
 

Groundwater Flow and 
Solute Transport Modeling  

for the Dump Road Area 
Martin State Airport 

701 Wilson Point Road 
Middle River, Maryland 

Prepared for: 

Lockheed Martin Corporation 

Prepared by: 

Tetra Tech, Inc. 

September 2014 
Revision 1 

 
Michael Martin, P.G. 
Regional Manager 

 
Chris Pike 
Project Manager  

8023 TETRA TECH • MARTIN STATE AIRPORT • GROUNDWATER-FLOW AND SOLUTE-TRANSPORT MODELING REPORT 



 
 

 

 

 

 

8023 TETRA TECH • MARTIN STATE AIRPORT • GROUNDWATER FLOW AND SOLUTE TRANSPORT MODELING REPORT 



 

TABLE OF CONTENTS 

Section Page 

ACRONYMS ................................................................................................................... v 

1 INTRODUCTION .............................................................................................. 1-1 
1.1 SITE INFORMATION.................................................................................................... 1-3 

1.2 MODELING OBJECTIVES ..........................................................................................  1-3 

2 CONCEPTUAL MODEL ................................................................................... 2-1 

2.1 GEOLOGY ..................................................................................................................... 2-2 

2.2 HYDROGEOLOGY ....................................................................................................... 2-3 

2.3 SURFACE WATER AND WETLANDS ........................................................................ 2-4 

2.4 RECHARGE ................................................................................................................... 2-5 

2.5 WATER BUDGET .......................................................................................................... 2-5  

3 NUMERICAL GROUNDWATER FLOW MODEL UPDATE .............................. 3-1 

3.1 CODE SELECTION ....................................................................................................... 3-1 

3.2 MODEL GRID AND LAYERING ................................................................................. 3-1  

3.3 BOUNDARY CONDITIONS ......................................................................................... 3-2  

3.4 HYDRAULIC PROPERTIES ......................................................................................... 3-3 

4  NUMERICAL FLOW MODEL ........................................................................... 4-1 
4.1 INTRODUCTION .......................................................................................................... 4-1 

4.1.1 Steady-State Flow ................................................................................................ 4-3 

4.1.2 Simulation of Pumping Tests ............................................................................... 4-4 

4.1.3 Tidal Influence Simulation ................................................................................... 4-5 

4.1.4 Flow Model Sensitivity Analysis ......................................................................... 4-5 

4.2 SOLUTE TRANSPORT MODEL .................................................................................. 4-6 

4.2.1 Summary of Previous Transport Modeling .......................................................... 4-6 

4.2.2 Revisions to Existing Transport Model................................................................ 4-7 

4.3 INITIALIZING MASS IN PLACE ................................................................................ 4-8 

8023 TETRA TECH • MARTIN STATE AIRPORT • GROUNDWATER-FLOW AND SOLUTE-TRANSPORT MODELING REPORT PAGE i 



 
TABLE OF CONTENTS (continued) 

Section Page 

5 ANALYSIS OF REMEDIAL ALTERNATIVES .................................................. 5-1 

5.1 PREDICTIVE SIMULATION METHODOLOGY ........................................................ 5-1 

5.2 REPRESENTATION OF RECOVERY WELLS ............................................................ 5-3 

5.3 HYDRAULIC BARRIER WELLS ANALYSES (SCENARIO 1) ................................ 5-4 

5.4 HIGH-CONCENTRATION ZONE REMEDIATION ANALYSES (SCENARIO 2) .... 5-5 

6 SUMMARY AND CONCLUSIONS ................................................................... 6-1 

7 REFERENCES ................................................................................................. 7-1 

ATTACHMENTS 

FIGURES 

Figure 1 Site Location Map 

Figure 2 Distribution of TCE in Upper, Intermediate, and Lower Zones of Surficial  
Aquifer, 2013 

Figure 3 Distribution of cis-1,2-DCE in Upper, Intermediate, and Lower Zones of  
Surficial Aquifer, 2013 

Figure 4 Distribution of VC in Upper, Intermediate, and Lower Zones of Surficial  
Aquifer, 2013 

Figure 5 Water Table Map Based on Groundwater Levels in the Upper Zone of Surficial 
Aquifer, October 2013 

Figure 6 Hydraulic Head Contours Based on Groundwater Levels in the Intermediate  
Zone of Surficial Aquifer, October 2013 

Figure 7 Hydraulic Head Contours Based on Groundwater Levels in the Lower Zone of 
Surficial Aquifer, October 2013 

Figure 8 Model Grid and Boundary Conditions 

Figure 9 Simulated Distribution of Groundwater Recharge and Evapotranspiration 
 in the Calibrated Model 

Figure 10 Plot of Measured versus Simulated Groundwater Levels, October 2013 

Figure 11 Simulated Potentiometric Surface and Residuals in Upper Surficial (Layer 1), 
Intermediate Surficial (Layer 8), and Lower Surficial (Layer 12) Aquifer 

Figure 12 Simulated and Observed Hydraulic Head Changes at DMW4S, DMW4I, and 
DMW4D during Tidal Fluctuation from July 2, 2010 and July 4, 2010 

PAGE ii 8023 TETRA TECH • MARTIN STATE AIRPORT • GROUNDWATER-FLOW AND SOLUTE-TRANSPORT MODELING REPORT 





 
This page intetnionally left blank. 

 

PAGE iv 8023 TETRA TECH • MARTIN STATE AIRPORT • GROUNDWATER-FLOW AND SOLUTE-TRANSPORT MODELING REPORT 



 

ACRONYMS 
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MES Maryland Environmental Services 
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msl mean sea level 
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NAPL non-aqueous phase liquid 

NAD 83 North American Datum of 1983 

R retardation coefficient 

RAO remedial action objective 

RAP remedial action plan 
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rw well radius 
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TCE trichloroethene 

Tetra Tech Tetra Tech, Inc. 
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USGS United States Geological Survey 
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VOC volatile organic compound 
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Section 1 

Introduction 

This report describes the updated calibration and application of a groundwater flow model, and 

subsequent implementation of predictive solute transport modeling, focusing on the southeast 

portion of Martin State Airport (MSA). These models were developed as part of the interim 

remedial action (IRA) feasibility study (FS) for the groundwater operable unit1 at the Dump 

Road Area (DRA) site at Martin State Airport in Middle River, Maryland (see Figure 1). This 

modeling effort updates previous groundwater flow modeling performed for the site (Tetra Tech, 

2004; GeoTrans, 2011), while also incorporating solute-transport simulations based on recently 

collected groundwater-quality data. The primary objective of groundwater modeling is to help 

develop an effective remedial system design to hydraulically capture high-concentration zones of 

contaminants in groundwater at the site. 

The groundwater modeling efforts described in this report are based on previous modeling efforts 

and data collected during ongoing site remediation efforts. Recent hydrogeologic and groundwater-

quality data collected include drilling, logging, and installation of new groundwater monitoring 

wells, direct-push technology (DPT) well sampling, and groundwater- and surface-water-quality 

sampling and water level measurements. Data from these activities, including new stratigraphic 

boring data, water levels, and contaminant concentrations, were incorporated to both update the 

calibration of the flow model and perform predictive simulations using the solute transport model.  

The modeling study includes the following primary tasks:  

• update the existing flow model using new site-specific data collected since 2011 

• calibrate the flow model to both steady-state and transient flow conditions 

1The U.S. Environmental Protection Agency defines an operable unit as “each of a number of separate 
activities undertaken as part of a Superfund site cleanup. A typical operable unit would be removal of 
drums and tanks from the surface of a site.” (Source: EPA Terms of the Environment) 
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• apply the flow and transport model to examine the conceptual remedial design for 

contaminated groundwater 

The engineering team is using the model iteratively to help develop technically sound 

remediation alternatives for meeting the primary remedial action objective (RAO) for 

groundwater: preventing migration of contaminated groundwater toward Frog Mortar Creek. 

Remedial approaches under consideration include creation of a hydraulic barrier consisting of a 

line of extraction wells along the Frog Mortar Creek shoreline, and a supplemental option to 

inject amendments into areas of high contaminant-concentrations to enhance in situ treatment of 

groundwater and aquifer flushing rates.  

The primary contaminants driving the remedial action plan (RAP) include three chlorinated 

volatile organic compounds (cVOCs): trichloroethene (TCE) and its sequential degradation 

products cis-1,2-dichloroethene (DCE) and vinyl chloride (VC). The primary area of concern is 

shown by mapping the groundwater concentrations of these three volatile organic compounds 

(VOCs) using results from groundwater sampling performed in 2012–2013. The likely sources of 

contamination include the following areas of concern:  

• Taxiway Tango Median Anomaly Area 

• Drum Area 

• two ponds on-site 

• Petroleum Hydrocarbon Area (Handex, 1992; MES 1994; Tetra Tech, 2004) 

These features guided the development of scenarios for groundwater remediation that were tested 

through the groundwater-model-based predictive simulations described herein. 

This report discusses modifications made to update the existing model (Tetra Tech, 2011), 

including supplemental steady-state calibration of the flow model (based on October 2013 water 

level data) and confirmatory calibration checking via transient re-simulation of a previous 

pumping test conducted in the intermediate zone of the surficial aquifer. The calibrated 

groundwater flow model was applied to help determine locations for recovery wells and 

determine adequate pumping rates to prevent migration of contaminated groundwater toward 

Frog Mortar Creek. The groundwater flow and solute transport model was also applied to 

examine the effects of additional pumping in high-concentration zones of the contaminant 
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plumes. Given its ability to simulate various extraction well configurations, this groundwater 

flow and solute transport model is a useful and appropriate decision-analysis tool for this stage of 

remediation.  

1.1 SITE INFORMATION 

Martin State Airport is at 701 Wilson Point Road in Middle River, Maryland. It is bounded by 

Frog Mortar Creek to the east and Stansbury Creek to the west (Figure 1-1). Both creeks are tidal 

tributaries of Chesapeake Bay and join the bay at the south side of the airport. The Dump Road 

Area is in the southeastern portion of Martin State Airport; it is bounded by Frog Mortar Creek to 

the east and the airport runway to the west. Lockheed Martin Corporation (Lockheed Martin) has 

designated this site the Dump Road Area to distinguish it from other Martin State Airport areas 

under investigation (e.g., Frog Mortar Creek, Strawberry Point [SP], Greater Strawberry Point 

[GSP], and the main terminal area). 

The existing groundwater flow model for the southeast portion of the airport (GeoTrans, 2011) 

was updated and recalibrated for the interim remedial action/feasibility study conducted for the 

groundwater operable unit at the Dump Road Area. Preliminary solute transport modeling was 

also performed to predict advection, hydrodynamic dispersion, sorption, and sequential 

biodegradation of trichloroethene. The primary focus of the 2011 model was to help develop an 

effective preliminary groundwater remedial system design that would hydraulically control and 

capture high concentration zones of groundwater contaminants. Additional data were needed to 

improve the representation of hydrogeologic conditions and to characterize the multiple 

contaminant source-areas believed to be in the Dump Road Area. The additional data and this 

updated model calibration are expected to produce an improved numerical model useful for 

evaluating possible groundwater remedial alternatives for the site. 

1.2 MODELING OBJECTIVES 

The primary objectives of this modeling effort are to: (1) improve the conceptualization of the 

hydrostratigraphy, hydrogeology, and contaminant sources in the Dump Road Area; (2) update 

and recalibrate the numerical groundwater flow model to more accurately predict subsurface 

flow pathways and interactions between groundwater and surface water; (3) implement a solute-

transport model to provide fate and transport simulations of identified chemicals of concern 
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(COC); and (4) help develop and evaluate the performance of remedial system alternatives using 

the modeling tools in predictive-simulation mode. 
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Section 2 

Conceptual Model 

The conceptual model of a hydrogeologic system is a working description of the system’s 

characteristics and dynamics. It consolidates site and regional hydrologic data into a set of 

assumptions and concepts that can be quantitatively evaluated (ASTM International [ASTM], 

1996). The conceptual model is translated into a numerical representation to simulate 

groundwater flow characteristics. It includes simulation-based development, testing, and 

comparative evaluation of feasibility study (FS) remediation options. Data collected after the 

groundwater model was completed in 2011 (Tetra Tech, Inc. [Tetra Tech], 2013a; 2013b; 2014) 

were used to update the conceptual hydrologic and contaminant-transport model of the Dump 

Road Area (DRA) site at Martin State Airport (MSA). New soil boring and monitoring well data 

also helped further define the stratigraphy of the surficial aquifer.  

Primarily, three volatile organic compounds (VOCs) drive the groundwater remedial action at the 

DRA: trichloroethene (TCE), cis-1,2-dichloroethene (cis-1,2-DCE), and vinyl chloride (VC). 

Figures 2 through 4 (respectively) show the distribution of these chemicals of concern (COC) at 

the DRA, using groundwater sampling results from 2012 and 2013. The vertical and horizontal 

distribution of soil and groundwater contamination near these possible source areas has recently 

been investigated further (Tetra Tech, 2013; 2014). Although the original historical sources of 

contamination at DRA are not fully known, possible sources of contamination (Figures 2 

through 4) include the following areas:  

• the Taxiway Tango Median Anomaly Area 

• the Drum Area 

• the two on-site ponds 

• the Petroleum Hydrocarbon Area (Handex Environmental Management [Handex], 1992; 
Maryland Environmental Services [MES], 1994; Tetra Tech, 2004) 
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Physical and chemical processes affecting the fate and transport of dissolved constituents in 

study area groundwater include advection, hydrodynamic dispersion, molecular diffusion 

(ad)sorption, and degradation. These processes change the mass and distribution of dissolved 

constituents in groundwater, as described below:  

• Advection is the migration of dissolved COC in moving groundwater. Advection is 
typically the dominant factor in transporting dissolved COC. Changes in the groundwater 
flow patterns over time can also impart “advective dispersion,” because contaminant 
plumes can appear to have dispersed laterally and/or vertically, although the dominant 
factor was actually a significant change in flow direction.  

• Hydrodynamic dispersion is a physical process whereby dissolved constituents spread at 
the pore-scale level, leading to larger-scale macroscopic spreading, both horizontally and 
vertically away from the center of the plume mass. As noted above, “advective 
dispersion” is often the dominant dispersive phenomenon at larger scales. 

• Molecular diffusion is a physical process whereby molecules move from an area of 
higher concentration to an area of lower concentration, and the rate of diffusion is 
typically dwarfed by advective and dispersive forces. However, molecular diffusion is 
often a significant factor in the pore-scale transfer of COC mass, and in certain low-
permeability geologic formations with very slow advective movement, and 
correspondingly slow dispersive forces.  

• Adsorption is a chemical process whereby dissolved chemicals react with the surfaces of 
solids. Several laboratory studies have shown that the mass of organic constituents 
adsorbed to soils is proportional to the amount of organic carbon in the soils 
(e.g., Karickhoff, 1985). Field studies indicate that adsorption is the primary reason 
organic-compound plumes migrate at a slower rate than groundwater; a retardation factor 
was therefore applied to the model to account for the reduced migration rate.  

• Degradation processes are biological and chemical processes that decrease the mass of 
dissolved constituents. These processes include the effects of biodegradation, photolysis, 
oxidation-reduction, and hydrolysis. They are generally grouped into either biologic or 
abiotic (chemical) degradation processes. Sequential degradation includes transformation 
of parent compounds (e.g., TCE) into its degradation products (cis-1,2-DCE, VC, and 
ethene). During sequential degradation, daughter products may initially increase, only to 
later decrease over time, depending on the degradation rates of the parent and daughter 
compounds.  

2.1 GEOLOGY 

MSA is in the western shore of the Coastal Plain physiographic province. Regional studies 

(Andreasen, 2007; Vroblesky and Fleck, 1991; Chapelle, 1985) indicate that MSA lies on the 

Patapsco Formation. This formation consists of complex and interbedded mixtures of gray, 
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brown, and red sands, silts, and clays originating from sediment deposition in a low coastal plain 

traversed by low-gradient meandering streams.  

Previous (MES, 1994; Tetra Tech, 1999; 2002a; 2002b; 2004) and recent site-specific 

investigations at MSA (Tetra Tech, 2013; 2014) indicate that the subsurface is characterized by 

interbedded zones of heterogeneous sand, silt, and clay deposits from the Patapsco Formation. 

Boring logs and cross-sections across MSA indicate relatively continuous layers of sand and 

gravel that are locally separated by silts and clays. These shallow permeable zones form the 

surficial aquifer. Both regional information (Andreasen, 2007; Fleck and Vroblesky, 1996; 

Chapelle, 1985) and recent deep borings at MSA (Tetra Tech, 2013, 2014) indicate a thick clay 

unit approximately 120 feet (ft) below MSA, which may be the top of the Arundel Formation. 

Interbedded sand zones in this clay unit form local, confined, water-bearing zones.  

2.2 HYDROGEOLOGY  

The Patapsco aquifer in the Baltimore area has been divided into a sand facies and a clay facies. 

The sand facies consists predominantly of medium to fine sand with some silt, which indicates a 

moderate hydraulic conductivity ranging from approximately 0.1 foot to 10 feet per day (Freeze 

and Cherry, 1979). In the Baltimore area, the Patapsco aquifer coincides with the sand facies of 

the Patapsco Formation, and is mostly unconfined. Storage coefficients for unconfined portions 

of the Patapsco aquifer have been estimated at 0.01 to 0.1 (dimensionless parameter). In the 

confined portions of the aquifer, transmissivity values range between 1,900–3,800 square feet per 

day, and storativity ranges between 0.0027–0.000053 (dimensionless parameter), with an average 

of 0.00061 (Chapelle, 1985). Recharge to the Patapsco aquifer occurs primarily where the 

Patapsco Formation outcrops subparallel to the Fall Line (Vroblesky and Fleck, 1991). In the 

Middle River area, the Patapsco Formation outcrops within and west of the MSA. The Patapsco 

aquifer is the aquifer of concern at the DRA. 

The hydrogeologic system beneath the DRA consists of relatively continuous zones of sand and 

gravel that provide the primary pathways for groundwater flow and contaminant transport. Water 

typically enters these units via natural infiltration of precipitation (recharge) through the shallow 

fill materials, or via overland flow of water on paved areas toward areas of lower topography. 

Infiltrated water then flows laterally to the east through permeable zones, and eventually 

discharges to surface water bodies including Stansbury Creek and Frog Mortar Creek (FMC).  
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The surficial aquifer beneath the site is divided into three hydraulically connected zones for 

study purposes: the upper, intermediate, and lower surficial aquifer. The surficial aquifer, which 

is part of the Patapsco Formation, is underlain at approximately -75 feet (ft) mean sea level (msl) 

by a relatively thick clay unit that acts as a basal confining unit. Deep borings at the site indicate 

deeper sand zones confined above and below by clay units that are most likely from the Arundel 

Formation, which is a regionally extensive, thick, dense, clay confining unit.  

Stansbury Creek and Frog Mortar Creek are affected by tidal fluctuations, with average 

amplitudes of approximately 1.2 feet, and thus a tidal range of about 2.4 feet. In the upper zone, 

transducer data indicate that tidal fluctuation amplitudes decrease to less than 0.1 feet within a 

few hundred feet of Frog Mortar Creek. This damping effect is most likely due to the relatively 

high storage-coefficient (i.e., “specific yield” [Sy]) of this layer. In a water table aquifer, primary 

storage spaces just above the water table can fill and drain readily. In the intermediate and deep 

zones, the tidal fluctuations likely diminish less rapidly with distance from Stansbury and Frog 

Mortar Creek, because the condition of these zones is semi-confined or confined; under these 

conditions, much less damping of the tidal signal occurs because the aquifer units are fully 

confined and under artesian pressure.  

2.3 SURFACE WATER AND WETLANDS 

Martin State Airport is bounded by Frog Mortar Creek to the east, Stansbury Creek to the west, 

and Dark Head Creek to the southwest. Each of these saline/esturarine creeks discharges south of 

the airport to Middle River, which discharges into Chesapeake Bay to the southeast. Seneca 

Creek, located southeast of Frog Mortar Creek and the airport, also flows easterly into 

Chesapeake Bay. Two local freshwater ponds (Ponds 1 and 2) and a wetland area are also in the 

area of concern.  

The 2012 field program investigated the hydrologic relationship between the two on-site ponds 

(Ponds 1 and 2) and the groundwater system, and included installation and monitoring of stilling 

wells in both ponds and of new monitoring wells adjacent to the ponds (Tetra Tech, 2013a). 

Hydrographs recorded between late October to late November 2012 reveal an approximate 

four-foot head differential between the water level in Pond 1 (~7 feet North American Vertical 

Datum 1988 [NAVD 88]) and the adjacent shallow-zone well (MW-43S, ~3 feet NAVD 88). A 

similar water level was recorded in Pond 2, but the water level at the adjacent shallow zone well 
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(MW-44S) was only a few tenths of a foot lower. These limited data suggest that Pond 1 (an area 

in which substantial sediment contamination has been detected [Tetra Tech, 2013a]) may be 

hydraulically isolated from the adjacent aquifer, whereas Pond 2 (which has likely not been 

impacted) is not. 

2.4 RECHARGE 

Recharge rates are influenced by areal variations in topography and surficial geology, such as the 

presence or absence of paved surfaces. Precipitation in the MSA area is approximately 44 inches 

per year. Recharge occurs primarily in late winter and early spring, when precipitation is 

relatively high and evapotranspiration is minimal; at the nearby Graces Quarters site, recharge 

rates are estimated at 0–9 inches per year (Tenbus and Fleck, 2001). For site locations where the 

ground surface is not covered by buildings or pavement, recharge to the groundwater system is 

expected to be at the low end of this range because of the low permeability of these soils. 

Groundwater mounding occurs beneath stormwater-management structures designed to infiltrate 

stormwater runoff. Available data indicate an area of possibly localized groundwater mounding 

in the Greater Strawberry Point area.  

2.5 WATER BUDGET 

Groundwater flow at the site is generated almost exclusively by recharge (i.e., precipitation 

infiltration and infiltration of redirected storm runoff and snowmelt). For this reason, the 

conceptual groundwater model focuses on identifying and characterizing the processes affecting 

recharge. The conceptual and numerical modeling assumes that a single parameter (called “net 

effective recharge”) could be defined that incorporates all of the processes involved.  

MSA topography is relatively flat, with a steeper slope near Frog Mortar Creek. The nature of the 

ground surface (much of which is paved or covered by buildings) creates a significant potential 

for precipitation runoff. Runoff from buildings and from some or all of the paved areas is 

captured and conveyed through a storm sewer system. In the area of interest, additional overland 

flow drains into locally perched ponds or Frog Mortar Creek. Therefore, the net effective 

recharge is expected to be lower at MSA than in open areas lacking runoff controls. Recharge 

rates applied in the associated groundwater model vary, based on whether the area is paved or 

unpaved. Recharge to the groundwater system where the ground surface at MSA is not covered 
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by buildings or pavement is expected to be at the higher end of the 0–9 inches per year range 

referred to by Tenbus and Fleck (2001).  
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Section 3 

Numerical Groundwater Flow 
Model Update  

Developing a numerical groundwater flow model entails transforming the conceptual model into 

a mathematical form. Fundamental components of numerical groundwater flow modeling 

conducted before model calibration include: (1) selection of an appropriate mathematical 

solution basis, or code; (2) development of a three-dimensional model grid; (3) assignment of 

representative initial and boundary conditions for calibration and predictive-simulation purposes; 

and, (4) characterization of hydraulic and geochemical properties (ASTM International [ASTM], 

1996).  

3.1 CODE SELECTION 

The groundwater flow model was developed using MODFLOW 2000, a well-documented, 

widely used, and accepted code developed by the United States Geological Survey (USGS) 

(McDonald and Harbaugh, 1988; Harbaugh et al., 2000). Contaminant-mass fate and transport 

modeling was performed using the finite difference code, RT3D (Clement, 1997). RT3D uses 

MODFLOW 2000 to simulate the flow field that provides the basis for representing (in RT3D) 

the advective transport of dissolved constituents. RT3D also directly accounts for other 

significant transport mechanisms, including hydrodynamic dispersion, diffusion, sorption, and 

sequential biodegradation. 

3.2 MODEL GRID AND LAYERING 

The site-specific model uses 16 layers to represent the groundwater system beneath MSA. The 

base layer of the model is approximately 120 feet below ground surface (bgs), which is where 

deep borings at MSA have encountered thick clays. These clays are likely the top of the 

Arundel-clay confining unit, which is represented in the model as a no-flow boundary. Table 1 

summarizes model layering information.  
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The top and bottom elevations of each model layer are defined based both on the regional trends 

of the geologic units and the site-specific boring logs. The model grid shown in Figure 8 is 

oriented approximately 45 degrees off true north, so that the columns are aligned parallel to 

northeast (NE) to southwest (SW), and the rows parallel to northwest (NW) to southeast (SE). 

The model domain includes the Middle River Complex (MRC), which is approximately one mile 

northwest of MSA. Given the distance between the MRC and MSA, different models were used 

to simulate local-plume fate and transport characteristics at each site. At MSA, the model grid 

spacing varies from 25 feet in the area of interest to 100 feet at the outer regions of the model 

domain.  

3.3 BOUNDARY CONDITIONS 

Model boundaries are mathematical statements specifying the groundwater level (head), 

groundwater flux, or head-dependent flux at the boundaries of the model domain. This section 

discusses the boundary conditions (beginning with the top layer) specified for each of the layers 

in the numerical groundwater flow model. The boundary conditions simulated in Layer 1 include 

recharge, evapotranspiration, river leakage, and zero flux (i.e., no flow), as shown in Figure 8. 

The primary source of water to the model is precipitation-derived recharge. As shown in 

Figure 9, uniform recharge-rates simulated in the model are equal to 6.3 inches per year for 

unpaved areas and two inches per year for paved areas.  

The historically low water levels in MW-16S and -17S indicate that these two wells are in an 

area of possibly high evapotranspiration. A calibrated value of 43.8 inches per year was applied 

to account for heavy vegetation (Figure 9) near these wells. No evapotranspiration is assumed for 

the other areas in the model domain. 

The principal surface water drainages, which include Frog Mortar Creek, Stansbury Creek, Dark 

Head Creek, Galloway Creek, and Seneca Creek, are simulated using river-boundary-conditions 

cells. A no-flow boundary corresponding to prevailing groundwater flow paths was placed along 

the northeastern and southeastern edges of the model. A no-flow boundary corresponding to the 

approximate position of a groundwater divide was also assigned along the northwestern edge of 

the model. 

PAGE 3-2 8023 TETRA TECH • MARTIN STATE AIRPORT • GROUNDWATER-FLOW AND SOLUTE-TRANSPORT MODELING REPORT 



 
The high-water level in well MW-44S suggests that Pond 2 may affect groundwater levels, so 

Pond 2 was added to the existing groundwater flow model using the MODFLOW river package. 

In this representation, Pond 2 has fixed water levels to simulate approximate steady-state 

conditions detected during measurement of water levels. The conductance of the pond bottoms 

was estimated based on available site-specific information and updated during model calibration. 

An inverse parameter was estimated using parameter estimation software PEST (Watermark 

Numerical Computing, 2004), using available hydraulic-head data and surface water elevations. 

This parameter was applied to estimate the relationship between local hydraulics in the aquifer 

and pond sediment conductance in order to more accurately simulate the interaction between 

groundwater and Pond 2.  

Except for recharge and evapotranspiration, the boundary conditions for Layers 2 and 3 are 

similar to those of Layer 1, in that they include river leakage and zero-flux conditions. Recharge 

and evapotranspiration are applied only to Layer 1. The river boundary conditions are only 

applied to Layers 1, 2, and 3.  Similarly, the no-flow boundary specifications for model Layers 2 

and 3 are the same as specifications for model Layer 1. The same types of boundary-condition 

settings are specified for Layers 4 through 16. In each layer, the entire perimeter of the model is 

designated a no-flow boundary. The bottom of Layer 16 is also designated a no-flow boundary.  

3.4 HYDRAULIC PROPERTIES 

Horizontal and vertical hydraulic conductivity, and storage coefficients including specific yield, 

must be specified to simulate water table (unconfined) conditions and specific storativity 

(confined situations) for the groundwater flow model. In steady-state simulations, changes in 

storage are not simulated; thus, the storage coefficients are needed only in transient simulations. 

Various information sources were used to characterize hydraulic properties at the site, including 

hydraulic tests in a limited number of site wells, analyses of tidally influenced water levels from 

select monitoring wells equipped with recorders, calibration results from prior site-specific 

modeling (Tetra Tech 2004; GeoTrans, 2011) for Lockheed Martin Corporation (Lockheed 

Martin), and site-specific geologic information from boring logs. 

Initial hydraulic conductivity values in the model were assigned using calibrated values from the 

previous groundwater flow model (Tetra Tech, 2011). These initial values are consistent with 

observed hydraulic conductivity values estimated by slug testing (Tetra Tech, 2004; 2010). Site 
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boring-log data were used in combination with published grain-size-based hydraulic conductivity 

ranges to help assign hydraulic conductivity in the model.  

Hydraulic testing results used to help improve modeling accuracy include data from multi-day 

pumping tests and short-term slug testing. Pumping tests were performed in the shallow and 

intermediate zones of the surficial aquifer. Only low pumping rates (less than one gallon per 

minute [gpm]) could be sustained in the shallow zone, indicating a relatively lower hydraulic 

conductivity. This is consistent with the extensive clay observed in shallow-zone boring logs. 

The pumping test for the intermediate zone was performed for three days at a rate of 10 gpm. 

Analyses of drawdown versus time and drawdown versus distance data from the 

intermediate-zone pumping test data indicate an average horizontal hydraulic conductivity of 

42-140 feet per day (ft/day) with a mean of 68 ft/day (Tetra Tech, 2010).  

A limited round of additional slug-testing and tidal data were analyzed to help confirm the 

hydraulic conductivity values estimated during initial calibration testing (Tetra Tech, 2004; 2010; 

GeoTrans, 2011). Slug test data indicated hydraulic conductivity values ranging from 0.03 to 

25 ft/day in the lower zone of the surficial aquifer. Although hydraulic conductivity values are 

typically lower in slug tests than in pumping tests, both the slug test results and soil logs 

indicated sediments with relatively high permeability in the lower zone of the surficial aquifer. 

An analysis of water level response to surface water tidal fluctuations in this unit indicates a 

hydraulic conductivity value of approximately 100 feet per day for the lower zone of the surficial 

aquifer (GeoTrans, 2011). Supplemental numerical-model simulations were performed to 

confirm that the model adequately simulates tidal influences.  
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Section 4 

Numerical Flow Model 

4.1 INTRODUCTION 

Calibrating a groundwater flow model entails adjusting hydraulic parameters, initial conditions, 

and boundary conditions within reasonable ranges so that simulated hydraulic heads, flow rates, 

or other calibration targets match measured values (ASTM International [ASTM], 1996). The 

existing groundwater-flow model for the Dump Road Area (DRA) was updated and recalibrated 

using data collected since 2011. For Martin State Airport (MSA), the updated flow-model 

calibration consisted of simulating the following measured conditions:  

• transient responses during a 72-hour pumping test performed in the intermediate zone of 
the surficial aquifer 

• transient responses to tidal water level changes in the lower zone of the surficial aquifer 

• approximate, steady-state conditions throughout all three vertical zones of the surficial 
aquifer, based on water level measurements collected on October 14, 2013 

The quality of the steady-state calibration was assessed and quantified through statistical analysis 

of residuals (ASTM Standard D5981; Anderson and Woessner, 1992). Residuals are the 

difference between the measured and simulated water levels in each well. Flow calibration 

criteria are based on: 

• a mean residual value near zero 

• an absolute mean residual less than or equal to 10% of the observed range in water level 
elevations 

• a standard deviation less than or equal to 20% of the observed range in water level 
elevations 

• a random spatial distribution of the positive and negative residuals 

Plots of observed versus predicted water levels were also used to examine the spread of points 

around the ideal line of a perfect calibration. Horizontal and vertical flow directions in the model 
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were examined for consistency. Horizontal and vertical flow directions were inferred from 

contour maps drawn using field data and from monitoring wells clustered at locations where 

vertical head differences have been measured.  

Calibrating a groundwater flow model to a single set of field measurements that are assumed to 

represent steady-state conditions does not provide the foundation for obtaining a unique solution 

in which only one set of parameters can match the data. To reduce the problem of 

“non-uniqueness” in which more than one set of parameters can match the data, the model 

should be tested against a different set of boundary conditions or stresses; this process is called 

“verification” (ASTM, 1996). Calibrating to transient conditions caused by groundwater flows 

(typically, extraction well pumping) can reduce the non-uniqueness of the model and improve the 

accuracy and predictive ability of the model. Therefore, the groundwater-flow-model calibration 

is focused on simulating groundwater flow in the shallow and intermediate zones of the surficial 

aquifer during constant-rate pumping tests.  

The objective of the transient calibration is to examine the model’s ability to match both 

observed responses over time and final drawdowns at the end of the test. Responses observed in 

well clusters help estimate vertical and horizontal hydraulic conductivity values in the surficial 

aquifer. This simulation has dual advantages: (1) verification of the model by calibrating to 

stresses associated with a second hydrologic scenario, and (2) it tests the model’s ability to 

simulate transient hydraulic responses by comparing simulated outcomes to carefully measured 

stresses associated with pumping, thereby reducing non-uniqueness. Another important 

calibration scenario is a simulation of hydraulic properties in the lower surficial zone. Because a 

pumping test had not yet been conducted in this zone, tidal response data were used to test and 

adjust the model, using what could be labeled a “naturally conducted” pumping test (i.e., the 

“pumping” action of the tidal waters in the estuaries surrounding the Martin State peninsula). 

Similar to previous modeling (GeoTrans, 2011), this updated recalibration was conducted in 

sequence from the initial steady-state calibration testing, using adjustments for an improved 

match, and then followed by transient simulations for local area adjustments and model-domain-

wide adjustments. Steady-state conditions were again simulated for final fine-tuning and 

consistency checking. In some cases, the transient and steady-state sequence of simulations was 

re-run, to ensure full consistency and sufficient accuracy. Although steady-state simulations are 
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described before reporting transient recalibration efforts, recalibration was iterative between the 

different types of runs.  

4.1.1 Steady-State Flow 

Steady-state calibration targets were chosen based on the new survey data and the large number 

of wells for which water level data are available, using groundwater levels measured at MSA on 

October 14, 2013. Hydraulic conductivities of different materials were modified within 

reasonable ranges during calibration. Recharge and evapotranspiration rates were also adjusted 

slightly during model calibration. Table 1 contains the final distribution of hydraulic conductivity 

by model layer. Calibrated values for horizontal hydraulic conductivity in the upper, 

intermediate, and lower zones are consistent with available field data from slug tests, pumping 

tests, and tidal data.  

In general, vertical hydraulic conductivity is estimated at one-tenth of the horizontal hydraulic 

conductivity. Calibrated recharge rates are estimated at 6.32 inches per year (in/yr) in the 

unpaved areas and 2.01 inches per year in paved areas (Figure 9). To the southwest near 

Strawberry Point (outside the DRA area of interest in this report), localized groundwater 

mounding was simulated as a zone of increased recharge in the model resulting from leakage in 

nearby storm and water pipes. The calibrated recharge was 0.51 gal/day-ft2 for this localized 

groundwater mounding area. The historically low water levels in MW-16S and -17S and heavy 

vegetation in this area indicate that these two wells are in an area of possibly higher 

evapotranspiration. Using the PEST software, the simulated water levels were significantly 

improved by using a calibrated evapotranspiration rate of 43.8 inches per year to represent 

localized evapotranspiration near MW-16S and -17S. 

Simulated and observed (October 2013) groundwater levels for 133 wells are in Table 2. Table 3 

presents a statistical summary of model residuals (i.e., simulated minus observed head) for the 

133 water level targets. The mean residual (0.07 feet) is near zero, indicating that positive and 

negative residuals cancel out. In addition, the absolute mean residual is 0.38 feet, a value more 

than one order of magnitude (10 times) lower than the difference between the minimum and 

maximum water level targets (11.85 ft). Model calibration is thereby accepted because the 

metrics have been achieved.  
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Measured and simulated water levels are plotted relative to one another in Figure 10. The linear 

trend in this plot, the limited spread around the best-fit line, and the favorable residual statistics 

indicate that the model adequately represents water levels at MSA. Simulated steady-state 

potentiometric surfaces in the upper zone (model Layer 1), intermediate zone (Layer 8), and lower 

zone (Layer 12) are presented in Figure 11. These plots indicate that simulated groundwater flow 

at MSA is predominantly to the east toward Frog Mortar Creek, which is consistent with data 

observed in October 2013 (Figures 5 through 7) and with historical potentiometric surface maps 

for each zone (Tetra Tech, 2002a 2002b; 2004; and GeoTrans, 2011).  

Model residuals are also presented in Figure 11 for the upper (layers 1-6), intermediate 

(layers 7-9), and lower (layers 10-12) zones of the surficial aquifer. In general, residuals are 

relatively low in each zone, and statistical measures meet the calibration criteria. Near FMC, the 

vertical gradients between the intermediate and lower zones were analyzed because of the similar 

and more rapid semi-confined head response during tidal fluctuations in comparison to the 

slower head response in the shallow unconfined zone. As shown in Figure 11 and Table 2, the 

simulated vertical hydraulic gradients are consistent with measured hydraulic gradients between 

the intermediate and deep screened zones in recently installed well clusters (DMW-46, 

DMW-47, DMW-48, DMW-49, DMW-50, and DMW-51). Furthermore, the calibrated values 

for hydraulic conductivity and recharge rates are within estimated field values for MSA. The 

flow model also agrees with the observed prevailing groundwater flow directions, providing 

additional evidence of an adequately accurate calibration. Lastly, the model’s results were 

compared to other relevant modeling efforts, including the United States Geological Survey 

(USGS) “Regional Aquifer System Analysis” (RASA) model for the Maryland Coastal Plain. 

Both initial and recalibrated hydraulic conductivities fall within the range of values reported by 

the USGS modelers for the geologic formations of interest. 

4.1.2 Simulation of Pumping Tests 

Tetra Tech conducted two constant-rate pumping tests, one each in the shallow and intermediate 

zones of the surficial aquifer. Model simulations agree with observed drawdown for low (less 

than one gallon per minute (gpm) pumping rates in the shallow zone. Model calibration for 

transient situations applied the higher pumping rate (10 gpm) used during the 72-hour pumping 

test conducted in the intermediate zone of the surficial aquifer. Additional refinements were 
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made to the hydraulic conductivity values for the intermediate zone to improve the match to the 

drawdown data from this pumping test.  

Table 4 compares simulated drawdowns to drawdowns measured at wells monitored during the 

72-hour pumping-test. This comparison indicates that the model adequately simulates pumping 

effects and satisfies the objectives established for transient calibration. This indicates that the flow 

model can effectively predict new hydraulic stresses in the surficial aquifer within the tested area.  

4.1.3 Tidal Influence Simulation 

A transient simulation of tidal responses in selected site monitoring wells was performed after 

calibrating the groundwater flow model to steady-state conditions. Figure 12 shows simulated 

versus observed hydraulic head changes at DMW4S, DMW4I, and DMW4D during the tidal 

fluctuation between July 2–4, 2010. These three wells were selected because they were the only 

ones with data-recorder-based hydrographs that displayed tidally influenced water levels. These 

plots show that model results closely match field data.  

The simulation period was divided into 12 stress periods, each representing a six-hour period, or 

a quarter day (0.25-day). The transient river-stage measurements from the Frog Mortar Creek 

Gage at Parkside Marina were averaged over 0.25-day intervals. Hydraulic conductivity values 

and the storage coefficient for the lower aquifer zone were adjusted slightly to match water level 

fluctuations. The calibrated-model-parameter values are in Table 1.  

The model’s ability to match transient tidal variations in the zone of the surficial aquifer with 

elevated contaminant concentrations provides additional confidence in applying the groundwater 

flow model to the remedial design. Lastly, the model’s results were compared to other relevant 

modeling efforts, including the USGS RASA model for the Maryland Coastal Plain. Both initial 

and recalibrated hydraulic conductivities fall within the range of values reported by the USGS 

modelers for the geologic formations of interest. 

4.1.4 Flow Model Sensitivity Analysis 

A sensitivity analysis evaluated how changes in selected model parameters affect the model. One 

parameter at a time was varied while all other parameters were held constant. The tested model 

parameters were varied by 50% of the calibrated values. Results of the sensitivity analysis are in 

Table 5. These results were analyzed to identify the parameters causing the greatest sensitivity 
8023 TETRA TECH • MARTIN STATE AIRPORT • GROUNDWATER-FLOW AND SOLUTE-TRANSPORT MODELING REPORT PAGE 4-5 



 
when changed, and to confirm that final calibrated values fall within the range of expected values 

according to the ranges set during conceptual model formulation.  

Model results are most sensitive to changes in unpaved-area recharge, mounding recharge rate, 

vertical hydraulic conductivity in the upper zone, and horizontal hydraulic conductivity in the 

lower zone of the surficial aquifer. This is expected, because recharge in the unpaved-area is the 

source of all groundwater flow in the model. Most local groundwater flow occurs in the surficial 

aquifer, and hydraulic conductivity is the primary physical property that accurately simulates the 

flow field. Hydraulic conductivity can be adjusted in direct linear proportion to the prevailing 

recharge rate during steady-state simulations without affecting simulation of the same flow field 

pattern, which is the “non-uniqueness” concern cited above that is addressed by calibrating the 

model to transient conditions. Thus, changes in hydraulic conductivity produce proportional 

changes in the model results, and can therefore exactly compensate for proportional changes in 

prevailing recharge rates.  

Calibrated values for these parameters are consistent with values in the study area, as identified 

during the conceptual model formulation stage. No significant improvement in model calibration 

would be achieved by adjusting these parameters. Thus, changes to the model are unwarranted, 

and the model was accepted for predictive use, according to the objectives set forth at the 

beginning of the modeling process and the model-calibration criteria established during 

numerical model development. 

4.2 SOLUTE TRANSPORT MODEL 

4.2.1 Summary of Previous Transport Modeling 

Previous transport modeling (Tetra Tech, Inc. [Tetra Tech], 2004) included calibrating a 

groundwater flow and solute transport model to available data for the Dump Road Area (DRA). 

Initial transport-model simulations were performed in 2012 using the 2004 model to estimate 

trichloroethene (TCE) concentrations over time for the groundwater remedial design. Using the 

recalibrated flow model (Tetra Tech, 2011), the transport model simulated fate and transport 

under alternative remediation alternatives by initializing the distribution of TCE in model layers  

1–6 (upper zone), 7–10 (intermediate zone), and 11 (deep zone). These simulations implicitly 

assume that no source(s) remained in place. Simulations were conducted to visualize plume 

concentrations over time, and were performed using the RT3D simulation code (Clement, 1997).  
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4.2.2 Revisions to Existing Transport Model 

Preliminary simulations were constructed using the same regional flow model that was limited to 

grid spacing ranging from 25–100 feet. A finer grid with smaller spacing was embedded in the 

calibrated model using telescopic mesh-refinement (TMR). Using TMR, the model domain was 

subdivided into a finite-difference grid of 300 columns and 300 rows, with row spacing of 

17.25 feet and column spacing of 20.5 feet throughout the model domain. In order to limit the 

effects of inaccurate numerical dispersion and potential artificial spreading of the plume, a finer 

grid was used in the local DRA zone of interest in order to improve the simulation accuracy of 

the transport model.    

4.2.2.1 Computer Code 

The Dump Road Area (DRA) numerical transport-model was developed using the 

finite-difference code, RT3D (Clement, 1997). RT3D uses MODFLOW 2000 to simulate the flow 

field that provides the basis for representing (in RT3D) the advective transport of dissolved 

constituents. RT3D also directly accounts for other potentially significant transport mechanisms, 

including hydrodynamic dispersion, diffusion, sorption, and sequential biodegradation. The 

possible influence of “advective dispersion” was not tested at this time, but it could represent a 

significant factor in the long-term spreading of DRA contaminant plumes, each one emanating 

from a source zone. 

4.2.2.2 Chemicals of Concern 

The primary chemicals of concern (COC) driving the groundwater remedial action include three 

chlorinated volatile organic compounds (cVOCs): trichloroethene (TCE), cis-1,2-dichloroethene 

(cis-1,2-DCE), and vinyl chloride (VC).  

4.2.2.3 Transport Parameter Values 

Input parameters for the transport simulations include the distribution coefficient (Kd), effective 

porosity, bulk density, retardation coefficient, and dispersivity. The values used in the 

contaminant-mass fate and transport modeling are based on the Tetra Tech (2004) modeling 

(Table 6).  

Sorption refers to the mass-transfer process between contaminants dissolved in groundwater 

(aqueous phase) and contaminants sorbed on the porous medium (solid phase). Sorption tends to 
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cause contaminants to move more slowly than groundwater, so its effects must be taken into 

consideration when calculating how far the contaminant has traveled in a given period. A 

correction factor known as a retardation factor (R) accounts for how much a contaminant’s 

velocity is affected by sorption in the groundwater system.  The retardation factor was calculated 

using this equation: 

R = 1 + (bulk density/effective porosity) × Kd (1) 

where Kd is the distribution coefficient.   

Lateral, transverse, and vertical dispersivity values were estimated using best scientific judgment 

based on site experience with similar hydrogeologic settings having the same cVOCs. A 

longitudinal dispersivity value of 10 feet was assigned to all model layers. By convention, the 

transverse and vertical dispersivities are set to 0.1 and 0.01 times the longitudinal dispersivity 

value, respectively. 

A wide range of first-order aerobic and anaerobic biodegradation rates are available for VOCs 

(including TCE) in current scientific literature (Aronson and Howard, 1997 and Wiedemeier et 

al., 1999). Under anaerobic conditions, reported ranges (Aronson and Howard, 1997; 

Wiedemeier et al., 1999) for biodegradation-rate constants are as follows:  

• TCE: 0.053–0.90 yr-1  

• cis-1,2-DCE: 0.18–3.3 yr-1  

• VC: 0.12–2.6 yr-1  

The values of the half-lives for TCE, cis-1,2-DCE, and VC were assigned as 5.9 years, 12 years, 

and 4.2 years, respectively, based on the calibrated Tetra Tech (2004) model.  

4.3 INITIALIZING MASS IN PLACE 

All transport simulations were performed by predicting changes in contaminant distribution over 

time, beginning with conditions based on the most recent data from groundwater sampling in 

2012–2013. For TCE and its degradation products (cis-1,2-DCE and VC), three-dimensional 
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kriging2 was applied using Mining Visualization Software (MVS). Each layer of the model has 

different initial plume-concentrations.  

  

2A group of geostatistical techniques to interpolate the value of a random field (e.g., the elevation, z, of 
the landscape as a function of the geographic location) at an unobserved location from observations of 
its value at nearby locations. 
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Section 5 

Analysis of  
Remedial Alternatives 

The 2011 groundwater modeling (GeoTrans, 2011) identified and evaluated possible remedial 

alternatives and demonstrated through predictive simulations that the selected alternatives could 

be expected to prevent elevated concentrations of groundwater chemicals of concern (COC) from 

migrating toward Frog Mortar Creek (GeoTrans, 2011). Two options were evaluated: 

• Scenario 1—a line of extraction wells along the western shore of Frog Mortar Creek 
(FMC) 

• Scenario 2—a combination of extraction wells at the FMC shoreline, extraction wells in 
high-concentration zones, and upgradient injection wells 

The primary objective of this new round of groundwater modeling was to analyze these same 

remedial design scenarios to help identify and update the remediation approach that will be used 

at the Dump Road Area (DRA). Enhanced contaminant-mass removal was a secondary objective 

explored through predictive simulation modeling.  

5.1 PREDICTIVE SIMULATION METHODOLOGY 

The numerical groundwater flow model simulated the groundwater-capture scenarios that are 

described in the remedial alternatives analysis section of the feasibility study (FS) and listed in 

Table 7. Advective particle-tracking model simulations were also performed to evaluate the 

effectiveness of hydraulically containing the contaminated groundwater. Iterative simulations 

ensured adequate capture, and additional simulations were then run to ensure that induced inflow 

of brackish water from Frog Mortar Creek would be limited. A predictive simulation of the 

second option was also performed that contained enhanced flushing of high-concentration areas 

using injection wells, additional extraction wells, and higher extraction rates to compensate for 

the injected water. 
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Particle tracking simulates the movement of a groundwater particle from an initial starting point 

through a groundwater flow-field over time. Thus, particle-tracking techniques are useful tools 

for evaluating groundwater flow directions, dissolved-contaminant migration pathways, and 

hydraulic capture by groundwater recovery-well systems. Particle tracking is a simple form of 

contaminant-transport analysis and does not account for effects due to dispersion, retardation, 

and chemical reactions. The final recommended scenarios include sufficient recovery-well 

placement and pumping rates to account for lateral dispersion of the plume, thus ensuring that 

the lateral edges of the plume are effectively captured. The convergent flow produced by 

recovery well pumping will help offset lateral spreading. 

The United States Geological Survey (USGS) particle-tracking code MODPATH (Pollock, 1989) 

was used to track particles in this modeling analysis. Using a groundwater flow-field simulated 

with MODFLOW, MODPATH computes groundwater velocities in the three principal coordinate 

directions throughout the model domain, for each cell in the model grid. MODPATH then uses 

cell-by-cell three-dimensional (3D) velocities to simulate particle movement from one cell to the 

next by combining the 3D velocities within each cell into a single 3D particle trajectory.  

MODPATH computes groundwater velocities using study-area-specific values for effective 

porosity. The effective porosity represents a correction-factor that accounts for the reduced flow 

area, defined as the open pore space in which flow effectively occurs. Effective porosity can 

range as high as the porous medium’s total porosity, but is typically significantly less than that 

amount. The previously calibrated solute-transport model (Tetra Tech, 2004) used a value of 0.28 

for effective porosity in its particle-tracking analyses, even though the total porosity for site 

geologic sediments is as high as 40–45%. Although the effective porosity affects travel time for 

particles, it does not affect the size of the simulated capture zone. 

In particle-tracking analyses, particles are first initialized in grid cells throughout the extent of 

the plume. The containment scenario is then simulated under steady-state-flow conditions using 

forward tracking to help determine if all particles in upgradient plumes are captured by recovery 

wells. Recovery well locations and their individual pumping rates are adjusted as necessary to 

achieve sufficient drawdowns to capture all particles within the target capture zone.  
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5.2 REPRESENTATION OF RECOVERY WELLS 

The calibrated groundwater-flow model and its companion particle-tracking code was used to 

help identify potential groundwater remediation scenarios that would successfully contain and 

capture contaminated groundwater. The target capture zones include the extent of contamination 

with trichloroethene and vinyl chloride concentrations exceeding 5 µg/L and 2 µg/L, 

respectively. Extraction wells were placed near the downgradient end of the plumes, adjacent and 

parallel to the shoreline of Frog Mortar Creek, for hydraulic containment.  

Potential extraction wells were represented using the MODFLOW drain package. Water levels at 

extraction wells were modeled as a fixed two-foot drawdown. Wells were assumed to have an 

effective diameter of one foot. Conductance and well efficiency were estimated as follows:  

Conductance term—The conductance term (C) for each drain cell representing a fixed-head well 

was calculated using the following equation (based on Prickett [1967] and Anderson and 

Woessner [1992]): 

C = 2Ke π𝑏𝑏/ln (∆x/4.81rw) 
where: 

Ke = effective hydraulic conductivity at the cell (feet per day) 

b = saturated thickness of the cell (feet) 

∆x  = representative grid spacing (feet) 
rw = well radius (feet)  

Efficiency—Because the wells are represented as drains in the model, the extraction rate (Q) 

achieved is effectively calculated by the model and controlled by the aquifer properties, as 

described in this equation: 

𝑄𝑄 = 𝐶𝐶(h − d)  ×  ef�iciency 
where: 

Q = extraction rate 

h = water level in grid cell (feet)  

d = elevation of water in drain 

efficiency = 50%  
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5.3 HYDRAULIC BARRIER WELLS ANALYSES (SCENARIO 1) 

Numerous steady-state groundwater-flow model simulations were performed to define effective 

and efficient recovery well locations and pumping rates that will ensure capture of upgradient 

VOC plumes before they migrate toward Frog Mortar Creek. Model simulations indicate that 

placing recovery wells in the upper and intermediate zones of the surficial aquifer only will not 

capture contaminated groundwater in the lower zone of the surficial aquifer. Therefore, recovery 

wells in the lower zone of the surficial aquifer were included in the hydraulic barrier wells 

analyses.  

Model simulations including lower-zone recovery wells indicate that upgradient plume capture 

can be achieved by placing seven wells in the upper zone, five in the intermediate zone, and four 

in the lower zone of the surficial aquifer. Table 7 summarizes injection and pumping rates by 

model layer for this scenario. Total pumping rates for the upper, intermediate, and lower zones of 

the surficial aquifer are estimated at 9.2 gallons per minute (gpm), 16.5 gpm, and 22.6 gpm, 

respectively. Simulated steady-state hydraulic heads and recovery well locations are shown in 

Figure 13 for the upper (Layers 1 and 6), intermediate (Layer 8), and lower (Layer 12) zones of 

the surficial aquifer.  

Forward particle-tracking was conducted by placing particles in each cell and delineating the 

zone from which the particles would eventually be captured by the recovery wells. Examination 

of simulated capture zones (Figure 13) and the extent of contaminated groundwater at MSA 

(Figures 2 through 4) indicates that the simulated recovery wells establish a capture zone 

encompassing the VOC contamination that has been mapped in the MSA area; thus, the 

simulated scenario is sufficiently effective.  

Model simulations also indicate that low rates (less than 1.6 gpm) of induced inflow from Frog 

Mortar Creek will result from pumping, so capture of saline water is unlikely to be a problem for 

the hydraulic-barrier pumping scenario. In essence, these simulations indicate that induced 

infiltration would be diluted by the pumped freshwater at a ratio of about 30:1. Frog Mortar 

Creek is brackish (its salinity is approximately 25–50% that of seawater), and it receives 

freshwater flow from Middle River and other local tributary streams and swales, in addition to 

groundwater base flow. Thus, the saline concentration of induced inflow from Frog Mortar Creek 
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is already much lower than ocean water; therefore, salinity in recovery wells is expected to be 

diluted by a factor of approximately 60:1 to 120:1. 

Figures 15 and 16 show the simulated concentrations for TCE and VC (respectively) in the upper 

zone (Layer 6), intermediate zone (Layer 8), and lower zone (Layer 12) of the surficial aquifer 

after the hydraulic barrier scenario has continued for five years. Comparing the simulated 

concentrations of TCE and VC in these plots to initial concentrations detected during 2012–2013 

groundwater sampling events (Figures 2 and 4) indicates that groundwater pumping under the 

hydraulic barrier scenario is predicted to reduce concentrations in high-concentration (greater 

than 500 μg/L) zones. In addition to particle tracking simulations showing advective plume 

transport is captured by the recovery wells, the transport model shows that advection and 

hydrodynamic dispersion of the COC plumes is also captured by the recovery wells. These 

transport simulations also indicate that the recovery wells prevent the upgradient plumes from 

discharging into Frog Mortar Creek.  Model simulations also indicate that TCE and VC mass 

decreased approximately 20 and 35 percent, respectively, after 5 years of the operation of the 

recovery well system. 

5.4 HIGH-CONCENTRATION ZONE REMEDIATION ANALYSES 
(SCENARIO 2) 

The second scenario developed for the site includes additional recovery wells placed in 

high-concentration zones and injection wells placed upgradient of the pumping wells. Simulated 

steady-state hydraulic heads and injection/recovery well locations are on Figure 14. Table 7 

summarizes injection and pumping rates by model layer for this scenario. Total injection rates 

per layer for the upper and intermediate zones of the surficial aquifer are 10 gpm and 3 gpm, 

respectively. Total pumping rates are 12.6 gpm, 18.0 gpm, and 35.0 gpm in the upper, 

intermediate, and lower zones of the surficial aquifer, respectively.  

Captures zones created by simulating enhanced treatment of high-concentration areas (Figure 14) 

result in hydraulic control of upgradient impacted groundwater, and increased groundwater flow 

rates and mass removal by the recovery wells located in high-concentration zone areas as 

compared to the initial extent of contaminated groundwater at MSA (Figures 2 to 4). This 

comparison indicates that the capture zone established under this scenario will limit upgradient 

VOCs from migrating toward Frog Mortar Creek. More pumping will be necessary to ensure 
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adequate capture under this scenario, as compared to the previous hydraulic-barrier scenario 

(Figure 13), because injection wells affect the groundwater flow field. The increased pumping 

rate results in somewhat increased drawdowns near the recovery wells, and a larger capture zone 

(Figure 14). Similar to simulations run under Scenario 1, model simulations for the second 

scenario also indicate very limited amounts (less than 1.8 gpm) of induced inflow from Frog 

Mortar Creek, so capture of saline water is unlikely to be a problem under this pumping scenario. 

Figures 17 and 18 show simulated concentrations of TCE and VC in the upper zone (Layer 6), 

intermediate zone (Layer 8), and lower zone (Layer 12) of the surficial aquifer after five years 

under Scenario 2. These figures show that contaminant concentrations will decrease more rapidly 

under Scenario 2 than they would under Scenario 1 (i.e., the hydraulic barrier scenario alone) 

(see Figures 15 and 16). VC concentrations decrease much more rapidly under the scenario using 

high-concentration-zone remediation with hydraulic barrier wells, because its parent compounds 

(TCE and cis-1,2-DCE) would be extracted more rapidly, thus reducing VC accumulation. Model 

simulations also indicate that TCE and VC mass decreased approximately 21 and 40 percent, 

respectively, after 5 years of the operation of the recovery well system. 
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Section 6 

Summary and Conclusions 

This report documents the development and application of groundwater flow and contaminant 

transport modeling for Martin State Airport in Middle River, Maryland. Groundwater modeling 

was performed for the feasibility study to help develop remediation alternatives to address 

contamination of groundwater at the Dump Road Area with volatile organic compounds (VOCs). 

The primary objectives of these remediation alternatives are based on the control and capture of 

contaminated groundwater at the site, thereby preventing its migration and discharge into off-site 

areas (including surface waters). Contaminant migration to deeper groundwater zones is not a 

concern, because deeper groundwater is separated and confined from the surficial aquifer by a 

thick clay layer.  

Viable remedial scenarios for groundwater were developed through simulation modeling. Two 

scenarios were analyzed using groundwater flow and solute transport modeling: (1) a stand-alone 

hydraulic-barrier recovery-well system and (2) high-concentration-zone mass removal with 

limited reinjection of treated groundwater, in addition to barrier wells (Scenario 1). Modeling 

results for both scenarios indicate that contaminated groundwater at the site would be effectively 

controlled, and that the contaminant mass would diminish over time. Numerous modeling 

simulations were performed to select sufficiently effective locations and pumping rates of 

recovery wells, while also limiting the groundwater pumping rate, for the hydraulic barrier 

scenario (Scenario 1). Scenario 1 includes 16 recovery wells arranged perpendicular to the plume 

and adjacent to Frog Mortar Creek: seven recovery wells in the upper zone, five in the 

intermediate zone, and four in the lower zone, with a total system-wide pumping rate of 

48.3 gallons per minute (gpm).  

The second scenario includes the 16 hydraulic-barrier recovery wells of the first scenario, with 

six injection wells and nine additional recovery wells located in high-concentration zones: four 

injection/extraction well pairs placed in the upper zone, two pairs in the intermediate zone, and 

two individual recovery wells in the lower zone. The total injection rate is estimated at 13 gallons 
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per minute, and the total pumping rate is estimated at 65.6 gallons per minute. Although the total 

amount of pumping is higher in this second scenario, the modeling analyses for this scenario 

indicate increased groundwater flow rates through high-concentration zones, with concomitantly 

higher mass-removal rates than under the first scenario. 
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Table 1  Summary of Groundwater Flow Model Parameter Values

Flow Model Parameter Values 

Unit  Layer 

Horizontal  Hydraulic 

Conductivity 

Kh (ft/day) 

Vertical Hydraulic 

Conductivity  

Kz (ft/day) 

1 3.7 0.37

2 1.5 0.15

3 4.5 0.45

4 3.5 0.35

5 6 0.6

6 7 0.7

7 4 0.4

8 20 2

9 25 2.5

10 2 0.2

11 6.5 0.65

12 115 11.5

13 0.016 0.0016

14 0.052 0.0052

15 0.0015 0.00015

Deep confined  16 10 1

Note: The recharge rate for unpaved area is 6.32 in/yr and the paved area is 2.01 in/yr.
The evapotranspiration rate for high ET area is 43.8 in/yr.

Upper

Intermediate

Lower

Intermediate

Aquitard















Table 3  Summary Statistics for Steady-State Flow Model Simulation for Oct. 2013 Conditions

Model 

Layer Unit # Targets

Range of 

Water 

Levels    

(ft)

Residual 

Mean   

(ft)

Absolute 

Residual 

Mean (ft)

Residual 

Standard 

Deviation 

(ft)

Standard 

Deviation / 

Range 

Absolute 

Residual 

Mean/ 

Range 

 Entire Model 133 11.85 0.07 0.38 0.64 5.4% 3.2%

1-6 Upper Zone 66 11.85 0.24 0.55 0.83 7.0% 0.8%

7-9 Intermediate Zone 37 11.85 -0.11 0.21 0.26 2.2% 0.6%

10-12 Lower Zone 25 11.85 -0.12 0.22 0.27 2.3% 0.9%

13-15 Basal Confing Unit 0 - - - - - -

16 Deep Confined Zone 5 11.85 0.11 0.38 0.58 4.9% 7.5%

Note: Calibration Criteria - 

   1) a mean residual value near zero;

2) an absolute mean residual less than 10% of the observed range in water level elevations;

   3) a standard deviation less than 20% of the observed range in water level elevations;

4) a random spatial distribution of the positive and negative residuals.



Table 4.  Comparison of Simulated and Measured Drawdown at the End of 72 Hour Pumping Test in 

the Intermediate Zone of the Surficial Aquifer.

Actual Simulated

Drawdown Drawdown

Well ID (Feet) (Feet)

OW-01I 1.18 1.13

DMW-2A 1.16 1.08

DMW-2B 0.54 0.31

DMW-3I 0.46 0.32

DMW-4I 0.33 0.13

DMW-8I 0.28 0.22

Note:

The monitoring wells in the table were all of the wells monitored for drawdowns.



Table 5   Summary of Flow Model Sensitivity Analysis

Model Parameter Multiplier

Normalized 

RSS

Recharge Rate (unpaved area) 0.5 6.56

 Recharge Rate (unpaved area) 1.5 7.09

Recharge Rate (paved area) 0.5 1.02

Recharge Rate (paved area) 1.5 0.99

Recharge Rate (mounding area) 0.5 2.75

Recharge Rate (mounding area) 1.5 1.90

Horizontal Hydraulic Conductivity of Upper Zone 0.5 1.07

Horizontal Hydraulic Conductivity of Upper Zone 1.5 1.23

Horizontal Hydraulic Conductivity of Intermediate Zone 0.5 1.01

Horizontal Hydraulic Conductivity of Intermediate Zone 1.5 1.26

Horizontal Hydraulic Conductivity of Lower Zone 0.5 2.22

Horizontal Hydraulic Conductivity of Lower Zone 1.5 1.70

Vertical Hydraulic Conductivity of Upper Zone 0.5 5.64

Vertical Hydraulic Conductivity of Upper Zone 1.5 1.83

Vertical Hydraulic Conductivity of Intermediate Zone 0.5 0.99

Vertical Hydraulic Conductivity of Intermediate Zone 1.5 1.07

Vertical Hydraulic Conductivity of Lower Zone 0.5 0.98

Vertical Hydraulic Conductivity of Lower Zone 1.5 1.04

Vertical Hydraulic Conductivity Intermediate Aquitard (Layer 13, 14, and 15) 0.5 1.02

Vertical Hydraulic Conductivity Intermediate Aquitard (Layer 13, 14, and 15) 1.5 1.02

Horizontal Hydraulic Conductivity of Deep Confined Zone (Layer 16) 0.5 1.03

Horizontal Hydraulic Conductivity of Deep Confined Zone (Layer 16) 1.5 1.01

Vertical Hydraulic Conductivity of Deep Confined Zone (Layer 16) 0.5 1.00

Vertical Hydraulic Conductivity of Deep Confined Zone (Layer 16) 1.5 1.00

Note:  

Normalized RSS (residual sum of squares) is the new RSS divided by calibrated model RSS



Table 6. Summary of Solute Transport Model Parameter Values

Effective

Porosity

TCE DCE VC DL DH DV TCE DCE VC TCE DCE VC

110 0.28 0.015 0.003 0.0016 10 1 0.1 6.9 2.2 1.6 5.9 12 4.2

Note:

Transport Model Parameter Values used in the table are based on transport model (Tetra Tech, 2004).

Bulk

density

(lb/ft3)

Half Life (yr)Kd (mL/g) Dispersivity (ft) Retardation Factor R



Table 6.  Summary of Injection and Pumping Rates by Model Layer for Each Remedial Scenario.

Scenario 

Description Layer Zone

Pumping Rate 

(gpm)

Pumping Rate by Zone 

(gpm) Injection Rate (gpm)

Layer 2 Upper 1.4

Layer 3 Upper 1.6

Layer 4 Upper 3.3

Layer 5 Upper 0.9

Layer 6 Upper 2.0

Layer 7 Intermediate 2.9

Layer 8 Intermediate 6.7

Layer 9 Intermediate 6.9

Layer 12 Lower 22.6 22.6

Total 48.3

Layer 2 Upper 2.4 2.0

Layer 3 Upper 2.6 2.0

Layer 4 Upper 3.9 2.0

Layer 5 Upper 1.4 2.0

Layer 6 Upper 2.3 2.0

Layer 7 Intermediate 3.9 1.0

Layer 8 Intermediate 6.9 1.0

Layer 9 Intermediate 7.2 1.0

Layer 12 Lower 35.0 35.0

Total 65.6

9.2

16.5

Scenario 2: 

Hydraulic 

Barrier Wells 

With  High 

Concentration 

Zone Injection 

and Pumping

12.6

18.0

Scenario 1: 

Hydraulic  

Barrier Wells 

Along Frog 

Mortar Creek
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