkner Fly Ash Storage Site



Figure 11
Ground Water/Surface Water Mixing Model Results

Scenarios 1 and 2
Faulkner Fly Ash Storage Site



Tables 



Table 1 Ground Water and Surface Water Data
Faulkner Fly Ash Storage Site

Sample Location S-11 FC-12 1183

Sample Type

Upgradient Surface 
Water             

(Unnamed Tributary 
to Bowling Creek)

Upgradient Ground 
Water

Ambiant 
Downgradient 
Surface Water       

(Bowling Creek)
Parameter Sampling Date 8/4/1982 2nd quarter 2003 2001

Major Cations (mg/L)
Calcium 10 --- ---
Iron 0.05 < 0.10 ---
Magnesium 2.7 --- ---
Potassium 2 --- ---
Sodium 6 --- ---

Major Anions (mg/L)
Chloride 12 69 373.2
Fluoride --- 0.06 ---
Sulfate 4 13 797.7
Ammonia --- --- 0.039
Nitrate 0.6 --- 0.001
Nitrite --- --- 0.0031
Nitrate-Nitrite --- 2.6 ---
T-N --- --- 0.282
Ortho-P --- --- 0.011
T-P --- --- 0.0156

Trace Metals (mg/L)
Aluminum 0.19 0.07 ---
Antimony --- < 0.50 ---
Arsenic <0.01 < 0.50 ---
Barium <0.01 0.12 ---
Beryllium --- < 0.0050 ---
Cadmium <0.001 < 0.010 ---
Chromium (total) <0.01 --- ---
Copper 0.18 < 0.010 ---
Lead <0.01 < 0.10 ---
Manganese --- 0.096 ---
Mercury <0.0005 0.00058 ---
Nickel --- < 0.020 ---
Selenium <0.01 < 0.50 ---
Silver <0.005 < 0.020 ---
Thallium --- < 0.50 ---
Zinc 0.1 --- ---

Other (mg/L except as noted otherwise)
pH 7.2 4.9 4.05
Alkalinity 29 5.0 ---
Acidity --- 18 ---
Conductivity (uS/cm) 110 309 2752
Dissolved Oxygen --- --- 0.4 4

Temperature (degrees C) --- 13.2 ---
Total Dissolved Solids 84 140 ---
Acid Neutralizing Capacity (ueq/L) --- --- -172.2
Chemical Oxygen Demand 2 --- ---
Turbidity --- --- 2.7
Total Hardness 33 --- ---
Dissolved Organic Carbon --- --- 3.29
Cyanide (total) --- 0.0012 ---

Notes
< Parameter not detected, value indicates detection limit.
--- Sample not analyzed for this parameter.
mg/L - milligrams per liter
ueq/L - microequivalents per liter
uS/cm - microsiemens per centimeter
1Source - ERM, Environmental Aspects of the Faulkner Ash Site, January 1983.
2Source - Mirant, Groundwater/Surface Water Monitoring, Faulkner Ash Storage Site, Second Quarter 2003
3Source - MD DNR, Maryland Biological Stream Survey, 2000-2004, Volume II Ecological Assessment of 
                 Watersheds Sampled in 2001.
4 Low IBI (Index of Biotic Integrity) scores and low dissolved oxygen are used to list waters on the State's 303 (d) list.



Table 2. Summary of BIOSCREEN Input Parameters and Rationale
Faulkner Fly Ash Storage Site

Data Type Parameter Value Source of Data / Rational
Hydrogeology Hydraulic Conductivity 2.1 x 10-2 (cm/sec) -Price and Keating, 1991.

Hydraulic Gradient 0.003 (ft/ft) -Price and Keating, 1991.
Effective Porosity 0.4 -Price and Keating, 1991.
Seepage Velocity 163 (ft/year) - Calculated from V=Ki/n.

Dispersion Longitudinal Dispersivity 39.5 (ft) - Based on Xu and Eckstein 
Transverse Dispersivity 3.9 (ft) - 0.1 x long. Dispersivity
Vertical Dispersivity 0.4 (ft) - 0.01 x long. Dispersivity

Adsorption SO4 Retardation Factor 1 - Calculated from R=1+Koc*foc*ρb/n
Aquifer Matrix Bulk Density 1.6 (kg/L) - Estimated based on soil type.
foc 0.10%
Koc (Sulfate) #NA

General Modeled Area Length 4,000 (ft)
Modeled Area Width 3,000 (ft)
Simulation Time 35 (years) - Elapsed time of since placement of 

CCPs (1970-2004).
Source Data Thickness 15 (ft) - Assumed fully saturated due to 

downward head in the CCP fill area. 
Not a sensitive parameter in the 
model.

Width 2,636 (ft) - Based on geometry of Phases I, II, III, 
IV and Curtis.

SO4 Concentration Scenario 1 - 3,000 
(mg/L)    

- Maximum observed concentration in 
the sedimentation pond SP-2 (2,983 
mg/L) (Simek et al., 1983).  

Scenario 2 - 6,000 
(mg/L)

"- Maximum observed concentration 
in leachate from the I-695 Highway 
Embankment Site (6,009 mg/L) (BGE, 
1999).  Represents a potential 
maximum for the fly ash.  

Depletion Rate (1/yr) Scenario 1 - NA    Continuous
Scenario 2 - 0.0329 Based on leaching test half life of 21 

years. Determined for fly ash at the 
Reliable Fill Site (Capital 
Environmental, LLC., 1999)

Actual Data Distance From Source (feet) Sulfate   (mg/L)
FC-3 (45 ft) 1,701
FN-1 (182 ft) 1,195
FN-3 (500 ft) 957
FN-6 (545 ft) 965
FN-7 (1,182 ft) 169
FN-8 (1,518 ft) 977
FN-10 (1,609 ft) 243
FN-11 (1,709 ft) 1,083
FN-9 (1,836 ft) 217
FN-12 (2,273 ft) 295
FN-14 (2,773 ft) 392
FN-15 (3,136 ft) 73
FN-16 (3,273 ft) 246

- Distance to Zekiah Swamp Run and 
width of impacted ground water.

- Based on average of measured 
concentrations between April 2001 
and October 2003.  Distances are 
estimated from eastern edge of CCP 
fill areas.

- Estimated based on soil type. Does 
not affect the transport of sulfate.



Table 3.  Summary of Water Quality Analysis for Inflow and Outflow of Treatment Systems
Faulkner Fly Ash Storage Site

Inflow Outflow Inflow Outflow Inflow Outflow

pH 3.6 – 6.44 5.78 – 7.30 3.7 – 4.45 6.42 - 7.84 3.4 – 6.39 5.59 - 7.4

Acidity (mg/L) 59 – 180 ND – 180 95 – 200 ND - 63 ND – 200 ND

Aluminum (mg/L) 0.73 – 13 ND – 0.53 24 – 34 ND – 0.75 1.5 – 15 ND - 0.58

Iron (mg/L) 0.28 – 4.9 ND – 1.7 ND – 0.66 ND – 3.3 ND – 16 ND – 5.2

Sulfate (mg/L) 240 - 780 190 – 640 1,100 – 1,900 670 – 1,500 78 – 970 290 - 870

BOD (mg/L) ND 23.5 --- --- --- ---

COD (mg/L) ND ND --- --- --- ---

Notes
“ND”  Not detected.
“mg/L”  Milligrams per liter.
“---“  Not analyzed.

Parameter Treatment System A Treatment System C Treatment System F



Table 4. Sulfate Concentrations in Surface Waters
Faulkner Fly Ash Storage Site  

Current 
(Max) Yr 2050 Current 

(Max) Yr 2050 Current 
(Max) Yr 2050

Field 
Measured 150   (590) --- 350  (990) --- 850  (850) ---

Scenario 1 647 647 604 603 460 460

Scenario 2 639 603 584 339 461 192

Data sources:  Loos and Perrie (2003), Mirant (2004), and Mirant (2005).

Parameter
Location N5 Location 20 Location TZ5
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Appendix A 
Ground Water Model Input 



BIOSCREEN Natural Attenuation Decision Support System Data Input Instructions:
Air Force Center for Environmental Excellence Version 1.3 115     1.  Enter value directly....or

Run Name     2.  Calculate by filling in grey  
1.  HYDROGEOLOGY 5.  GENERAL 0.02          cells below.  (To restore 
Seepage Velocity* Vs 163.0 (ft/yr) Modeled Area Length* 3000 (ft)          formulas, hit button below).

or Modeled Area Width* 3000 (ft) Variable*        Data used directly in model. 
Hydraulic Conductivity K 2.1E-02 (cm/sec) Simulation Time*    80 (yr) 20      Value calculated by model.
Hydraulic Gradient i 0.003 (ft/ft)        (Don't enter any data).
Porosity n 0.4 (-) 6.  SOURCE DATA 

Source Thickness in Sat.Zone* 15 (ft)
2.  DISPERSION Source Zones:
Longitudinal Dispersivity alpha x 39.5 (ft) Width* (ft) Conc. (mg/L)*
Transverse Dispersivity* alpha y 3.9 (ft) 0 0 1
Vertical Dispersivity* alpha z 0.4 (ft) 0 0

or 2636 3000
Estimated Plume Length Lp 3500 (ft) 0 0

0 0
3.  ADSORPTION Source Decay (see Help):
Retardation Factor* R 1.0 (-) SourceHalflife* >1000 (yr) View of Plume Looking Down

or Soluble Mass
Soil Bulk Density rho 1.6 (kg/l) In NAPL, Soil ########## (Kg) Observed Centerline Concentrations at Monitoring Wells 
Partition Coefficient Koc 0 (L/kg) If No Data Leave Blank or Enter "0"
FractionOrganicCarbon foc 1.00E-03 (-) 7.  FIELD DATA FOR COMPARISON

Concentration (mg/L) 1700.0 957.0 660.0 475.0 350.0 260.0 190.0 110.0
4.  BIODEGRADATION Dist. from Source  (ft) 45 500 1000 1500 2000 2500 3000 3500
1st Order Decay Coeff* lambda 6.9E-5 (per yr)

or 8.  CHOOSE TYPE OF OUTPUT TO SEE:
Solute Half-Life t-half 10000.00 (year)
or Instantaneous Reaction Model
Delta Oxygen* DO (mg/L)
Delta Nitrate* NO3 (mg/L)
Observed Ferrous Iron* Fe2+ (mg/L)
Delta Sulfate* SO4 (mg/L)
Observed Methane* CH4 (mg/L)

Vertical Plane Source:  Look at Plume Cross-Section 
and Input Concentrations & Widths
for Zones 1, 2, and 3

View Output
 Paste Example Dataset

View Output  Restore Formulas for Vs, 
Dispersivities, R,  lambda, other

RUN 
CENTERLINE RUN ARRAY Help Recalculate This 

Sheet

L

W

or

oror

or

1
2
3
4
5

or

or

or

Figure 2.  BIOSCREEN Input Screen.  UST Site 870, Hill AFB.



BIOSCREEN Natural Attenuation Decision Support System Data Input Instructions:
Air Force Center for Environmental Excellence Version 1.3 115     1.  Enter value directly....or

Run Name     2.  Calculate by filling in grey  
1.  HYDROGEOLOGY 5.  GENERAL 0.02          cells below.  (To restore 
Seepage Velocity* Vs 163.0 (ft/yr) Modeled Area Length* 3000 (ft)          formulas, hit button below).

or Modeled Area Width* 3000 (ft) Variable*        Data used directly in model. 
Hydraulic Conductivity K 2.1E-02 (cm/sec) Simulation Time*    80 (yr) 20      Value calculated by model.
Hydraulic Gradient i 0.003 (ft/ft)        (Don't enter any data).
Porosity n 0.4 (-) 6.  SOURCE DATA 

Source Thickness in Sat.Zone* 15 (ft)
2.  DISPERSION Source Zones:
Longitudinal Dispersivity alpha x 39.5 (ft) Width* (ft) Conc. (mg/L)*
Transverse Dispersivity* alpha y 3.9 (ft) 0 0 1
Vertical Dispersivity* alpha z 0.4 (ft) 0 0

or 2636 6000
Estimated Plume Length Lp 3500 (ft) 0 0

0 0
3.  ADSORPTION Source Decay (see Help):
Retardation Factor* R 1.0 (-) SourceHalflife* 20 (yr) View of Plume Looking Down

or Soluble Mass
Soil Bulk Density rho 1.6 (kg/l) In NAPL, Soil 15780000 (Kg) Observed Centerline Concentrations at Monitoring Wells 
Partition Coefficient Koc 0 (L/kg) If No Data Leave Blank or Enter "0"
FractionOrganicCarbon foc 1.00E-03 (-) 7.  FIELD DATA FOR COMPARISON

Concentration (mg/L) 1700.0 957.0 660.0 475.0 350.0 260.0 190.0 110.0
4.  BIODEGRADATION Dist. from Source  (ft) 45 500 1000 1500 2000 2500 3000 3500
1st Order Decay Coeff* lambda 2.1E+1 (per yr)

or 8.  CHOOSE TYPE OF OUTPUT TO SEE:
Solute Half-Life t-half 0.03 (year)
or Instantaneous Reaction Model
Delta Oxygen* DO (mg/L)
Delta Nitrate* NO3 (mg/L)
Observed Ferrous Iron* Fe2+ (mg/L)
Delta Sulfate* SO4 (mg/L)
Observed Methane* CH4 (mg/L)

Vertical Plane Source:  Look at Plume Cross-Section 
and Input Concentrations & Widths
for Zones 1, 2, and 3

View Output
 Paste Example Dataset

View Output  Restore Formulas for Vs, 
Dispersivities, R,  lambda, other

RUN 
CENTERLINE RUN ARRAY Help Recalculate This 

Sheet

L

W

or

oror

or

1
2
3
4
5

or

or

or

Figure 2.  BIOSCREEN Input Screen.  UST Site 870, Hill AFB.



Appendix B 
Mixing Model Calculations 
 



Three Component Mixing Model (Eshleman, Pollard and O'Brien, Water Resources Research, October 1993)
C N5 = (C N1 Q N1  + C sysF Q sysF + C gw Q gw ) / Q N5

C N5  = Sulfate concentration in North Stream at N-5
C N1  = Sulfate concentration in North Stream upstream of N5.  Initially based upon most recent analysis of surface water at N1.  For Scenario 2 in 2050, based 
on projected concentration of sulfate in ground water at the CCP fill area.
Q N1  = Average flow rate estimated in North Stream at N1 (122 ft3/day).  Based on low flow from System F of 0.04 L/sec.
C sysF  = Sulfate concentration in the System F measured most recently in December 2003.  It is assumed that this concentration will not change over time.
Q sysF  = The flow rate of the Systm F effluent in December 2003 (4,668 ft3/day).  This value is adjusted to compensate for changes in ground water 
discharge width (W) such that the downstream flow (QN5) remains constant.
C gw  = Sulfate concentration in ground water in the vicinity of Location N5.  
Q gw  = K * I * W * b = The rate of discharge of sulfate-impacted ground water (of concentration Cgw) to Location N5.  The model assumes that ground 
water discharges only to one side of the stream, which is reasonable, considering the fact that the bulk of ground water flow in this area is controlled by.
Zekiah Swamp Run.
Q N5  = QN1 + QsysF + Qgw = The flow rate at Location N5 calculated as the sum of all surface water and ground water inputs to N5.
K = Hydraulic conductivity (60.75 ft/day).
I = Hydraulic gradient (0.0034 ft/ft)
W  = Width of discharge of sulfate-impacted water (of concentration Cgw) to Location N5.  Length of upstream surface water receiving sulfate-impacted 
water (of concentration Cgw) that is not accounted for by sampling at the C N1  and C sysF  locations.  
b = Aquifer thickness.  The maximum possible aquifer thickness is assumed to be 15 ft based on Simek et al, 1983; however it is likely that the 
full thickness of the aquifer does not discharge to North Stream at Location N5.  This value is adjusted downward such that the model predicts 
a flow consistent to the base flow at N1.

Scenario 1:  Present
Hydraulic Gradient = I = 0.003 ft/ft
Width = W = 1,200 ft Length of upstream surface water impacted by sulfate slug (stream length between Location N1 and N5)

Aquifer Thickness = b = 0.6 ft Adjusted based on March 2003 flow between N1-O and N-3.

Hydraulic Conductivity = K = 60.75 ft/day

Concentration N1 = C N1 = 670 mg/l Most recent analysis measured 4th quarter 2002

Concentration System F Effluent = C sysF = 466 mg/l Average effluent concentration for April 2003

Concentration Ground Water = C gw = 721 mg/l Predicted concentration at 750 feet from CCP fill area.  FC-6 has been between 30 and 59 ppm since 2003.

N1 Flow = Q N1 = 1,098 ft3/day Based on March 2003 measurement

System F Flow Flow = Q ss = 2,791 ft3/day Average for 2004

Ground Water Discharge = Q gw = 131 ft3/day = K * l * W * b

Downstream Flow = Q ds = 4,020 ft3/day = QN1 + QsysF +  Qgw

Concentration N5 = C N5 = 530 mg/l = (CN1QN1 +CsysFQsysF+ CgwQgw) / QN5    (4th qtr 2004 measured concentration was 150 mg/L)

Scenario 1:  Yr 2050
Hydraulic Gradient = I = 0.003 ft/ft
Width = W = 1,200 ft Length of upstream surface water impacted by sulfate slug (stream length between Location N1 and N5)

Aquifer Thickness = b = 0.6 ft Adjusted based on March 2003 flow between N1-O and N-3.

Hydraulic Conductivity = K = 60.75 ft/day

Concentration N1 = C N1 = 670 mg/l Most recent analysis measured 4th quarter 2002

Concentration System F Effluent = C sysF = 466 mg/l Average effluent concentration for April 2003

Concentration Ground Water = C gw = 721 mg/l Predicted concentration at 750 feet from CCP fill area

N1 Flow = Q N1 = 1,098 ft3/day Based on March 2003 measurement

System F Flow Flow = Q ss = 2,791 ft3/day Average for 2004

Ground Water Discharge = Q gw = 136 ft3/day = K * l * W * b

Downstream Flow = Q ds = 4,025 ft3/day = QN1 + QsysF +  Qgw

Concentration N5 = C N5 = 530 mg/l = (CN1QN1 +CsysFQsysF+ CgwQgw) / QN5    (4th qtr 2004 measured concentration was 150 mg/L)

Scenario 2:  Present
Hydraulic Gradient = I = 0.003 ft/ft
Width = W = 1,200 ft Length of upstream surface water impacted by sulfate slug (stream length between Location N1 and N5)

Aquifer Thickness = b = 0.6 ft Adjusted so that N5 discharge is proportional to N1 and N3 discharges. Not an overall sensitive parameter.

Hydraulic Conductivity = K = 60.75 ft/day

Concentration N1 = C N1 = 670 mg/l Most recent analysis measured 4th quarter 2002

Concentration System F Effluent = C sysF = 466 mg/l Average effluent concentration for April 2003

Concentration Ground Water = C gw = 621 mg/l Predicted concentration at 750 feet from CCP fill area

N1 Flow = Q N1 = 1,098 ft3/day Based on March 2003 measurement

System F Flow Flow = Q ss = 2,791 ft3/day Average for 2004

Ground Water Discharge = Q gw = 136 ft3/day = K * l * W * b

Downstream Flow = Q ds = 4,025 ft3/day = QN1 + QsysF +  Qgw

Concentration N5 = C N5 = 527 mg/l = (CN1QN1 +CsysFQsysF+ CgwQgw) / QN5    (4th qtr 2004 measured concentration was 150 mg/L)

Scenario 2:  Yr 2050
Hydraulic Gradient = I = 0.003 ft/ft
Width = W = 1,200 ft Length of upstream surface water impacted by sulfate slug (stream length between Location N1 and N5)

Aquifer Thickness = b = 0.6 ft Adjusted so that N5 discharge is proportional to N1 and N3 discharges. Not an overall sensitive parameter.

Hydraulic Conductivity = K = 60.75 ft/day

Concentration N1 = C N1 = 437 mg/l Predicted Concentration at 50 feet from CCP fill area

Concentration System F Effluent = C sysF = 437 mg/l Equal to predicted concentration at 50 feet from CCP fill area since no attenuation has accured in System F. 

Concentration Ground Water = C gw = 155 mg/l Predicted concentration at 750 feet from CCP fill area

N1 Flow = Q N1 = 1,098 ft3/day Based on March 2003 measurement

System F Flow Flow = Q ss = 2,791 ft3/day Average for 2004

Ground Water Discharge = Q gw = 136 ft3/day = K * l * W * b

Downstream Flow = Q ds = 4,025 ft3/day = QN1 + QsysF +  Qgw

Concentration N5 = C N5 = 427 mg/l = (CN1QN1 +CsysFQsysF+ CgwQgw) / QN5    (4th qtr 2004 measured concentration was 150 mg/L)



Three Component Mixing Model (Eshleman, Pollard and O'Brien, Water Resources Research, October 1993)
C LBC 20  = (C ubc Q ubc  +C ss Q ss + C gw Q gw ) / Q LBC 20

C LBC 20  = Sulfate concentration in Lower Bowling Creek at Location 20
C ubc  = Sulfate concentration in Upper Bowling Creek upstream of LBC-20.  Initially based upon most recent measurement at F-8.  For Scenario 2 in 2050, based 
on projected concentration of sulfate in ground water at the CCP fill area.
Q ubc  = Average flow rate in Upper Bowling Creek at S-2 (1513 ft3/day).
C ss  = Sulfate concentration in the South Stream measured most recently at FS-7.  It is assumed that this concentration will not change over time.
Q ss  = Initially, the average flow rate in the South Stream at FS-7 (1652 ft3/day).  This value is adjusted to compensate for changes in ground water 
discharge width (W) such that the downstream flow (QLBC 20) remains constant.
C gw  = Sulfate concentration in ground water in the vicinity of Location 20.  These values (and the times which are estimated to achieve them) are 
estimated based on the PHREEQC ground water transport model.
Q gw  = K * I * W * b = The rate of discharge of sulfate-impacted ground water (of concentration Cgw) to Location 20.  The model assumes that ground 
water discharges only to one side of the stream, which is reasonable, considering the fact that the bulk of ground water flow in this area is controlled by.
Zekiah Swamp Run.
Q LBC 20  = Q ubc + Q ss + Q gw  = The flow rate at Location 20 calculated as the sum of all surface water and ground water inputs to TZ-5.
K = Hydraulic conductivity (60.75 ft/day).
I = Hydraulic gradient (0.003 ft/ft)
W  = Width of discharge of sulfate-impacted water (of concentration Cgw) to Location 20.  Length of upstream surface water receiving sulfate-impacted 
water (of concentration Cgw) that is not accounted for by sampling at the C ubc  and C ss  locations.  This value is allowed to change as the sulfate plume 
moves in accordance with the results of the ground water transport model.
b = Aquifer thickness.  The maximum possible aquifer thickness is assumed to be 15 ft based on Simek et al, 1983; however it is likely that the  
full thickness of the aquifer does not discharge to Lower Bowling Creek at Location 20.  This value is adjusted downward such that the model predicts 
a concentration at the present day that matches the most recent concentration measured at Location 20.

Scenario 1:  Present
Hydraulic Gradient = I = 0.003 ft/ft

Width = W = 3,800 ft Length of upstream surface water impacted by sulfate slug (stream length between Location 20 and upstream water quality points F-
8 and FS-7

Aquifer Thickness = b = 4.5 ft Adjusted to calibrate Concentration Downstream to match most recent analysis (350 mg/l)

Hydraulic Conductivity = K = 60.75 ft/day

Concentration UBC = C ubc = 882.0 mg/l Average concentration of System A and C effluent December 2003

Concentration South Stream = C ss = 58.0 mg/l Most recent analysis at FS-7 (4th quarter of 2003)

Concentration Ground Water = C gw = 598 mg/l Projected concentration at 1,100 feet from CCP fill area

UBC Flow = Q ubc = 3,295 ft3/day Total flow rates measured at System A and C effluent

South Stream Flow = Q ss = 1,652 ft3/day Average of flow rates measured at FS-7

Ground Water Discharge = Q gw = 3,116 ft3/day = K * l * W * b

Downstream Flow = Q LBC 20 = 8,063 ft3/day = Qubc + Qss +  Qgw

Concentration Downstream = C LBC 20 = 604 mg/l = (CubcQubc +CssQss+ CgwQgw) / QLBC 20

Scenario 1:  Yr 2050
Hydraulic Gradient = I = 0.003 ft/ft

Width = W = 3,800 ft Length of upstream surface water impacted by sulfate slug (stream length between Location 20 and upstream water quality points F-
8 and FS-7

Aquifer Thickness = b = 4.5 ft Adjusted to calibrate Concentration Downstream to match most recent analysis (350 mg/l)

Hydraulic Conductivity = K = 60.75 ft/day

Concentration UBC = C ubc = 882.0 mg/l Average concentration of System A and C effluent December 2003

Concentration South Stream = C ss = 58.0 mg/l Most recent analysis at FS-7 (4th quarter of 2003)

Concentration Ground Water = C gw = 598 mg/l Projected concentration at 1,100 feet from CCP fill area

UBC Flow = Q ubc = 3,295 ft3/day Total flow rates measured at System A and C effluent

South Stream Flow = Q ss = 1,652 ft3/day Average of flow rates measured at FS-7

Ground Water Discharge = Q gw = 3,116 ft3/day = K * l * W * b

Downstream Flow = Q LBC 20 = 8,063 ft3/day = Qubc + Qss +  Qgw

Concentration Downstream = C LBC 20 = 603 mg/l = (CubcQubc +CssQss+ CgwQgw) / QLBC 20

Scenario 2:  Present
Hydraulic Gradient = I = 0.003 ft/ft

Width = W = 3,800 ft Length of upstream surface water impacted by sulfate slug (stream length between Location 20 and upstream water quality points F-
8 and FS-7

Aquifer Thickness = b = 4.5 ft Adjusted to calibrate Concentration Downstream to match most recent analysis (350 mg/l)

Hydraulic Conductivity = K = 60.75 ft/day

Concentration UBC = C ubc = 882.0 mg/l Average concentration of System A and C effluent December 2003

Concentration South Stream = C ss = 58.0 mg/l Most recent analysis at FS-7 (4th quarter of 2003)

Concentration Ground Water = C gw = 547 mg/l Projected concentration at 1,100 feet from CCP fill area

UBC Flow = Q ubc = 3,295 ft3/day Total flow rates measured at System A and C effluent

South Stream Flow = Q ss = 1,652 ft3/day Average of flow rates measured at FS-7

Ground Water Discharge = Q gw = 3,116 ft3/day = K * l * W * b

Downstream Flow = Q LBC 20 = 8,063 ft3/day = Qubc + Qss +  Qgw

Concentration Downstream = C LBC 20 = 583.74 mg/l = (CubcQubc +CssQss+ CgwQgw) / QLBC 20

Scenario 2:  Yr 2050
Hydraulic Gradient = I = 0.003 ft/ft

Width = W = 3,800 ft Length of upstream surface water impacted by sulfate slug (stream length between Location 20 and upstream water quality points F-
8 and FS-7

Aquifer Thickness = b = 4.5 ft Adjusted to calibrate Concentration Downstream to match most recent analysis (350 mg/l)

Hydraulic Conductivity = K = 60.75 ft/day

Concentration UBC = C ubc = 652.5 mg/l Projected at CCP fill area in 2050

Concentration South Stream = C ss = 58.0 mg/l Most recent analysis at FS-7 (4th quarter of 2003)

Concentration Ground Water = C gw = 157 mg/l Project concentration at 1,100 feet from CCP fill area

UBC Flow = Q ubc = 3,295 ft3/day Total flow rates measured at System A and C effluent

South Stream Flow = Q ss = 1,652 ft3/day Average of flow rates measured at FS-7

Ground Water Discharge = Q gw = 3,116 ft3/day = K * l * W * b

Downstream Flow = Q LBC 20 = 8,063 ft3/day = Qubc + Qss +  Qgw

Concentration Downstream = C LBC 20 = 339.23 mg/l = (CubcQubc +CssQss+ CgwQgw) / QLBC 20



Three Component Mixing Model (Eshleman, Pollard and O'Brien, Water Resources Research, October 1993)
C TZ-5  = (C us Q us  + C lbc Q lbc + C gw Q gw ) / Q TZ-5

C TZ-5  = Sulfate concentration in the Tributary to Zekiah Swamp Run (Tributary) at TZ-5
C us  = Sulfate concentration in Tributary upstream of TZ-5.  Value is based on the most recent analysis of surface water at TZ-1 and is assumed not to 
change over time.
Q us  = Flow rate in Tributary upstream of TZ-5.  Value is based on measured flow rate at TZ-1 in June 2004 (528,834 ft3/day).
C lbc  = Sulfate concentration in Lower Bowling Creek.  Initially upon the most recent analysis of surface water at LBC-23.  For Scenario 2 in 2050, based
upon projected concentrations at LBC 20.
Q lbc  = Flow rate in Lower Bowling Creek.  Value is based on measured flow rate at LBC-23 in June 2004 (404,278 ft3/day), and later adjusted 
to compensate for changes in W such that downstream flow (QTZ-5) remains constant.
C gw  = Sulfate concentration in ground water in the vicinity of TZ-5.  Values are based on the concentrations calculated using the PHREEQC ground 
water transport model.
Q gw  = K * I * W * b = The rate of discharge of sulfate-impacted ground water (of concentration Cgw) to TZ-5.  The model assumes that ground water 
discharges only to one side of the stream, which is reasonable, considering the fact that the bulk of ground water flow in this area is controlled by 
Zekiah Swamp Run.
Q TZ-5  = Q us  + Q lbc  + Q gw  = The flow rate at TZ-5 calculated as the sum of all ground water and surface water inputs to TZ-5.
K  = Hydraulic conductivity (60.75 ft/day).
l  = Hydraulic gradient (0.003 feet/foot).
W  = Width of discharge of sulfate-impacted water (of concentration Cgw) to TZ-5.  Length of upstream surface water receiving sulfate-impacted water 
(of concentration Cgw)  that is not accounted for by sampling at the C ubc  and C ss  locations.  This value is allowed to change as the sulfate plume 
moves in accordance with the results of the ground water transport model and with changes in the location used to set Cus.
b = Aquifer thickness.  The maximum possible aquifer thickness is assumed to be 15 ft based on Simek et al, 1983; however it is likely that the 
full thickness of the aquifer does not discharge to North Stream at Location TZ-5.  This value is adjusted downward such that the model predicts 
a flow consistent to the base flow at TZ-5.

Scenario 1:  Present
Hydraulic Gradient = I = 0.003 ft/ft

Width = W = 2,200 ft Length of upstream surface water impacted by sulfate slug (stream length between TZ-5 and upstream water quality 
point Location 23.)

Aquifer Thickness = b = 5.0 ft Based on Simek et al. 1983

Hydraulic Conductivity = K = 60.75 ft/day
Concentration Upstream = C us = 79.0 mg/l Most recent analysis at TZ-1 (4th quarter 2002).

Concentration LBC = C lbc = 960 mg/l Most recent analysis at LBC-23 (4th quarter 2002)

Concentration Ground Water = C gw = 365 mg/l Projected concentration at 3,000 feet from CCP fill area

Upstream Flow = Q us = 528,834 ft3/day Flow rate measured in June 2004.

LBC Flow = Q lbc = 404,278 ft3/day Flow rate measured in June 2004.

Ground Water Discharge = Q gw = 2,005 ft3/day = K * l * W * b

Downstream Flow = Q TZ-5 = 935,117 ft3/day = Qus + Qlbc +  Qgw

Concentration Downstream = C TZ-5 = 460.49 mg/l C TZ-5  = (CusQus + ClbcQlbc+ CgwQgw) / Q TZ-5

Scenario 1:  Yr 2050
Hydraulic Gradient = I = 0.003 ft/ft

Width = W = 2,200 ft Length of upstream surface water impacted by sulfate slug (stream length between TZ-5 and upstream water quality 
point Location 23.)

Aquifer Thickness = b = 5.0 ft Based on Simek et al. 1983

Hydraulic Conductivity = K = 60.75 ft/day
Concentration Upstream = C us = 79.0 mg/l Most recent analysis at TZ-1 (4th quarter 2002).

Concentration LBC = C lbc = 960 mg/l Most recent analysis at LBC 23 (4th quarter 2002)

Concentration Ground Water = C gw = 365 mg/l Projected concentration at 3,000 feet from CCP fill area

Upstream Flow = Q us = 528,834 ft3/day Flow rate measured in June 2004.

LBC Flow = Q lbc = 404,278 ft3/day Flow rate measured in June 2004.

Ground Water Discharge = Q gw = 2,005 ft3/day = K * l * W * b

Downstream Flow = Q TZ-5 = 935,117 ft3/day = Qus + Qlbc +  Qgw

Concentration Downstream = C TZ-5 = 460.49 mg/l C TZ-5  = (CusQus + ClbcQlbc+ CgwQgw) / Q TZ-5

Scenario 2:  Present
Hydraulic Gradient = I = 0.003 ft/ft

Width = W = 2,200 ft Length of upstream surface water impacted by sulfate slug (stream length between TZ-5 and upstream water quality 
point Location 23.)

Aquifer Thickness = b = 5.0 ft Based on Simek et al. 1983

Hydraulic Conductivity = K = 60.75 ft/day
Concentration Upstream = C us = 79.0 mg/l Most recent analysis at TZ-1 (4th quarter 2002).

Concentration LBC = C lbc = 960 mg/l Most recent analysis at LBC-23 (4th quarter 2002)

Concentration Ground Water = C gw = 461 mg/l Projected concentration at 3,000 feet from CCP fill area

Upstream Flow = Q us = 528,834 ft3/day Flow rate measured in June 2004.

LBC Flow = Q lbc = 404,278 ft3/day Flow rate measured in June 2004.

Ground Water Discharge = Q gw = 2,005 ft3/day = K * l * W * b

Downstream Flow = Q TZ-5 = 935,117 ft3/day = Qus + Qlbc +  Qgw

Concentration Downstream = C TZ-5 = 460.70 mg/l C TZ-5  = (CusQus + ClbcQlbc+ CgwQgw) / Q TZ-5

Scenario 2:  Yr 2050
Hydraulic Gradient = I = 0.003 ft/ft

Width = W = 2,200 ft Length of upstream surface water impacted by sulfate slug (stream length between TZ-5 and upstream water quality 
point LBC-23.)

Aquifer Thickness = b = 5.0 ft Based on Simek et al. 1983

Hydraulic Conductivity = K = 60.75 ft/day
Concentration Upstream = C us = 79.0 mg/l Most recent analysis at TZ-1 (4th quarter 2002).

Concentration LBC = C lbc = 339 mg/l Projected sulfate concentration at LBC 20 in Yr 2050

Concentration Ground Water = C gw = 132 mg/l Project concentration at 3,000 feet from CCP fill area

Upstream Flow = Q us = 528,834 ft3/day Flow rate measured in June 2004.

LBC Flow = Q lbc = 404,278 ft3/day Flow rate measured in June 2004.

Ground Water Discharge = Q gw = 2,005 ft3/day = K * l * W * b

Downstream Flow = Q TZ-5 = 935,117 ft3/day = Qus + Qlbc +  Qgw

Concentration Downstream = C TZ-5 = 191.62 mg/l C TZ-5  = (CusQus + ClbcQlbc+ CgwQgw) / Q TZ-5
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