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AFIT/GEM/ENV/08-M04 

Abstract 

 

This research effort analyzed groundwater flow paths within a treatment wetland 

constructed to degrade tetrachloroethylene (PCE) in groundwater.  The treatment cell is a 

vertical flow wetland that allows the water to flow from the bottom to the surface 

breaking down PCE and daughter products.  The method of conducting this research 

included collecting field data of hydraulic head contours nested piezometers and 

collecting data from sampling wells to determine hydraulic conductivities in the wetland.  

The field data was used to create a numerical computer model to determine groundwater 

flow patterns.  The field data and the model demonstrate that there are areas in the 

wetland with flow velocities as low as 0.0019 m/day and as high as 2.779 m/day.  The 

computer model also shows residence times of water particles traveling from the bottom 

of the wetland cell to the surface water varying from < 1 day, to over 1000 days. 

Groundwater flow patterns occurring in the wetland today were compared to a study five 

years ago.  The hydraulic head contours and hydraulic parameters measured in the field 

were similar in both studies.  The results of both studies show the residence times and the 

desired uniform flow across the wetland is being short circuited.  
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AN ANALYSIS OF GROUNDWATER FLOW PATTERNS IN A 
CONSTRUCTED TREATMENT WETLAND CELL 

 
 

I.  Introduction 

Purpose 

Contaminated groundwater is a major concern in the United States.  Some contaminants 

are easier to detect, capture and clean up than others.  Contaminants that are more dense 

than water and not in an aqueous phase are commonly referred to as DNAPLs (Dense 

Non-Aqueous Phase Liquids).  These types of contaminants are of particular concern in 

groundwater remediation because they tend to pool at the bottom of an aquifer allowing 

groundwater to flow past the contaminating substance and transport it along the 

groundwater path.  Water that has passed through this type of contaminants is not easy to 

track, capture, or treat completely.  Common degreasing solvents used by industry and 

the United States Air Force (USAF) are such DNAPL contaminants.  To clean the leaks 

or contamination from the past, the USAF is researching ways to treat contaminated 

groundwater in the most efficient and cost effective way possible.  The USAF is looking 

for ways to reduce clean up costs following the guidelines set forth by the Environmental 

Protection Agency’s (EPA) regulations.  One treatment option that could save millions 

for the USAF and the Department of Defense (DOD) is the use of natural attenuation, a 

process that naturally breaks down contaminants in the groundwater.  Current research is 

focusing on the feasibility of constructing wetland areas to naturally decontaminate 

groundwater containing DNAPLs.  This thesis research concentrated on one particular 
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aspect of that process characterization of the flow of groundwater through a constructed 

treatment wetland cell.  Understanding the groundwater flow paths is a critical link to 

determining the treatment efficiency of the cell.  This information will aid other research 

on constructed wetland studies that focus on microbial activity, chemical breakdown, and 

plant contributions to a most efficient natural groundwater decontamination processes.    

 

Background 

The treatment cell examined in this study was constructed in 2000 at Wright Patterson 

Air Force Base (WPAFB) in Dayton, OH.  The wetland cell is treating groundwater from 

an aquifer that is contaminated by a plume of tetrachloroethylene (PCE).  The treatment 

site has been identified and documented with the Ohio Environmental Protection Agency 

and there exists no current requirement for remediation.  The location and the low 

priority on the EPA clean up list make this location ideal for groundbreaking remediation 

research.   

 

In a joint effort with Wright State University students and staff, the Air Force Institute of 

Technology (AFIT) continues to study the ability of constructed wetlands to naturally 

degrade PCE.  PCE is among the most frequently detected and problematic groundwater 

contaminants nationwide.  PCE is a potential carcinogen and a contaminant regulated by 

the EPA for any water that may be used for drinking with assigned maximum 

contaminant level of five parts per billion (Environmental, 2006). The concentration of 
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PCE in the aqueous phase when the cell was constructed was approximately fifty parts 

per billion (ppb), the concentration at the outflow is currently measured at one ppb.  

PCE and degradation products are classified as volatile organic compounds (VOC) which 

usually involve complex treatment systems.  Currently the most common way of treating 

groundwater contaminated with VOCs is to pump the water above ground and treat it 

through an energy intensive cleaning process. The EPA estimated budget for pump and 

treat systems around the US for the year 2002 was approximately $32.5M in operation 

and maintenance fees for ongoing projects (Environmental, 2002).  This is the largest 

amount ever required in the budget with no completion date anticipated for the majority 

of these clean-up projects.  Another option for cleaning VOCs is to aerate contaminated 

groundwater to encourage vaporization of the contaminant.  Aeration is achieved by 

exposing the contaminated water to a fresh air supply.  When the air and water mix, the 

volatile compounds are driven into a vapor state.  The key to these types of systems is the 

air and water contact.  There are many ways to achieve this goal; however the packed 

tower aeration (PTA) is the most commonly applied for VOC removal.  The EPA has 

acknowledged this type of aeration technology as a best available technology based on 

the degree of treatment that can be achieved for both potable water purification and 

remedial work.  In this system air and water are run counter-current through a randomly-

dumped or structured media that will enhance the air/liquid contact by exposing a large 

surface area of the water.  The larger surface area exposed, the greater the opportunity for 

transfer of VOCs out of the water and into the passing air.  This option is also costly and 

involves mechanical systems that require maintenance and energy for continuous 
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operation over very long periods of time.  PTA is also limited in the specific situations 

where it can be used.  For example this practice is not recommended for small flows (less 

than 25 gallons per minute) or for areas with high iron content (Nyer, 1992:61).   

 

Constructed treatment wetlands have been shown to be a more energy efficient method 

with lower operating costs and little to no required maintenance.  A study done by 

Luederitz et al. (2001) compared semi-centralized constructed treatment wetlands to 

central technical systems in place for treating wastewater from small communities in 

Europe.  The results showed the constructed treatment wetland method required 83% less 

energy for their function compared to the central technical system and 72% less energy 

than the discharge to a central treatment plant 20 km away.  The study included an 

estimation of total material and energy requirement for the different possibilities of 

sewage treatment. For the construction material inputs the constructed wetlands required 

76% less than a centralized system and 63% less energy than the discharge to the central 

treatment plant.  The conclusion of the study was that in rural areas and small towns the 

advantages of the semi-centralized solution of using constructed wetland cells for 

treatment are dominant over other types of the more common centralized treatment 

(Luederitz, 2001:170).  This study is just one example of many studies that have been 

completed to show the benefits of constructed wetlands since the process was introduced 

in the 1960s.  The constructed wetland option of cleaning contaminated water is 

becoming more and more acceptable around the world.  In a segment in the Water 

Encyclopedia written by Langergraber (2005) on constructed wetlands, the definition 
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touts that constructed wetlands provide the optimal treatment conditions found in natural 

wetlands but have the flexibility of being constructed.  This can lead to a specialized 

concentration on specific contamination degradation requirements or land size issues for 

placement.  If implemented where feasible this method of decontaminating water could 

save millions of dollars in cleanup costs. 

 

In a constructed wetland cell, the water to be treated is pumped into the wetland area at a 

controlled rate through specially selected media.  The water then travels horizontally or 

vertically through the layers of wetland substrate and vegetation until it reaches the outlet 

weir.  The effluent is discharged into open water, an adjacent aquifer, or a next level 

treatment stage, in an acceptably decontaminated state.  In a constructed treatment 

wetland cell, the resident microorganisms and vegetation are nature’s tools that clean the 

contamination from the inflow.  If designed correctly, the levels of contamination 

remaining in the water effluent will meet or exceed EPA standards.  

 

The constructed wetland cell located at Wright Patterson AFB, is 18 m wide, 36 m long 

and approximately 1.7 m deep.  The contaminated water is pumped from a known plume 

in the aquifer just beneath the cell.  The water is distributed through three parallel, three 

inch diameter, PVC pipes in the bottom layer of the constructed cell.  The pipes are 

perforated along the sides and run lengthwise through a 23 cm layer of gravel.  Just 

beneath the gravel and on the sides of the cells is an impermeable geomembrane layer 

that prevents the contaminated water from flowing into the surrounding soil.  The water 
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(ideally) travels vertically in this wetland cell, through 1.1 m of hydric (historically 

saturated) soil relocated from a former natural wetland site in the local area.  The water 

then flows across the top of the surface to the outlet weir at one end.  Figure 1-1 depicts a 

cross- section view of the constructed wetland.  

  

 

 
 

Fig 1-1. Cross-section of the wetland cell at WPAFB (adapted from Amon et al., 
2007). 

 

Plots of different emergent wetland plant species were planted in each cell.  The soil 

composition in the cell of interest is composed of three layers of the hydric soil that was 

placed in the cell 38 cm in thickness each.  The bottom soil layer was originally placed 

with a 10% woodchip amendment added to provide initial concentrated levels of carbon 

for beginning anaerobic microbial actions. Over time it is assumed that that carbon has 
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since been broken down and helped to create a very active anaerobic zone of activity 

deep in the soil.   

 

Problem Statement 

The design and understanding of constructed treatment cells is still a relatively new field 

of study.  The more patterns of flow that can be researched, documented, and understood, 

the more we can determine the required residence time in different sediment zones of 

different chemical and biochemical conditions, and the more this option of natural water 

treatment can be correctly designed and applied to accommodate various contaminants 

and situations. The hydrology in constructed treatment cells can lead to effective 

treatment or wasted effort thus it must be studied and understood.  Long term 

characteristic changes must be determined to predict lifecycle performance and to 

improve future construction techniques.  

 

Research Questions 

1) What are the water flow paths throughout the wetland?  

2) What are the hydraulic residence times of the water in the various depths of 

the wetland cell? 

3) How does this behavior compare to what was detected in the first study 

completed just after construction?  
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Method 

The method for characterization and analysis of groundwater flow patterns was first to 

measure hydraulic conductivity and hydraulic head from a three-dimensional grid of 

piezometers located in the constructed wetland cell.  From this information a simulation 

model was built in DOD groundwater modeling software to show flow paths occurring in 

the treatment cell.  Applying Darcy’s Law for groundwater flow, it was possible to 

determine the groundwater flow direction and speed using only these parameters. By 

understanding the hydraulic characterization of the wetland cell at the current time, a 

comparison can be made to the results found in a similar study conducted five years ago.     
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II. Literature Review 

Chapter Overview 

Natural attenuation and biodegradation are processes that are now being studied and used 

for water treatment and remediation.  One specific example of these processes is the 

design and use of manmade wetland cells for cleaning contamination from groundwater.  

Environmental scientists are now beginning to gain insight into how manmade wetland 

areas can efficiently emulate natural purification processes.  The implementation of this 

technology provides a more aesthetic, more energy efficient and more cost effective way 

to treat contaminated groundwater.  The use of treatment wetlands began in the early 

1960s with some small and inefficient applications.  After nearly 30 years of being used 

on a case by case basis, mostly for tertiary cleaning of wastewater, the technology is now 

beginning to be regulated and accepted worldwide for various uses. Wetlands are now 

constructed to treat water from a variety of sources such as mine waters heavy in metallic 

compounds, animal waste runoff from farm operations, storm water runoff, secondary 

wastewater treatment, and groundwater contaminated with nitrates or chlorinated ethenes.  

As of 1998, treatment wetlands in the US numbered nearly 600 and another 500 were in 

use in Europe.  The advancement in the understanding of how wetland systems work and 

long term studies proving the theoretical background make constructed treatment cells 

now considered as a regular treatment option (Cole, 1998).  

The first research identifying that wetland treatment may be suitable for treating 

groundwater contaminated with chlorinated ethenes, beginning with a study of volatile 
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organic compounds, was introduced in 1999 by researchers Michelle M. Lorah and Lisa 

D. Olsen.  These researchers determined that chlorinated ethenes had entered a natural 

wetland area and had broken down into daughter products of dichloroethylene (DCE) and 

vinyl chloride (VC) by the natural microbial activity in the wetland ecosystem (Lorah and 

Olsen, 1999).  Lorah and Olsen’s research effort motivated the research stream at AFIT 

supported by this study.  With the knowledge that naturally occurring mechanisms in a 

wetland ecosystem can break down chlorinated ethenes that pose threats to groundwater 

supplies across the country, studies of how to most effectively construct a wetland to treat 

these contaminants is a pressing topic in bioremediation today.  This chapter provides the 

background of the hydrogeological research occurring in the field of constructed wetland 

cell remediation.  The topics discussed include a focused look at artificial wetland design 

and functionality, groundwater flow theory including Darcy’s Law, a common numerical 

modeling technique that will be used in this study and the results of a previous study 

conducted on the same wetland cell in Dayton, OH in 2002.  

 

Constructed Wetland Design and Function 

The two most common types of manmade treatment wetlands being designed and used 

today include surface flow (SF) and subsurface flow (SSF) wetlands.  SF wetlands have 

water flowing across the surface of a soil field with algae, cattails and reeds growing 

plentifully in the treatment area.  This type of wetland is fairly deep (0.6 meters -2 

meters), built with hydric (natural wetland) soils, high organic content soils, carefully 

selected vegetation, and specially designed inflow and outflow controls.   
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SSF wetland cells, on the other hand, are built so the water flows and is treated beneath 

the surface. The water is never seen on the surface; rather it flows through the gravel 

media at a depth of 0.5 meters.  SSF wetlands are most commonly used due to smaller 

space requirements, concealed water preventing the introduction of insects, pests and 

odors, and aesthetic appeal. These types of wetlands can usually be integrated into the 

landscape with decorative rock or small plants (National, 1998:3).  

 

Fig 2-1. Cross-sectional description of SF and SSF wetland designs (adapted from 
EPA, 2000) 

  

The contaminated groundwater for treatment is introduced into the wetland treatment 

area by perforated pipes, gated pipes, or a series of weirs.  As soon as it is introduced, 
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natural processes start biodegrading the contaminants.  In SF wetlands the vegetation 

plays multiple roles in treatment effectiveness.  One of the basic roles is that roots, stems, 

and deteriorating plant debris acting as a filter for any suspended materials.  These 

sections of the vegetation also create millions of small spaces for bacteria to attach and 

feed on contaminant elements. Bacteria are the crucial part of the treatment process 

working both in the aerobic and in the anaerobic zones of the cell.  As the bacteria 

consume the waste, the water continues to flow toward the outlet and becomes cleaner 

with every bacteria colony that is in the flow path.  The bacteria also create substances 

that help plants to continue providing habitats for insects and other microorganisms that 

live in the wetland ecosystem. 

 

SSF wetland cells are built with a treatment medium of large rock or gravel.  Similar to 

the plants chosen for SF cells, the medium selected for SSF cells is chosen to provide a 

multitude of small pore spaces where bacteria can thrive and consume waste products. 

Because the flow of water will remain at least 0.05 m below the finished ground surface, 

the vegetation that does grow in SSF cells helps treatment by taking up nutrients that are 

generated from the waste or the bacteria; however they do not play as important a role as 

in the SF cells.  As mentioned earlier, a SSF treatment cell is more desirable on a site of 

households or businesses that can incorporate it into their landscape design, thereby 

saving money from treatment and gaining low maintenance landscaping. 
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The design of treatment wetlands is a combination of few known factors, assumptions 

based on the performance of existing systems, and the limited knowledge of natural 

systems.  A constructed system can be designed to provide what is believed to be optimal 

treatment, but it is still a natural process.  Deviations from designed flow paths and 

residency times are likely to occur after construction. A conservative design can help 

alleviate some of these issues; however flow rates and patterns of groundwater through 

the wetland cell are vital research topics.  In natural wetlands, water flows through 

relatively narrow and well established channels.  In contrast, the goal of a constructed cell 

is to uniformly distribute flow across the width of each cell as the water travels 

lengthwise from the inlet to an outlet.  Hydrology is the most important design factor in 

constructed wetlands; it often determines success or failure (Environmental, 2000:7).  

When the size, shape, and medium of a cell is selected, the most important factor driving 

those choices is the required hydraulic residence time, or the amount of time (usually 

days or weeks) that the water must spend in the cell to meet effluent standards at the 

outlet.   

 

In the study conducted by Luederitz et al. (2001) the advantages and disadvantages 

between horizontal and vertical flow wetlands was also researched.  Table 2-1 below 

shows these advantages and disadvantages.   
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Table 2-1 Comparison of advantages and disadvantages between horizontal and 
vertical flow wetlands (Luederitz, 2001). 

 
 Advantages Disadvantages 

Vertical Flow 
Wetlands 

Smaller area demand Shorter flow distances 

 Good oxygen supply Higher technical demands 
 Simple hydraulics  
 High purification performance 

from the beginning 
 

Horizontal Flow 
Wetlands 

Long flowing distances possible; 
nutrient gradients can be 
established 

Higher area demand 

 Longer life cycle Careful calculation of hydraulics 
necessary for optimal O2 supply 

  Equal waste water supply is 
complicated 

 
The results showed that each type favored separate types of contaminants that it could 

effectively treat.  Horizontal flows degraded phosphorus much more effectively than 

vertical flow wetlands while the latter type was much better at denitrification of 

ammonium and nitrate than the horizontal flow.  In the Luederitz study, as in other design 

and remediation guides the vertical flow type of wetlands receive the contaminated water 

at the top of the substrate and water flows assisted by gravity down through the media 

chosen and exits the cell via pipe or pump located on the bottom of the cell.  This is 

essentially the reverse direction of the flow induced in the wetland cell at WPAFB.  

 

The design for the treatment wetland cell in this study is a vertically imposed flow 

pattern.  The theory that vertical flows can effectively degrade certain DNAPL 

groundwater contaminants is the most current research in this field.  The design was 

originally conducted with much the same objectives used in horizontal flow construction.  
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Proper construction would create paths and hydraulic residence times to effectively clean 

the contaminated water without creating unnecessary distance for the water to travel.  The 

vertical flow design ensures that the breakdown of the chlorinated ethenes will take place 

by introducing the original contaminant PCE into the substrate with no oxygen present 

(anaerobic) zone, the only place with suitable conditions for contaminant degradation.  

Continuing the flow upward the daughter products, TCE, DCE and VC enter an oxygen 

rich (aerobic) zone where they in turn can be broken down further into non volatile 

compounds.  

 

  

Groundwater Flow Theory 

Darcy’s Law.  Groundwater flow has been studied for centuries.  Laws, equations and 

theories have been developed and tested, and today we have a good understanding of 

movement patterns. Success in predicting underground water movement depends on how 

accurately pertinent hydraulic parameters (such as hydraulic conductivity, K) can be 

evaluated.  Variables for every piece of land are different and complex.  In this research 

the flow of groundwater through the treatment cell at WPAFB is studied using proven 

equations, models and assumptions from a hydrogeology perspective.  

 

The definitive framework for studying groundwater flow was developed by Henry Darcy 

through his experiments in 1856.  The equation Darcy developed is considered a law of 

groundwater flow.  A set-up of this experiment is illustrated in Fig 2-2.   
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               q = Q/A              (1) 

      

    q = - K ((h1-h2)/ L)  (2) 

 

 Where:            Q       = volumetric flow rate 

                    q        = Darcy velocity (theoretical velocity) 

                    A       = cross-sectional area where flow is passing through 

                    K       = hydraulic conductivity 

                    h1, h2  = measurements of water elevations (hydraulic head) 

                    L        = the distance between two head measurements 

 

  

 

Fig 2-2. Experimental Apparatus for Darcy’s Law (Freeze and Cherry, 1979:15) 
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With a known volumetric rate of flow, Q, in units of volume per time (L3/T), the 

elevations in two separate manometers, h1 and h2, are measured relative to a local datum.  

Often a negative sign is included in the equation to show the characteristic of flow 

moving from areas of higher head to lower head.  The parameters of this experiment will 

yield three key variables for understanding groundwater movement: specific discharge, 

hydraulic gradient and hydraulic conductivity.   

 

Specific discharge.  The symbol q (L/T) is often called Darcy’s velocity, and represents 

the volumetric flow rate per unit cross-sectional area of the cylinder.  This is not an 

accurate measure, as volumetric area is constituted by both the solid soil particles and the 

voids between them. This measure ignores the fact that water cannot flow through space 

occupied by a solid particle.  A more accurate measure of the void space is the pore 

velocity, v, which can be calculated using the same Q and A values and a parameter 

called porosity, n. 

 

    v = Q/(A*n)   (3)  

 

 

This velocity is a closer approximation of actual velocity in soil or aquifer materials that 

has been proven accurate on both small scale studies (cm/min) done by Bouwer and Rice 

and very large scale studies (km/thousands of years), performed by Pearson and White 

(Bouwer, 1978:39).  The variable of porosity provides a clearer understanding of how 
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much water a soil can hold in the space between soil particles.  The measure of porosity 

itself is the ratio of volume of voids in a sample of soil to the total sample volume:   

 

    n = Vv/Vt   (4) 

 

The amount of voids in soil is important because it dictates the spaces that could transport 

water or air.  In a wetland condition, the soil is considered saturated.  Voids in this kind 

of soil would contain nearly 100% water and very little air. Porosity varies depending on 

the characteristics of the media.  Clay materials have a much higher porosity than sand 

and gravels, where the grain size is larger and takes up more space in the overall sample 

volume. Porosity for generally porous soils is usually around 0.3.  Porosity for peat soils, 

commonly found in wetlands, is near 0.5. 

 

Hydraulic gradient.  The term (h1-h2)/L, is the second key variable. This variable is the 

change in hydraulic head measurements between two manometers, piezometers, or wells 

open to atmospheric pressure a known distance apart.  For small distances, this parameter 

is designated as dh/dl and is the slope of the water table or piezometric surface at that 

point.  The hydraulic gradient is measured from the field in either a horizontal direction, 

using piezometers with screens set to the same depth, or in the vertical direction, by using 

piezometers in close proximity to each other in an x-y plane, but with screens located at 

varying depths.  This grouping is referred to as a piezometer nest.  The basic 

hydrogeologic framework for a given locality is based on spatial variation of hydraulic 
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measured conductivities were not as high as anticipated in a gravel pack, some soils 

mixed into the gravel layer may contribute to slower velocities.  The distribution of the 

hydraulic conductivity contours in Fig 4-3 show the values of horizontal hydraulic 

conductivities interpolated throughout the three dimensions of the computer model.  The 

X’s within the cell boundaries show the locations of the wells where hydraulic 

conductivities were calculated and entered as points in a 3-D scatter plot for the software. 

 

 
Fig 4-4a. top layer plan view of hydraulic conductivity contours 

 

 

Well 2 
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N
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Fig 4-4b.  bottom layer plan view of hydraulic conductivity contours 

 

 

In the top section of the wetland soils the conductivities measured ranged from 0.0004 

m/d to .001 m/d.  The higher conductivities were found in the center area of the top layer 

near wells 3 and 4.  The interpolated values range from 0.001 to 120.0 with no wells 

included inside the contour line for 0.1 m/d.  The horizontal conductivities measured in 

the middle section of the wetland depth ranged from 4 m/d to 12 m/d.  Slicing through the 

contours generated by the computer program, the values in the middle layer are similar to 

the top layer.  When looking only at the in the middle layer section of the soil wells 1, 3, 

5 are inside the contours of 0.1 m/d.  In the bottom section of the wetland soils, nearest 

the gravel layer the conductivities are higher than in each of the other layers. In this layer 

the conductivities range from 3 m/d to 51 m/d.  The contouring seen in the bottom layer 

section includes all the sampling wells between the contours of 5 m/d and 51 m/d with 
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other areas of the lower soil layer having interpolated values up to 120 m/d.  Similar to 

the top layer both the middle and bottom layers demonstrate their highest conductivities 

near the center area of their respective soil layers and near the west side of the wetland 

cell.    These values are similar to those found by Entingh’s work previously as shown in 

table 4-3 below. 

 

Table 4-3 Comparison between average layer conductivities measured in the two 
studies of the wetland cell (in ft/s) 

Study Top layer Middle layer Bottom Layer 

Entingh (‘02) 0.0210 0.0147 1.7885 

Corbin (‘07) 0.0099 0.0225 2.3584 

   

These are interesting results because the soil was of similar kind throughout the entire 

cell with the only minor difference being the addition of some carbon rich materials as 

10% of the volume of the bottom soil layer.  The soil was added in three lifts of 

approximately 38 cm depth as mentioned in the introduction chapter.  These three layers 

of soils lead to the depths of the piezometer placement to measure changes in vertical 

head and conductivity for this research effort.  The soil being the same makeup leads to 

assumptions of uniform porosity and isotropy properties throughout the wetland for the 

modeling effort as discussed in chapter covering methodology.  Further, in checking the 

sensitivity of the anisotropy parameter in the computer model it was determined that the 

computer generated flow patterns are not sensitive to this particular parameter.  Although 

the horizontal conductivities are heterogeneous, the vertical conductivities are assumed to 
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be similar throughout the wetland cell at a ratio of Kh/Kv of 1.5.  Changing the ratio in a 

range from a default value of 3.0 which is commonly assumed for the horizontally 

flowing aquifers, to 0.5 which would indicate a ratio much more conducive to the 

induced vertical flow in the cell, the model demonstrated very little change in the overall 

flow paths and velocities showing very small sensitivity to this parameter.   

 

To test the reliability of the slug test measurements and try to determine if the well 

screens were clear and allowing enough unobstructed flow from the surrounding soils, 

the wells were developed using a technique of flushing the wells with clean water.  A 

comparison of slug test results from before and after the development determined if the 

wells achieved any difference after sediment was flushed from the well and screens 

cleared of obstruction.  The development procedure included creating a low pressure 

spray from the end of a garden hose, lowering the hose down to the bottom of the well to 

below the screens, and letting the well fill and overflow for five minutes, flushing the 

well of any dirt or debris inside the well.  This procedure was conceived to try a clearing 

of the well and well screen without changing the soil properties surrounding the well.  

The process was repeated for all three levels of each nest of 2” sampling wells in the 

wetland cell.  To avoid changing the soil properties during development, as was reported 

in Entingh’s work when the wells were developed in 2002, the spray from the hose was 

kept small with a span of spray only 6” wide and very low pressure.  The hose was 

twisted as it was lowered, as it rested on the bottom of the well, and when it was raised to 

prevent single direction spray for the entire five minutes.  A slug test was done before the 
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clearing process was begun, and again after the water reached equilibrium once the 

clearing process was over.  The comparisons of conductivities before and after the 

clearing process are shown in table 4-4.  Unlike the results reported in Entingh’s work 

where the conductivities of 16 of 19 tested wells changed by an order of magnitude or 

more after the development of the wells, the results from the clearing procedure in this 

study did not show a change in hydraulic conductivities that dramatically. In this study 3 

of the 16 tested wells did not recover after the initial slug test nor did they recover after 

being flushed and filled with water.   It was the hope that after the initial slug tests did not 

recover, the clearing procedure would clear the screens and the slug tests after the 

clearing of the screens would recover appropriately.  After the post clearing slug tests still 

did not recover, it was concluded that the well screens were obstructing flow from the 

flowing out of the well into the surrounding soil, preventing the well from reaching the 

static head level until several hours later.  In two wells, the conductivity changed by a 

little over one magnitude, and in another case the conductivity decreased by one order of 

magnitude.  These differences actually created more reasonable conductivity values in all 

three cases.  This leads to a determination that the clearing of the well created a more 

accurate measure of the conductivity of the soil at that depth than the measure of the 

conductivity before the clearing procedure. 
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 Table 4-4 the pre and post clear conductivity values 
 Pre clear Kh (m/d) Post clear Kh (m/d)

Well # 1 a 0.039 0.061 

 # 1 b 0.164 0.615 

# 1 c 21.180 58.838 

Well # 2 a 0.171 0.494 

# 2 c 6.680 38.134 

Well # 3 b 0.121 0.373 

# 3 c 171.290 53.315 

Well # 4 a 0.132 0.149 

# 4 b 0.275 0.269 

# 4 c 32.300 26.980 

Well # 5 a 1.410 2.185 

# 5 c 21.110 62.171 

Well # 6 c 10.330 159.388 

* wells 3a, 5b, and 6b had no recovery after the slug test 

* wells 2b, and 6a have no string for conducting the slug tests 

 

The small change in conductivity measured before and after the clearing procedure in all 

except the previously mentioned wells leads to one of two conclusions.  Either the 

screens were allowing enough flow to measure the soil properties before the clearing 
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procedure so that the procedure did not change the conductivity values; or that, despite 

the development procedure used, the wells maintained the same level of obstructed flow 

as before the clearing to give similar results.  Either way the slug test results were similar 

and, in using the same procedure for the tests before and after the clearing process, 

proved the process was repeatable in the field to provide accurate slug test results.   

 

Computer Modeling 

The computer model of groundwater flow verifies and follows the flow patterns 

demonstrated by both the contours of head values across the wetland and the interpolated 

conductivities.  As the head values indicated with contours and higher measured head 

values, the flow along the north side of the wetland is much slower than the flows seen 

along the south side of the wetland cell.   As the hydraulic conductivity contours 

indicated, there are distinct areas of very low flow where the conductivity is low and 

areas of very high velocity of flow along the south side where the conductivities are 

highest.  In the areas of the wetland with very low vertical flow rates shown in the 

computer model, and very low hydraulic conductivities in the soils, horizontal flow is 

present in the layer representing the gravel bed where the perforated pipes introduce the 

water into the wetland.  In the gravel layer across the wetland the water flows 

horizontally until it comes to a high conductivity region of the wetland.  An example of 

this horizontal flow in areas where the conductivity in the soil is low is a cross section of 

the wetland near the west end, shown in Fig 4-5.   
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Fig 4-5. A cross section of the width of the wetland near the west end, row number 
10; depicting the horizontal flow preferred by the groundwater in the gravel layer 

 

Overall in the top and bottom layers of the computer model the water flows horizontally 

from the west end to the weir.  These flow vectors are shown in fig 4-6 below.  The 

magnitude of the flow is shown in the different sizes of the arrows demonstrating the 

direction of the water flow.   

 
Fig 4-6. the top most layer of the computer model, surface water, demonstrating 

water flowing from the west end towards the weir on the east. 
 

In the soil layers of the model the groundwater flows in vertical direction as is consistent 

with the decrease in head values between the bottom layers and the top of the soil.  In the 

N
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center areas of the wetland and the areas nearer the weir end, there is mostly vertical 

movement with some horizontal inclination towards areas of lower head values in the 

southeast corner of the wetland.  Cross-sections of the wetland showing how the vectors 

flow vertically throughout the soil layers are shown in fig 4-7and 4-8.   

 
Fig 4-7. cross section the length of the wetland cell, demonstrating horizontal flows 

in the top and bottom layers, and the vertical flows present in the soil layers 
between. 

 

 
Fig 4-8. section of the width of the wetland cell demonstrating the vertical flow 

present in the areas of greater conductivity along the south side of the wetland cell 
 

The results of the computer model demonstrate what was suspected in both the results of 

the hydraulic head measurements and the hydraulic conductivity testing.  As the field 

data supports, the model shows the water flows from areas from higher to lower head 

values (from the bottom of the wetland to the surface) and from areas of lower 

conductivity to higher conductivity regions.   
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It is interesting to note that, while Entingh (2002) found similar flow characteristics and 

areas where there were higher flow velocities and lower flow velocities, he reported the 

water generally flowing towards the north side of the wetland cell.  This research showed 

the preference of the groundwater to flow towards the south side of the wetland cell and 

then to the surface.  Also, Entingh reported that there was vertical flow throughout the 

wetland cell even though there was some short circuiting of the water.  Again this is a bit 

contradictory to the areas with very little to no visible vertical flow components near the 

northwest corner of the cell that were realized in this study of the wetland.  With the 

similarity in methodology, almost to a point of replication between the two studies, it is 

apparent that the water has changed or shifted to more distinct areas of higher flow rates 

and very low flow rates since the study conducted in 2002.  

Residence Time Calculations 

The water flows vertically through the areas of low conductivity; however it is at a very 

slow pace.  The ideal flows intended for the constructed wetland cell was a direct vertical 

path for a particle of water flowing from the gravel layer to the top of the soil and into the 

weir outlet.  This occurs most closely in the area near the weir end.  The   residence time 

for a particle of water from the gravel layer at the bottom of the cell to the top of the soil 

generated by the computer model in this study is only 1.25 days.  To track the particles 

flowing in the wetland a package in the MODFLOW suite of programs called 

MODPATH was used.  Particles of water generated at the cells that simulated the gravel 

layer were tracked to determine an average time that the particle will spend in the 

wetland soil before reaching the surface where the water flows in a sheet flow manner 
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towards the weir outlet.  While tracking the particles from the gravel layer an average for 

each of the 3 soil layers was computed individually and the probability function 

distribution of residence times in each layer were graphed.  The three graphs below show 

the histogram representation of each distribution of water particles traveling through the 

top, middle and bottom soil layers respectively. The graphs show there is very small 

difference between the time water particles spend traveling through the separate soil 

layers.  The most common time in each of the layers was 0.4 and 0.5 days.  

Top Layer Residence Time Distribution
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 Fig 4-9a. Residence time distribution for particles in the top soil layer 
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Middle Layer Residence Time Distribution
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Fig 4-9b. Residence time distribution for particles in the middle soil layer 

 

Bottom Layer Residence Time Distribution
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Fig 4-9c. Residence time distribution for particles in the bottom soil layer 
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As is apparent in the distributions shown in Fig 4-9, the average time for water particles 

generated in the gravel layer and traveling through the top, middle and bottom layers of 

the wetland soil are 0.43, 0.48 and 0.47 days respectively.  The groundwater from all of 

the randomly selected cells in the gravel layer traveled horizontally from the north side of 

the wetland cell to the south side and then vertically to the surface.  This was a trend for 

the entire length of the wetland cell.  Fig 4-10 shows a representation of the water 

particles being tracked using MODPATH with a scale of 0.5 days per arrow.  

 
Fig 4-10. cross-section of wetland cell near the weir end, row 46, showing the flow 

paths tracked by water particles generated at the injection wells 
 
 
For particles of water traveling in the lower conductivity areas, K less than 0.1 m/d, the 

average residence time in each layer of the wetland cell is much larger than the particles 

that are tracked beginning at the gravel layer.  The averages are 436,000 days for the top 

layer, 439,000 for the middle layer and 425,000 days for the bottom soil layer.  This is 

largely found in the areas of the wetland cell where the flows have very low velocities 

near the north side and west end. Conversely in the areas of higher conductivity, along 

the south side of the wetland cell, the residence time is between 1 day and 10 days 

through all three soil layers for particles being tracked in areas above the gravel layer 

which is more in line with the residence time reported in Entingh’s work five years ago.  
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He reported an average residence time of 3.6 days using the MODPATH package in 

visual MODFLOW.  With a simple equation that correlates volume of water in the 

wetland with the average flow rate of water a simple overall residence time can be 

calculated. 

     t = V/Q   (14) 

 

 Where   t  = mean residence time (days) 

V = volume of water (cubic meters) 

Q = flow of water through the system (cubic meters per day) 

The overall theoretical residence time for the water traveling through the volume of the 

wetland cell and exiting the weir would be 5.5 gpm traveling through 522.87 cubic 

meters of soil.  Using the measured porosity of 0.5 for the wetland soils, the volume of 

water is 261.44 cubic meters.  The average residence time works out to 8.75 days for the 

water flowing uniformly through the wetland cell. A more accurate residence time would 

take into account only the areas where water is actively flowing (with a residence time 

less than 5 days for the depth) and not including the areas of nearly stagnant flow in the 

overall volume of the wetland cell.  This leads to a better understanding of the amount of 

water being handled by the small area where the vertical flow is occurring most 

significantly (with a residence time less than 5 days from bottom to top of the soil).  Fig 

4-11 on the next page illustrates a series of randomly placed particles along the gravel 

layer and the volume of soil that captures the majority of the vertical flow.   
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Fig 4-11. an illustration of particles tracked from the gravel layer to the top of the 
wetland soil 

 

This active area at the surface is approximately 18 m long (from x = 18.6m to x = 36m) 

and 3.7 m wide (from y = 0.51m to y = 4.24m) through the depth of the wetland 1.7m.  

Which yields a soil volume of 113.22 cubic meters, add to that the volume of the gravel 

layer (111.72 cubic meters) and the total actual wetland volume that handles all of the 5.5 

gpm flow is only 224.94 cubic meters.  This reveals a more accurate residence time of 

3.75 days for the water to travel from the gravel layer to the surface of the soil.   

 

Using the MODPATH package in combination with the flow velocity profiles that were 

calculated at the surface of the wetland cell a particle can be tracked from a random 

starting point in the gravel layer, where the water enters the wetland cell, to the surface 

and then tracked to the weir.  With this additional information it can be determined that 

the water particles at the surface in the south east corner of the wetland cell where the 

velocities range from 1.7 m/day near the center of the cell, to 0.25 m/day near the weir, 
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take between 18 and 24 days to travel across the surface to the outlet weir.  The total 

residence time for particles from the gravel layer to the outlet weir is actually calculated 

as a range from 25.46 days to 51.96 days.  The majority of that time is spent as slow flow 

across the surface, the second largest amount of that time is spent traveling horizontally 

the length of the wetland cell in the gravel layer and the smallest portion of that time is 

the vertical component in the south east corner of the wetland cell.  

 
 

Conclusion 

Overall the wetland cell demonstrates the vertical flow that it was designed to provide.  

Once the water reaches the surface it flows to the outflow weir.  There are regions where 

the magnitude of the groundwater flow greatly increases and sharply changes direction in 

the center of the cell.  There are areas where the flow is very slow and there are areas 

where the water flows rapidly in a horizontal direction.  By including the field data and 

the soil parameter assumptions into a computer generated model, a full picture of the 

preferential paths of groundwater flow in the constructed wetland cell can be studied.  

The model itself is believed to be reliable as it was calibrated until the difference between 

the measured head values in the wetland and the head values calculated by the model 

itself were within only a weighted residual sum of 20.496 at a 95% confidence level.  

This level of calibration was achieved and determined adequate during the calibration 

step of the computer model which is outlined more clearly in chapter three.  A summary 
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of the closeness of the measured and calculated values table is included in table 4-5 

below.  

Table 4-5. residual between the observation head values (measured) and the 
calculated head values 

Obs pt Obs H calculated H residual Obs pt Obs H calculated H residual 
1 1.715 1.869175 0.154175 23 2.435 1.810427 -0.62457 
2 1.819 1.867655 0.048655 24 1.936 1.757029 -0.17897 
3 2.413 1.861871 -0.55113 25 1.973 1.790838 -0.18216 
4 1.703 1.869497 0.166497 26 2.42 1.801052 -0.61895 
5 1.654 1.868071 0.214071 27 1.799 1.742571 -0.05643 
6 1.8 1.859991 0.059991 28 1.764 1.774346 0.010346 
7 1.882 1.860104 -0.0219 29 2.423 1.784 -0.639 
8 2.415 1.860039 -0.55496 30 1.793 1.735055 -0.05795 
9 1.79 1.86288 0.07288 31 1.762 1.759554 -0.00245 

10 1.777 1.862392 0.085392 32 2.43 1.778257 -0.65174 
11 2.42 1.861279 -0.55872 33 1.688 1.720747 0.032747 
12 1.832 1.854934 0.022934 34 1.992 1.727387 -0.26461 
13 1.89 1.856368 -0.03363 35 2.417 1.729619 -0.68738 
14 2.427 1.857327 -0.56967 36 1.784 1.735456 -0.04854 
15 1.805 1.84595 0.04095 37 1.784 1.776001 -0.008 
16 1.812 1.846764 0.034764 38 2.425 1.775199 -0.6498 
17 2.42 1.846593 -0.57341 39 1.787 1.715339 -0.07166 
18 1.79 1.834737 0.044737 40 1.956 1.726956 -0.22904 
19 2.03 1.836693 -0.19331 41 2.42 1.730548 -0.68945 
20 2.361 1.840883 -0.52012 42 1.777 1.735178 -0.04182 
21 1.757 1.798318 0.041318 43 2.267 1.766507 -0.50049 
22 1.832 1.807777 -0.02422 44 2.418 1.774413 -0.64359 

Deleted: caluculated
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V.  Conclusions and Recommendations 

Conclusions 

The goal of this research effort was to determine the current flow patterns in the 

constructed treatment wetland cell at Wright Patterson Air Force Base, OH.  The results 

of this study show that there exists varying levels of hydraulic head gradients across three 

separate depths of the wetland soils indicating areas of much higher groundwater flows as 

well as large areas of very low flow rates.  Measured horizontal hydraulic conductivities 

also show a wide variation of contours from 0.001 m/day to 51 m/day, also indicating 

areas of very high velocities and areas of very low velocities.  The wetland cell was 

constructed to induce uniformly vertical flow to create the most efficient decomposition 

of the PCE through the wetland substrate.  As was shown in Entingh’s study of the 

groundwater flow patterns in the cell in 2002, this study also verifies that the 

groundwater flow patterns are not always uniformly vertical.  There are preferential flow 

patterns occurring such as those shown in the residence time section.  

 

The residence time of each soil layer was determined to demonstrate the differences that 

exist from the bottom soil depths and the soil near the top of the wetland.  It was shown 

that the calculated residence time of particles of water starting in the gravel layer in the 

bottom of the wetland cell are similar to the residence time that was envisioned during 

the design of the cell.  However particles tracked from the soil layers of the wetland cell 

took much longer average times to reach the surface in areas where the measured 
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conductivities were very small. These areas represent stagnant sections of the wetland, 

mostly along the north side and west end of the wetland.  

 

Each section of this study was compared to a study done on this same wetland cell when 

it was first constructed in 2002.  The head measurements in this study showed similar 

variations as were found in Entingh’s work five years ago.  The head measurements in 

both studies showed areas of higher head and lower head located very close to each other 

and showed gradients where the preferential paths of groundwater would tend to flow.  

The patterns of head gradient and hydraulic contours lead to regions of higher and lower 

magnitude groundwater flows across the wetland.  These patterns are similar to what 

Entingh had found in the original study.  The conductivities found in the current study 

were similar to the conductivities determined by Entingh.  Overall however, it appears 

that after five years of continuous operation the wetland has developed distinct areas 

where the water flow velocities are very slow and other areas that are much faster.  

 

Areas for Future Study 

 A suggested follow on to this study would be to use a physical test of flow in the wetland 

cell with a conservative tracer or dye.  This would lead to measurements of where the 

tracer or dye appears over time to determine if the groundwater flow velocities and 

residence times are similar to those determined in this study.   Expected time for 

measuring a tracer or dye would be found in the nests located along the southern side of 
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the wetland cell, the areas of most vertical flow.  Table 5-1 below suggests the time to 

measurable tracer or dye being located in the nest piezometer.  

 

Table 5-1. estimated time for detectable measurements of a tracer or dye test 
Nest # Level of Screen Estimated time to  

measurements (days)
37 A 1.5 
37 B 1.0 
37 C 0.4 
43 A 1.2 
43 B 1.0 
43 C 0.4 
49 A 1.5 
49 B 1.0 
49 C 0.5 
55 A 1.6 
55 B 1.0 
55 C 0.5 
61 A 1.4 
61 B 1.0 
61 C 0.5 

 

 

Another suggested area for future study would be to do a replicated study with the same 

field work and allow time for formal training and more in depth use of the MODFLOW 

computer program to generate a model more closely aligned with the data collected in the 

field.   A suggested method of creating a model with more closely calibrated calculated 

and field measured data would be to explore the use of various fitting algorithms with the 

MODFLOW output.   
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Finally a study conducted with similar methodology to this research and including more 

wells for testing could detect the heterogeneities that are occurring in the wetland cell 

could lead to a more accurate understanding of the groundwater flow patterns.  It is 

suggested that to achieve a more accurate study the addition of 4-6 sampling wells would 

be necessary.  The area of most need of the additional wells is along the northern side of 

the wetland cell where the conductivities were measured at very low values.  More 

exploration in this area of the wetland cell could provide a clearer picture of the 

hydraulics of the decontamination process.  

Study Strengths 

This study gathered a good bit of field data that helped describe the possible flow paths of 

the groundwater.  The amount of head data from the closely spaced piezometer grid 

allowed for a good characterization of the direction of preferred groundwater flow.  The 

horizontal conductivities collected by commonly used slug test methodology provided a 

contour definition of the conductivities found in the wetland cell.  This study used the 

field data collected to create and calibrate the computer model using Groundwater 

Modeling System and the MODFLOW package of software.  These programs are 

considered user friendly and an industry standard in the case of MODFLOW.  They 

create clear output pictures that help to define the movement of groundwater given a 

combination of soil and pressure characteristics that are easily defined and changed.  A 

follow up to this study using the same numerical modeling package would be relatively 

easy to begin and created a model that more closely represents the actual wetland cell.  
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Appendix A 

This appendix shows the measured head values for the piezometers in the wetland. The 

measurements were taken May 11, 2007 with a wetland flow of 5.5 gallons per minute. 

  

piezometer # Soil layer 
H20 depth 
measured (ft) 

elev piez 
surface (ft) 

elev piez 
surface (m) 

1 a 0.8 5.805 1.769
1 b 2.55 5.636 1.718
1 c 1.45 7.76 2.365
2 a 0.62 5.925 1.806
2 b 1.13 6.242 1.903
2 c 0.9 8.145 2.483
3 a 0.71 5.626 1.715
3 b 1.33 5.969 1.819
3 c 1.05 7.916 2.413
4 a 0.75 5.745 1.751
4 b 1.15 5.769 1.758
4 c 1.09 7.874 2.400
5 a 0.49 6.03 1.838
5 b 1.6 5.927 1.807
5 c 1.05 7.998 2.438
6 a 0.61 5.588 1.703
6 b 1.63 5.426 1.654
6 c dry     

          
7 a 0.8 5.69 1.734
7 b 1.4 6.133 1.869
7 c 1.22 7.754 2.363
8 a 0.61 5.907 1.800
8 b 1.41 6.175 1.882
8 c 1.01 7.924 2.415
9 a 0.79 5.706 1.739
9 b 1.74 5.806 1.770
9 c 1.22 7.861 2.396

10 a 0.83 5.869 1.789
10 b 1.45 6.344 1.934
10 c 1.36 7.823 2.384
11 a 0.88 5.872 1.790
11 b 1.91 5.831 1.777
11 c 1.25 7.944 2.421
12 a 0.46 6.218 1.895
12 b 1.21 6.266 1.910
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piezometer # Soil layer 
H20 depth 

measured (ft)
elev piez 

surface (ft)
elev piez 

surface (m)
 12  c  1.25  7.78  2.371
13 a 0.58 6.21 1.893
13 b 2.25 5.993 1.827
13 c 1.36 7.931 2.417
14 a 0.86 5.699 1.737
14 b 2.14 6.032 1.839
14 c 1.42 7.736 2.358
15 a 0.72 5.878 1.792
15 b 2.07 6.275 1.913
15 c 1.44 7.834 2.388
16 a 0.05 6.641 2.024
16 b 0.16 7.336 2.236
16 c 1.1 7.925 2.416
17 a 0.5 6.239 1.902
17 b 1.69 5.988 1.825
17 c 1.22 7.928 2.416
18 a 0.7 6.01 1.832
18 b 1.46 6.084 1.854
18 c 1.15 7.961 2.427

          
19 a 0.8 5.902 1.799
19 b 1.8 5.908 1.801
19 c 1.31 7.905 2.409
20 a 0.96 5.727 1.746
20 b 1.68 5.977 1.822
20 c 1.33 7.823 2.384
21 a 0.58 5.922 1.805
21 b 1.6 5.944 1.812
21 c 1 7.94 2.420
22 a 1.07 5.65 1.722
22 b 0.05 7.5 2.286
22 c 1.36 7.763 2.366
23 a 0.31 6.548 1.996
23 b 0.73 6.81 2.076
23 c 1.2 8 2.438
24 a 0.95 5.713 1.741
24 b 0.98 6.38 1.945
24 c 1.04 7.923 2.415

          
25 a 0.85 5.788 1.764
25 b 2.35 5.878 1.792
25 c 1.23 8.025 2.446
26 a 1.11 5.603 1.708
26 b 2.65 5.558 1.694
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piezometer # Soil layer 
H20 depth 

measured (ft)
elev piez 

surface (ft)
elev piez 

surface (m)
26 c 1.57 7.781 2.372
27 a 0.97 5.639 1.719
27 b 0.52 7.002 2.134
27 c 1.3 7.895 2.406
28 a 0.76 5.828 1.776
28 b 1.33 6.048 1.843
28 c 1.1 7.956 2.425
29 a 0.65 6.286 1.916
29 b 1.5 6.15 1.875
29 c 1.97 7.19 2.192
30 a 0.89 5.873 1.790
30 b 1.44 6.661 2.030
30 c 1.33 7.745 2.361

          
31 a 0.82 5.835 1.779
31 b 1.39 6.79 2.070
31 c 1.21 8.07 2.460
32 a 1.03 5.763 1.757
32 b 2.1 6.011 1.832
32 c 1.47 7.99 2.435
33 a 1.1 5.738 1.749
33 b 1.43 6.729 2.051
33 c 1.73 7.775 2.370
34 a 0.3 6.308 1.923
34 b 1.59 5.929 1.807
34 c 1.07 7.94 2.420
35 a x     
35 b 0.98 6.491 1.978
35 c dry     
36 a 0.38 6.344 1.934
36 b 1.49 6.086 1.855
36 c 1.12 8.067 2.459

          
37 a 0.85 5.851 1.783
37 b 2.57 5.778 1.761
37 c 1.37 7.969 2.429
38 a 0.88 5.873 1.790
38 b 2.51 5.772 1.759
38 c 1.58 7.936 2.419
39 a 0.88 5.868 1.789
39 b 2.5 5.879 1.792
39 c 1.44 7.812 2.381
40 a 0.03 6.628 2.020
40 b 0.57 6.588 2.008
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piezometer # Soil layer 
H20 depth 

measured (ft)
elev piez 

surface (ft)
elev piez 

surface (m)
40 c 1.13 7.919 2.414
41 a 0.44 6.253 1.906
41 b 1.3 6.207 1.892
41 c 1.21 7.906 2.410
42 a 0.03 6.363 1.939
42 b 1.06 6.473 1.973
42 c 1.13 7.939 2.420

          
43 a 1.13 5.5 1.676
43 b dry     
43 c 1.34 7.969 2.429
44 a 0.82 5.787 1.764
44 b 1.19 7.119 2.170
44 c 1.49 7.923 2.415
45 a 0.89 5.783 1.763
45 b 2.51 5.785 1.763
45 c 1.35 7.954 2.424
46 a 0.83 5.918 1.804
46 b 1.64 6.03 1.838
46 c 1.24 7.918 2.413
47 a 0.97 5.902 1.799
47 b 1.71 5.787 1.764
47 c 1.34 7.948 2.423
48 a 0.38 5.93 1.807
48 b 0.8 6.832 2.082
48 c 1.08 7.969 2.429

          
49 a 0.81 5.745 1.751
49 b 2.55 5.771 1.759
49 c 1.35 8.037 2.450
50 a 1.11 5.588 1.703
50 b 1.32 6.32 1.926
50 c 1.52 7.925 2.416
51 a 0.92 5.864 1.787
51 b 2.04 5.748 1.752
51 c 1.46 7.988 2.435
52 a 0.85 5.881 1.793
52 b 2.04 5.78 1.762
52 c 1.42 7.973 2.430
53 a 0.64 5.898 1.798
53 b 1.7 5.943 1.811
53 c 1.32 7.942 2.421
54 a 0.65 5.589 1.704
54 b 1.21 6.436 1.962
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piezometer # Soil layer 
H20 depth 

measured (ft)
elev piez 

surface (ft)
elev piez 

surface (m)
54 c 1.33 7.789 2.374

          
55 a 0.96 5.537 1.688
55 b 1.3 6.535 1.992
55 c 1.39 7.93 2.417
56 a 1.1 5.38 1.640
56 b 1.33 6.438 1.962
56 c 1.42 7.961 2.427
57 a 0.71 5.83 1.777
57 b 1.86 5.809 1.771
57 c 1.65 7.847 2.392
58 a 0.35 6.193 1.888
58 b 1.59 6.082 1.854
58 c 1.32 7.889 2.405
59 a 0.8 5.853 1.784
59 b 1.83 5.854 1.784
59 c 1.39 7.955 2.425
60 a 0.69 5.82 1.774
60 b 0.95 6.632 2.021
60 c 1.23 7.959 2.426

          
61 a 0.5 5.859 1.786
61 b 2.19 5.461 1.665
61 c 1.49 7.806 2.379
62 a 0.89 5.862 1.787
62 b 1.35 6.418 1.956
62 c 1.37 7.939 2.420
63 a 0.19 6.428 1.959
63 b 0.84 6.835 2.083
63 c 1.47 7.953 2.424
64 a 0.78 5.997 1.828
64 b 0.39 7.29 2.222
64 c 1.27 7.866 2.398
65 a 0.75 5.852 1.784
65 b 1.33 6.24 1.902
65 c 1.38 7.891 2.405
66 a 0.54 5.831 1.777
66 b 0.12 7.439 2.267
66 c 1.39 7.934 2.418
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Appendix B  

This appendix contains 2-D illustrations of the hydraulic head gradients in the measured 

depths of the wetland soil.  The top layer is at a depth of 1.33 m above the horizontal 

datum represented by the geo-membrane beneath the soil, gravel and sand layers at the 

bottom of the wetland cell.  The middle layer is represented by a depth of 0.95 m above 

the datum and the bottom layer is represented at a depth of 0.57 m above the datum. 

These illustrations can be compared to those created during the Entingh study conducted 

on the same wetland cell in 2002.  

 

The 2-D illustration of the top layer of head values can be found in chapter 4, pg. 59. 

 

 

 

 

 

 

 

 

 

Mid level head contours (m) of the current study 
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Bottom level contours (m) of the current study 

 

 

 

 

 

 



 

89 

References 

Amon, Jim, Abinash Agrawal, Michael Shelley, Bryan Opperman, Michael Enright, 
 Nathan Clemmer, Thomas Slusser, Jason Lach, Teresa Sobolewski, William  
Gunner, and Andrew Entingh. “Development of a Wetland Constructed for the 
 Treatment of Groundwater Contaminated by Chlorinated Ethenes.” Ecological  
Engineering. 30:51-66. 2007  

 
Bair, Scott E. and Terry D. Lahm. Practical Problems in Groundwater. Upper Saddle  
 River, NJ: 2006. 
 
Blalock, Jack. Grouondwater FlowThrough a Constructed Treatment Wetland. 
 MS Thesis, AFIT/GEE/ENV/03M. Graduate School of Engineering and  
 Management, Air Force Institute of Technology (AU), Wright-Patterson AFB 
 OH, March 2003 (ADA 415081). 
 
Bouwer, Herman and R.C. Rice. “A Slug-Test for Determining Hydraulic Conductivity 
 of Unconfined Aquifers with Completely or Partially Penetrating Wells,” Ground 
 Water, 12 (3): 423-428. 1976 
 
Bouwer, Herman. Groundwater Hydrology. McGraw Hill College Publishing, 1978.  
 
Coastal Hydraulics Laboratory.GMS-Groundwater Modeling System. n pag. 7 July 2007 

http://chr.erdc.usace.army.mil/chl. 
 
Cole, Stephen. “The Emergence of treatment wetlands,” American Chemical Society  
 Journal. 32 (9): 218-223. 1 May 1998. 
 
Dawson, Karen J. and Jonathan D. Istok.  Aquifer Testing: Design and Analysis of  

Pumping and Slug Tests.  Chelsea, MI: Lewis Publishers, 1991. 
 
Domenico, Patrick A. and Franklin W. Schwartz. Physical and Chemical Hydrogeology.  
 (2nd Edition).New York: John Wiley and Sons, Inc, 1998. 
 
Entingh, Andrew C. Groundwater Flow Through a Constructed Treatment Wetland. 
 MS Thesis, AFIT/GEE/ENV/02M-03. Graduate School of Engineering and  
 Management, Air Force Institute of Technology (AU), Wright-Patterson AFB 
 OH, March 2002 (ADA 400545). 
 
Environmental Protection Agency. Constructed Wetlands Handbooks: A Guide to  
 Creating Wetlands for Agricultural Wastewater, Domestic Wastewater, Coal 

Mine Drainage, Stormwater Management in Mid Atlantic Region. Volume 1: 
General Considerations, 2000. 

  
 



 

90 

--------. Consumer fact sheet on: Tetrachloroethylene 
 Excerpt from National primary drinking water regulations. n. pag (28 Nov 2006). 
 12 March 2007 http://www.epa.gov/safewater/dwh/c-voc/tetrachl.html  
 
 
--------. Groundwater pump and treat systems: summary of  
 selected costs and performance information at superfund financed sites. EPA  
 542-R-01-021b. Government Printing Office, 2002.  
 
Fitts, Charles R. Groundwater Science. Boston: Academic Press, 2002. 
 
Freeze, R. Allan and John A. Cherry. Groundwater. Englewood Cliffs, NJ: Prentice 
 Hall, 1979. 
 
Harbaugh, Arlen W. MODFLOW-2005, The U.S. Geological Survey Ground-Water 
 Model -- the Ground-water Flow Process. Ch 16, Book 6. Section A.  
 Reston, VA: US Geological Survey, 2005. 
 
Hvorslev, M. J. “Time-lag and Soil Permeability in Groundwater Observations,” 
 Waterways Experiment Station Bulletin 36. Vicksburg, MS: US Army  
 Corps of Engineers, 1951.  
 
Kresic, Neven. Hydrogeology and Groundwater Modeling. (2nd Edition). Boca Raton,  
 FL: CRC Press, 2007. 
 
Langergraber, Guenter. “Constructed Wetlands” in Water Encyclopedia. Vol. 1. Editors 
 Lehr, Keeley and Lehr. New York: John Wiley and Sons, 2005. 
 
Lorah, Michelle M. and Lisa Olsen. “Natural Attenuation of Chlorinated Volitile Organic  
 Compounds in a Freshwater Tidal Wetland: Field Evidence of Anaerobic  
 Biodegradation,” Water Resources Research. 35 (12): 3811-3827. 1999.  
 
Luederitz, Volker, Elke Eckert, Martina Lange-Weber, Andreas Lange, and Richard M.  
 Gersberg. “Nutrient removal Efficiency and resource Economics of Vertical  
 Flow and Horizontal Flow Constructed Wetlands,” Ecological Engineering.  
 18: 157-171. 2001. 
 
MODFLOW. Version 6.0. Computer Software. Waterloo Hydrogeologic Inc., Waterloo,  
 Ontario Canada, 2005. 
 
National Small Flows Clearinghouse. “Constructed Wetlands: A Natural Treatment  
 Alternative,” Pipeline. 9 (3): 1-8. Summer1998.  
 
Nyer, Evan K. Groundwater Treatment Technology. (2nd Edition). New York: Van  
 Nostrand Reinhold Press, 1992.  



 

91 

 
Surfer. Version 8. Computer Software. Golden Software Inc, Golden CO, 2002. 
 
 
Walton, William C. Aquifer and Hydrological Modeling. Boca Raton,FL: CRC Press,  

2007.  
 
 



 

 

REPORT DOCUMENTATION PAGE 
Form Approved 
OMB No. 074-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data 
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other 
aspect of the collection of information, including suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information 
Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-4302.  Respondents should be aware that notwithstanding any other 
provision of law, no person shall be subject to an penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.   
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE (DD-MM-YYYY) 

23-03-2008 
2. REPORT TYPE  

Master’s Thesis  
3. DATES COVERED (From – To) 

March 2007 – March 2008 
5a.  CONTRACT NUMBER 

5b.  GRANT NUMBER 
 

4.  TITLE AND SUBTITLE 
 
An Analysis of Groundwater Flow Patterns in a Constructed  
Treatment Wetland Cell 
 

5c.  PROGRAM ELEMENT NUMBER 

5d.  PROJECT NUMBER 
 
5e.  TASK NUMBER 

6.  AUTHOR(S) 
 
Corbin Rebecca S., Captain, USAF 
 
 
 

5f.  WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAMES(S) AND ADDRESS(S) 
  Air Force Institute of Technology 
 Graduate School of Engineering and Management (AFIT/EN) 
 2950 Hobson Way, Building 640 
 WPAFB OH 45433-8865 

8. PERFORMING ORGANIZATION 
    REPORT NUMBER 
 
     AFIT/GEM/ENV/08-M04 

10. SPONSOR/MONITOR’S 
ACRONYM(S) 
 

9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
  
This space intentionally left blank. 11.  SPONSOR/MONITOR’S REPORT 

NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
       
        APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED. 

 
13. SUPPLEMENTARY NOTES  
 
 
14. ABSTRACT  
This research effort analyzed groundwater flow paths within a treatment wetland constructed to 
degrade tetrachloroethylene (PCE) in groundwater.  The treatment cell is a vertical flow wetland 
that allows the water to flow from the bottom to the surface breaking down PCE and daughter 
products.  The method of conducting this research included collecting field data of hydraulic 
head contours nested piezometers and collecting data from sampling wells to determine hydraulic 
conductivities in the wetland.  The field data was used to create a numerical computer model to 
determine groundwater flow patterns.  The field data and the model demonstrate that there are 
areas in the wetland with flow velocities as low as 0.0019 m/day and as high as 2.779 m/day.  
The computer model also shows residence times of water particles traveling from the bottom of 
the wetland cell to the surface water varying from < 1 day, to over 1000 days. Groundwater flow 
patterns occurring in the wetland today were compared to a study five years ago.  The hydraulic 
head contours and hydraulic parameters measured in the field were similar in both studies.  The 
results of both studies show the residence times and the desired uniform flow across the wetland 
is being short circuited.  
 
15. SUBJECT TERMS 
     Groundwater, Constructed Treatment Wetland, MODFLOW 

16. SECURITY CLASSIFICATION 
OF: 

19a.  NAME OF RESPONSIBLE PERSON 
Dr Michael Shelley 

a. 
REPORT 
 

U 

b. 
ABSTRACT 
 

U 

c. THIS 
PAGE 

 
U 

17. LIMITATION 
OF  
     ABSTRACT 
 
 

UU 

18. 
NUMBER  
      OF 
      PAGES 
 

104 

19b.  TELEPHONE NUMBER (Include area code) 
(937) 255-6565  
(Michael.shelley@afit.edu) 

   Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39-18 



 

 

 


