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EnE702 
Environmental Hydrogeology 

Introduction 
Dr. Andrew Cohen 

Course Overview 

This course deals with the description and prediction of contaminant migration in groundwater 
and associated geologic media. Therefore, this course could also be titled “Contaminant 
Hydrogeology”, “Subsurface Contaminant Transport”, or similar.  

In this class you will learn the fundamentals of groundwater flow, chemical transport in soil and 
groundwater, and how to assess the extent and impacts of groundwater contamination based 
on field data.  These analyses form a basis for risk assessment and remedial selection. Theory 
will be combined with problem sets that are based on actual field data and case studies.  

Groundwater Resources and Contamination 

Groundwater makes up less than 1% of the world’s water supply, yet in terms of fresh water, 
98% is groundwater.  In the U.S, about 33 trillion gallons is stored in aquifers.  Based on 2005 
data, about 80 Bgal/day from about 16 million wells was pumped from aquifers (USGS, 2009).  
This is equivalent to 57.4 Mga/min.  For comparison, the flow rate of Niagara Falls is about 6 
million cf/min = 45 Mga/min, and the Mississippi flow rate is about 212 Mga/min.  The table 
below shows groundwater usage in the US in 2005 (USGS, 2009. Fact Sheet 2009–3098, Nancy 
Barber, Summary of Estimated Water Use in the United States in 2005). 

US Statistics    
Category Groundwater 

Water Use 
(million 

gallons/day) 

Percent of 
Total 

Groundwater 

Factoids 

Irrigation 53,500 67.2% ~408,000 wells ~98,000 
farms 

Public Water Supply 14,600 18.3% ~108,000 wells40,000 
supply systems 

88,000,000 people 
Industrial (self-supplied) 3,070 3.9%  
Individual Household (self-
supplied) 

3,740 4.7% Supplies ~43,000,000 
people 

Livestock/Aquaculture 3,200 4.0%  
Mining 1,020 1.3%  
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New Jersey    
Category Groundwater 

Water Use 
(million 

gallons/day) 

Percent of 
Total 

Groundwater 

Factoids 

Irrigation 43 7% ~408,000 wells for ~98,000 
farms 

Public Water Supply 410 69% 3,757 supply systems 
3,700,000 people 

Industrial (self-supplied) 46 8%  
Individual Household (self-
supplied) 

80 13% Supplies ~961,000 people 

Livestock/Aquaculture 10 2%  
Mining 1 0.2%  

 

Groundwater is clearly an essential resource.  Nonetheless, groundwater contamination is 
present in many areas.  Some of the contaminant sources include: 

• Septic Tanks and cesspools 
• Injection wells 
• Land application 
• Leaky Landfills 
• Open dumps 
• Residential disposal 
• Surface impoundments 
• Mine wastes 
• Material stockpiles 
• Graveyards 
• Animal burials 
• Above ground storage tanks 

• Underground storage tanks 
• Containers 
• Open incineration and detonation sites 
• Radioactive waste disposal 
• Irrigation 
• Pesticide/fertilizer application 
• Farm animal wastes 
• Salt application from highway deicing 
• Home water softeners 
• Urban runoff 
• Mine drainage 
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The Conceptual Model – A Fundamental Component of Environmental Science and 
Engineering 

 

A fundamental idea that we will revisit frequently is the idea of the “Conceptual Model”.  In 
fact, developing and solving conceptual models is what this class is all about. 

An example conceptual model is shown above.  Here, chemicals are leaching from an 
underground storage tank.  The chemicals migrate downward to the saturated zone, where 
they are transported as a dissolved phase plume towards the river.  The residential well may be 
impacted, resulting in potentially hazardous concentrations in drinking water.  Further 
migration results in discharge of contaminants into the river and potentially hazardous 
concentrations that may threaten the aquatic ecosystem and associated food chain. 

The rendering and the short description above constitutes a Conceptual Model of the problem.  
That is, the figure illustrates the source of contamination (the manufacturing facility), the 
release mechanism (UST leak), the contaminant transport media and pathway (groundwater), 
receptors (water well, ecosystem), and exposure route (ingestion). It also shows the 
topography and land use features, which add some realism to the illustration. 

The term “Conceptual Site Model (CSM)” is a frequent term used to describe the coupled 
hydrogeologic and contaminant characteristics/processes at a site.  A conceptual model that 
describes the contaminant exposure pathways without hydrogeological detail is referred to as a 
“Conceptual Exposure Model” (or similar).  An exposure model is usually presented in a tabular 
or flow chart form, and it describes the problem in the following manner (or similar): 

Source  release mechanism  exposure media  exposure route  exposed population 

In the most basic sense, the CSM or CEM is a description of “What’s going on”; or perhaps a bit 
more accurately - “What we think is going on”.  In this way, it includes elements that may still 
be in the form of a hypothesis.  For example, without collecting data downgradient of the plant, 
the transport pathways depicted are hypothetical.  They are certainly possible given what is 
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expected, but we don’t know for sure without additional exploration.  Installation of monitoring 
wells downgradient of the plant for collection and analysis of groundwater samples would 
provide an additional line of evidence to support the CSM.  Alternatively, if contaminants were 
not present in the samples, the data would support an alternate CSM – that is, a plume has not 
migrated from the site.  This iterative process of investigation/data analysis/CSM revision is the 
scientific method used in environmental hydrogeology. 

A CSM can have many forms.  It may by strictly qualitative and tabular, pictorial, a 
mathematical formulation that describes the hydrogeologic and/or contaminant transport 
mechanisms, a combination of both, or just a “concept” in the basic sense – that is, it can be an 
idea.  In any case, it should always include some visual representation as a communication tool 
to help the audience (and yourself) better understand the issue.  Therefore, communicating the 
CSM requires that you create technical illustrations of some kind.  This is a very important 
element of environmental hydrogeology.  Besides quantitatively solving CSMs, we will also 
practice developing and illustrating them in this class. 

A Conceptual Model That Highlights Elements Covered in This Course 

Consider the cross-section below, which illustrates various source types and contaminant 
transport mechanisms that we will be studying.  Common terminology is highlighted. 

 

There are a number of issues illustrated here.   
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Tetrachloroethylene (a.k.a., tetrachloroethene, perchloroethylene, “Perc”, or PCE) is used as a 
solvent for dry cleaning and degreasing in the manufacturing of various products.  PCE is a 
manmade chlorinated solvent, meaning that it has chlorine atoms in its molecular structure.  
PCE is denser than water and is not very soluble in water.  It is therefore referred to as a Dense, 
Non-Aqueous Phase Liquid (DNAPL); it sinks in groundwater and remains in its’ oily form.  
Therefore, it persists in the aquifer and acts as a long-term source for a groundwater plume.  
Trichloroethylene (a.k.a. trichloroethene or TCE) is another common chlorinated compound 
found at many contaminated sites. 

As groundwater migrates through the sandy aquifer, some of the DNAPL is solubilized and 
flows to the municipal water supply well, as indicated by the cone of depression in the water 
table.  As a result, PCE concentrations in the drinking water could exceed groundwater quality 
screening levels, such as the EPA Maximum Concentration Screening Level (MCL), or New Jersey 
Department of Environmental Protection (NJDEP) Groundwater Quality Criteria for Class IIA 
Aquifers (Class IIA Criteria).  For PCE, the MCL is 5 ppb (micrograms per liter, µg/L); the Class IIA 
criteria is 1 ppb. 

Due to its surface tension properties, globules of DNAPL (“residual DNAPL”) are trapped in the 
pore spaces of the aquifer sand matrix.  Also, the DNAPL pools on top of low-permeability 
layers, where is can then flow if the layers dip. This DNAPL is referred to as “mobile DNAPL”. 

Farther downgradient is a gas station where gasoline is leaking from the underground storage 
tank (UST).  Gasoline is lighter than water and therefore floats on the water table.  The 
presence of this light, non-aqueous phase liquid (LNAPL) results in a shallow groundwater 
plume. It consists primarily of benzene, toluene, ethylbenzene, and xylene (BTEX), which are 
therefore the main Contaminants of Concern (COCs) in this area.  The plume flows in the 
direction of decreasing hydraulic head (“downgradient”). 

Although not shown in the figure, aquifer properties such as permeability are spatially variable, 
therefore causing the plume to spread where it encounters regions with lower permeability, for 
example.  Hence, the non-uniform aquifer properties (heterogeneity) results in plume 
dispersion and therefore spreading.  Also, the plume front may migrate slower than the 
groundwater seepage velocity due to sorption to aquifer soils (chemical retardation) and other 
natural attenuation processes such as degradation by microorganisms (biodegradation). 

Water wells may also be impacted depending on the depth of the well screen.  Also, due to the 
dissolved BTEX is the shallow groundwater, volatization of the BTEX can result in elevated 
vapor concentrations in the unsaturated soil above the water table (vadose zone), and 
ultimately in basements or buildings, which poses potentially hazardous inhalation exposure to 
residents or workers.  This phenomenon is referred to as “vapor intrusion”. 



6 
 

Finally, the BTEX plume may eventually discharge to a stream, river, or lake.  The resulting 
“groundwater-surface water interaction” can impact surface water and sediment quality.  For 
example, the BTEX can build up in sediment via partitioning to the organic matter in sediment.  
Here, it is ingested by benthic organisms and then up through the food chain. 

Topics Covered in this Course 

A qualitative CSM is essential to framing the problem.  Adding the scientific and engineering 
elements that enable us to quantify and predict contaminant transport requires a combination 
of geology, groundwater hydraulics, chemistry, and mathematics.  In this sense, environmental 
hydrogeology is a multidisciplinary science.  Therefore, the knowledge and tools needed to 
develop and solve CSMs are what is covered in this course.  Below are some examples (not a 
complete list). 

Hydrogeologic Features and Aquifer Hydraulics 

Unconfined and confined aquifers, confining units, water table, potentiometric surface, 
hydraulic gradients, flow nets, depositional processes, geologic variability (heterogeneity and 
anisotropy), organic carbon content, scale of observation 

Fundamentals of Flow through porous Media 

Darcy’s Law 

dx
dhKqx −=

, 

Where qx=specific discharge (L/T), K=hydraulic conductivity (L/T), dh/dx=hydraulic gradient (L/L) 

Properties of Porous Media 

Porosity, permeability, hydraulic conductivity, scale of observation (again) 

Equations of Groundwater Flow  

For example, Laplace Equation for steady-state confined flow in 2 dimensions: 
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Where h=hydraulic head [L] 

Equations of Contaminant Fate and Transport 
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Where C=concentration, D=dispersion coefficient, lambda=degradation constant, v=seepage 
velocity, R=chemical retardation factor. 

Analytical Solutions to Differential Equations 

For example, one-dimensional flow from a constant concentration source: 
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Where Co is the constant concentration at x=0. 
 

Phase Partitioning: 

NAPL phase Air phase 

NAPL phase  Water Phase 

Water  Air 

Water  Soil 

Chemical Properties 

For example, density, solubility, surface tension, viscosity, vapor pressure, Henry’s Law 
Constant, organic carbon partitioning coefficient (Koc), degradation half-life. 

Geochemical Properties 

For example: pH, dissolved oxygen, oxidation-reduction potential, and dissolved iron, 
manganese, sulfate, methane, carbon dioxide. 

Biodegradation Processes and Pathways 

For example, degradation pathway of PCE via reductive dechlorination: 

PCE TCE  cis-1,2-Dichloroethene  Vinyl Chloride 
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Woborn, Massachusetts – Example of Hazardous Effects of Groundwater Contamination 

 

In the 1960’s, the city of Woburn, MA starting using two wells as part of their water supply 
(Wells G & H, below). The wells were located in a historically industrial area.  Residents whose 
water came from these wells complained that the water smelled and tasted bad, and that it 
ruined their cloths.  There was also a high incidence of childhood leukemia in the neighborhood 
served by the wells.  As a result, residents suspected the water was the cause for the increased 
leukemia and that that nearby industries were responsible for contaminating the groundwater.    

The Massachusetts Department of Public Health determined the water did, in fact, contain 
significant concentrations of TCE, PCE, and other chlorinated compounds.  Subsequent 
hydrogeological investigations by the US Geological Survey and environmental consulting firms 
consisted, in part, of installing monitoring wells throughout the area to measure groundwater 
levels and therefore determine groundwater flow directions, collecting analytical samples to 
determine the spatial distribution of contaminants in groundwater, using boring logs to 
characterize aquifer properties, and performing a pump test to determine the groundwater 
flow directions that existed when the water wells were operating.  The results of these and 
other investigations indicated that W.R. Grace & Co., owner of the Cryovac Plant northeast of 
the wells, UniFirst Corporation, owner of Interstate Uniform Services, and Beatrice Foods, Inc., 
owner of the John Riley Tannery were sources of contamination.  Some other sources were also 
discovered. 

A lawsuit was filed by residents in 1982.  The plaintiffs alleged that ingestion of the chemicals 
used at these industries (by way of drinking the contaminated groundwater) were responsible 
for severe health effects. Children of seven of the plaintiffs contracted leukemia. Five of the 
children died from leukemia or complications of having leukemia. The spouse of one plaintiff 
contracted acute myelocytic leukemia and died.  

The litigation became the subject of the famous 1996 book “A Civil Action”.  A movie of the 
same title based on the book was released in 1998. 
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The figures below are from a computer simulation of the contamination incident in Woburn, 
MA (http://serc.carleton.edu/NAGTWorkshops/hydrogeo/activities/10657.html ).
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Great Neck, New York – Stanton Dry Cleaners 
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Example Conceptual Exposure Models 
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Other Kinds of Conceptual Models

 

Conceptual scenarios for DNAPL sources in the vadose zone in granular geologic deposits: a) 
homogeneous case – no vapor plume; b) heterogeneous case – no vapor plume; c) 
heterogeneous case – vapor plume; and d) effect of impervious ground cover over vapor-
related DNAPL source. From Pankow and Cherry, 1996. 

 

Conceptual model of DNAPL dissolution in water. 


