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Preface

We now hear almost daily about how billions, and sometimes trillions of dollars are 
spent to bail out banks, failing companies, and to provide economic stimulus. Lost among 
these highly publicized events are the chronic problems we face in the United States and 
throughout the world with environmental contamination. Here, too, tremendous sums 
of money are being spent. In fact, over 2% of the U.S. gross domestic product is allocated 
annually for environmental remediation.

Much of our environmental contamination affects our land, water, and air, and origi-
nates from manufacturing and other activities. A large percentage of the affected land 
lies within urban areas, where it poses significant threats to the public health through 
water and soil contamination. Many of the contaminants such as hexavalent chromium 
and chlorinated hydrocarbons are mobile and persistent; others, like lead and arsenic, lie 
still, waiting in soil to be disturbed by children playing in a park.

We have been studying the contaminants affecting our lands and waters for more than 
two decades within the heavily urbanized Rouge River watershed of southeast Michigan. 
We have published over 30 peer-reviewed scientific papers on a variety of related urban 
contamination topics, including the role of geology in the assessment and management of 
urban development and redevelopment strategies; analytical (but accessible) methods for 
assessing the risks associated with groundwater, soil, and air contamination; the behavior 
and characterization of heavy metals in urban soils and groundwater; the ecological and 
public health implications associated with the contamination in the Great Lakes Basin; 
and the observed cost patterns for remediating different chemicals in specific geologic 
environments. We have come to the conclusion that there is an urgent need to collate the 
findings from this research and present it in a framework usable by those attempting to 
improve the urban environment.

This book logically and carefully tells the story from an environmental perspective 
of the fundamental challenges faced by humans in sustaining our urban watersheds. It 
highlights important pieces of critical scientific information that are missing from the lit-
erature, and explores the plethora of existing contaminants, most of which are caused by 
anthropogenic activities and do not naturally occur in the environment. The book specifies 
evaluation criteria and priorities for combining geologic theory, field methods, and con-
taminant characteristics, and uses these as a guide to conduct assessments of the environ-
mental risks at the geographic scales of a single parcel of property or an entire watershed. 
Information obtained from these efforts is integrated into a framework for sustaining our 
urban watersheds into the future.

An interdisciplinary watershed-based approach is used throughout the book. Research 
and professional practice is incorporated from the fields of environmental geology, geo-
chemistry, risk analysis, hydrology, and urban planning so practicing professionals and 
students can (1) become familiar with the different aspects of urban land and water con-
tamination—their sources, extents, and risks; (2) use scientific knowledge to improve 
watershed management practices and urban development and redevelopment practices; 
and (3) improve the effectiveness of environmental restoration by learning about success-
ful and unsuccessful approaches to contaminant remediation.

There are two broad audiences who can benefit from this book: The first consists of 
the students in college courses related to watershed management, environmental science, 
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and environmental geology. Most of these courses exist at the undergraduate level, and 
to accommodate this reality, only basic math and statistical operations are used. The sec-
ond audience includes the members of organizations involved with practical watershed 
management; for example, local and regional government officials; streamkeeper activists; 
urban and regional planners, environmental compliance managers working in industry, 
environmental consultants, state and federal regulators, and professionals involved with 
brownfield remediation.

PowerPoint® presentations of selected portions of the book are available with qualifying 
course adoption. Key terms appear in bold and are defined in the glossary.



xix© 2011 by Taylor & Francis Group, LLC

Acknowledgments

This book is the result of more than 20 years of research in geology and contamination 
of urban areas, and information contained in this book is the result of collaboration with 
many dedicated professionals. We wish to thank the following contributors for their assis-
tance, cooperation, ideas, and spirited debate: Tony Anthony, Michelle Arsenault, Greg 
Barrows, Larry and Cathy Bean, Richard Berak, Rhonda Berger, Gary Blinkiewicz, Ed 
Brosius, Tom Buggey, Kristine Casper, Russ Chadwick, Bob Cigale, Tom Cok, Caroline 
(Piper) Copeland, Jim Depa, Sheryl Doxtader, Walter Eifert, Rob Ellis, Rose Ellison, Rob 
Ferree, Jennifer Formoso, Orin Gelderloos, Beth Gotthelf, Mary Hall, Jon Hanson, Jack 
Heintz, James Heller, Steve Hoin, Mao Huang, Cheryl Kaspzyk, George Karalus, Kevin 
Kincare, Keith King, Steve Kitler, Steve Kulpanowski, Betty Locey, Daniel J. Lombardi, 
Bill Looney, Doug McVey, Mary Metcalf, Mark Mikesell, Kim Myers, Ernie Nimister, Tom 
O’Hara, Ray Ostrowski, Paul Owens, Bruce Patterson, Fred Payne, Mark Penzkover, Jeff 
Rienke, Eric Ross, Jeanne Schlaufman, Dave Slayton, Dave Smith, Stephen Smith, Rebecca 
Spearot, Ed Stewart, Keith Stigall, Michele Strickland, Patricia Thornton, Mary Vanderlaan, 
Kerby Vulgamott, Chris Venezia, Brad Venman, Nick Welty, Cheryl Wilson, Tom Wenzel, 
Kellie Wing, Derek Wong, and Brian Young.

We wish to thank several environmental consulting and remediation firms, includ-
ing AECOM; AKTPeerless; Arcadis; Atwell-Hicks; Bureau Veritas; Endpoint Solutions; 
Environmental Consulting and Technology, Inc.; Roux Associates, Inc.; and St. John–
Mittelhauser & Associates; as well as several state agencies, especially the Michigan 
Department of Natural Resources and Environment, for assisting in providing input or 
access to environmental data for research purposes.

This book would not have been possible without the dedicated assistance and technical 
expertise in the development of many of the figures from Jim Depa, Omar Sanchez, Kurt 
Kamholz, Matt Lyter, and Daniel J. Lombardi. We would like to especially single out the 
efforts, technical expertise, and artistic expression of Brian Peterson for many of the fig-
ures, including a majority of the color plates. A special note of additional thanks also goes 
to Daniel J. Lombardi and Matt Lyter for technical review and input in the development 
of the figures.

Finally, we would like to thank those who assisted in reviewing portions of the manu-
script, and the professionals who believed in this book’s concept and helped bring it to 
fruition: Irma Shagla-Britton, Kathryn Younce, Arlene Kopeloff, and Richard Tressider at 
CRC Press, and Remya Divakaran at SPI Technologies India.





xxi© 2011 by Taylor & Francis Group, LLC

Authors

Martin M. Kaufman is a professor of earth science at the 
University of Michigan–Flint, Flint, Michigan. He has over 
25 years of experience in geographic information systems, 
hydrologic investigations, and watershed management. He 
is the author of Critical Thinker’s Guide to the Environment 
(1996) and over 20 peer-reviewed publications in the areas 
of watershed hydrology, applied GIS, environmental risk 
assessment, science-based planning methods, and ground-
water vulnerability. Throughout his career, he has received 
numerous research grants covering a diverse set of topics, 
including brownfield redevelopment (U.S. EPA), stormwa-

ter management (Genesee County Drain Commission), and the risks to children from 
hazardous materials at home (Ruth Mott Foundation). In 2000, he was the recipient of 
an American Water Works Association Best Paper Award and in 2009 was named the 
David M. French Distinguished Professor at the University of Michigan–Flint, awarded 
for continuous scholarly achievement, teaching excellence, and service. He has a BA in 
geography, an MUP (urban planning), and a PhD in environmental planning all from the 
University of Michigan in Ann Arbor.

Daniel T. Rogers is the director of environmental affairs 
at Amsted Industries Incorporated in Chicago, Illinois. 
Amsted Industries is a diversified manufacturing com-
pany of industrial components serving primarily rail-
road, vehicular, and construction and building markets. 
It has more than 50 manufacturing locations in 11 differ-
ent countries. Throughout his career, Rogers has managed 
and conducted hundreds of geologic and hydrogeologic 
investigations and remediated and successfully closed 
industrial sites in the United States and internationally. 
He has published over 75 research papers in professional 
and academic publications and peer-reviewed journals on 
subjects such as environmental geology, hydrogeology, 
geologic vulnerability and mapping, contaminant fate 
and transport, urban geology, conducting environmental 

investigations, contaminant risk, brownfield redevelopment, and remediation. He is 
also the author of Environmental Geology of Metropolitan Detroit (1996) and has published 
surficial geologic maps of the Rouge River watershed in southeastern Michigan. He has 
taught geology and environmental chemistry at Eastern Michigan University and the 
University of Michigan and has presented guest lectures at several colleges and univer-
sities both in the United States and internationally. He has a BS and an MS in geology 
from Utah State University.



xxii	 Authors

© 2011 by Taylor & Francis Group, LLC

Kent S. Murray is a professor of geology at the University 
of Michigan–Dearborn, Dearborn, Michigan. He has over 
35 years experience in environmental geology, ground-
water hydrology, and low-temperature geochemistry. He 
has authored more than 40 publications in peer-reviewed 
journals, generated over 100 professional papers, and has 
made over 90 presentations at national and international 
scientific meetings. He has received numerous awards over 
the years, including the University of Michigan–Dearborn 
Distinguished Researcher award and the NCID (National 
Center for Institutional Diversity) Fellowship for his work 
in southwest Detroit. Professor Murray has received over $2 

million in funding to support his research from foundations, state, and federal agencies, 
including the National Science Foundation, the Environmental Protection Agency, and 
the Department of Housing and Urban Development. Professor Murray has also worked 
with the U.S.G.S., Center of Astrogeology, and the California Energy Commission, and has 
taught at California State University and Oregon State University. He serves as an expert 
witness for several environmental law and environmental consulting firms and is also an 
adjunct faculty member in the Department of Water Resources at the China Geosciences 
University in Beijing, People’s Republic of China.



1© 2011 by Taylor & Francis Group, LLC

1
The	Watershed	Approach

1.1 Introduction

John Wesley Powell, scientist, explorer, and an early director of the U.S. Geological Survey, 
put it best when he said that a watershed is

… that area of land, a bounded hydrologic system, within which all living things are 
inextricably linked by their common water course and where, as humans settled, simple 
logic demanded that they become part of a community.

Powell spoke these words in the late 1800s. Since then, population has increased dramati-
cally and more people have become part of the watershed community. This increase in 
population within a finite hydrologic system has created new and increasingly complex 
human–environmental interactions.

Watersheds come in all shapes and sizes. They cross county, state, and national boundar-
ies. In the continental United States, there are 2110 watersheds; including Hawaii, Alaska, 
and Puerto Rico, there are 2267 watersheds. Many of these watersheds contain homog-
enous land uses and land cover, such as agriculture, forest, or mountains. Others are more 
densely populated and consist of political units each pursuing their own self-interest, 
making it even more difficult to achieve consensus on how to solve a particular problem. 
A watershed also contains a great diversity of people. Among this diversity are people 
who live a rural lifestyle, suburbanites, and those living in an urban setting.

Urban watersheds are unique in the sense they typically contain a full palette of land uses 
and land cover types. Headwater regions of urban streams may contain endangered species 
of fish and local farms, while older manufacturing sites often sit idle within the original 
urban core. Many of the fundamental processes that contribute to the occurrence and dis-
tribution of contamination in the urban environment such as the movement of water and 
the location of industry are closely linked to drainage patterns. For this reason, an interdis-
ciplinary scientific watershed approach is required to account for their full natural variability 
and the resulting implications for society. The watershed approach is thus a framework 
that uses science from various disciplines to characterize the physical and social processes 
occurring within a watershed in order to help solve some of its environmental problems.

1.2  Historical Transformation of Urbanized 
Watersheds by Industrial Development

In the process of urban development, both technology and environment have profoundly 
influenced the relationships between site and geographic situation. Early settlements in 
North America tended to be dependent on water for power, transportation, and supply, 
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which led to the development of major industrial centers located near large trunk streams 
(Rugg 1972). As cities grew, they became increasingly chaotic: factory smoke smothered 
neighborhoods where workers lived, cars demanded an increasing share of the land, and 
the geographic order of land uses in and around cities became disrupted and fragmented. 
The massive rise in automobile use after World War II led to the frenetic and unplanned 
growth of suburbs.

After World War II, the United States began the largest public works project in  history—
the Interstate Highway System. Over 72,000 km (45,000 mi) of new highway were built 
between 1956 and 1992. Virtually every major city was connected, and many central busi-
ness districts were bisected by these new and wide expressways. Aided by these new 
routes, urban populations moved to the suburbs, where urban sprawl not only ate up more 
land but also changed the character of land use. A separation of land uses arose where 
subdivisions housed the large hordes of urban commuters and other locations supported 
the new variety of retail and commercial zones that included strip malls, outlet stores, 
large shopping malls, “big box” retail stores, and corporate parks. Meanwhile, the older 
cities saw their tax bases decline, and increasing abandonments of industrial properties as 
the general manufacturing capacity of the United States declined due to foreign competi-
tion and a shift to service sector jobs.

The historical development of the heavily urbanized Rouge River watershed in south-
eastern Michigan (Figure 1.1) provides many compelling reasons for selecting it as a base 
case for this book:

• There is a lot of water in the region (the Great Lakes).
• A major urban industrial center lies within it (Detroit).

N  

0 50 km

Detroit

FIGURE 1.1
Rouge River watershed in southeast Michigan. (From USEPA, U.S. Environmental Protection Agency, 2004 
Rouge River Remedial Action Plan Revision, http://www.epa.gov/greatlakes/aoc/rougriv/2004_Rouge-River-
RAP-Revision.pdf (accessed August 1, 2009), 2004b.)
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• A long industrial history exists (e.g., metal processing and automotive).
• Brownfields are plentiful.
• Varied geology.
• An abundance of contamination to study.
• Heavily populated (currently over 1.5 million in the watershed; but historically the 

population was much greater).
• Varied land use (industrial, residential, commercial, agricultural, open space, 

parkland).
• Urban sprawl is widespread.
• High stream density.
• A relatively small watershed that is easy to study (approximately 1200 km2).
• High volumes of data about the watershed exist from State of Michigan Remedial 

Action Plans, USEPA, and contaminated site investigations by the authors.

The watershed’s 175 years of industrial development include a 100 year legacy of auto-
mobile manufacturing. What began as an area of postglacial swampland, beach deposits, 
and forests has evolved into a landscape now littered with brownfields and broadly con-
taminated water resources from the groundwater to the surface waters, and into the water 
vapor in the lower atmosphere. If we follow this principle “it is important to understand 
how things were, so we can understand how they are today,” then it becomes necessary 
to provide some historical context for this book by highlighting the key aspects of the 
industrial development within the southeast Michigan region and its effects on the Rouge 
watershed.

1.3 The Evolution of Industry and the Rouge Watershed

The growth of industry in Detroit and its surrounding region can be attributed to the basic 
geographical factors of site and situation, and its geology. Detroit’s site (the actual area 
within the original settlement of 1701) consisted largely of marshes, was heavily forested, 
and underlain by thick wet clay—a remnant of past glaciations. In 1815, Edward Tiffin, the 
surveyor general for the northwest reported to the National Government his assessment of 
the Detroit area’s agricultural potential: “the streams were narrow and deep…the interme-
diate spaces between the inland lakes are a poor and barren sandy land,” and concluded: 
“the balance is bad, there could not be more than one acre out of a hundred, if there would 
be one out of a thousand, that would in any case admit of cultivation”* (American State 
Papers 1834).

With respect to its growth potential, this agricultural deficiency at the site was more 
than compensated for by Detroit’s situation—the quantity and quality of its linkages and 
interactions (e.g., physical, social, and economic) with the surrounding region. Detroit’s 
early economic development was spurred by a combination of situational factors: the 
opening of the Erie Canal in 1826, the city’s Great Lakes location, the increasing use of rail 

* The Congressional impetus for the Tiffin survey was to locate 2,000,000 acres of bounty land (land given as a 
reward for military service) for veterans of the War of 1812.
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transport, the growing lumber and flour-milling industries, abundant copper and iron-ore 
deposits in the Lake Superior region, the availability of a skilled labor force, and the role 
Detroit played during the Civil War by providing supplies and provisions to the Union 
cause (Parkins 1918).

Another factor aiding Detroit’s growth was the accelerating westward migration of 
population during the 1800s, as many of these people ended their journey in Michigan 
(Brown 1948). More population meant altering the land and creating a higher diversity 
of land uses. While most of the new land uses were commercial in nature, these were 
soon followed by industrial varieties. For example, a new commercial land use emerged 
in the early 1800s at the confluence of the Rouge and Detroit Rivers as large docking struc-
tures for holding ferries and steamboats were constructed. By the late 1800s, docks lined 
8 km (5 mi) of riverfront (Kerr et al. 2003). By 1837, a sawmill and gristmill were built on 
the Rouge River and led to the development of Southfield, a suburb where a little more 
than a century later the nation’s first regional shopping center arose (Northland Shopping 
Center). During the 1850s, the Rouge River also housed a site for the growing railroad 
manufacturing industry (Parkins 1918).

While migration, commerce, and small-scale industry were important catalysts for 
Detroit’s growth, it was the mining of copper and iron ore in the Upper Peninsula that 
led to the transformation of Detroit into a major industrial center. Mining of both metals 
began in earnest during the 1840s, but the lack of labor in the Lake Superior region and the 
ability to ship its product on the nearby Great Lakes led to the development of the smelt-
ing and iron industries in Detroit. Paleo-Indian cultures (5000–3000 YBP) were the first to 
obtain copper in the region for use as tools, and the French explorers of the Lake Superior 
region were aware of Indians trading copper by the mid-1600s (Dorr and Eschman 1970). 
After some technological advances in smelting occurred in Europe during the 1700s, they 
eventually found their way into the United States and commercial mining in the sparsely 
settled Upper Peninsula began in the 1840s. The mined ore was shipped on the Great 
Lakes to Detroit for smelting where labor was plentiful. When it was soon learned that 
workers could be lured to the Upper Peninsula and the costs reduced by smelting the ore 
closer to the mines, Detroit’s role in smelting copper declined (Parkins 1918).

Detroit’s industrial growth was then jump-started by iron ore. There were large quanti-
ties of iron ore deposited as sediments in the Lake Superior region of Precambrian ori-
gin. Out of these sediments, highly concentrated natural ore bodies formed where locally 
concentrated groundwater flows leached or dissolved away the silica from a portion of 
the large iron formation, leaving behind enriched iron minerals as residues (Dorr and 
Eschman 1970). This physical process enabled a direct connection between the regional 
geology and Detroit’s industrial growth, since the iron residue was direct shippable ore, 
meaning it contained more than 60% iron and could be used in a blast furnace with mini-
mal preparation and cost.

The iron ore and Great Lakes connection was good for a while, but Detroit’s manufactur-
ing future was still not out of the woods. Since the early blast furnaces used charcoal to make 
iron, the local forests were soon depleted. As a result, iron production became dependant 
upon coal, and the blast furnaces moved closer to the major sources of coal in Pennsylvania. 
After 1880, the iron industry declined in southeast Michigan (Parkins 1918).

By 1900, Detroit was the thirteenth largest city in the United States with 285,000 residents, 
most living within a few kilometer radius of its downtown adjacent to the Detroit River. As 
was the case with most nineteenth-century industrial cities, manufacturing was concen-
trated along the river for easy access to power and transportation. There was no dominant 
industry at the time. The leading Detroit industries included stove manufacture, tobacco 
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goods, drugs and chemicals, metal working, and food production. In 1896, Charles B. King 
determined Detroit’s destiny when he drove a horseless carriage on the city streets. Soon 
Henry Ford introduced his own version of this conveyance, and Detroit was on its way to 
becoming the automobile capital of the world. Along with Ford, such automotive pioneers 
as W.C. Durant, Walter P. Chrysler, Ransom Olds, Henry Leland, and the Dodge brothers 
laid the foundation for the companies that emerged as the Big Three automakers—Ford, 
General Motors, and Chrysler—by the latter half of the twentieth century (Sugrue 2005).

The characteristics of site and situation present in Detroit during the 1800s had changed, 
largely due to the regionally evolving locations of population, coal, and steel-making. By 
1900, Detroit was in the center of America’s industrial heartland—a region that extended 
from lower New England down to Pennsylvania and across the Appalachians westward 
through Ohio, Indiana, and Illinois. All of the raw materials needed for automobile pro-
duction were easily accessible to the city by the Great Lakes waterways and by rail. The 
raw materials within easy reach included the coal in Pennsylvania and West Virginia; the 
steel in the mills of Pittsburgh, Youngstown, Cleveland, Gary, and Chicago; the limestone 
and gypsum near Cleveland; and the iron and copper ore embedded in the regions of 
northern Michigan and Minnesota. In addition, as shown by Figure 1.2, Detroit’s central 
location at the confluence of East and Midwest gave its auto producers easy access to the 
capital and markets necessary for its phenomenal growth (Sugrue 2005).

Detroit’s first auto plants were small operations, but they contributed significant modi-
fications to the Rouge watershed. Between 1910 and 1920, Henry Ford dammed the Rouge 
River at six locations to supply power to some of the small factories producing parts for 
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FIGURE 1.2
Detroit’s central location in the U.S. industrial heartland in 1900; Map by Martin M. Kaufman. (From Sugrue, 
T.J, From motor city to motor metropolis: How the automobile industry reshaped urban America, Automobile in 
American Life and Society website Dearborn: Henry Ford Museum and University of Michigan, http://www.
autolife.umd.umich.edu (accessed May 17, 2010), 2005.)
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his auto plants, and built another dam to supply power to his mansion. After Ford bought 
810 ha (2000 ac) along the lower Rouge west of Detroit in 1915, the River was dredged 
near its mouth in 1918 in the area that was to become the Ford Rouge Complex (USEPA 
2004b). Finished in 1927, the River Rouge plant consisted of nineteen separate buildings in 
an industrial complex sprawling over more than 5 km2 (2 mi2). The complex included the 
aforementioned deep sea harbor; the world’s largest steel foundry; 150 km (94 mi) of rail-
road track; and stamping, glass making, and auto assembly buildings.

At its peak, over 90,000 people worked at the Rouge, and the other members of the Big 
Three automakers followed the format of building large facilities with large workforces. 
By the 1920s, Dodge had built the 27 ha (67 ac) Dodge Main Plant in Hamtramck—a city 
enclosed by Detroit and just a short distance from Ford’s Highland Park facility where the 
production line originated. Also during this period, General Motors constructed a large 
plant on 19 ha (47 ac) in southwest Detroit to produce the Cadillac. After a downturn in 
the industry during the Great Depression, the auto industry rebounded in the 1940s by 
turning its energies to the war effort. Ford opened a bomber factory and Chrysler a tank 
plant, leading to a new nickname for Detroit—“the arsenal of democracy”—a phrase made 
famous in one of President Franklin Roosevelt’s fireside chats (Davis 2007).

The centralization of auto production in Detroit (and Michigan) began to decline in the 
1950s, as automakers sought ways to cut costs by moving factories to the suburbs and non-
union states, and avoiding situations where a strike at one plant could cripple the whole 
industry (Sugrue 2005). These actions corresponded with the expansion of the national 
highway network and accelerated the growth of suburbs and urban sprawl. Figure 1.3 
shows the history of developed land in southeast Michigan from 1905 to 1992. The shaded 
areas represent area covered by “urban or built up land,” according to Anderson et al. (1976).

1905 1938 1952

1968 1980 1992

FIGURE 1.3
Developed land in southeast Michigan (1905–1992); Rouge watershed boundary is shown in the 1905 image 
at the top left. (From Richards, L., Detroit River Corridor, Preliminary Assessment of Land Use Change, Urban 
Dynamics Research Program, USGS Ames Research Center, Moffett Field, CA, 2003.)
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The urban sprawl shown in Figure 1.3 completely engulfs the Rouge watershed by the 
1970s. This land use boom, in concert with unregulated industrial discharges, had det-
rimental consequences for the water quality of the river. By 1968, the Rouge was flowing 
orange from pickling liquor waste and was one of the rivers in the Great Lakes Basin to 
catch on fire. In 1985, the Rouge River was identified as one of 42 Areas of Concern in the 
Great Lakes Basin. Today, the elimination of some of the Combined Sewer Overflows 
and the reduction of industrial discharges have improved the water quality within some 
reaches of the river. Yet, a major challenge remains in this watershed related to the amount 
of developed land cover and its relationship to surface runoff. Most watershed surface 
areas in the United States consist of over 90% land (as does the Rouge’s), so taking good care 
of the land and reducing its inputs of pollution are therefore required to ensure adequate 
water quality. Recent trends, however, indicate that each house being built in southeast 
Michigan is consuming more land. For example, between 1990 and 2000, the amount of 
land used for homes increased by 19%, while the number of households only grew by 9%. 
Prior to 1990, there were 1.14 housing units per ha (2.84 per ac), but this has decreased to an 
average of 0.5 per ha (1.26 per ac) after 1990 (SEMCOG 2003). This increase in the amount 
of land used for each house is significant because it accounts for 43% more land developed 
than would have been with the higher-density construction before 1990. In most instances, 
more runoff is produced when more land is developed, and much of this runoff contains 
contaminants that threaten surface water and groundwater.

1.4 Major Themes of the Watershed Approach Used in This Book

A watershed approach is consistent with a geoscience perspective for the solving of envi-
ronmental problems. Watersheds consist of surface water and their drainage systems, the 
groundwater that supplies the surface water in gaining streams, the surface and subsur-
face geology including landforms and soil, the flora and fauna, the air, the social and land 
use history of the region, and the current political decision making processes within them. 
Within this context, we identify five major themes, each having the common denominators 
of geology, contamination, and sustainable urban development.

1.4.1 Theme #1: Near-Surface Geology, Hydrogeology, and Surface Hydrology

An accurate physical characterization of a watershed, including its geology, hydrogeology, 
and surface hydrology, is a key prerequisite for a successful watershed restoration effort. 
This assertion is corroborated by the successful watershed management and restoration 
efforts that have been accomplished in North America. Consider the Don River, a stream 
flowing through the urbanized area of Toronto, Canada. This watershed is now in the pro-
cess of a major restoration effort, which has been largely successful. Here, the watershed 
restoration effort began with a scientific foundation that accounted for the glacial origins 
of the topography. This science was translated into the need to preserve certain natural 
features so as to maintain natural drainage patterns and minimize investment in new 
infrastructure.

The following annotated outline summarizes some of the essential elements for char-
acterizing the geology, hydrogeology, and surface hydrology of a watershed in order to 
perform contamination analysis and sustainable remediation:
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1.4.1.1  Geology

• Historical geology of the watershed
• Local and regional structural formations (e.g., faults, basins, etc.)
• Types of rock groups present in the study area
• Stratigraphy of the rock types
• A geologic cross-section
• Near-surface geology, including descriptions of the major soil units; glacial and/

or depositional history

Example:

The study area is located on the southeastern edge of the Michigan Basin, a large-scale 
structural feature comprised primarily of limestones, shales, and sandstones. These sedi-
mentary rocks are Paleozoic in age and directly overlie Precambrian crystalline rock that 
comprises the crystalline core of the continent. The Paleozoic rocks rarely exist as natural 
outcrops because of the presence of a thick deposit of glacial drift in the region. Beneath 
the study area, the Paleozoic rocks range from 425 to 730 m thick and gently dip toward 
the center of the basin to the northwest. The depth to the Paleozoic bedrock ranges from 
more than 110 m in the northwest of the study area to less than 15 m in the southeast 
(Rieck 1981a).

The surficial geology in Michigan is dominated by glacial sediments that are typically 
over 60 m thick and, at some locations, more than 300 m thick (Rieck 1981a). These sedi-
ments were deposited during the Pleistocene Epoch by the Wisconsinan stage of glaciation 
and consist of outwash, moraine, and beach, bar and lake deposits (Farrand 1988). Varied 
and complex lithologies are exhibited within these deposits, including coarse gravels, fine-
grained sands, and clays (Bergquist and MacLachlan 1951; Mozola 1969; Rieck 1981a, b).

Five distinct near-surface geologic units have been identified within the study area 
(Leverett 1911; Sherzer 1916; Farrand 1982; Rogers 1996). The units are classified by their 
composition and include moraine, sandy clay, sand, sandy and silty clay, and upper clay. 
With the exception of the moraine unit, all the surficial geologic units within the study 
area are of glacial lacustrine origin (Farrand 1982; Rogers 1996) (Figure 1.4).

1.4.1.2  Hydrogeology

• Location and quantity of groundwater
• Factors influencing the hydraulic conductivity of the groundwater
• Groundwater flow direction

Example:

Shallow groundwater within the watershed is typically encountered within 3 m of the 
surface. Within the moraine and sand units, the shallow groundwater has been present 
at sufficient quantities to enable continuous pumping at volumes exceeding 100 L/min 
and occasionally at more than 250 L/min (Rogers 1996; Rogers and Murray 1997). Shallow 
groundwater within the predominantly clay units is not present in the volumes encoun-
tered within the moraine and sand units, but is still widely encountered at the geologic 
contact between the upper glacial-lacustrine units and the lower unconsolidated unit of 
glacial origin (i.e., lower clay unit) (Rogers 1996).
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A thick lower clay unit of glacial origin (labeled as the lower clay unit) is located directly 
beneath the surficial units. The lower clay unit ranges in thickness from 30 to 60 m and 
exhibits a consistent hydraulic conductivity horizontally and vertically on the order of 
1 × 10−8 centimeters per second (cm/s), which essentially makes the unit an effective con-
fining layer (Rogers 1996). The thickness, horizontal distribution, and low and uniform 
hydraulic conductivity of the lower clay unit have influenced near-surface groundwater 
within the entire study area. The presence of the lower clay unit has essentially prevented 
groundwater from migrating to deeper aquifers. Instead, groundwater in near-surface 
aquifers discharges to surface water (Rogers and Murray 1997). Inspection of the ground-
water flow direction at each contaminated site revealed a good correspondence with the 
direction of surface water flow.

1.4.1.3  Surface Hydrology

• Regional climate and stream type relationships (e.g., influent/effluent stream 
types, drainage density)

• Watershed area
• Surface water characterization: streams, wetlands, lakes
• Floodplain structure and flood frequency
• Water quality issues

Example:

Situated within the humid microthermal climate zone of the Midwestern United States, 
the Rouge River is effluent, meaning it is fed by groundwater entering as baseflow. Thus, 
any significant contamination of groundwater that does not readily degrade or attenuate 
will ultimately be delivered to the surface water drainage network (Murray et al. 2000).

Sand

Sandy clay

Moraine

Outwash

Watershed boundary
30 km20100

Clay

Detroit

Sandy and silty clay

FIGURE 1.4
Simplified map of near surface geology, Rouge River watershed. (From Murray et al., J. Environ. Qual, 33, 163, 
2004. With permission, American Society of Agronomy.)



10	 Urban	Watersheds:	Geology,	Contamination,	and	Sustainable	Development

© 2011 by Taylor & Francis Group, LLC

The Rouge River watershed consists of over 200 km of streams, tributaries, wetlands, 
lakes, and ponds within a 1200 km2 area. Stream density is highest in the sand and moraine 
units. The glacial topography consisting of outwash plains, eskers, and kames has created 
irregular drainage patterns, and the wetlands are often associated with these features. 
Most of the inland lakes are kettles or impoundments formed by damming the river at 
different locations.

The Rouge floodplain is not uniform in height due to the erratic deposition during floods. 
Historically, flooding was common during heavy rains, and floodplains of river silt were 
built at a height of several meters above the ordinary stage of the water. Today, flooding 
of certain low-lying sections occurs during heavy summer thunderstorms and prolonged 
precipitation events yielding over 38 mm (1.5 in.) of rain.

The fan-shaped watershed includes all or part of 47 different municipalities and is cur-
rently the focus of intense scientific study and restoration. It has been identified as an Area 
of Concern by the International Joint Commission (Hartig and Zarull 1991) and cited as a 
significant source of pollution to the lower Great Lakes (Murray and Bona 1993).

1.4.2 Theme #2: Science and Planning—The Movement of Water

There is a fundamental relationship that exists between basic science and the ability to 
make informed environmental planning decisions. Regarding the movement of water on 
earth, the relevant basic science is the hydrologic cycle, the solar-initiated and gravity-
sustained renewable flow of water between five major reservoirs: the oceans, atmosphere, 
ice caps, surface water, and groundwater. Two of these water reservoirs—groundwater 
and atmospheric water vapor—have the unique attribute of being invisible. Being out of 
sight often makes groundwater out of mind to policy makers and the general public, and 
this creates special management challenges. Problems often arise when basic hydrologic 
processes linked to groundwater such as surface water flow are not included, such as the 
incorrect identification of the extent of a contamination event.

Let us consider groundwater contamination in the Great Lakes region, where the flows 
of many contaminants will be largely dictated by the pathways of the hydrologic cycle 
within that given region, as shown below:

Contaminants released from
a site (e.g., septic tank,
leaking underground

storage tank, surface spills,
industry, incinerators, and
metals, ash, and gases from

coal powered electrical
generating facilities)

Contaminants
move into the
environment Where to next?

Different soil types and the near-surface geologic environment will play key roles 
in the migration of the contaminant. Releases are typically mixtures of contaminants 
(e.g., gasoline), which contain over 100 individual chemical compounds. Each specific 
compound behaves and migrates in the near surface geologic environment differently. 
Geologic environments consisting largely of clay materials tend to inhibit the migra-
tion of contaminants downward, whereas in a sandy geological environment, con-
taminants often reach the water table. As the next sequence of boxes demonstrates, the 
surface environment and groundwater flow direction will help determine the extent of 
the contamination.
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What type of
material (e.g.,

sand or clay) is
the contaminant
flowing through?

From the release
point, what is the

direction of
groundwater flow?

How long do specific
contaminants last in

certain geologic
environments before

they physically
degrade?

In humid climates, groundwater flows into surface water, and this process creates the 
need to know more about the local geography of the water resources, particularly the 
locations of surface streams, lakes, and wetlands. The locations of streams and their flow 
patterns are required to determine the potential for contaminant transport and the larger-
scale environmental problems that may result. And, since the water within lakes and wet-
lands consists of groundwater above the water table, knowledge of their flow patterns is 
also necessary to obtain a complete picture of the contamination potential.

The three maps in Figure 1.5 show the outcome for generalized categories of contami-
nants spilled from selected surface locations within the Rouge River watershed in the Great 
Lakes region. There are five contaminant categories that have been selectively investigated. 
These categories include dense nonaqueous phase liquids (DNAPLs— chlorinated sol-
vents), light nonaqueous phase liquids (LNAPLs—gasoline compounds), polycyclic aro-
matic hydrocarbons (PAHs—oil compounds), polychlorinated biphenyls (PCBs) and a 
group of several heavy metals, including chromium and lead. Only those locations where 
the near-surface geologic environments have a high migration potential are shown (sand 
and moraine). At the top left, the map shows buffers around some of these locations, with 
the buffer sizes representing the average distance these contaminants traveled based upon 
measurements taken at their points of release These buffered sites were overlaid (symbol-
ized by the “+”) on the surface stream network map to the right (including all first-order 
streams and higher) within the watershed. The composite map shown below the arrow 
indicates the areas where there are intersections between the average contaminant extent 
and a stream channel. To avoid map clutter, the circles represent a sample of some of the 
locations where highly toxic DNAPL compounds contaminated groundwater in the sand 
and moraine geological units.

Inspection of the contaminant sites and surface stream maps indicates there are numer-
ous other sites where contamination within groundwater has the potential to migrate 
to surface water within a few days. This outcome is likely due to the high higher flow 
rates within the sand and moraine units in this watershed and the high drainage den-
sities within these same units. At this geographic scale, the hydrologic cycle flows fol-
low these pathways: soil > groundwater > low order surface streams > higher order surface 
streams > Great Lakes. Some persistent contaminants such as tetrachloroethene (a com-
mon dry cleaning chemical) and chromium VI (the compound used in chrome plating) 
will travel along with the water. The lesson demonstrated here is that by omitting the 
linkage between groundwater and flowing surface water, the consideration of ecological 
impacts to the larger region of the Great Lakes may not occur.

1.4.3 Theme #3: Industrial Property Abandonment, Contamination, and Risk

We spoke earlier of the decentralization of the automobile industry that began in the 
1950s. This trend has accelerated in recent years, as a geographic shift of production 
from Michigan and other parts of the upper Midwest continues southward and to other 
countries. In addition, so-called “transplants”—foreign nameplate companies producing 
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vehicles in the U.S.—have captured significant market share from the Big Three automak-
ers. Transplant production also largely takes place in the South. The statistics of this shift 
are staggering: from 2000 through July, 2005 year-to-date, Michigan lost 42% of its auto 
assembly jobs versus a 14% loss in the United States located outside of the three Midwest 
auto-intensive states (Ohio and Indiana are the other two). Auto parts tell an even larger 
part of the story, since there are four times as many jobs in parts as assembly operations. 
Parts makers tend to be located near the assembly plants for historical reasons and, more 
recently, because “just-in-time” production requires proximity for many parts such as seats 
and subassemblies. Michigan’s parts employment is down 34% since year 2000, versus 19% 
in the rest of the United States (Federal Reserve Bank of Chicago 2005). On the ground, the 
results are clear: auto plants have closed, suppliers have gone bankrupt, and many man-
ufacturing and warehouse facilities lie vacant. This sequence of industrial–commercial 

Buffered contaminated sites Stream network

Moraine

Sand

0 10 20 30 km

Directly
impacted

stream
segment

Watershed
boundary

+

To the
Detroit

River; on to
Lake Erie

FIGURE 1.5
Contaminant pathways via groundwater discharging to local surface streams. (With kind permission from 
Springer Science+Business Media: Environ. Geol., Using soil and contaminant properties to assess the potential 
for groundwater contamination to the lower Great Lakes, USA, 56, 2009, p. 1019, Kaufman, M.M. et al., Figure 5, 
© Springer-Verlag 2008.)
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decline and property dormancy is not just confined to Detroit—it has occurred in many 
urban areas around the country.

The sites where industrial or commercial facilities once operated but are now inactive 
were named “brownfields” (USEPA 2007). At these locations, expansion or redevelopment 
is complicated by real or perceived environmental contamination. There are perhaps over 
1,000,000 brownfield sites in the United States alone, with an estimated remediation cost of 
several hundred billion dollars. Although the concern over brownfields has traditionally 
been the toxicity level of the contamination present, a second factor—the geologic environ-
ment—is perhaps more important and is generally not taken into account. This science 
angle exists because the contamination at a brownfield site results from the substances 
released on and just below the surface by human activity and their interactions with the 
near surface soils and shallow aquifer (Foster 1987; Daly and Warren 1994).

The type of substance released, specifically its toxicity, mobility, and persistence all work 
together to determine the potential risks involved with the contamination at a given site. An 
area’s geology plays an important role in determining the risk posed by any contaminant 
released into the environment, since risks also vary depending on the final destination of 
certain contaminants. While certain metals such as lead are typically immobile because soils 
with clay tend to adsorb it so it does not reach groundwater, lead still poses a significant risk 
to children who might put a bit of soil in their mouths. Other contaminants such as hexava-
lent chromium if released into a larger-grained soil type like sand are highly mobile and will 
often migrate into groundwater. When this type of event occurs, there are significant poten-
tial risks to the public health and ecology at a larger geographical scale (Murray et al. 2006).

1.4.4 Theme #4: Remediation of Contaminated Sites

Environmental management at industrial facilities has traditionally focused on maintain-
ing compliance with environmental regulations, especially those regulations affecting 
production. The emphasis on production-specific regulations has resulted in a higher pro-
portion of inspections targeted at the by-products of the production process (Owen 1995; 
Daugherty 1996).

This pattern of industrial compliance and regulatory enforcement has not provided 
an effective mechanism for reducing environmental spending. Overall, environmental 
spending in the United States continues to increase and represents approximately 2% of 
the gross national product or about 150 billion dollars per year (Morgenstern et al. 1998; 
USEPA 2004a, 2004b). Of this total, only 25% is associated with compliance-related expen-
ditures, while the remaining 75% is related to other expenses such as investigation and 
remediation of existing or historical contamination (Owen 1995; USEPA 2004a, 2004b). In 
2004, USEPA estimated there were 350,000 sites of environmental contamination in the 
United States requiring remediation within the next 30 years. Furthermore, USEPA esti-
mates that the cost to remediate those sites will exceed $250 billion. Excluded from this 
list of 350,000 sites are those sites where remediation is in progress or has been completed. 
In addition, there are an estimated 500,000–1 million abandoned industrial facilities or 
brownfield sites that are also excluded from the list because a cost estimate to investi-
gate and remediate these sites has not been conducted. Most of these abandoned sites are 
located in urban regions in the United States, possess some degree of contamination, and 
will require investigation and remediation (USEPA 2004a, 2004b). Thus, it is likely that the 
environmental costs to investigate and remediate sites of environmental contamination in 
the future will exceed the $250 billion dollar estimate.
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The business community has implemented pollution prevention initiatives through 
what has been termed environmental management systems (Fletcher and Paleogos 2000) 
and environmental risk management systems (Telego 1998). Environmental management 
and risk systems are a series of standards that are used to develop a business model for 
an integrated management system to identify, control, and monitor environmental risks 
(Voorhees and Woellner 1998). Both initiatives focus efforts on what has essentially been 
identified as life-cycle analysis. Life-cycle analysis involves the evaluation of the raw mate-
rials, by-products, wastes, and the final product using a decision matrix to reduce costs 
and environmental liabilities (Curran 1996). The purpose of conducting such a life-cycle 
analysis on environmental matters is to reduce risk and liabilities predominantly through 
awareness (USEPA 1996).

The effectiveness of these approaches is limited. As we will demonstrate, an aggres-
sive pollution prevention program is required to eliminate the use of those contaminants 
that are especially expensive to remediate. There is also the need to develop stronger and 
more effective engineering controls at facilities located in sensitive ecological areas. These 
environmental management and risk reduction methods need to be more efficient and cost 
effective, and, most importantly, company-specific. Developing company-specific objec-
tives based on past quantified experience has been a critical factor in obtaining company 
cooperation and commitment at all levels of the organization.

1.4.5 Theme #5: Science-Based Landscape Planning

It took nature millions of years to develop the most efficient ways to evolve species, cre-
ate landscapes and erode rocks, transport sediment and water, and form soil. Any time 
humans alter a landscape and fail to mimic the processes nature used to form that land-
scape, we create an imbalance, primarily in the flows of energy and materials. Ecosystems 
are nature’s organizers of energy and material transport, and this is why human  activity—
especially the large inputs of energy involved with large-scale earth moving for new sub-
divisions or mining—causes negative environmental impacts.

Organisms within ecosystems take in energy from an outside source (usually the sun), 
convert and use that energy to produce more biomass (growth), and then release some of 
the energy back into the environment through respiration. At this basic level, and without 
going into more complex ecosystem dynamics such as trophic levels or speciation, an 
analogy between ecosystems and urban areas can be constructed (Figure 1.6).

Referring to Figure 1.6, please note that the primary processes—input, energy conver-
sion/use, production, and energy/material release—are similar. The differences occur in 

Ecosystem

Urban areas

Energy input
(solar)

Energy input
(mostly fossil fuels)

Energy conversion
and use

Biomass production Energy and
material release
(heat and recyclable
dead biomass)

Energy and
material release
(heat and non-
recyclable pollution)

Production of
infrastructure

Energy conversion
and use

FIGURE 1.6
Urban areas as ecosystems (differences are italicized).
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the urban areas through the character of their corresponding processes: (1) their energy 
inputs come from a source that yields pollution (fossil fuels); (2) the production process 
produces growth, but it is in the form of infrastructure, which is likely to impact existing 
natural ecosystems through their removal; and (3) the energy and material releases differ 
in their magnitudes and impacts. Urban areas release tremendous amounts of heat in the 
form of reradiated long-wave radiation from darker surfaces such as asphalt. Substantial 
heat is also emitted from automobiles and power plant discharges. This excessive heat 
often creates an “urban heat island,” which affects the local microclimate, specifically the 
magnitude and frequency of summer thunderstorms (Changnon 1978). In terms of the 
material released, in natural ecosystems, the dead biomass is part of the carbon cycle 
and eventually becomes a part of another living entity. For example, the biomass from 
decomposed trees adds organic materials to the soil, which when they decompose will 
help resupply the carbon dioxide in the atmosphere to be taken up later by other plants 
through photosynthesis. The biomass in this process is therefore recyclable.

In urban areas, the production of infrastructure does not produce recyclable biomass, 
and this reality creates the critical challenge for urban sustainability. How can we con-
tinue to produce “things” in concentrated urban areas, and yet not wreck the surround-
ing ecosystems supporting our existence? Part of the answer lies in reducing pollution at 
its source—before it enters the environment. Here, the elimination of certain toxic and 
persistent chemicals from the manufacturing process can help. Another piece involves 
landscape-based urban planning, so our waters are more effectively protected. The plan-
ning process is required because watersheds are ecosystem units encompassing urban 
areas, and their surface area is typically composed of 5% water and 95% land. A third 
component to a sustainable urban environment must address the reality that large areas 
within them are already contaminated, and these contaminated sites need to be brought 
back “on line.” Successful remediation of damaged soil and groundwater must make the 
land and water recyclable again.

To succeed, all of these efforts must proceed from a scientific foundation, one which 
includes environmental geology, geochemistry, risk analysis, hydrology, and science-
based landscape planning. The following chapters follow this route.

1.5 Organization of This Book

The three parts of this book, Geology, Contamination, and Sustainable Development 
address the five themes just mentioned within the context of a watershed approach. The 
Geology part (Chapters 2 through 6) addresses the role of geology in watershed inves-
tigations; water and hydrogeology of watersheds; preparing a geological analysis of a 
watershed, including case studies focusing on the surface geology in various terrains; 
and developing geological and vulnerability maps of an urban watershed. Historically, 
the majority of geologic investigations have either emphasized identification of what was 
present within a few inches of the surface of the ground or characterizing deeper bed-
rock. Detailed geologic investigations of the unconsolidated materials between these two 
points have only recently become of interest. This topic forms a critical piece of the linkage 
between urban geology, contamination, and urban redevelopment, by focusing on the sur-
face and near-surface geologies and their implications for contaminant sources and sinks, 
contaminant migration, hydraulic conductivities, and potable water availability.
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The Contamination part (Chapters 7 through 11) is dedicated to learning about contami-
nants; specifically their chemical properties, their behavior once released into the envi-
ronment, and the risks they pose to humans and the environment. The final chapter in 
this part examines remediation techniques and their costs under different contamination 
scenarios. Here we present the results from actual contamination events and demonstrate 
how different contaminants and near-surface geological environments influence remedia-
tion techniques and cost. Special attention is given to heavy metals, since they are a major 
concern in urban watersheds.

Chapters in the Sustainable Development part (Chapters 12 through 16) will analyze the 
disruption brought on by urbanization, present case studies of environmental damage, 
and offer strategies for source control of contaminants at the site scale (i.e., specific proper-
ties). Case studies of successful and unsuccessful redevelopment at contaminated sites are 
used to point out some of the broader issues related to attaining scientifically-informed 
landscape planning at the watershed scale. We conclude by reviewing the current meth-
ods used for landscape planning at the community level and present a science-based 
framework for improving watershed management efforts that can lead to sustainable 
urban watersheds.

As noted in the preface, the figures and tables from this book are available at the CRC 
Press website: http://www.crcpress.com/product/isbn/9781439852743

References

American State Papers, 1834. Public Lands, Vol. III. Washington, DC: Duff Green.
Anderson, J.R., E.E. Hardy, J.T. Roach et al. 1976. A Land Use and Land Cover Classification System 

for Use with Remote Sensor Data. Geological Survey Professional Paper 964. Washington, DC: 
United States Government Printing Office.

Bergquist S.G. and D.C. MacLachlan. 1951. Guidebook to the Study of Pleistocene Features of the Huron-
Saginaw Ice Lobes in Michigan. The Glacial Field Trip of the Geological Society of America, 
Detroit Meeting.

Brown, R.H. 1948. Historical Geography of the United States. New York: Harcourt, Brace & World.
Changnon, S. 1978. Urban effects on severe local storms at St. Louis. Journal of Applied Meteorology 

17:578–586.
Curran, M.A. 1996. Environmental Life-Cycle Assessment. New York: McGraw Hill.
Daly, D. and W.P. Warren. 1994. Vulnerability Mapping. Newsletter 25. Dublin, U.K.: Geological Survey 

of Ireland.
Daugherty, J.E. 1996. Industrial Environmental Management. Rockville, MD: Government Institutes.
Davis, M.W.R. 2007. Detroit’s Wartime Industry: Arsenal of Democracy. Charleston, SC: Arcadia 

Publishing.
Dorr, J.A and D.F. Eschman. 1970. Geology of Michigan. Ann Arbor, MI: University of Michigan Press.
Farrand, W.R. 1982. Quaternary Geology of Southern (& Northern) Michigan. Michigan Department of 

Natural Resources, MI Department of Natural Resources, Geological Survey Division, Lansing, 
MI. 1:500,000.

Farrand, W.R. 1988. The Glacial Lakes around Michigan. Bulletin 4. Michigan Department of Natural 
Resources, Lansing, MI.

Federal Reserve Bank of Chicago. 2005. Michigan Auto Woes, October, 4, 2005, http://midwest. 
chicagofedblogs.org/archives/auto_industry/ (accessed August 2, 2009).

Fletcher, C.D. and E.K. Paleologos. 2000. Environmental Risk and Liability Management. Westminster, 
CO: American Institute of Professional Geologists.



The	Watershed	Approach	 17

© 2011 by Taylor & Francis Group, LLC

Foster, S.S.D. 1987. Fundamental concepts in aquifer vulnerability: Pollution risk and protection strat-
egy. In Vulnerability of Soil and Groundwater to Pollutants, Number 38, ed. W. van Duijvenbooden 
and H.G. van Waegeningh, pp. 69–87. The Hague, the Netherlands: TNO Committee on 
Hydrological Research.

Hartig, J.H. and M.A. Zarull. 1991. Methods of restoring degraded areas in the Great Lakes. Review of 
Environmental Contamination and Toxicology 117:127–154.

Kaufman, M.M., D.T. Rogers, and K.S. Murray. 2009. Using soil and contaminant properties to assess 
the potential for groundwater contamination to the lower Great Lakes, USA. Environmental 
Geology 56:1009–1021.

Kerr, J.K., W.S. Olinek, and J.H. Hartig. 2003. The Detroit River as an artery of trade and commerce. 
In Honoring Our Detroit River: Caring for Our Home, ed. J.H. Hartig, pp. 35–47. Bloomfield Hills, 
MI: Cranbrook Institute of Science.

Leverett, F.B. 1911. Map of the Surface Formations of the Southern Peninsula of Michigan. Geological 
Survey of Michigan, Publication 25, Lansing, MI, 1:1,000,000.

Morgenstern, R.D., W.A. Pizer, and J.S. Shih. 1998. The Cost of Environmental Protection. Washington, 
DC: Resources for the Future.

Mozola, A.J. 1969. Geology for Land and Groundwater Development in Wayne County, Michigan. Michigan 
Geologic Survey, Lansing, MI.

Murray, J.E. and J.M. Bona. 1993. Rouge River National Wet Weather Demonstration Project. Detroit, MI: 
Wayne County.

Murray, K.S., D.T. Rogers, and M.M. Kaufman. 2004. Heavy metals in an urban watershed in south-
eastern Michigan. Journal of Environmental Quality 33:163–172.

Murray, K.S., D.T. Rogers, and M.M. Kaufman. 2006. Dissolved heavy metals in shallow ground-
water in an urban watershed in southeastern Michigan. Journal of the American Water Resources 
Association 42:777–792.

Murray, K.S., X. Zhou, M. McNulty et al. 2000. Relationship between land use, near surface geol-
ogy and water quality in an urban watershed, Southeast Michigan, USA. Proceedings of the 
International Symposium on Hydrology and the Environment, Wuhan, China, pp. 67–71.

Owen, J. 1995. Environmental compliance: managing the mandate. Manufacturing Engineering 
113:59–66.

Parkins, A.E. 1918. The Historical Geography of Detroit. Lansing, MI: Michigan Historical 
Commission.

Richards, L. 2003. Detroit River Corridor, Preliminary Assessment of Land Use Change. Urban Dynamics 
Research Program. Moffett Field, CA: USGS Ames Research Center.

Rieck, R.L. 1981a. Glacial Drift Thickness, Southern Peninsula. Plate 15. Hydrogeologic Atlas of 
Michigan. Kalamazoo, MI: Western Michigan University.

Rieck, R.L. 1981b. Community Public Water Supplies. Plate 22. Hydrogeologic Atlas of Michigan. 
Kalamazoo, MI: Western Michigan University.

Rogers, D.T. 1996. Environmental Geology of Metropolitan Detroit. Novi, MI: Clayton Environmental 
Consultants, Inc.

Rogers, D.T. and K.S. Murray. 1997. Occurrence of groundwater in metropolitan Detroit, Michigan, 
USA. In Groundwater in the Urban Environment, ed. J. Chilton et al., pp. 155–160. Rotterdam, the 
Netherlands: Balkema.

Rugg, D.S. 1972. Spatial Foundations of Urbanism. Dubuque, IA: W.C. Brown.
SEMCOG, Southeast Michigan Council of Governments. 2003. Land Use Change in Southeast Michigan: 

Causes and Consequences. Detroit, MI: SEMCOG.
Sherzer, W.H. 1916. Geologic Atlas of the United States, Detroit folio Number. 205. United States Geological 

Survey. Reston, VA. 1:62,500.
Sugrue, T.J. 2005. From motor city to motor metropolis: How the automobile industry reshaped 

urban America. Automobile in American Life and Society website Dearborn: Henry Ford 
Museum and University of Michigan, http://www.autolife.umd.umich.edu (accessed May 
17, 2010).

Telego, J.D. 1998. A growing role: Environmental risk management. Risk Management 17:19–21.



18	 Urban	Watersheds:	Geology,	Contamination,	and	Sustainable	Development

© 2011 by Taylor & Francis Group, LLC

USEPA, U.S. Environmental Protection Agency. 1996. Valuating Potential Environmental Liabilities for 
Managerial Decision Making: A Review of Available Techniques; EPA-742/R-96/003. Washington, 
DC: U.S. Government Printing Office.

USEPA, U.S. Environmental Protection Agency. 2004a. Cleaning Up the Nation’s Waste Sites: Markets 
and Technology Trends, 2004 Edition; EPA-542/R-04/101. Washington, DC: U.S. Government 
Printing Office.

USEPA, U.S. Environmental Protection Agency. 2004b. 2004 Rouge River Remedial Action Plan 
Revision. http://www.epa.gov/greatlakes/aoc/rougriv/2004_Rouge-River-RAP-Revision.
pdf (accessed August 1, 2009).

USEPA, U.S. Environmental Protection Agency. 2007. Expediting cleanup and Redevelopment of 
Brownfields: Addressing the Major Barriers to Private Sector Involvement—Real or Perceived. 
Washington, DC.

Voorhees, T.H. and R.A. Woellner. 1998. International Environmental Risk Management. Boca Raton, FL: 
Lewis Publishers.



© 2011 by Taylor & Francis Group, LLC

Part I

Geology
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2
Geology	of	Urban	Watersheds

2.1 Introduction

We walk on a history book every day, yet most of us are not fully aware of its significance. 
The arrangement, thickness, and composition of the sediment layers beneath our feet 
have a profound influence on where cities are located, how buildings are constructed, 
where roads are built, and perhaps most important to the development and redevelop-
ment of our urban centers—how contaminants behave and how they affect the environ-
ment and people.

Geology is the science dedicated to the study of the history, structure, and composition 
of the earth (Flint and Skinner 1974). The study of anthropogenic or human impacts on the 
geologic environment is termed environmental geology (Bennett and Doyle 1997). For the 
most part, the study of geology has been conducted for purely scientific and academic pur-
poses, natural resource exploitation, and geologic hazard evaluation and avoidance. Only 
recently has the geologic environment in urban areas become of interest to geologists and 
other scientists. The extreme upper portion of the lithosphere is affected by human activi-
ties, and this near-surface geologic environment frequently acts as the migration pathway 
for contaminants to travel from a specific point of release to a point of ecologic or human 
exposure. In many cases, this pathway goes undetected because the contaminants migrate 
beneath the surface of the ground, and cannot be observed or detected until it is perhaps 
too late.

The study of the near-surface geologic environment will become increasingly important 
in the future. The world’s human population is increasing in urban areas at a rate greater 
than the human population as a whole. Nearly 3 billion people currently live in urban 
areas. By the year 2030, the human population in urban areas is projected to be nearly 
5 billion or 60% of the 8.6 billion people on the planet. The current level of population has 
placed enormous pressure on our environment—including the geologic environment—
and the projected increases are likely to cause additional stress. Therefore, a thorough 
understanding of the subsurface geologic environment is critical in order to understand 
and protect the cities and places we live.

The environmental problems we face in the typical urban setting can in part be attrib-
uted to the poor understanding of the subsurface geology. Lack of attention to this area 
of inquiry by the scientific community is one factor contributing to this knowledge gap. 
Geologists generally have not spent very much effort or time studying shallow unconsoli-
dated geologic deposits beneath urban areas for environmental reasons because they

• Do not typically contain natural resources of high economic value.
• Have only become important in the last 30 years with the onset of significant envi-

ronmental regulations.
• Are covered by buildings and roads and other human-constructed surfaces.
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• Are difficult to access because many desirable study locations are on private 
property.

• Have been disturbed and modified due to development.
• Are typically located on unconsolidated sediments of Quaternary age and were 

historically considered overburden and not as scientifically valuable as the bed-
rock located beneath the unconsolidated deposits.

• Are very complex and time consuming to study.
• Involve issues that may take decades to be noticed by the general community as 

compared with other more sudden types of geologic hazards such as earthquakes, 
tsunamis, and volcanic eruptions.

In addition, the geology of most urban regions generally goes unnoticed by most residents 
and even the scientific community because it is not visually spectacular like the geology 
seen in our national parks. Most residents would be more inclined to learn about a region’s 
geology and its underlying processes if their area was prone to earthquakes, such as parts 
of California, or volcanic eruptions, such as the Pacific Northwest or Hawaii. The geol-
ogy beneath most urban regions affects our day-to-day lives in more subtle ways than an 
earthquake or volcanic eruption; however, its ultimate impact on the quality of our lives 
could be just as significant.

Watersheds functioned well before humans began to alter their natural flows of water; 
and now many are in a distressed state. Understanding what was once at a given location 
(site) and how it came into existence are therefore prerequisites for correctly analyzing 
the current problem, and prescribing an effective and sustainable remediation strategy. 
As more and more sites of human interference are analyzed, the overall picture of the 
linkages between the watershed’s geology, biology, geography, and human interference 
becomes clearer. As more of these linkages are made, the geographic extent and impacts 
of contamination in different geological environments become more evident, appropriate 
remediation efforts can be more effectively implemented, and the methods for sustainable 
redevelopment and new development refined.

Our efforts in this chapter concentrate on the sedimentary processes influencing urban 
areas and their watersheds. We begin with the formation of rocks and the geologic princi-
ples governing sedimentary formations and their arrangements (uniformity, stratigraphy, 
and unconformities), then move on to the processes involved in determining sedimentary 
rock composition and transport, and the environments created from the combination of 
the rock characteristics and their depositional processes. The chapter concludes with a 
discussion of natural and anthropogenic disturbance.

2.2 Geological Processes Affecting Urban Watersheds

Geological processes affecting urban watersheds generally take place at or very near the 
surface and are primarily sedimentary-type processes, which include processes involv-
ing liquid and solid water (ice), gravity, and tectonic activity. Sedimentary deposits are 
defined as the accumulation of natural materials and sediments formed at or near the 
surface of the Earth at ordinary temperatures and pressures (Flint and Skinner 1974). 
Geological processes of sedimentary origin usually occur gradually over long periods 
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of time. On rare occasions, however, sudden events affect sedimentary processes and 
urban environments. These short-duration events are typically labeled as geologic 
hazards and may include tectonic processes such as earthquakes, tsunamis, volcanic 
eruptions, and landslides. Some short-term geologic processes are also triggered by a 
weather event such as a flood caused by extensive rains, sudden melting of snowpacks, 
or a hurricane.

2.2.1 Formation of Sediments and Rocks

The fundamental building blocks of the Earth’s crust are rocks. Understanding and evalu-
ating the rocks beneath urban areas requires knowledge of their composition, and how 
they were deposited at a given location. On Earth, the dominant physical force that builds 
and destroys rock is plate tectonics. Plate tectonics is based on the concept that the Earth’s 
lithosphere (crust and upper mantle) is composed of moving plates (Seyfert and Sirkin 
1973; Oreskes 2003). In 1912, a German meteorologist, Alfred Wegener, noticed that some 
sedimentary rocks known only to form in tropical environments were located in Arctic 
and Antarctic regions. Wegener then compared these sedimentary deposits with their 
approximate relative ages and distances from the equator and concluded that the conti-
nents had “drifted” to their present locations.

Wegener’s hypothesis of continental drift was ridiculed because it lacked a mechanism 
to forcibly move the continental land masses. Oceanographic research in the decades fol-
lowing World War II shed a great amount of detail on the structure of the earth and a 
potential mechanism to move the continental crust. Today, we recognize that the continen-
tal and oceanographic crust ride passively along on lithospheric plates. Energy to drive the 
movement of these tectonic plates is believed to be caused by the heat rising in the form of 
convection currents generated at the core–mantle boundary. These concepts became the 
theory of plate tectonics.

Figure 2.1 presents a world map showing each of the major tectonic plates. These litho-
spheric plates (crust and uppermost mantle) move on top of the upper mantle called the 
asthenosphere (Figure 2.2). Their movement is responsible for most earthquakes, volca-
noes, seafloor spreading, mountain building, and ocean trench formation (Stanley 1999). 
The energy source driving the movement of the plates is believed to be heat from convec-
tion currents originating deep within the interior of the Earth. Figure 2.3 shows the con-
cepts of plate tectonics.

Plate tectonics is responsible for, or plays a significant role in the formation, deforma-
tion, and weathering of most rocks on Earth. The primary classification of rocks recog-
nizes three categories (igneous, metamorphic, and sedimentary) based on their method of 
formation.

Igneous rocks are formed by the solidification of molten material either beneath Earth’s 
surface (plutonic igneous rocks) or at the surface (volcanic igneous rocks) (AGI 1962). 
Examples of plutonic (intrusive) igneous rocks include granite, diorite, gabbro, and peri-
dotite; volcanic (extrusive) igneous rocks include andesite, basalt, and rhyolite. Each type 
of igneous rock is named based on its mineralogic and chemical composition.

Metamorphic rocks are formed by applying extreme temperature and pressure to 
existing rocks that rearrange their structure and mineralogy to create a new rock. 
Examples of metamorphic rocks include gneiss (formed from the metamorphism of 
granite); quartzite (metamorphosed from quartz sandstone); and marble (metamor-
phosed limestone).
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Sedimentary rocks are formed from the mechanical weathering or erosion of preexist-
ing rock or from dissolved material that precipitates from solution. Therefore, there are 
two types of sedimentary rocks (Pettijohn 1975):

• Clastic: Composed of grains of fragments of rocks and minerals that have been 
eroded, transported, deposited, and eventually become cemented together to form 
a rock.

• Chemical or biochemical: Composed of minerals that have been precipitated from 
water by inorganic processes or biological processes. For example, coal is formed 
from plant debris.

Common examples of clastic sedimentary rocks include conglomerate, sandstone, silt-
stone, and shale.

Some of the more common chemical and biochemical sedimentary rocks include lime-
stone, dolostone, coal, and the evaporites, halite and gypsum. When coal undergoes 
significant changes through exposure to high temperatures and pressures, it forms a pro-
gressively higher-grade of coal, eventually becoming anthracite, considered to be a meta-
morphic rock (Pettijohn 1975).

A rock is simply composed of minerals (Flint and Skinner 1974). A mineral is a naturally 
occurring solid formed through geological processes, which has a characteristic chemical 
composition, a highly ordered atomic structure, and specific physical properties (Hurlbut 
and Klein 1985). Minerals range in composition from pure elements to very complex sili-
cates, oxides, sulfates, and others with thousands of known forms. Rocks do not require 
a specific chemical composition but have ranges of compositions of typically two or more 
different minerals. For instance, igneous rocks differ in composition based on the chemical 
makeup of their parent magma and their rate of cooling. The composition of sedimentary 
rocks differs based on the parent material and the methods of transport and deposition.

Ocean basin Continental plate

Convection

Oceanic Plate
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Divergent
plate boundary

Convergent
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Trench

Spreading center

FIGURE 2.3
(See color insert.) Concepts of plate tectonics and continental drift.
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Before we focus on sedimentary rocks, a brief overview of some basic geological prin-
ciples is required. These principles (uniformity, stratigraphy, and unconformity) provide 
the necessary foundation for understanding the general characteristics of sedimentary 
rocks in urban environments.

2.2.2 Principle of Uniformity

During the late 1700s, James Hutton, a Scottish geologist, doctor, and farmer was studying 
the rock outcrops around Scotland. Hutton, influenced by the Age of Enlightenment, cast 
aside the existing religious dogma of a very young Earth and developed the principle of 
uniformity, which stated that the external and internal processes on and within the Earth 
observed today have been operating unchanged, and at the same approximate rates, for a 
very long time throughout most of the Earth’s history (Hutton 1788). Essentially, the mean-
ing of the principle of uniformity is that the present is the key to the past. The significance 
of this principle cannot be understated, because the recognition of this principle presents 
the geologist with a great tool for exploring the history of the Earth. Geologists today look 
at features within observable rocks and search for insights into how they formed long ago. 
For example, in some urban areas, the presence of sand found near the surface today might 
indicate the presence of a beach thousands or millions of years ago. As we will soon learn, 
the shape of the sand grains and their orientation can reveal even more information about 
the past and the current physical and anthropogenic impacts.

2.2.3 Principles of Stratigraphy

Stratigraphy is the study of rock layers or unconsolidated sediment and strata; particu-
larly their ages, composition, and relationship with other layers (AGI 1962; Christopherson 
2008). In geology, the term strata refers to the layers of rock or sediment with internally 
consistent characteristics that distinguish it from contiguous layers (Krumbein and Sloss 
1963). Each individual layer or stratum is generally one of a number of parallel and origi-
nally horizontal layers that were deposited by natural forces and lay one upon the other. 
Therefore, the study of stratigraphy of a particular area provides important clues concern-
ing its geologic history.

Stratigraphy relies on four basic principles (Anderton 1985):

 1. The principle of original horizontality states that the sediments formed from sedi-
mentary deposits are generally deposited as horizontal sheets. An example of very 
fine horizontal layering of a sedimentary deposit composed of layers of clay and 
fine silt is shown in Figure 2.4.

This principle is important because it allows the geologist to distinguish between 
disturbed or deformed layers. In urban areas, this principle is especially important 
because so much of the near-surface sediments and soil layers have undergone sig-
nificant disturbance due to development or deformation from tectonic activity. Some 
examples of near-surface disturbance include farming, constructing buildings and 
foundations, road building, mining, and landscaping. The term deformation gener-
ally refers to both brittle and ductile processes such as faulting or folding caused by 
tectonic activity. This type of deformation explains why, for example, sedimentary 
rock deposited thousands of feet below sea level may now be found thousands of 
feet above sea level. This type of uplift is almost always the result of plate interaction. 
Erosion or removal of a portion of a sedimentary layer through the action of water 
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and wind can also significantly erode or rework a layer of sediment after it has been 
deposited.

 2. The principle of superposition defines the depositional sequence in undeformed 
strata of rock or sediment. Strata are sheets or individual layers of sedimentary 
deposits, and as a group, are visibly distinct from those above and below. Figure 2.5 
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Example of a stratigraphic sequence demonstrating the principle 
of superposition.
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FIGURE 2.4
Example of very fine horizontal layering within a clastic sedimentary deposit. Sample is approximately 8 cm 
vertical by 6 cm horizontal. (Photo by Daniel T. Rogers.)
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demonstrates the principle of superposition. The principle of superposition results 
from the simple observation that new layers of sediment are deposited on top of 
older layers of sediment. Therefore, strata are deposited sequentially, layer after 
layer. It is important in areas where tectonic activity has occurred to establish the 
correct stratigraphic sequence to ensure that the entire sequence of layers has not 
been overturned.

 3. The principle of crosscutting relations states when a layer of sediment is cut, perhaps 
by faulting, or the intrusion of an igneous dike or sill; the sedimentary layer is 
older than the event or feature that cuts the layer. In urban environments, where 
frequent developments have occurred, it is common, for example, to have a glacial 
moraine or a river terrace cut by development that obscures the correct interpreta-
tion of age and stratigraphic relationships.

 4. The principle of faunal and floral succession explains the relationship between bio-
logical evolution and sedimentary deposits. Because plants and animals evolve 
over long time periods into new species, sedimentary deposits of different ages 
will contain fossils of different species. Knowing the age of a fossil will assist in 
dating a particular sedimentary deposit containing the fossil. This relationship 
may help when evaluating two sedimentary deposits at different locations.

2.2.4 Unconformities

When examining the vertical succession of sedimentary layers, sometimes the layering 
may not represent a complete timeline of deposition. There may be present within the 
succession of layers of strata a period of time when there was no deposition, or evidence 
that erosion removed some preexisting layers. When this occurs and is documented in a 
depositional succession, it is termed an unconformity, and the missing period of time is 
called a hiatus. An unconformity is defined as a buried erosional surface separating two 
rock masses or sedimentary strata of different ages, indicating that sediment deposition 
was not continuous (Flint and Skinner 1974).

There are several types of unconformities (Wicander and Monroe 2007):

• Disconformity—An unconformity that exists between parallel layers of sedimen-
tary rocks.

• Nonconformity—An unconformity where horizontal strata or layers of sedimen-
tary rock overlie crystalline rock, either igneous or metamorphic.

• Angular unconformity—An unconformity where horizontal strata or layers of 
sedimentary rock are deposited on tilted and eroded strata. The result produces 
an angular discordance with the overlying horizontal layers.

Figure 2.6 is a figure of several types of unconformities reproduced from Hutton (1788), 
who was the first geologist to describe them (modified from Hutton 1788).

Examination of Figure 2.6 reveals the sequence of major events creating the 
unconformities:

• The layers identified as 1 at the bottom portion of the figure were deposited and 
then metamorphosed, uplifted, folded, and tilted vertically; they represent the 
oldest layers.

• After folding and tilting of the rocks, they were exposed and eroded.
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• Following erosion, sediments identified within the zone labeled as 2 were depos-
ited on top of the folded and tilted rock layers, creating a nonconformity (bold line 
between zones 1 and 2).

• After the layers identified as 2 were deposited, they were uplifted, exposed, and 
eroded to create a second erosion surface.

• Following a rise in sea level, sequence 3, a marine limestone was deposited, creat-
ing a disconformity (bold line between zones 2 and 3).

2.3 Sedimentary Processes: From Removal to Rock Formation

Sedimentary deposits make up only 5% of the Earth’s crust (Figure 2.7a), but account for 
approximately 75% of the rocks exposed at the earth’s surface (Figure 2.7b) (Flint and 

3

2

1

FIGURE 2.6
Concept of unconformities. Unconformities identified by black line. (From Hutton, J., Trans. R. Soc. Edinb., 1, 
209, 1788.)
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(a) Sedimentary deposits within Earth’s crust. (b) Sedimentary deposits at Earth’s surface.
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Skinner 1974; Pettijohn 1975). The study of sedimentary deposits involves surficial pro-
cesses that include the accumulation, consolidation, deformation, origin, age, content, and 
stratigraphy of sediments. Sedimentary deposits result from a sequence of processes char-
acterized by their removal from one location, some form of transport (e.g., down-gradient 
by water or aloft by wind), and then final deposition in a sink. In sinks, sediments are not 
at peace. Some may be subjected to heat and pressure and become metamorphic rocks; oth-
ers may move slowly with the ocean floor and become part of a subducting tectonic plate 
and end up as molten magma in the mantle; and many will coevolve with the regional and 
local biota to create unique ecosystems such as beaches, river deltas, and dunes. The vast 
majority of sedimentary rocks were created in a marine environment as vast shallow seas 
transgressed and regressed across the continental land masses.

2.3.1 Clastic Processes

There are three broad categories of removal processes involved with the formation of clas-
tic sedimentary rocks: weathering, mass wasting, and erosion (Figure 2.8). As shown in 
Figure 2.8, the first process involved in the formation of a sedimentary clastic deposit is 
the weathering (breakdown) of bedrock, which provides the sediment or clastic material 
necessary to form a sedimentary deposit. Bedrock is defined as the continuous solid rock 
of the continental crust (Flint and Skinner 1974). Once bedrock begins to erode, it forms a 
material known as regolith—or weathered rock devoid of organic material.

2.3.1.1  Weathering

Weathering (process #1, Figure 2.8) is a destructive process by which rocks and minerals 
are broken down through exposure to atmospheric agents such as air, wind, water, and ice 
(Christopherson 2008). Weathering processes fall into two general categories: physical and 
chemical. Physical weathering involves the fragmentation of larger rock into smaller pieces 
by a mechanical process, without changing the chemical composition of the rock. Examples 
of physical weathering include (1) abrasion, where rock is dislodged from the impact of 
grains carried by wind, water, or ice; (2) fragmentation, from the downslope movement of 
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ment transport.
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rock in landslides and rockfalls; (3) frost wedging, caused by wetting and freezing cycles; 
and (4) thermal expansion, from the contraction of rock by heating and cooling.

Chemical weathering is the breakdown of rocks and minerals through reactions between 
the rocks and minerals and atmospheric constituents including water, oxygen, and carbon 
dioxide. This process alters the chemical composition of the rocks involved. The most com-
mon types of reactions include (1) solution, where molecules and elements in rocks and 
minerals dissolve directly into water; (2) oxidation and hydration, consisting of reactions 
between oxygen, water, and iron-bearing minerals, which assist in weakening and break-
ing down rocks; and (3) hydrolysis, a complex weathering reaction forming clays. A more 
detailed treatment of chemical weathering is presented later in this section and Section 
2.3.2 within the context of sediment composition and karst topography.

The processes of weathering are the first step in soil formation.

2.3.1.2  Mass Wasting

Once weathering occurs and a portion of the bedrock is separated from itself and becomes 
regolith, it becomes prey for other forces that move the freed materials downslope under 
the influence of gravity. The several types of movement acting on regolith to transport 
the material downslope are collectively termed mass wasting. Mass wasting (process #2, 
Figure 2.8) is the movement of rock or soil downslope by gravity without the aid of mov-
ing water, glaciers, or wind (Flint and Skinner 1974). On any slope, mass wasting processes 
depend on the interplay between gravity, slope angle, moisture content, cohesion, and fric-
tion. When the gravitational force acting on a slope exceeds its resisting force, slope failure 
or mass wasting occurs. The slope materials’ strength and cohesion and the amount of 
internal friction between the materials contribute to maintaining slope stability and are 
collectively known as the slope’s shear strength. The steepest angle that a cohensionless 
slope can maintain without losing its stability is known as its angle of repose (Pudasaini 
and Hutter 2007).

Mass wasting can affect large bodies of regolith or just one small rock particle. In addi-
tion, mass wasting is not confined to continental regions; it also takes place in marine envi-
ronments where submarine landslides occur on steep slopes and material subsequently 
spreads out onto the seafloor. In areas of low relief, mass wasting may still take place but 
at a very slow rate. By contrast, in mountainous areas, mass wasting processes can be very 
fast, as in a rockfall, rockslide, or debris flow.

Factors affecting the potential or rate of mass wasting include (1) a change in slope angle, 
(2) weakening of material through weathering, (3) increased water content, (4) changes in 
vegetation cover, and (5) overloading (Wicander 2005).

Anthropogenic sources increase the rate of mass wasting commonly through the build-
ing of roads requiring the construction of road cuts through uneven terrain. This prac-
tice creates situations where the cutback slope is constructed beyond the angle of repose. 
Overloading commonly occurs from anthropogenic sources such as heavy loading on 
roadways and building structures. In addition, irrigation may significantly increase the 
rate of mass wasting in urban areas of varied terrain.

Types of mass wasting include

• Rockfall or debris fall—the rapid descent of a rock mass, vertically from a cliff or 
by leaps down a very steep slope (Figure 2.9).

• Rockslide or debris slide—the rapid, sliding descent of a rock mass down a slope 
(Figure 2.9).
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• Slump—The downward slipping of a coherent body of rock, regolith, or soil along 
a curved surface or rupture. The original surface of the slumped mass and any 
flat-lying planes within it become rotated as the mass slides downward. Figures 
2.9 and 2.10 show a more detailed example of slumping.

• Debris flow—The rapid downslope plastic flow of a mass of regolith, soil, or debris. 
Commonly forms as an apron-like or tongue-like area at its terminus with a very 
irregular surface (Figure 2.9).

• Mudflow—The rapid downslope movement of a very plastic and almost fluid 
mass of regolith, soil, or debris. Very similar to a debris flow but with a higher 
water content (Figure 2.9).
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Examples of mass wasting. (From United States Geological Survey, USGS glossary, http://3dparks.wr.usgs.gov/
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• Soil creep—Slow movement of slope. Soil creep is the most common type of mass 
wasting and is always present on any slope where there is soil. This process tends 
to go unnoticed because the process is slow. Some of the effects from soil creep are 
shown in Figure 2.11.

Gravity is not the sole force in operation during mass wasting. Other transport mediums 
such as wind, flowing water, ice, or molten lava may be involved. Although flowing water is 
excluded from the process by definition, water nevertheless plays an important role in mass 
wasting. Flowing water can erode the base of a hillslope and weaken the mid-slope region, 
leading to an increase in the effects of gravity. In a process known as piping, water migrat-
ing near the soil surface from seepage fronts of groundwater may subsequently produce 
slope instability and increase the “lubrication” of a preexisting plane of weakness. More 
frequently, however, water entering the soil simply increases the pore pressure, reducing 
grain-to-grain contact of the soil particles and results in slope failures such as debris flows.

2.3.1.3  Stream Transport

After the downslope transport of material, streams carry a large portion of these solids 
away (process #3, Figure 2.8). The larger and heavier rocks become part of the channel bot-
tom, while a small fraction of the solid material reacts chemically with water and becomes 
dissolved load that takes the same journey as the stream. Most of the downslope material, 
however, becomes suspended load and eventually ends up in the continental shelves as a 
sedimentary deposit.
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FIGURE 2.11
Example of soil creep. (Reprinted from Bloom, A.L., Geomorphology: A Systematic Analysis of Late Cenozoic 
Landforms, 3rd edn., Waveland Press, Long Grove, IL, 2004. With permission.)
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2.3.1.3.1 Erosion

Before the deposition of clastic sedimentary material occurs, the material must be eroded. 
Erosion is defined as the complex group of related processes by which rock is broken 
down physically and chemically and its products removed (Christopherson 2008). The rate 
of erosion depends on many factors and includes

• Climatic factors
• Amount and intensity of precipitation
• Average temperature
• Temperature range
• Wind speed and changes in wind direction
• Storm intensity and frequency

• Geologic factors
• Sediment composition
• Sediment size and shape
• Sediment porosity and permeability
• Slope of surface
• Orientation of sediment surface (tilted, faulted, or folded)

• Biological factors
• Vegetative cover type and amount
• Animal habitation behaviors
• Land use

Estimates of the natural erosion rate in North America ranges between 1 and 3 cm every 
1000 years (Flint and Skinner 1974). This estimate, however, does not include anthropogenic 
sources of erosion that can double its rate (U.S. Soil Conservation Service 1992). In addition, 
the rate of erosion is not uniform. Some areas may experience significant amounts of erosion 
over a relatively short period of time, whereas in other areas, erosion may not be apparent.

Figure 2.12 shows the different types of water erosion on the land surface. Gravity is 
responsible for the erosion associated with mass wasting; while precipitation initiates a 
sequence of splash erosion (where a soil particle is dislodged), leading to sheet erosion 
from overland flow, and in extreme cases, rills (small indentations) or gullies may form. 
Strong downslope winds on unvegetated slopes can increase the potential for rills and 
gully formation; this occurs in southern California during the Santa Ana wind season.

In urban environments, the creation of an impervious surface during development 
activities increases the volume and velocity of surface runoff, and erosion is generally 
accelerated (Figure 2.13a and b). Other types of anthropogenic processes that enhance or 
accelerate erosion include

• Removal of vegetative cover through logging
• Overgrazing of livestock
• Changing native vegetation
• Overwatering of vegetation
• Slash and burn agriculture and forestry practices, especially on steep slopes
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• Cultivation or farming
• Removal of leaf litter, small shrubs, and grasses

On coastlines, wind, waves, and storms promote the most significant erosion. Wind pro-
duces waves and storms produce high wind and big waves. Large storm waves have been 
known to produce 907 kg (2000 lb) of pressure per square foot. The pure energy of waves 
and the chemical content of the water combine to erode sediment and rock along a coast-
line (Bird 1985). Other factors, such as rising sea levels, tides, tidal currents, and drainage 
patterns from land naturally influence coastal erosion.

Waves erode shorelines in three main ways:

• Hydraulic action—waves strike a steep slope and dislodge material
• Abrasion—solid materials such as sand or rocks grind together causing them to 

become rounded and smaller in size
• Corrosion or dissolution—sea water reacts with the sediments along the shoreline 

and slowly dissolves portions of the solid material

Rill erosion

Gulley erosionSplash erosion

Sheet 
erosion

Deposits

FIGURE 2.12
Water erosion on the land surface.

(a) (b)

FIGURE 2.13
(a) Rill erosion in an urban area. (Photo by Martin M. Kaufman.). (b) Gullying around a stormdrain. (Photo by 
Martin M. Kaufman.)
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The sand along a coastline is much easier for the waves to erode than rock. Along some 
beaches, there is an annual cycle where sand is removed from a beach one season, only to 
be returned by waves during the successive season. In addition, a steady or seasonal wind 
direction at an oblique angle toward the shoreline produces waves and crash along the 
beach at an angle. The release of energy produces a longshore current. Longshore currents 
are responsible for erosion and migration of beach sediments along the beach front from 
the action of waves. When a longshore current is present, sediments in the surf zone move 
parallel to the beach in the direction of the wind.

Figure 2.14 shows the processes of beach erosion. Seasonal winds drive the longshore 
current and transport large quantities of sand along a beach.

In the United States, coastal erosion is significant since roughly 15% of the land area in 
the United States is coastal and 40% of the population lives near the coastline. This dis-
tribution of population places many of our urban environments under significantly more 
stress than other less urbanized locations and is illustrated in Figure 2.15a and b.

Within coastal zones, some anthropogenic activities influence—and in some cases—
make coastal erosion more severe (NOAA 2009):

Beach

Surf zone

Sand
movement

Waves

Longshore drift

Wave
direction

FIGURE 2.14
Processes of beach erosion by longshore current or drift.

(a) (b)

Earthen
material

Crown

Main scarp

Toe
Eroding and
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FIGURE 2.15
(a) Coastal erosion near San Francisco, CA. (USGS 1998) U.S. Department of the Interior, U.S. Geological Survey, 
Center for Coastal Geology http://coastal.er.usgs.gov/cgi-bin/response.pl?site=cc&loc=9. (b) Homes in coastal 
California in jeopardy of falling into the Pacific Ocean. (Photo by Richard McCarthy.)



Geology	of	Urban	Watersheds	 37

© 2011 by Taylor & Francis Group, LLC

• Dredging channels may change the bathymetry offshore, leading to an increase in 
the energy of waves striking the shoreline

• Mining beach sand
• Construction of sea walls and spits
• Rising sea levels caused by global warming

Figure 2.16 is a map of the United States showing the significance of coastal erosion. The 
generally higher severity of erosion along the eastern and southern coastlines can be 
attributed to sandy beaches; the western beaches tend to have higher rock content.

2.3.1.3.2 Groundwater Erosion

A significant type of erosion often overlooked results from the movement of groundwa-
ter. Groundwater erosion frequently occurs in areas of significant deposits of non-clastic 
chemical sedimentary rocks such as limestone, dolostone, and evaporite deposits.

Groundwater erosion can eventually lead to a type of landform called karst topog-
raphy. Karst topography is a landscape created by groundwater slowly dissolving 
sedimentary rock such as limestone. The resulting landforms from this type of erosion 
include sinkholes and caves. A sinkhole is a rounded depression of the ground and typi-
cally forms when the surface rock and soil above a cave collapses. A cave is a natural 
feature beneath the surface formed by groundwater dissolving away the rock. At many 
locations throughout the United States, extensive cave systems have formed (Davies and 
Legrand 1972). Figure 2.17 shows the most common features of a karst area, and Figure 
2.18 shows areas of the United States with sedimentary-type deposits prone to karst fea-
ture formation.

Significant
Moderate
Stable

FIGURE 2.16
Severity of coastal erosion in the United States. (From United States Global Change Research Program, Climate 
change impacts on the United States: The potential consequences of climate variability and change, Overview: 
Coastal Areas and Marine Resources, http://www.usgcrp.gov/usgcrp/Library/nationalassessment/overview-
coastal.htm, (accessed July 4, 2010), 2000.)
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2.3.2 Non-Clastic Chemical Sedimentary Processes

Non-clastic sedimentary processes involve the precipitation of minerals from water by 
inorganic or biological processes. Limestone, dolostone, chert, and evaporites are the most 
common sedimentary rocks formed. Proper identification of sedimentary deposits from 
chemical processes requires the identification of the primary mineral.

As noted by Deer et al. (1966), common minerals of chemical sedimentary rocks include

• Limestone—composed of calcium carbonate (CaCO3) and predominantly forms in 
a marine environment from the accumulation of shells, shell fragments, or from 
the direct precipitation from water (usually seawater).

• Dolostone—composed of magnesium–calcium carbonate (CaMg[CO3]2) and asso-
ciated with a marine-type environment.

Topographic watershed divide

Sinking stream

Cave

Karst window

Sinkhole pond
Dissolution sinkhole

Cave
spring

Blue hole
spring

Sinkhole throat

Swallow hole
Bedrock
collapse
sinkhole

FIGURE 2.17
Common features of karst topography. (From Kentucky Geological Survey, Karst land in Kentucky, http://
www.uky.edu/KGS/water/general/karst/index.htm, (accessed August 29, 2009), 2009.)

0 1000 km
N

FIGURE 2.18
Extent of karst in the continental United States. (Differences in shading represent different regions and forma-
tions) (From United States Geological Survey, Eolian history of the United States, http://esp.cr.usgs.gov/info/
eolian/task1.html (accessed February 26, 2010), 2009c.)
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• Chert—composed of silica (SiO2) and may form from microscopic organisms that 
secrete silica shells around their bodies or as a secondary precipitant.

• Halite—a mineral composed of sodium chloride (NaCl), and is formed from the 
evaporation of concentrated seawater in a restricted basin.

• Gypsum—a sulfate mineral (CaSO4 · 2H2O), and is an evaporite deposit formed in 
a similar manner as halite.

2.3.2.1  Limestone and Dolostone

Limestone and dolostone are the dominant chemical and biochemical sedimentary depos-
its formed in marine environments. Limestone found on the continental landmasses was 
deposited in shallow seas that transgressed and regressed across the continents during 
times of rising and falling sea levels. Limestone may also form as reef deposits, such as the 
440 million year old Niagara Escarpment that surrounds parts of the Great Lakes Basin. In 
general, significant limestone deposition requires a marine environment with three charac-
teristics: clear water, warm water, and shallow water (Bathhurst 1975; Wilson 1975). It should 
be noted that karst is a landscape formed by groundwater solution—it is not a deposit.

Deposition of limestone sediments now occurs within the equatorial belt of warm ocean 
currents between latitudes of 30° north and south, but deposits as far as 40° north and 
south have been observed (Wilson 1975). As noted above, warm tropical waters are only 
one of three criteria for limestone deposition—clear water is also required, particularly for 
limestone reefs. As a result, significant limestone production does not occur in environ-
ments located near significant sources of clastic sediments such as a river delta (e.g., the 
Mississippi) because significant clastic sediment influx tends to choke limestone sedimen-
tation. In addition, severe storms such as hurricanes may interrupt limestone sediment for-
mation, or in some cases destroy the entire production of limestone sediment in local and 
regional areas. Large storms and hurricanes have much higher wave action and potentially 
stronger water currents. The waves from these events erode and destroy portions of near-
surface reefs and also transport significant amounts of suspended sediments. As the water 
turbidity increases from these suspended sediments, interruption of limestone formation 
may occur. With respect to limestone formation in shallow water, the controlling factors 
are the availability of sunlight and warmer water located near the surface. Limestone will 
not form in the deeper parts of the ocean because CaCO3 dissolves in cold water.

Throughout geologic time, limestone production has been significant. Plate tectonics 
coupled with the rise and fall of sea levels throughout the Paleozoic and Mesozoic have 
resulted in thick sequences of limestone deposits throughout the world, including a sig-
nificant portion in the United States as a result of the transgressing seas. In fact, more than 
10% of bedrock in the United States is composed of limestone, with significant deposits 
located within the eastern United States (USGS 2003).

Formation of dolostone typically occurs as a slow replacement process and generally 
follows limestone deposition (Wilson 1975); although primary dolomite formation has 
also been documented. About half of the calcium in the CaCO3 molecule is replaced with 
magnesium forming dolostone (CaMg[CO3]2). Because of the addition of magnesium in its 
molecular structure, dolostone is more resistant to chemical erosion than limestone.

2.3.2.2  Evaporites

An evaporite forms as a result of the evaporation of water (Blatt and Tracey 1996). As 
the list at the beginning of the section shows, common evaporite deposits include the 
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minerals halite and gypsum. During the evaporation of water, the concentration of con-
stituents dissolved in the water increases until the time when the minerals begin to pre-
cipitate. Complete evaporation leaves behind mineral deposits such as halite and gypsum. 
Evaporite deposits generally form when water accumulates in closed basins in arid and 
semi-arid environments (Section 2.5).

2.3.3 Formation of Sediments

Once bedrock is weathered to produce sediment, it is transported by the agents of ero-
sion, particularly water, and also by wind and ice. During transport, the sediment will be 
sorted—a process that reduces the grain size and causes them to become progressively 
more rounded. Minerals such as feldspar and micas will weather to clay minerals and may 
be separated from the rest of the sediment at the margins of lakes and oceans. Once sedi-
ment is deposited, it may be composed of tightly compacted individual mineral grains of 
varying size, composition, thickness, and geometric shapes. Sediments form in three basic 
sedimentary environments:

 1. Continental or terrestrial environments—all those occurring on the land surface

 2. Marine—deposited by or within the ocean

 3. Transitional environmental—the boundary between continental or terrestrial and 
marine environments

Common examples of the geological processes forming sediments are listed in Table 2.1.

TABLE 2.1

Common Sedimentary Geological Processes That Form Unconsolidated Sediments

Location Type of Geological Process

Continental • Fluvial—deposited by a river such as a sand bar or floodplain deposits
• Lacustrine—deposited by a lake
• Glacial—deposited by a glacier
• Alluvial fan—deposited by water flowing from a steep slope onto a level plain
• Certain volcanic-related deposits—deposited by mud and debris flows caused 

by a volcanic eruption
• Ash—deposited from a volcanic eruption
• Eolian—deposited by the wind
• Dune—deposited by the wind
• Landslides—generally forms under the force of gravity
• Rockslides and rockfalls—generally form on steep unvegetated slopes in 

mountainous regions
• Soil creep—forms on slopes and moves very slowly
• Mudflows—deposited by water typically during or shortly after a severe rain 

or flood event; may be associated with a sloped surface
Marine • Reef—typically non-clastic chemical sedimentary deposits such as limestone

• Layers of fine-grained sediments deposited from settling
• Submarine landslides and slumping

Transitional • Delta—deposited by a river discharging to a lake or ocean
• Beach—deposited along the shoreline
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2.3.4 Rock Formation: Diagenesis

After sediments are formed, the processes of diagenesis turn the sediment into rock. 
Diagenesis describes all the physical, chemical, or biological changes sediment undergoes 
after it has been deposited.

The types of diagenesis a sedimentary deposit may experience include (Pettijohn 1975)

• Compaction
• Deformation
• Dissolution
• Cementation
• Authigenesis
• Replacement
• Recrystallization
• Hydration
• Bacterial action
• Concretion development

The most important diagenetic processes acting upon a sedimentary deposit are compac-
tion and cementation (lithification). Compaction occurs over time within a sedimentary 
deposit where individual grains are rearranged to form a more tightly packed sediment. 
The process of compaction forces out water that may be trapped in pore spaces between 
mineral grains. Compaction is a function of burial depth, and is the first step to a sedi-
ment’s journey of becoming a rock.

Cementation involves the precipitation of minerals at grain-to-grain contacts and within 
the deposit’s pore spaces. Only after cementation has occurred can a sedimentary deposit 
be considered a rock. Although compaction may have significantly reduced the amount 
of pore space within a sedimentary deposit, some pore space usually remains. Fluids con-
taining minerals migrate through the remaining pore spaces and precipitate cementing 
materials within the remaining pore spaces and finalize the conversion of a sediment to a 
rock. The most common cements in sedimentary deposits are calcium carbonate (CaCO3), 
silica (SiO2), and iron oxides (FexOx) (Flint and Skinner 1974).

2.4 Identification and Classification of Sedimentary Deposits

To this point, sedimentary rocks have been subjected to significant stress. They have 
been torn from their original home, broken apart and perhaps changed chemically, and 
then put into nature’s equivalent of the trash compactor and cement mixer. We now 
have them right where we want them—in an observable form near the Earth’s surface—
so we can proceed with their identification and classification. The knowledge gained 
from these procedures allows the investigator in urban areas to identify sedimentary 
deposits of potential commercial value; including the sand and gravel used in con-
struction and consumer products, and the clay used in the manufacture of bricks. The 
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most critical knowledge, however, gained from these procedures is the understanding 
of how contaminants behave and migrate in these geological environments. We cover 
this topic beginning with Chapter 7.

2.4.1 Identification and Classification Methods

The successful identification and classification of sedimentary deposits requires an evalu-
ation of several features, including the degree of sorting, grain shape, grain size, composi-
tion, thickness, and other characteristics.

2.4.1.1  Sorting

Sorting is the spatial arrangement of particles during their transport and deposition by 
size. Sedimentary deposits range from very well sorted to very poorly sorted. The degree 
of sorting in a sedimentary deposit or layer is controlled by the method of transport and 
deposition. Sedimentary layers formed from wind transport are generally considered well 
sorted because the wind can only transport fine-grained materials. Sedimentary deposits 
formed from the action of glaciers are generally poorly sorted because glaciers are not 
selective—they move everything.

Figure 2.19 shows gradational examples of individual grains ranging from well rounded 
to angular. Figure 2.20 shows an example of a poorly sorted material.

Well rounded Rounded
Sub-rounded

to sub-angular Angular

FIGURE 2.19
Examples of well-sorted, well-rounded, and angular sedimentary materials.

FIGURE 2.20
Example of a poorly sorted sedimentary material.
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Individual grains or particles can be sorted by grain size—where the largest grains tend 
to settle first, and by composition; where those grains with the highest specific gravity 
minerals tend to settle first.

2.4.1.2  Grain Shape

Individual grains also vary in shape. The shapes of individual grains are characterized 
by their degree of roundness; the degree of edge and corner removal; and their sphericity, 
the degree to which the grain approaches the shape of a sphere. Roundness and sphericity 
vary significantly and depend upon several factors, including composition, the method of 
transport, and their distance traveled.

In general, roundness and sphericity increase the farther the material is transported 
before it is deposited. Knowing (1) the shape of the grains and (2) that the largest grains 
and those with the highest specific gravity settle out first during their deposition enables 
geologists to make inferences about these deposits. For example, when examining a sedi-
mentary deposit, it may be possible to determine the relative distance sediment was trans-
ported, potential energy of the transport system, and method of transport.

2.4.1.3  Grain Size

Individual grains are also classified according to size and given specific names depending 
on the grain size. For instance, a grain that has a size between 1/16 and 2 mm is classified 
as a sand grain and a grain having a size between 4 and 64 mm is termed a pebble. The 
Wentworth (1922) scale is the common method for classifying grain size, and the ranges 
are listed in Table 2.2.

2.4.1.4  Composition

The grains in a sedimentary deposit tend to be resistant to mechanical or chemical weath-
ering. The composition of sand deposits is highly variable and depends upon the source 
of the material. One of the most resistant minerals common in sedimentary deposits is 
quartz, a dominant mineral of beach, river, and dune deposits (Boggs 2000). The quartz 
content in modern-day sand deposits from major rivers and beaches in the United States 
ranges between 67% and 99%, with the second most common mineral being feldspar. By 
contrast, in tropical regions, a dominant component in sand deposits is limestone. Sand 
deposits comprise approximately 25% of all clastic sedimentary deposits (Pettijohn 1975). 
Figure 2.21 is an example of a quartz sand that is medium grain, well-sorted, with sub- to 
well-rounded grains.

Composition is also used to help evaluate the degree of sorting in many sedimentary 
deposits. Clay minerals are the predominate minerals constituting clay deposits, followed 
by quartz, feldspar, carbonates, and iron oxide minerals, respectively (Pettijohn 1975; 
Hillier 2003). Clay and silt deposits tend to be more erodible than quartz because they 
contain higher amounts of organic material in addition to their mineral components of 
micas and feldspars. Types of clay minerals include kaolinite; montmorillonite-smectite; 
illite; and chlorite.

Clay minerals typically form over long periods of time from the gradual chemical 
weathering of rocks, usually silicate-bearing, by low concentrations of carbonic acid and 
other diluted solvents. The formation of carbonic acid involves the reaction between water, 
such as rain and carbon dioxide in the atmosphere. As rain falls through the atmosphere, 
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rainwater dissolves small quantities of carbon dioxide, so when the rain reaches the 
ground, it is a weak carbonic acid. As water migrates through the soils and sediments, 
the strength of the acid may increase significantly through the addition of carbon dioxide 
created by the bacterial decay of vegetation. Once carbonic acid forms, it ionizes to form 
hydrogen and bicarbonate ions. Figure 2.22 shows the chemical reactions leading to the 
formation of carbonic acid, hydrogen, and bicarbonate ions.

TABLE 2.2

Grain Size Classification

Wentworth Size Class Millimeters Inches

Boulder 256 or greater 10.08 or greater
Cobble 64–256 2.52–10.08
Pebble 4–64 0.16–2.52
Very coarse gravel 32–64 1.26–2.52
Coarse gravel 16–32 0.63–1.26
Medium gravel 8–16 0.31–0.63
Fine gravel 4–8 0.16–0.31
Granule (very fine gravel) 2–3 0.08–0.16
Very coarse sand 1–2 0.04–0.08
Coarse sand 0.5–1 0.02–0.04
Medium sand 0.25–0.5 0.01–0.02
Fine sand 0.125–0.25 0.005–0.01
Very fine sand 0.0625–0.125 0.002–0.005
Silt 0.004–0.0625 0.0002–0.002
Coarse silt 0.031–0.0625 0.001–0.005
Medium silt 0.0156–0.031 0.0005–0.001
Fine silt 0.0078–0.0156 0.0003–0.0005
Very fine silt 0.0039–0.0078 0.0002–0.0003
Clay Less than 00039 Less than 0.0002

Source: New Jersey Department of Environmental Protection 
(NJDEP). 2005. Field Sampling Procedures Manual. Trenton, 
NJ: NJDEP.

1 mm

FIGURE 2.21
Example of a sub- to well-rounded, well-sorted, medium-grained, quartz sand. The light colored mineral grains 
are quartz. (Photo by Daniel T. Rogers.)
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Hydrogen ions are extremely effective in decomposing minerals through a process of 
hydrolysis. Hydrolysis is a chemical process in which a molecule is cleaved into two parts 
by the addition of a molecule of water (Greenwood and Earnshaw 1997). The formation of 
the clay mineral kaolinite from potassium feldspar is shown in the hydrolysis reaction in 
Figure 2.23.

Clay deposits may be formed in place but usually are eroded and transported from their 
original location to generally low-energy depositional environments such as large lakes 
and marine deposits.

2.4.1.5  Thickness

Thicknesses of unconsolidated sedimentary deposits can vary enormously over short 
distances. Just a few feet of separation can result in significant variation. The thickness of 
unconsolidated sediments beneath many urban regions ranges from merely a few meters 
to more than 305 m (1000 ft) (USGS 2009). The deposition of these materials forms a com-
plex interconnected web that may drastically change both vertically and horizontally. It 
is not uncommon to observe changes in sediment type and origin of formation in only a 
few centimeters in the vertical or horizontal directions. Figure 2.24 is an example of how 
sediment layers can change over very short distances in both grain size and composition.

2.4.2 Bedded or Stratified Depositional Features

Depositional features provide clues about the life cycle of sedimentary deposits (Wicander 
and Monroe 2007), and provide valuable information about the environment where the 
deposits are formed. Some of the more commonly observed features include

• Bedding or stratification—defined as the layering of sediments as they are formed 
and deposited (Wicander and Monroe 2007). Layering of sediments is the result 
of vertical differences in composition, texture, and grain fabric. The most wide-
spread deposition structure of sedimentary deposits is their bedding or stratifi-
cation. Bedding layers may be very thin, on the order of less than a millimeter, 
to very thick, on the order of several meters. One variety of bedding layers is 
termed laminae, which are defined as very thinly bedded layers on the order of a 
millimeter (Potter et al. 1980). Careful inspection of stratified sediments must be 
conducted because compaction may enhance and distort bedding irregularities 
of hydraulic origin. There are several different types of stratification, including 
(Potter et al. 1980; Pettijohn et al. 1987)

+ H2CO3 H+1

(Carbonic acid)(Water) (Carbon
dioxide)

(Hydrogen
 ion)

(Bicarbonate ion)
+ (H2CO3)–H2O CO2

FIGURE 2.22
Formation of carbonic acid and hydrogen and bicarbonate ions.

H2O 2K+1
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2KAlSi3O8 + 2H+1 + Al2Si2O5(OH)4 4SiO2++

FIGURE 2.23
Formation of kaolinite through hydrolysis of potassium feldspar.
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• Even parallel
• Even discontinuous parallel
• Wavy parallel
• Wavy nonparallel
• Discontinuous wavy parallel
• Discontinuous wavy nonparallel
• Discontinuous curved parallel
• Curved nonparallel
• Structureless
• Mottled
• Brecciated
• Algal
• Graded
• Cross

Parallel horizontal bedding is characterized by distinct beds or laminae, with either sharp 
or gradational boundaries that are continuous and parallel. This type of stratification is the 
most common in fine-grained sediments such as silts and clays. Figure 2.24 is an example 
of this type of bedding. Discontinuous, but even parallel stratification is closely related and 
represents a stratification of slightly less uniformity.

Wavy stratification may be parallel, nonparallel, or discontinuous and is predominantly 
formed by small ripples of silt and sand. When these particles are interbedded with fine-
grained material, they are called flaser bedding. Wavy bedding of all types is an indica-
tion of higher energy and implies a small but discontinuous micro-relief on the bottom 
where the sediment accumulates. Discontinuous wavy, nonparallel bedding is a less orderly 
arrangement and probably represents a higher level of current flow. Curved parallel or 
curved nonparallel bedding are locally present in many fine-grained sediments such as clays, 
and probably indicates lateral accretion in channel scours.

Coarser
grained layer

Finer grained
layer

FIGURE 2.24
An example of sediment layer variability over short distances. (Photo by Daniel T. Rogers.)
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Structureless bedding represents rapid sedimentation with little or no change or variation in 
the source material. Figure 2.25 shows many types of stratification in fine-grained sediments.

Cross-bedding are sets of bedded sediments at various, on-lapping, and inclined angles. 
Cross-bedding indicates changing directions and perhaps energy in the direction of ori-
gin of the sediments being deposited. In sedimentary deposits, cross-bedding typically 
indicates the deposit in question was affected by the forces of wind or changing water 
currents. Cross-bedding occurs most often within coarse-grained sediments such as sand. 
Figure 2.26 is a diagram showing the concept of cross-bedding (a is planar tabular and b is 
trough or festoon cross-bedding). Figure 2.27 is a photograph of a sand deposit exhibiting 
a festoon type of cross-bedding, and Figure 2.28 is a photograph of a sand deposit exhibit-
ing a planar tabular type of cross-bedding.

2.4.3 Other Depositional Features

Other depositional features may include remnants or identification marks useful for 
identifying the environment and method creating the deposit. In addition to bedded and 
stratified features, these other depositional features provide significant clues to geologists 
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FIGURE 2.25
Stratification types in fine-grained sediments.

(a) (b)

FIGURE 2.26
Planar tabular (a) and trough or festoon (b) cross-bedding.
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investigating urban sites and help them distinguish whether the deposits being examined 
originated from a natural process or formed by anthropogenic activity.

• Ripple marks—formed within wind-blown dune deposits or along beach deposits 
generally in shallow water. Ripple marks are very small dune-like deposits whose 
long axes are perpendicular to the air or water current forming them. Ripple 
marks commonly form either as asymmetrical ripple marks or as oscillation ripple 
marks. Asymmetrical ripple marks form in shallow water or as dune deposits 
where there is a dominant direction of water current or wind. Oscillation ripple 
marks form in shallow water within the surf zone where there are competing and 
opposite directions of water flow.

• Mudcracks—are also commonly termed desiccation cracks. These features are 
formed when a fine-grained deposit—often clay-sized—undergoes drying and 
then is buried, preserving the feature.

FIGURE 2.27
Sand deposit with festoon-type cross-bedding in Michigan. Hard hat in upper left for scale. (Photo by Daniel 
T. Rogers.)
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FIGURE 2.28
Sand deposit with planar tabular type of cross-bedding. (Photo by Daniel T. Rogers.)
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• Raindrop prints—are small circular impressions formed from raindrops hitting 
the soft surface of exposed sediment.

• Fossils—observing fossils within a sedimentary deposit offer geologists many 
insights as to how the deposit formed, the age of the deposit, and many other 
factors. When placed in a stratigraphic sequence with deposits from both above 
and below, fossils are used to reconstruct the history of the region. For instance, 
observing fossils or remnants of fish indicate the deposit formed under water, and 
observing terrestrial fossils, such as a Mammoth or Mastodon indicates the land 
surface was nearby.

• Bioturbation and tracks—bioturbation is the physical rearrangement of the soil 
profile by soil organisms. The resulting features are also described as trace fossils 
and can range in scale from worm burrows to animal tracks.

• Varves—form in a variety of marine and lacustrine depositional environments 
from seasonal variations in clastic, biological, and chemical layering of sediments. 
Varves are a special variety of stratification. The classic varve deposit appears as 
alternative light and dark layering of sediment in a glacial lake. The light layers 
usually are composed of silt and fine-grained sand, and are higher energy deposits 
because they traveled farther, originating as glacial meltwater. These light layers 
are also typically coarse-grained than the darker clay layers. In lakes, the layering 
pattern is a function of their seasonal freezing and thawing, and/or the seasonal 
fluctuations in sediment loading.

2.5 Sedimentary Depositional Environments

Sedimentary depositional environments represent a combination of physical, chemical, 
and biological processes associated with the deposition of a specific type of sediment. 
Grain size, shape, sorting, composition, thickness, anthropogenic disturbance, natural dis-
turbance, unconformities, and other features present clues as to how, where, and when 
both clastic and chemical sedimentary deposits formed. Since sedimentary deposits form 
at or very near the surface of the ground, they also communicate to geologists what the 
climatic conditions were at the time of deposition (Wicander and Monroe 2007). This dem-
onstrates the interdisciplinary nature of geology since a significant portion of the forma-
tion and preservation of sedimentary deposits is atmospheric and weather-related. Figure 
2.29 shows several sedimentary depositional environments.

An example of a depositional structure containing direct evidence about the environ-
ment of its deposition is an extensive cross-bedded sand deposit, indicating there were 
either dunes or a beach nearby. Shell fragments embedded in this sand would further 
indicate the sand was deposited in shallow water. This pattern may have significant impli-
cations because it could signal the historical climatic shifts and changes, and perhaps 
present clues related to atmospheric-related hazards (e.g., floods) affecting the site and its 
surrounding area. Table 2.3 lists the dominant types of clastic sedimentary deposits and 
corresponding depositional environments in which they form.

Most urban areas are not located directly upon bedrock. Urban landscapes tend to be 
located in continental sedimentary depositional environments including alluvial, beach, 
eolian, fluvial, glacial, lacustrine, and volcanic-type deposits. Many cities are also located 
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on sedimentary deposits of marine origin. Table 2.4 lists 29 urban areas in the United 
States and identifies the dominant geology beneath each area by type of depositional envi-
ronment. All of the sedimentary depositional environments are represented.

2.5.1 Alluvial

Alluvial deposits are formed by fast-flowing stream water. They range in size from fine silt 
to boulders, and also include debris flows and rock slides from adjacent mountain slopes. 
One example of an alluvial deposit is an alluvial fan, which is a flat to gently sloping mass 
of sediment and loose rock material shaped like a fan. These deposits are created at the 
base of a mountain slope where fast-moving steams coming out of the mountains meet the 
relatively flat surfaces of a basin floor or broad valley. At this junction, the stream gradient 
is significantly decreased, which removes much of the energy available for sediment trans-
port by the flowing water (Bloom 2004). The result is the deposition of sediment in a fan 
shape as depicted in Figure 2.30. Alluvial fans are common in the western United States.

2.5.2 Fluvial

Fluvial deposits are sediments deposited by a river or stream. Deposition results from 
fast- and slow-moving water currents on channel beds and bars. Low-velocity deposition 
occurs on floodplains during floods. Here, the deposits are typically fine-grained silts 
and clays, and may extend over large areas. According to Walker and Coleman (1987), the 
Atlantic and Gulf coastal plains, in large part, owe their origins to fluvial deposition over 
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TABLE 2.3

General Depositional Environments of Select Clastic Sedimentary Deposits

Location
Depositional 
Environment Sedimentary Process Type of Deposit

Continental Alluvial Fan Stream deposits from fast-flowing 
water. Also includes debris flows 
and rock slides from adjacent 
mountain slopes

Conglomerate and coarse sands 
that are poorly to moderately 
sorted

Rivers (fluvial) Deposition from fast- and slow-
moving water current on channel 
beds and bars. Low-velocity 
deposition on floodplains during 
overbank flow generally during 
floods

Sand, moderately to well-sorted 
and potentially cross-bedded in 
higher energy type deposits, to 
clay and silt in floodplain 
deposits

Deserts (eolian 
or aeolian)

Sediment transport by wind (eolian 
or sometimes referred to as 
aeolian). Leads to formation and 
migration of dune deposits

Sand, very well-sorted and 
rounded, quartz-rich

Glaciers Wide-range of deposits from 
unsorted till in moraines to well 
sorted, coarse- to fine-grained 
deposits near unique glacial type 
deposits termed kames and kettles

Fine-grained conglomerate-type 
deposits; poorly sorted to 
moderately well-sorted kame 
deposits

Lakes 
(lacustrine)

Deposition of fine-grained sediments 
in deep water to coarse-grained in 
beach deposits. Also evaporation of 
lake water causing chemical 
precipitation, especially in arid 
environments

Finely bedded silt and clay 
deposits indicating deeper water 
formation to coarse-grained sand 
indicating beach deposits

Wetland Mainly composed of decayed 
vegetative material and very 
fine-grained sediments

Buried peat; when buried and 
exposed to heat and pressure 
may develop into coal

Transitional Deltas Deposition of fast- to slow-moving 
water at the mouth of a river or 
stream entering a large body of 
water. Re-working of sediments by 
wave action. Deposition of organic 
debris in swamps

Sand moderately- to well-sorted 
to silt and clay. May be 
fossiliferous and may also 
contain layers of peat

Beach Reworking of sediment layers by 
waves. May also include formation 
of dunes

Sand fine- to coarse-grained, 
moderately- to well-sorted, 
quartz-rich

Tidal flats High- to low-velocity flow in 
channels and may also have sheet 
flow. Periodic wetting and drying

Sand to clay deposits, fine-grained 
and well sorted, may be organic 
and fossiliferous, mudcracks and 
trace fossils

Marine Reefs and 
Lagoons

High to low energy flow through 
submarine locations and deposition 
of increasingly finer material with 
waning flow. May exhibit 
submarine disturbance indicative 
of sliding and debris flows

Conglomerate, sand, to clay. 
Moderately well-sorted, typically 
exhibits graded bedding 
(coarse- to fine-grained upward 
sequence). Also unsorted sliding 
or debris flow deposits

Deeper water Abyssal plain-type deposits that 
typically exhibit very fine non- 
descript dark muddy-type deposits

Very fine-grained clay
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the last 65 million or more years by the numerous rivers that drain off the Appalachian 
Mountains. Fluvial sediments occur as four main types (Leopold et al. 1992):

 1. Channel-floor sediments deposited on the bottom of the river or stream; sizes 
range from fine sand to gravel depending on flow velocity.

 2. Bar sediments deposited along the river and stream banks, especially along the 
inside portions of river or stream channel bends (Figure 2.31). Deposits are sand 
and gravel with some silt.

TABLE 2.4

Major U.S. Urban Centers and Their Sedimentary Environments

Urban Area

Geologic Environment

Alluvial Beach Eolian Fluvial Glacial Lacustrine Marine Volcanic Bedrock

Atlanta1 X X X

Baltimore2 X X X

Boston3 X X X X X

Chicago4 X X X X

Cincinnati5 X X X X

Cleveland5 X X X X

Dallas6,7 X X X X X

Detroit8, 9 X X X X

Denver10 X X X X X

Houston6,7 X X X

Indianapolis30 X X X

Kansas City11,12 X X X

Las Vegas13 X X X X X

Los Angeles14 X X X X X X X

Miami15 X X X

Minneapolis16 X X X X X

New Orleans17 X X X X

New York18 X X X X X X X

Philadelphia19, 20 X X X X X

Phoenix21, 22 X X X X X

Pittsburgh19 X X X X X

Portland23 X X X X X X X

San Antonio6,7 X X X X X

Saint Louis24 X X X X X

Salt Lake City25 X X X X X X

San Francisco26 X X X X X

Seattle28 X X X X X X X X

Tampa15, 27 X X X X X X

Washington, DC29 X X X X

Sources: King and Beikman (1974) and others.

1Abra ms (1984); 2USGS (2009a); 3Kaye (1976); 4Alder (1902); 5Coogan (1996); 6USGS (2009b); 7Spearing (1991); 
8Rogers (1996); 9Rogers (1997); 10Halka (1980); 11Aber (1984); 12Gentle (1984); 13 Page et al. (2005); 14Bilodeau et al. 
(2007); 15Florida Geological Survey (1994); 16Ojakangas and Matsch (1982); 17Snowden (1980); 18USGS (2003); 
19Barnes and Sevon (1996); 20Goodwin (1964); 21Allen (2003); 22Halka (1983); 23Trimble (1963); 24Missouri 
Department of Natural Resource, Geological Survey Division; 25Stokes (1989); 26Stoffer and Gordon (2001); 
27USGS (2005); 28Stewart (1992); 29USGS (2007); 30Indiana Geological Survey.
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 3. Channel-top and bar-top sediments deposited on top of the bar sediments are 
formed in the shallow water regions in channels and abandoned channels. These 
types of deposits are generally sand and silt-sized deposits.

 4. Floodplain sediments deposited when the water level rises above the confines of 
the river or stream bank and overflow into the surrounding area. These deposits 
tend to be fine-grained and are composed of sand, silts, and clays.

2.5.3 Lacustrine

Lacustrine sediments are lake deposits characterized by the presence of a range of fine-
grained sediments in deep water to coarse-grained sediments in shallow water near the 
shoreline. Large lakes, such as the Great Lakes, may have well-defined and significant beach 
deposits composed of sand and gravel. In some arid regions, such as the southwestern 
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FIGURE 2.31
Example of fluvial bar sediment formation in a fully mature stream. (Photo by Daniel T. Rogers.)
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portion of the United States, evaporation of lake water leaves behind evaporite deposits. 
Fine-grained lacustrine deposits tend to be thinly layered or stratified. Figure 2.32 is an 
example of a thinly layered lacustrine deposit.

2.5.4 Eolian

Eolian (sometimes referred to as Aeolian) deposits result from the wind, and in the United 
States occur primarily in arid or semiarid climates such as the southwest because these 
areas often have a large supply of unconsolidated sediments. Many other regions, how-
ever, also exhibit eolian deposition generated during the last 2 million years. Some of the 
locations include parts of Nebraska, Kansas, Texas, South Dakota, Colorado, Oklahoma, 
Illinois, Iowa, sections of the east coast, southwest, and many other areas (Gustavson et al. 
1991; Gibbard and Kolfschoten 2004). Loess is a typical wind-blown deposit consisting 
primarily of silt-sized fragments. Most loess deposits were derived originally from glacial 
till, and then transported by the wind.

2.5.5 Wetlands

A wetland is an area whose soil is saturated with water permanently or seasonally but 
is saturated long enough to support aquatic plants. Wetlands also include areas partially 
or totally covered by shallow pools of water. Examples of wetlands are swamps, marshes, 
and bogs. Deposits in wetlands are primarily composed of decaying vegetative matter. 
Sedimentary deposits derived from wetlands are typically peat deposits and some very 
fine-grained sediments such as clay (Mitsch et al. 2009). Extensive wetland deposits are 
located in the Midwest and portions of the southeastern United States.

2.5.6 Glacial

Glacial sediments are deposits associated directly or indirectly with glaciers (Benn and 
Evans 1999). Although most of us do not live near active glaciers, the northern half of 
North America experienced several episodes of glacial advance and retreat during the last 
2 million years (Imbrie and Imbrie 1979; Wright 1989). In 1894, Thomas Chamberlin was 
the first to attempt to draw a map of North America depicting the extent of glaciation dur-
ing the Pleistocene (Figure 2.33).
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FIGURE 2.32
Fine-grained lacustrine deposit. (Photo by Daniel T. Rogers.)
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Figures 2.34a and b show the variety of glacial deposits as they are formed in the glacial 
sedimentary environment (modified from Farrand 1988).

The following discussion refers to Figures 2.34a and b and is based on the description of 
glacial deposits found in Bennett and Glasser (1996) and Benn and Evans (1999):

• Moraines—are formed by the deposition of material from a glacier and are 
exposed after the glacier has receded. These features usually are referred to as 
glacial till. Glacial till is material directly deposited from glacial ice, and usually 
appears as linear mounds of unsorted material, or as a very poorly sorted mixture 
of rock, gravel, and boulders within a matrix of a fine-grained silt- and clay-sized 
material. There are three main types of moraines:

• Lateral moraine: formed on the sides of glaciers.

• End moraine: formed at the end of a glacier or at locations where the glacier 
had been stagnant during a retreating or regressive phase.

• Ground moraine: formed under the ice between the lateral moraine. Deposits 
of the ground moraine variety tend to be fine-grained than lateral or end 
moraines. Ground moraines may also be termed lodgment tills.

• Kames—Ice contact features shaped by glacial meltwater; these form conical-
shaped masses of course-grained sand and gravel with little or no fine-grained 
material.

FIGURE 2.33
Extent of Pleistocene Age glaciers (From Chamberlin, T.C. and Salisbury, R.D., A College Textbook of Geology, The 
Lakeside Press, Chicago, IL, 1909.)
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• Kettles—Depressions formed when portions of ice from the glacial front become 
partially or wholly buried with glacial outwash. Groundwater fills the depres-
sions to form kettle lakes. Many of the inland lakes in Michigan are kettle lakes.

• Eskers—Formed beneath glaciers in ice-walled tunnels of outwash; they typi-
cally deposit coarse-grained gravel deposits in an irregular pattern, deposited by 
streams flowing under the ice.

• Outwash—Glacial sediments deposited by the action of meltwater transporting 
glacial till away from the glacier front. Glacial meltwater streams from a glacial 
front may form a type of pattern called braided streams consisting of a maze of 
interconnected channels with high sediment loads.

• Drumlins—Elongated hills composed of glacial till; they are much steeper on 
one side than the other. The steeper slope indicates the direction of ice movement 
(Figure 2.34b).

• Glacial lakes—Many glacial lakes form between the ice front and end moraines of a 
retreating glacier. The end moraines form an effective barrier for glacial meltwater 
to form. Deposits in glacial lakes tend to be fine-grained and may contain varves.

Glacial lacustrine lakes or pro-glacial lakes as shown in Figure 2.34a were very common 
throughout North America during the Late Pleistocene (Benn and Evans 1998). Many 
urban areas such as Chicago, Detroit, Cleveland, and Buffalo are located along or near the 
shoreline of these glacial lakes (Farrand 1988; Rogers 1996; Benn and Evans 1998). Other 
notable large Pleistocene glacial lakes include Lake Bonneville, which occupied the area 
where Salt Lake City in Utah is located (Green and Currey 1988; Morrison 1991); Lake 
Missoula and others that were located in Montana, Idaho, and eastern Washington (Alt 
2001); and Lake Agassiz in the northern United States and southern Canada (Imbrie and 
Imbrie 1979). Many of these Pleistocene glacial lakes were as large as the current Great 
Lakes and they form, or have influenced, many of the landscapes of urban areas in the 
northern United States.
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2.5.7 Non-Clastic Chemical Depositional Environments

As noted earlier, chemical sedimentary deposits form as minerals precipitated from water 
through organic or inorganic processes. Identification of sedimentary deposits from chem-
ical processes requires the identification of the primary mineral.

Common evaporite deposits include halite and gypsum. All water bodies on the surface 
and in aquifers contain dissolved constituents including salts. For an evaporite deposit to 
form, the water must evaporate into the atmosphere, causing the minerals dissolved in the 
water to precipitate. Evaporites generally form when water accumulates in closed basins 
in arid and semiarid environments. Enclosed basins in arid environments are favored 
because they provide high evaporation rates due to low humidity and lack an outlet for the 
water to drain, which essentially traps the water. Examples of extensive evaporite deposits 
include areas in and around the Great Salt Lake of Utah and parts of Nevada.

Many limestone deposits form from the accumulation of shells or precipitants from 
microorganisms. The deposition of limestone strata is thus a byproduct and indicator of 
biological activity in the geological record (Blatt and Tracey 1996; Taylor and Wilson 2003). 
Over time, these deposits build and sometimes become hundreds of feet thick.

2.6 Disturbance

Disturbance of sedimentary deposits occurs constantly from the onset of sediment forma-
tion. There are several anthropogenic and natural types of disturbance, and when con-
ducting studies in an urban environment, these should be described and evaluated.

2.6.1 Anthropogenic Disturbance

One common concern for any investigator evaluating shallow unconsolidated deposits is 
whether any disturbance has occurred since deposition. This concern is ratcheted up in 
urban and developed areas since anthropogenic disturbance often includes excavation 
or filling.

Disturbance can also occur naturally, although at times it may be difficult to determine 
whether the disturbance is natural or anthropogenic. For instance, spoils from dredging his-
torically were spread over the land surface in low areas to enable the development of these 
areas. Dredging a river bottom and spreading the material over the land surface is accom-
plished by pumping a combination of river water and bottom sediment to the desired area 
of disposal. Using water as the transport agent for the sediment may create some difficulty 
in identifying the source of the disturbance because the water and this mixture of sediments 
and other materials can leave depositional structures similar to natural deposits. Therefore, 
special care should be undertaken when evaluating sediment layers in urban settings.

Often, this type of activity can be readily observed—but this is not always the case. 
Typically, to evaluate the existence of anthropogenic disturbance in a specific area, geolo-
gists rely on a few clues for assistance. Some of these clues include

• Evidence of historical development
• Evidence of landfilling
• Evidence of grading or land surface disturbance
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• Nonnaturally occurring debris located within sediments
• Evidence of excavation
• Lack of original deposition structures within the deposits in question
• Inconsistency or evidence of stressed or absent vegetative cover
• Topography inconsistent with surrounding area or region

Figure 2.35 is a photograph showing landfill material. In this case, several metal containers 
were excavated indicating anthropogenic disturbance.

2.6.2 Naturally Occurring Disturbance

Examples of naturally occurring types of disturbance include the following (Pettijohn 1975):

• Diagenesis, typically involving compaction and lithification.
• Erosional removal of a portion or an entire deposit (causing an unconformity).
• Bioturbation involving the disturbance of very near-surface soil layers, typically 

by worms and other macro invertebrates.
• Vegetative disturbance from trees with large and deep root systems.
• Differential compaction or subsidence; these events can obscure, bend, or offset 

original depositional deposits and sequences and make interpretation of deposi-
tion challenging.

• Redistribution of sand deposits by wind along a beach, forming dune deposits 
often difficult to recognize because many dune deposits do not contain easily rec-
ognizable depositional structures.

• Offsets in bedding planes or sediment layers from faulting or other tectonic activ-
ity. The results of tectonic offsets may make the matching of depositional layers 
impossible depending on the distance of the offset.

• Landslides along steep slopes or unvegetated hillslopes resulting from fire or 
flooding.

Excavated
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FIGURE 2.35
Example of anthropogenically deposited material. (Photo by Daniel T. Rogers.)



Geology	of	Urban	Watersheds	 59

© 2011 by Taylor & Francis Group, LLC

• Chemical disturbance from the migration of water from the surface through the 
sedimentary layers; leaving behind a chemical precipitant or dissolving a portion 
of the original constituents of the sediments. Given the correct circumstances, this 
type of disturbance may lead to a karst topography.

The upper portion of Figure 2.36 shows an example of a disturbance likely originating 
from a naturally occurring source because the line separating the disturbed portion 
from the non-disturbed portion is not sharp, as would be characteristic of an anthro-
pogenic source. Instead, the boundary is transitional and gradual in most areas, sug-
gesting the disturbance was probably a combination of bioturbation or differential 
subsidence.

2.7 Summary and Conclusion

The geology of a watershed literally forms the foundation of where we live. Moreover, the 
geology of any urban region shapes the manner in which we live: our lifestyles; food pro-
duction; natural resource availability; economic activity, and ultimately determines our 
standard of living and our sustainability. We have explored the different types of geologi-
cal environments where urban developments are located, and discovered that most urban 
areas exist in geological settings of sedimentary origin. Along the way, it was also dis-
covered why the geology of urban areas is very complex and changes rapidly. In addition, 
we learned every urban area of the United States has a unique set of geologic deposits 
formed from more than two—and in some cases up to eight—distinct geologic processes.

A representative sample of the many types of geological environments of urban areas 
throughout the United States has been presented. What is abundantly apparent from this 
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investigation is that many urban areas are located in geological settings dominated by 
sedimentary deposits located near water. There exists a complex, dynamic, codependant, 
and sometimes delicate relationship between the presence of water and geology. When 
urban areas are placed into the mix, these complexities and delicate relationships may 
be thrown out of balance. Although not always intentional, the resulting human impacts 
may alter our lives or the environment negatively, and in some cases, catastrophically. 
What determines our sustainability is only in small part determined by urban location; 
most critical are the specific actions we undertake to understand and protect the urban 
environment.

Finally, we have briefly introduced the most important factor determined by geology 
at any location, and especially in urban areas: the presence and availability of water—the 
most precious resource required for living organisms and their continued sustainability. 
Nace (1969), a noted global hydrologist, once stated, “the story of the growth of civiliza-
tion and science could be written largely in terms of human concern with water.” The next 
chapter explores water in the urban environment from a scientific perspective and encom-
passes a wide range of processes from its basic molecular structure and chemical behavior 
to its actions on the surface and below the ground.
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3
Water	and	the	Hydrogeology	of	Watersheds

3.1 Introduction

The importance of water on Earth cannot be overstated. Water, along with energy and 
organic molecules, was the prerequisite for the origin of life here billions of years ago. 
Today, water plays a central role in maintaining our survival as a species, preservation of 
the natural environment, and therefore achieving a sustainable planet (United Nations 
2003). Yet, there are immense challenges facing humans with respect to securing water for 
their basic needs and long-term quality of life. Although almost three-fourths of Earth’s 
surface is covered by water, most of this water is not potable, and a high percentage of the 
fresh stuff is either frozen, underground, or in a gaseous phase.

Wait—there are other complications. Because of the spherical nature of the Earth and 
its axial tilt, the arrangement of land and water, and differences in surface elevation, it is 
not possible to achieve a uniform distribution of the incoming solar energy we receive. 
Surpluses and deficits of energy arise at different locations and create uneven atmospheric 
pressures and densities. In a thermodynamic system, these inequalities try to even them-
selves out, so fluids move in a quest to achieve overall energy equilibrium. Air (via wind) 
transports part of the solar energy it has absorbed and moves it from zones of higher pres-
sure to zones of lower pressure. Water moves the excess energy it has absorbed from the 
equatorial region in a general poleward direction via ocean currents. All of this movement 
results in Earth’s topside having a peculiar and unpredictable precipitation pattern: some 
areas receive precipitation almost daily; others may not get any for years; and many places 
lie between these extremes.

Precipitation from the atmosphere recharges the underground water reservoirs and 
plays a central role in shaping the geology of urban areas through weathering, sediment 
transport and deposition, chemical precipitation and dissolution, and erosion. Given the 
haphazard nature of precipitation, it is a good thing that nature is so organized. Surface 
flows of water are controlled hierarchically by a system of topographically bounded spa-
tial units called watersheds, which are really just water collection bowls. Small watersheds 
consisting of small streams feed larger watersheds with larger streams; for example, the 
Scioto River watershed in Ohio delivers its flows into the Ohio River, which then flows 
into the larger Mississippi River. Some of the precipitation is intercepted by vegetation, 
some pools on the surface, and a good part of it moves downward through the soil where 
it recharges the groundwater reservoir.

This chapter opens with a brief discussion of basic water chemistry and the geog-
raphy of Earth’s water, and how it moves cyclically between the atmosphere and the 
oceans. Understanding basic water chemistry and refreshing ourselves about the global 
water cycle provide the knowledge base for the more detailed material later in the chap-
ter and later sections of this book. Key objectives of this chapter include an investiga-
tion of the multifaceted nature of surface water and groundwater as discrete entities, 
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while also considering their interactions. The chapter concludes with a discussion of the 
anthropogenic effects on surface water and groundwater.

3.2 Water Basics

This section begins with the basic chemistry and properties of water. The focus then turns 
to water’s abundance and distribution on Earth, with special attention given to the work 
water accomplishes as it moves through its global cycle. We finish with a discussion of 
potable water.

3.2.1 Basic Water Chemistry

A water molecule is composed of two hydrogen atoms bonded with one 
atom of oxygen. This bonding ratio gives water a chemical formula of 
H2O. The spatial arrangement of the atoms within each water molecule 
is shown in Figure 3.1 (Hill et al. 1993). The hydrogen atoms are attached 
to each side of the oxygen atom, and this configuration results in a polar-
ity or directional charge. The water molecule is positively charged at the 
hydrogen end and negatively charged on the opposite side where the 
oxygen atom is located. Since opposite electrical charges attract, water 
molecules have an affinity for each other, and, in its liquid state, 
water forms the linear configuration as shown in Figure 3.2 (Hill 
et al. 1993).

The angular arrangement of the water molecule shown in 
Figure  3.1 results from the properties of its chemical bonds. 
Hydrogen atoms are attached to the oxygen atom in a covalent 
bond (Figure 3.3), with each black dot representing an electron. 
Note the circled pairs of electrons on the two sides opposite the 
hydrogen atoms. The pairing of electrons creates a slightly greater 
negative charge, which acts to push the two hydrogen atoms closer. 
This push results in a slightly bent tetrahedral molecule with an 
angle of approximately 107.5° (Figure 3.4).

The polarity of a water molecule is significant, because it permits 
water to

• Stick together with other water molecules, as in a drop of water.
• Interact with other polar molecules—this is why other sub-

stances are able to dissolve in water. Water is known as the 
“universal solvent” because it dissolves more substances than 
any other liquid.

• Interact with electricity.

Some important chemical properties of water include

• It freezes at 32°F or 0°C.
• It boils at 212°F or 100°C at mean sea level.
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• Liquid water is denser than ice.
• It has a high specific heat capacity.
• It has a very high surface tension.

Water is unique, because it is the only substance on Earth found in all three states (liquid, 
solid, and gas) within our planet’s temperature ranges. Liquid water is essential to life, as it 
comprises approximately 60% of the human body by weight and 70% of the human brain. 
Some organisms are 90% liquid water by weight.

Without water, humans simply would not exist. The ability of water to dissolve so many 
different substances allows cells to use the nutrients, minerals, and chemicals in biologi-
cal processes. In natural systems, wherever water goes—the air, the ground, streams and 
lakes, biota, or through our bodies—it takes valuable chemicals, minerals, and nutrients 
picked up along the way. This transport ability also means that water can carry substances 
harmful to humans and the environment. If these contaminants are present at a suffi-
cient concentration and the exposure is long enough, potentially harmful effects can occur. 
The damage can be immediate and obvious, as when oil is washed up on a beach and 
kills waterfowl—or slow developing and silent—a scenario represented all to often by the 
benzene that originated from a leaking gasoline tank and carried by groundwater into a 
drinking water well.

This is why we spend so much time and effort studying water.

3.2.2 Water Cycle

Water is constantly on the move through the four spheres of the geosphere—the atmo-
sphere, biosphere, hydrosphere, and lithosphere. This movement of water is cyclical and is 
called the hydrologic cycle or water cycle. In this cycle, water changes phase many times 
and exists as a liquid (surface waters and groundwater), solid (snow and ice), or gas (water 
vapor). The global movement of water is initiated by solar energy, which evaporates surface 
water into the atmosphere. Much of this water vapor condenses and falls as some form of 
precipitation on a distant land surface where it either evaporates, flows back into the oceans 
through rivers and streams, is taken up by vegetation and slowly released into the atmo-
sphere as evapotranspiration, or infiltrates into the ground. Groundwater also migrates 
back to the oceans (Jones 1997; Alley et al. 1999). Figure 3.5 depicts the water cycle on Earth.

As with all physical systems, the water cycle performs some work. These three main 
chores are accomplished: (1) evaporation desalinates large quantities of ocean water and 
creates freshwater that is potentially potable; (2) nutrients are transported—a process 
called the biogeochemical cycles—which moves carbon, phosphorus, and other nutrients 
between their reservoirs. For example, the carbon cycle transports enormous quantities 
of carbon between the atmosphere and the oceans by precipitation, with much of this 
carbon held within the carbonic acid (H2CO3) formed in the atmosphere by the combina-
tion of CO2 and water vapor; and (3) landscapes are altered by flowing water (erosion and 
sedimentation) and water’s phase changes between ice and liquid (ice wedging and frost 
heaving). Water, with its higher viscosity and weight per unit volume than air, is the key 
agent of landscape change on Earth.

3.2.3 Distribution of Water on Earth

The vast majority of water on the Earth is saline and resides in the oceans. Although the 
water in the oceans is important for life on Earth, it is the freshwater contained in ice and 
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snow, rivers and streams, lakes, swamps, and groundwater that provides people with the 
water needed to live. Figure 3.6 shows the percent distribution of Earth’s water, with the left 
column indicating 97% of this water is saline and only 3% is freshwater. Moving to the mid-
dle column, we see the 3% of freshwater breaking down into a majority of ice (68.7%) and a 
smaller percentage (30.1%) as groundwater. This leaves only 0.3% of Earth’s total water on 
the surface, and as shown by the right column, a small percentage is held in primarily in 
lakes (87%), and the rest in rivers, streams, and swamps.

Table 3.1 presents a more detailed accounting of Earth’s water reserves; specifically 
where the water resides, the estimated quantities within these reservoirs, and the amounts 
of freshwater as a percentage of total water (Shiklomanov 1993; Jones 1997).

The major lessons learned from the characteristics of Earth’s water are (1) most of our 
water is not potable and the accessible portion of potable water is small and (2) contamina-
tion of a significant amount of our potable water resources can and does create regional 
shortages, despite the existence of an adequate supply of freshwater per capita on Earth.

3.2.4 Potable Water Use

The term potable water means water used for any human purpose (Fuhrer et al. 1999) and 
includes uses other than drinking water. From a water quality standpoint, potable water 
contains less than 10,000 μg/L of total dissolved solids. In the United States, potable water 
use includes: (modified from Fuhrer et al. 1999)

Water storage in the atmosphere

Sublimation

Water storage in
ice and snow

Snowmelt runoff
to streams

Precipitation

Surface runoff

Water storage
in oceans

Evapotranspiration

Evaporation

Condensation

Stream flow
Evaporation

Spring
Freshwater

storage

Infiltration

Ground-water storage

Ground-water discharge

FIGURE 3.5
(See color insert.) The water cycle. (From United States Geological Survey, Summary of the water cycle, http://
ga/water.usgs.gov/edu/watercyclesummary.html, 2010a.)
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• Drinking and bottling (including beverages such as soft drinks)
• Washing
• Recreation
• Heating and cooling
• Fire fighting
• Irrigation
• Industrial use

Fresh-
water 3% Other 0.9%

Ground
water
 30.1%

Icecaps
and

Glaciers
 68.7%

Surface
water
0.3%

Rivers 2%

Swamps 11%

Lakes
87%

Fresh
surface water

(liquid)

Earth΄s water Fresh water

Saline
(oceans)

97%

FIGURE 3.6
Distribution of Earth’s water. (From United States Geological Survey, Water properties, http://ga.water.usgs.
gov/edu/waterproperties.html, 2009a.)

TABLE 3.1

Earth’s Water by Source, Volume, and Type

Water Source Water Volume (km3) Percent Freshwater Percent Total Water

Oceans, seas, and bays 1,337,986,366 — 96.5
Ice caps, glaciers, and 
permanent snow

32,399,277 68.7 1.74

Groundwater 23,400,173 — 1.7
• Fresh 10,528,827 30.1 0.76
• Saline 12,871,345 — 0.94

Soil moisture 16,502 0.05 0.001
Ground ice and 
permafrost

299,984 0.86 0.022

Lakes 176,397 — 0.013
• Fresh 90,991 0.26 0.007
• Saline 85,406 — 0.006

Atmosphere 12,901 0.04 0.001
Swamps 11,471 0.03 0.0008
Rivers 2122 0.006 0.0002
Biological water 1121 0.003 0.0001
Total 1,385,920,457 — 100.0
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• Commercial use
• Livestock
• Mining
• Electricity production
• Wastewater treatment

In 2000, people in the United States used an average of 407.5 billion gallons of water per 
day. Of this total amount, 79% or 323 billion gallons was from a surface water source and 
21% or 84.5 billion gallons originated from groundwater (USGS 2004). Over the last 50 
years, the usage of water for electricity production increased by more than 500% and, since 
1965, has been the category of highest water use. Water used for irrigation purposes has 
also risen 50% between 1950 and 2000—another significant increase.

From 1970 to 2000, the use of fresh surface water in the United States has remained rela-
tively constant at a usage rate of approximately 275 billion gallons of water per day. During 
this same time period, the use of fresh groundwater has increased from approximately 
65 billion to 85 billion gallons of water per day (USGS 2009b). In many states, groundwa-
ter is the key source of potable water for irrigation; Nebraska, Texas, and California are 
examples. Some states, such as California, have designated specific areas for groundwater 
recharge. Here, during the short rainy season, surface water seeps into the ground and is 
stored until it is needed for human use during dryer periods.

Figure 3.7 shows the percent of population in each state using groundwater as a source 
of drinking water. Over 90% of the people in Idaho, New Mexico, Mississippi, and Florida 
use groundwater for this purpose. By contrast, the populations of Colorado, Rhode Island, 
and Kentucky obtain less than 30% of their drinking water from groundwater (USGS 2004).

Explanation
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FIGURE 3.7
Groundwater use by state. (From Alley, W.M. et al., Sustainability of Groundwater Resources, United States 
Geological Survey Circular 1186, Denver, CO, 1999.)
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The data on water use indicate that humans require and use enormous quantities of 
water every day to provide energy, food, and to sustain their lives. But the geography of 
water often dictates specific usage patterns. Many regions of the United States lack abun-
dant freshwater supplies and are required to use water more wisely because of its relative 
scarcity compared to other areas. The arid southwest and the humid region of the Great 
Lakes demonstrate this contrast (Meyer 1989). Because of this geo-climatic factor and other 
considerations (one being the water law doctrines existing in eastern and western states), 
water is not equally protected throughout the United States, and the methods of conserva-
tion and recycling of water vary widely depending on location.

We now turn our attention to watersheds—the organizers of freshwater supplies. The 
focus here will be on urban watersheds and the specific implications their surface waters 
and groundwater have for regional geology, contaminant sources and sinks, and the long-
term sustainability of the landscape.

3.3 Surface Water in Watersheds

The importance of surface water to urban centers cannot be overstated. This water acts as a 
source of potable water and supports agriculture, commerce, and transportation. From an 
environmental perspective, surface water is responsible for the erosion and deposition of 
a significant portion of the sediments lying beneath urban areas, and when surface water 
is in the form of a stream, it carries suspended and dissolved materials into other bodies 
of water.

Nature organizes streamflow by adopting the most energy efficient method of trans-
port within a physical framework consisting largely of the local geology and climate. In 
areas of fractured rock, the streams follow the fractures; whereas in sedimentary envi-
ronments consisting of surficial unconsolidated sediments, a dendritic or treelike pattern 
of drainage may develop. If it rains more, then a denser stream network evolves. The 
primary objective of a stream is to transport the water it receives and the materials it 
carries without delay, so the next time a precipitation event occurs, the transport can con-
tinue. The organizational structure nature came up with to perform these tasks is called 
a watershed.

3.3.1 Watersheds

A more modern definition of a watershed sees them as an extent of land where water as 
rain or snowmelt drains downhill into a body of water such as a river, lake, swamp, estu-
ary, reservoir, wetland, bay, sea, or ocean (Winter et al. 1998). In some cases, the drainage 
areas for water at the surface and below within a watershed may differ. When the areas 
are different, the groundwater watershed is usually larger than the surface watershed 
(DeBarry 2004). Watersheds act as a conduit for the transport of water and materials at the 
surface and below the surface (groundwater). Figure 3.8 shows the functional regions of a 
surface watershed and their geofluvial characteristics; i.e., their flow volumes and erosion/
deposition balance.

The basic moniker used for watersheds varies. Other terms describing a watershed 
include catchment, catchment area, catchment basin, drainage area, drainage basin, river 
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basin, or water basin. For consistency and to avoid the use of a thesaurus, we use the term 
watershed throughout the book. Figure 3.9 shows two adjacent watersheds to illustrate 
their structure and flow patterns at the surface and below (Alley 1999).

The entire land surface of the Earth can be subdivided into watersheds. Some of the 
more notable watersheds in North America include those drained by the rivers listed 
in Table 3.2 (Kammerer 1990). Figure 3.10 shows the major watersheds of the United 
States.

Whether water drains off the land into successively larger watersheds or drains from a 
watershed like the Mississippi, it ultimately discharges into an ocean. The Atlantic Ocean 
receives surface water from 47% of the land surface of the world and the Pacific and Indian 
Oceans each drain 13% of the land surface. The remaining surface drainage either ends 
up in the Arctic Ocean or does not reach an ocean. Non-ocean bound surface water drains 
into enclosed basins, such as the Great Basin located in the western portion of the United 
States (Kammerer 1990).
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FIGURE 3.8
Watershed regions and transport functions.
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Table 2.4 lists the major urban areas of the United States and their associated geologic 
environments. Table 3.3 contains the same urban areas as Table 2.4, but matches them with 
their closest major surface water feature.

Of the 29 urban centers listed in Table 3.3, 12 are located near the ocean and 8 more are 
located near bodies of water deep and wide enough to support large-scale shipping. The 
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FIGURE 3.10
Major watershed regions of the United States. (From United States Geological Survey, Science in your water-
shed, http://water.usgs.gov/wsc/map_index.html, 2010b.)

TABLE 3.2

Some Major Rivers of the United States

River Length (km) Drainage Area (km2) Discharge (m3/s) Major Tributaries

Missouri 4,023 1,370,104 2158 Yellowstone River
Platte River

Mississippi 3,764 2,978,486 16,792 Illinois River
Ohio River
Missouri River
Arkansas River

Rio Grande 3,034 870,236 283 Pecos River
Arkansas 2,350 416,988 1,161 Canadian River

Cimarron River
Colorado 2,334 637,137 425 Green River
Columbia 1,854 668,217 7,504 Snake River
Ohio 1,569 525,768 7,957 Allegheny River

Monongahela River
St. Lawrence 1,223 1,025,635 9,854 Great Lakes

Ottawa River
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12 located near an ocean include Baltimore, Boston, Houston, Los Angeles, Miami, New 
Orleans, New York, Philadelphia, Portland, San Francisco, Seattle, and Tampa. The eight 
cites located near bodies of water large enough to support large-scale shipping include 
Chicago, Cincinnati, Cleveland, Detroit, Kansas City, Minneapolis, Pittsburgh, and Saint 
Louis. The remaining seven urban locations are located near water bodies that are either 
used for energy sources (hydroelectric), recreational functions, and sources of drinking 
water. These seven remaining urban areas include Atlanta, Dallas, Denver, Indianapolis, 
Las Vegas, Phoenix, Salt Lake City, and San Antonio (USGS 1984).

3.3.2 Surface Water Drainage Development and Patterns

Climate and geology were mentioned earlier as important factors influencing the develop-
ment of surface water flow patterns and drainage density. A more comprehensive list of 
factors involved in these processes includes (Leopold et al. 1992)

TABLE 3.3

Major Urban Areas of the United States and Associated Surface 
Water Features

Urban Area Surface Water Features

Atlanta Chattahoochee River
Baltimore Atlantic Ocean
Boston Atlantic Ocean
Chicago Lake Michigan and Chicago River
Cincinnati Ohio River
Cleveland Lake Erie
Dallas Trinity River and White Rock River
Detroit Detroit River
Denver South Platte River
Houston Gulf of Mexico
Indianapolis White River
Kansas City Missouri River
Las Vegas Colorado River
Los Angeles Pacific Ocean
Miami Atlantic Ocean
Minneapolis Mississippi River
New Orleans Mississippi River and Gulf of Mexico
New York Atlantic Ocean and Hudson River
Philadelphia Atlantic Ocean and Delaware River
Phoenix Gila River and Salt River
Pittsburgh Ohio River
Portland Pacific Ocean, Columbia River and Willamette River
Saint Louis Mississippi River and Missouri River
Salt Lake City Great Salt Lake and Jordan River
San Antonio Salado River, San Antonio River, and Olmos River
San Francisco Pacific Ocean
Seattle Pacific Ocean
Tampa Gulf of Mexico
Washington, DC Potomac River
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• Climate
• Vegetation
• Topography
• Rainfall
• Geology

Rivers and streams go through an evolutionary process as they age and follow the general 
sequence depicted in Figure 3.11a through d (Dutch 2009).

A young stream is characterized by a V-shaped valley, rapids and waterfalls, and no 
floodplain (Figure 3.11a). Over time, a young stream deepens its valley (Figure 3.11b). As 
the stream matures, it begins to develop a floodplain and sand and gravel bars. The valley 
deepening slows (Figure 3.11c). A fully mature stream exhibits a very wide floodplain with 
pronounced meanders and cut-off meanders called ox-bow lakes (Figure 3.11d) Young 
streams can also be characterized as predominantly eroding streams and fully mature 
streams as depositional streams (Leopold 1992).

The drainage development pattern of a watershed may yield some clues about its sub-
surface geology. For instance, Figure 3.12 shows a dendritic drainage pattern with a higher 
drainage density in the headwater region than in the depositional zone. In the headwater 
region, silty clay underlies the streams; whereas in the depositional zone, the sediments 
are porous with a high-infiltration capacity. Since the clay sediments in the headwater 
region are not very permeable and restrict infiltration, most of the precipitation drains as 
surface water. The result is a denser stream drainage pattern required to drain the same 
amount of land. This same drainage pattern can also be formed by a steeper slope gradient 
in the headwater region than in the depositional zone.

There are other processes at work that determine a watershed’s drainage density, so we 
must consider other factors in addition to soil infiltration capacity. For example, ground-
water at the surface shapes the Earth’s topography through a process known as seepage 

(a)

(c) (d)

(b)

FIGURE 3.11
(a) Young stream, (b) mature (early) stream, (c) mature (late) stream, and (d) old age stream. (From Dutch, S., Erosion 
and landscape evolution, University of Wisconsin Green Bay, http://www.uwgb.edu/dutchs/EarthSC202Notes/
erosion.htm, 2009. With permission.)
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erosion. In combination with overland flow, seepage erosion contributes to the initiation 
and growth of channel networks (Dunne 1990; Abrams et al. 2009). Many of the United 
States’ urban watersheds of glacial–lacustrine origin have higher drainage densities in 
sandy soils, and this pattern could be related to the initiation of channels by groundwater. 
Although the exact causes of channel density have not been resolved (Abrams et al. 2009), 
the regional geology provides a good starting point for gaining important information 
about the surface streams.

As this discussion reveals, there is a close relationship between surface water and 
groundwater. At many locations, surface water recharges groundwater and, in turn, 
groundwater discharges to surface water, but this is only one part of a bigger picture. We 
now turn our attention to groundwater.

3.4 Groundwater in Watersheds

Groundwater is defined as any water beneath the surface of the ground (Heath 1983) and 
is often described in terms of its occurrence in an aquifer. An aquifer is a naturally occur-
ring mappable geologic unit(s) composed of water-saturated porous media capable of stor-
ing and transmitting significant quantities of water under ordinary conditions (modified 
from Freeze and Cherry 1979). For example, the unconsolidated geologic material compos-
ing many aquifers consists of sands and gravels, and these formations are deemed aqui-
fers because they meet the requirements just defined. Unconsolidated geologic material 
composed of silt and clay can also make the grade for aquifer status, but sometimes these 
finer-grained materials do not transmit water quickly enough to fulfill the definition. In 
fact, clay layers have such a low permeability that we will refer to them as confining layers 
that retard the downward flow of groundwater.

Early civilizations such as the Persians and Romans recognized the importance of 
groundwater as a source of drinking water and as a supplement to precipitation for crop 
irrigation. The presence of water in the subsurface is influenced by fundamental geologic 
processes, including the subsurface rock type and the character of the tectonic activity 
influencing the region (e.g., folding or faulting). Today, the distribution and abundance of 
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FIGURE 3.12
Stream drainage densities based on differences in geology.
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groundwater is a primary concern facing the growing human population on Earth and 
especially those within arid and semiarid watersheds. Although the use of groundwa-
ter dates back thousands of years, it has only begun to be understood in the last couple 
of centuries—and major gaps in our knowledge still persist today. Scientists now under-
stand the role of groundwater in the hydrologic cycle but still lack detailed information 
about groundwater in urban areas. This information includes groundwater’s geographic 
distribution and migration pathways, anthropogenic influence, contaminant behavior and 
transport, and its connection with and influence on surface water.

At the watershed scale, more knowledge is required to understand the geology of 
groundwater and nongroundwater-bearing strata as well as its quality, flow, residence 
time, age, and the anthropogenic contributions and impacts to this resource. In addition, 
we need a deeper understanding of the fundamental hydrologic and hydrogeologic pro-
cesses where groundwater plays a critical role, such as infiltration, surface runoff, and the 
recharge of surface waters.

The many reasons underlying the lack of understanding concerning groundwater can 
be organized into a few broad categories:

 1. Hydrogeological
• An absence of readily available groundwater in a particular area. There is a 

tendency to study only things we can see.
• An abundance of groundwater in a particular area. In this case, groundwater 

may be taken for granted and accepted without critical inquiry.
• An in-depth knowledge and understanding of geological and hydrological 

principles is required. These skills are limited to a relatively small segment of 
the population.

 2. Geographical
• Other readily available and exploitable sources of water such as a large river or 

lake are nearby. As a result, groundwater is ignored.
 3. Financial

• Groundwater is expensive to investigate, study, and develop as a water source. 
Money woes can limit curiosity.

Groundwater has only been studied outside of academic circles when something nega-
tive occurs. This includes events where contaminated groundwater is consumed from 
an impacted aquifer, or when the water supply runs out or is significantly reduced. This 
is particularly disturbing because approximately 50% of the population in United States 
obtains its drinking water from groundwater, and more than 40% of irrigation water 
comes from groundwater.

The importance of groundwater cannot be overstated, because groundwater accounts 
for over 95% of all the freshwater on the planet—excluding the hard to reach water stored 
in ice caps and glaciers. The estimated total world reserve of groundwater is estimated to 
be approximately 10,528,827 km3 (2.5 million mi3) (Table 3.1), which is about 100 times more 
than all the freshwater in lakes, streams, rivers, and swamps on Earth. To envision this 
amount of water is difficult, but suppose all of the groundwater in the world was spread 
out on the surface of the United States. The water depth would be close to 0.8 km (0.5 mi). 
Let us go global. If all the groundwater was placed on the land surface of the Earth, it 
would be 46 m (150 ft) deep.
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The generally poor understanding of groundwater is compounded in urban areas, 
because the near-surface unconsolidated sediments here are also poorly understood. 
This is somewhat alarming, since a significant portion of the human population currently 
resides in urban areas and this population is projected to increase rapidly in the future 
(United Nations 2008).

Groundwater plays an important part in the water cycle on the planet; a cycle involv-
ing a complex set of interactions between water and the surface, subsurface, and atmo-
sphere (Figure 3.5). The next section builds the foundation for understanding groundwater 
within this context.

3.5 Fundamental Concepts of Groundwater

Describing the occurrence, distribution, behavior, and migration of groundwater beneath 
the surface is best accomplished from the perspective of geographic scale. At the macro 
or regional scale, groundwater exists in well-defined geologic formations (aquifers) and, 
at the microscale, groundwater assumes many forms, including any water unavailable for 
flow such as the water surrounding minerals grains due to surface tension.

The term “significant quantities” used to describe water in an aquifer is a relative term 
and depends on whether the water is intended for human exploitation. The outcome is 
largely dependent upon location and geography. For instance, an aquifer in a desert region 
may not yield as much water as an aquifer located elsewhere, but it still may be considered 
significant due to its geographical location. The majority of aquifers in the world con-
sidered high-yielding are composed of sand and gravel deposits; for example, the high-
yielding Ogallala aquifer stretching from the Texas panhandle to North Dakota in the 
Great Plains region is sand and gravel. Figure 3.13 shows the distribution of aquifers in the 
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FIGURE 3.13
Distribution of major U.S. aquifers. (From United States Geological Survey, Principal aquifers of the 48 conter-
minous United States, http://water.usgs.gov/GIS/browse/aquifers_us.jpg, 2010c.)
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conterminous United States. Most of these aquifers are composed of sedimentary rock and 
underlie a majority of the country’s major urban areas.

3.5.1 Aquifer Types and Basic Structure

There are two types of aquifers, confined and unconfined, based on the presence or 
absence of a water table. A water table or phreatic surface is the upper extent of the zone 
of saturation in direct contact with atmospheric air pressure through void spaces in the 
overlying geologic material. An unconfined aquifer, therefore, is defined as a saturated 
geologic material where the surface of the saturated layer is equal to atmospheric pressure 
(Heath 1983). The depth to the water table surface can range from just a few meters or less 
in humid regions to more than 305 m (1000 ft) in dry desert regions. Unconfined aquifers 
are usually the first saturated waters encountered beneath the surface. If this water is of 
limited areal extent, it is commonly known as a perched aquifer or perched water depend-
ing on the amount and extent of saturated materials.

Perched water or perched aquifers are commonly encountered in urban environments. 
Many building foundations, sewers, and roads are backfilled with materials such as sand 
and gravel with higher permeability (capable of being penetrated by water) than the 
indigenous soils often composed of clay. In these cases, water eventually saturates the 
more permeable materials surrounding the foundation and perched water develops. In a 
pure geologic sense, this underground configuration of water does not fit the definition of 
an aquifer because it is not a mappable geologic unit, does not occur in a naturally occur-
ring formation, and exists because of anthropogenic activities.

Confined aquifers are permeable geologic formations or strata bounded above and 
below by relatively impervious geologic material consisting of clay layers or other similar 
materials and contain water at pressure greater than atmospheric (Heath 1983). These con-
fining layers or strata separate the higher permeability aquifer material from direct contact 
with atmospheric pressure and impede the upward and downward movement of water.

As shown in Figure 3.14, the confining layer above the confined aquifer creates a column 
of water with very limited exposure to the ground surface. This overburden of water cre-
ates additional pressure within these formations, so any well installed within a confined 
aquifer will have a water level higher than the elevation where the water was encountered. 
If the water level in the well rises but does not reach the surface, the well is termed an 
artesian well. When the pressure in a confined aquifer is sufficient to allow the water level 
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FIGURE 3.14
Example of an unconfined and confined aquifer and artesian and flowing artesian wells. (From Environment 
Canada, Aquifers and wells, http://www.ec.gc.ca/water/images/nature/gedwtr/a5f3e.htm, 2009.)



80	 Urban	Watersheds:	Geology,	Contamination,	and	Sustainable	Development

© 2011 by Taylor & Francis Group, LLC

to reach or exceed the ground surface, the well is called a flowing artesian well (Driscoll 
1986). Figure 3.14 shows a schematic of an unconfined and a confined aquifer and also 
shows artesian and flowing artesian wells. The elevation water can reach in wells drilled 
into a confined aquifer is called the piezometric surface and is indicated by the dashed line 
in the figure.

Many types of aquifers can exist in certain geological environments where thick 
sequences of variable unconsolidated deposits are present. In these cases, the term com-
monly applied is an aquifer system.

In areas of karst topography, groundwater flows through bedrock and initially con-
centrates between bedding layers, fractures, or faults within the sedimentary deposits. 
Rock types prone to the development of karst topography contain a high amount of calcite 
(CaCO3), which is the primary mineral in limestone. Through time, chemical weathering 
along some of the groundwater migration pathways begins to dissolve away the rock and 
enlarges the pathway. If this enlargement continues, a cavity or void space called a cavern 
is formed. As the cavern grows with continued groundwater migration, it may connect 
with other caverns and lead to increased groundwater flow as void space increases. If 
water levels drop due to natural groundwater fluctuation or increased rates of groundwa-
ter flow, the caverns fill with air instead of water and become a cave. A cave is a natural 
cavity beneath the surface created by groundwater dissolving rock (Burger and Dubertret 
1984; Ford and Williams 2007).

Karst formations are cavernous and have high rates of permeability. At many locations 
with well-developed karst topography, surface streams disappear and flow underground 
through networks of caves only to reappear at the surface sometimes several kilometers 
away. Flow rates under these circumstances do not fit into the range of usual groundwa-
ter velocities; they approach those of surface streams. Overall, groundwater flow condi-
tions in karst topography become difficult to evaluate not only because the flow rates vary 
widely but also because flow directions can be unpredictable. These flow properties of 
karst-resident groundwater are a function of the fracture and dissolution patterns of the 
host rock (Ford and Williams 2007). Figure 3.15 is a diagram of karst topography.

Evaluating an aquifer in karst topography requires mapping the fracture pattern of the 
host rock. The mapping process begins with tracer testing. A tracer die is placed at an 
upgradient location, and the monitoring devices or observation points are set up at several 
downgradient locations. The elapsed time between the upgradient introduction of the die 
and the first observation of the die at downgradient locations allows for an estimation of the 
rate of groundwater flow, general groundwater flow direction, and provides information 
on the fracture pattern of the aquifer (Ford and Williams 2007). Figure 3.16 shows fractured 
bedrock on the left and a solution enhanced fractured bedrock on the right (Heath 1983).

3.5.2 Heterogeneity and Homogeneity

Heterogeneity and homogeneity are measures of variability used to classify geological 
diversity. In geological terms, heterogeneity is a term applied to highly variable or poorly 
sorted geologic materials, whereas homogeneity refers to geologic formations without 
much variability and characterized as well-sorted (Heath 1983).

Aquifers are typically composed of coarse-grained sediments derived from processes 
characterized as high energy. The types of geological processes leading to the formation 
of aquifers in unconsolidated sedimentary deposits are fluvial, glacial, lacustrine, beach, 
or eolian (USGS 1999). These sediments consist of layered sands and gravels and may 
also be cross-bedded (Figure 2.28). As a rule, no two aquifers—or for that matter—no two 
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locations within an aquifer are exactly alike. Since aquifers are a member of a larger set of 
geologic units (e.g., glacial deposits), some of those principles used to evaluate the hetero-
geneity and homogeneity of the larger set also apply to aquifers:

• The size and shape of any geologic unit is inherently different when evaluated 
from a three-dimensional perspective. Confined and unconfined aquifers range 
in thickness and areal distribution and composition of matrix materials (e.g., sand, 
gravel and fractured limestone).
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FIGURE 3.15
Karst topography. (From Illinois State Geological Survey, Geobit 7 karst, http://www.isgs.edu/maps-datapub/
publications/geobits7.shtml, 2010.)

FIGURE 3.16
Fractured and solution enhanced bedrock.
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• Each geologic unit has a unique arrangement and network of interconnecting fea-
tures created by the depositional method. Karst aquifers are demonstrably differ-
ent in this respect than sand and gravel aquifers.

• Comparison of heterogeneity and homogeneity is possible at several different geo-
graphical scales. The mega scale is a geologically dependent formational scale and 
is regional in extent. An example here is the heterogeneity of large river deposits 
compared to a glacial moraine deposit. The macroscale refers to the variability 
within the formation itself. In this case, you could compare the variability of two 
sand bars deposited by the same river. The microscale refers to the variability and 
arrangement of depositional layers and individual grains within a specific deposit.

When an aquifer has high variability, it is called heterogeneous. An aquifer of low vari-
ability may be labeled as a homogeneous or relatively homogeneous aquifer. The prob-
ability of encountering a truly homogeneous aquifer is effectively zero, since all aquifers 
demonstrate some degree of variability, with most displaying a high degree of variability.

The terms isotropic and anisotropic are used in describing the degree of variability 
related to a given direction for a specified geologic feature. For instance, a geologic forma-
tion may exhibit a more homogeneous texture within a specific bedding layer trending in 
a certain direction. This phenomenon then qualifies as a layer displaying either more of 
an isotropic tendency or anisotropic tendency in a given direction from a defined location. 
Figure 3.17 has examples showing the different combinations of homogeneous, heteroge-
neous, isotropic, and anisotropic concepts.

The concept of heterogeneity describing the variability within an aquifer is significant 
and requires a sound scientific understanding. Heterogeneity has a profound effect on 
the migration and fate of contaminants present in groundwater and influences how those 
contaminants are removed, destroyed, or chemically altered through specially designed 
remedial technologies (Payne et al. 2008).
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FIGURE 3.17
Visualization of variability concepts.
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3.5.3 Hydraulic Conductivity

Hydraulic conductivity (K) is a parameter used to measure the relative ease water flows 
through an aquifer or other geologic formations such as a confining unit. Hydraulic 
conductivity (K) is defined as the ability of saturated geologic media to conduct water 
under an induced hydraulic or pressure gradient (Payne et al. 2008). Geologic formations 
composed of sands and gravels typically have a high hydraulic conductivity or K value 
(e.g., 10−2–10+1 cm/s). Geologic formations composed of clay that might be considered a 
confining unit frequently have very low hydraulic conductivities (e.g., 10−6–10−8 cm/s). 
Figure 3.18 shows the average range of hydraulic conductivities for different geologic 
materials.

In 1856, a researcher from France named Henry Darcy conducted an experiment to eval-
uate the flow of water through sand beds. His experiments resulted in the development 
of Darcy’s law. Darcy’s law predicts the flow of water (Q [cm3/s]) through a sand bed is 
proportional to its hydraulic conductivity (K), area (A [cm2]) and the water level difference 
between each end of the sand bed (dH [cm]), and inversely proportional to the thickness (L) 
of the sand bed.

Equation 3.1 presents Darcy’s law.

 
Q K A

dH
dL

= × ×  (3.1)

where
K is the hydraulic conductivity (cm/s)
A is the area (cm2)
dH is the change in height of the bed of sand
dL is the length of the bed of sand
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FIGURE 3.18
Range of hydraulic conductivities for different geologic materials. (Modified from Heath, R.C., Basic Ground-
Water Hydrology, United States Geological Survey, Water Supply Paper 2220, United States Government Printing 
Office, Alexandria, VA, 1983.)
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3.5.4 Groundwater Movement

Groundwater is in constant motion, although groundwater flow rates are usually much 
slower than those of surface streams. Unlike surface streams, groundwater is pulled down-
ward by gravity through an intricate network of passageways between the pore spaces in 
the soil and sediment. This area is called the vadose zone (Heath 1983). The vadose zone 
(also called the zone or aeration or unsaturated zone) is the subsurface area where water is 
present, but air still occupies part of the overall pore space. Figure 3.19 shows the location 
of the vadose zone relative to the water table and saturated zone.

A thin layer of water—called hygroscopic water—will always be attracted to the surface 
of mineral grains. This attraction is a result of unsatisfied ionic charges on the surface of 
the mineral grains combined with the polar nature of water molecules. This is termed the 
force of molecular attraction and is shown in Figure 3.20.

The thickness of the vadose zone varies by location. In desert locations, the vadose zone 
may be 100 m to more than 305 m (1000 ft) thick; in humid regions, where there is significant 
precipitation, the thickness may be just a few meters or even less. There are also seasonal 
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FIGURE 3.19
Diagram of the vadose zone. (From United States Geological Survey, Summary of the water cycle, http://ga/
water.usgs.gov/edu/watercyclesummary.html, 2010a.)
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variations in the thickness of the vadose zone. During prolonged periods of drought, the 
vadose zone may become much thicker as opposed to periods of prolonged rainfall when 
the thickness of the vadose zone may shrink significantly.

As surface water continues its journey downward through the unsaturated zone, it 
encounters the capillary fringe. The capillary fringe is the subsurface layer where ground-
water seeps up from the water table by capillary action to fill pore spaces (USGS 1999). At 
the base of the capillary fringe, the pore spaces are filled with water due to tension satura-
tion. The thickness of the capillary fringe is dependent upon the balance between the soil/
sediment’s adhesion binding capability and surface tension, and the gravitational force of 
the lifted water mass. What factors prevail here? In most cases, the thickness of the capil-
lary fringe is less in course-grained materials than finer-grained materials (Payne et al. 
2008). Figure 3.21 shows the vertical arrangement of the subsurface zones just described.

Once water reaches the water table, it migrates downward through the available inter-
connected pore spaces under the force of gravity and from zones of higher pressure to 
areas of lower pressure. Groundwater can also move upward from areas of higher pres-
sure to areas of lower pressure. Imagine a U-shaped tube partially filled with water. If 
pressure is exerted on one side of the tube, the water on the other side rises proportionally 
in response to the pressure exerted on the other side. This one-sided pressure is provided 
by the cork in the image on the right side of Figure 3.22.

Similar variations in pressure occur beneath the surface of the Earth. Pressure is higher 
beneath hills and lower in valleys (Heath 1983). Elevated land contains more mass than 
valleys and therefore exerts more force per unit area—the definition of pressure. The lower 
pressure below valleys creates a pressure gradient toward the surface, allowing deeper 
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FIGURE 3.21
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groundwater to flow upward and reach surface water. The arrows in Figure 3.23 show the 
directions of groundwater flow in response to these pressure differentials.

At the microscale within the saturated zone, groundwater does not travel in a straight 
line. Figure 3.24 shows one pathway a particle of water may take when moving within the 
saturated zone.

3.5.5 Primary Porosity

To reiterate, groundwater travels through the subsurface through the interconnected pores 
between the individual minerals grains. Porosity is the percentage of the volume of the 
sediment that is open space (pore space) and is depicted in Figure 3.25.

Well-sorted and well-rounded sediments have a higher degree of porosity compared to 
poorly sorted sediments, because there are no fine-grained particles to fill the pore space 
between the well sorted and rounded grains. Figure 3.25 depicts well-sorted materials and 

FIGURE 3.23
Groundwater flow along topographically generated pres-
sure gradients. (Modified from Heath, R.C., Basic Ground-
Water Hydrology, United States Geological Survey, Water 
Supply Paper 2220, United States Government Printing 
Office, Alexandria, VA, 1983.)

FIGURE 3.24
Groundwater flow on the micro 
scale.
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also qualitatively demonstrates the difference between a well-sorted, well-rounded, large-
grained material compared to a smaller-grained, less well-rounded, well-sorted material.

Porosity (Ø) is defined by Equation 3.2:

 
∅ = V

V
V

T

 (3.2)

where
VV is the volume of void space
VT is the total bulk volume of the material including the solid and void components

Porosity is composed of the interstitial space between soil materials; the water here con-
sists of the hygroscopic water bound tightly to the material surface and the other water 
capable of draining freely under the influence of gravity. Water capable of draining freely 
under the influence of gravity is termed specific yield (Sy) or effective porosity (ne) and 
represents the approximate measure of the interconnected pore space groundwater flows 
through within geologic strata or layers. The remaining water is termed specific retention 
(Sr). Total porosity is the sum of effective porosity and specific retention and is commonly 
expressed as Equation 3.3 (Heath 1983).

 N Sy Sr= +  (3.3)

where
N is the total porosity
Sy is the specific yield
Sr is the specific retention

As stated earlier, a poorly sorted sediment is not as porous as a well-sorted sediment 
because the fine-grained particles occupy spaces between the larger grains. This arrange-
ment of particles is depicted in Figure 3.26.

An additional type of primary porosity not often discussed and more difficult to evalu-
ate occurs between nonconformable contacts or unconformities. As noted in Chapter 2, an 
unconformity represents a buried erosional surface separating two different rock masses 
or deposits. This surface represents a plane or surface of discontinuity often exhibiting 
a different and highly localized porosity. As a result, this surface is often saturated with 
water, especially if the geologic units above and below are low permeable formations. 
These types of contacts do not contain large quantities of groundwater, but they often con-
tain enough water to enable their flows to be measured.

FIGURE 3.25
Example of pore space in sediments. (Modified 
from Alley et al., Sustainability of Groundwater 
Resources, USGS Circular 1186, Denver, CO, 
1999.)

Water Pore space
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An example of this type of porosity is presented in Figure 3.27. This figure is a photo-
graph of an excavation through a fine-grained lacustrine deposit composed of silty clay 
overlying a ground moraine or lodgment till deposit of glacial origin. The unconformable 
contact between the two different and distinct geologic units is represented at the floor of 
the excavation. Groundwater is not encountered in the upper lacustrine deposit nor is it 
encountered within the ground moraine deposit. Instead, groundwater is encountered at 
the unconformable contact between the two geologic units.

This type of porosity is significant because it represents an apparent anomaly when 
evaluating the porosity and permeability of the two geologic units individually. By them-
selves, the geologic units may not exhibit significant porosity, but the contact between the 
two units creates enough porosity for groundwater to be present and for flow to occur.

3.5.6 Secondary Porosity

Secondary porosity refers to the porosities formed within a geological unit after the mate-
rial has been deposited (Freeze and Cherry 1979). Types of secondary porosity include

Unconformity

Groundwater

Lacustrine silty clay deposit

Ground moraine/
lodgment till deposit 

Scale
1 meter

FIGURE 3.27
Presence of groundwater due to presence of an unconformity. (Photo by Daniel T. Rogers.)

FIGURE 3.26
Example of a poorly sorted sedimentary material.
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• Fractures caused by differential compaction
• Fractures caused by freeze-thaw cycles
• Fractures caused by vegetative root fragments
• Bioturbation
• Vugs (small to medium-sized cavities inside rocks), fissures, or solution cavities 

caused by dissolution from migrating waters or other chemicals that dissolve or 
precipitate minerals

Freeze and Cherry (1979) note the extent of freeze-thaw within some soils in colder cli-
mates can reach up to 9 m (30 ft) beneath the surface. This may be particularly significant 
when examining the integrity of a confining unit at shallow depths. Any of the above 
listed types of secondary porosity can also influence the integrity of an aquiclude from 
shallow to sometimes significant depths beneath the ground surface. Figures 3.28 and 3.29 
show a root fragment in a clayey soil and a vertical fracture in a clayey soil, respectively.

Vertical fracture

FIGURE 3.29
Vertical fracture in a sediment composed of clay. (Photo by Daniel T. Rogers.)

Root fragment

FIGURE 3.28
Root fragment in a deposit composed of clay. (Photo by Daniel T. Rogers.)
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Secondary porosity in the form of vertical fractures and root fragments combined with 
the porosity observed at unconformable contacts may assist in explaining why groundwa-
ter is observed in some locations. Geologic units previously characterized as impermeable 
or not having enough groundwater to permit flow may indeed yield measurable water. 
The awareness of this possibility may help when evaluating anthropogenic influences on 
the geology and hydrogeology of urban areas for groundwater and surface water protec-
tion purposes (Howard and Gerber 1997; Murray et al. 2000).

3.5.7 Water Table and Hydraulic Gradient

The water level in a well penetrating an unconfined aquifer undergoing horizontal flow 
will be equal to the level of the water table. When these water levels are joined across 
multiple wells in two-dimensional space, a water table plane or potentiometric surface 
is defined (Freeze and Cherry 1979). This constantly changing surface is a measure of the 
upper physical boundary of the water table. Fluids flow between the differences in pres-
sure or elevations existing at distinct locations. For example, groundwater flows from 
areas of high pressure to areas of lower pressure or in hydrologic terms groundwater 
flows from areas of higher potential to areas of lower potential. A pressure differential 
is called a pressure gradient, whereas the elevation difference between wells is called a 
hydraulic gradient. The hydraulic gradient between the water levels in Well 2 and Well 1 
depicted in Figure 3.30 is often referred to as hydraulic head. To calculate the hydraulic 
head between two wells, take the ratio of the rise or height difference between the two 
wells (dH) to the run or horizontal distance between the two wells (dL). This ratio is 
shown in Figure 3.31.

3.5.8 Determining the Direction of Groundwater Flow

Calculating the direction of groundwater flow requires at least three data points that 
accurately measure the level of groundwater under atmospheric pressure. The verti-
cal accuracy required is usually within 3 mm (0.01 ft). Three wells is the minimum 
number necessary to determine the direction of groundwater flow, and if only three 
wells are used, their location, pattern, or placement should be in a triangular pattern. 

Well B Well A

h1
h2

L

Water table

FIGURE 3.30
Hydraulic gradient.
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This information is needed to determine the general direction of groundwater flow 
between the three wells:

• Relative geographic position of the wells
• Distance between the wells
• Elevation of water in each well

Calculating the direction of groundwater flow involves the following steps (Heath 1983), 
and an example of the procedure is shown in Figure 3.32:

Slope

Run
(dL)

Rise
(dH)

I = hydraulic head = dH/dL

Rise
Run = Slope

(dH)
(dL) = Slope

FIGURE 3.31
Calculating the hydraulic head.
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FIGURE 3.32
Determining the direction of groundwater flow. (Modified from Heath, R.C., Basic Ground-Water Hydrology, 
United States Geological Survey, Water Supply Paper 2220, United States Government Printing Office, 
Alexandria, VA, 1983.)
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 1. Identify the well with the intermediate water level.
 2. Interpolate the location of the intermediate water level well along a straight line 

between the wells having the highest and lowest relative water levels.
 3. Create a line segment of equal potential to the intermediate well by drawing a 

straight line from the well with the intermediate water level to its water equivalent 
elevation plotted along the straight line between the wells having the highest and 
lowest relative water elevations.

 4. Draw a perpendicular line to the water-level contour just plotted with the well 
of highest or lowest water elevation. This line parallels the general direction of 
groundwater flow.

 5. Calculate the difference between the water level of the well and the intermedi-
ate well-level contour by using the distance between the well and the contour to 
reveal the hydraulic gradient.

3.5.9 Estimating the Rate of Groundwater Flow

Calculating the rate or velocity of groundwater flow requires site-specific knowledge or 
estimation of the following parameters:

• Hydraulic conductivity (K) of the saturated geologic strata
• Effective porosity (ne) of the saturated geologic strata
• Hydraulic gradient (dH/dL) or slope of the groundwater surface

Once the above parameters are measured or estimated, the rate or velocity of groundwater 
flow can be calculated using the stream economy equation and Darcy’s law. The stream 
economy equation is

 Q Av=  (3.4)

where
Q is the discharge (volume of water per unit time (cm3/s)
A is the cross sectional area (at right angle to the water flow direction) cm2

v is the velocity (cm/s)

 
Q K A

dH
dL

= × ×  (3.5)

where
K is the hydraulic conductivity (cm/s)
A is the area (cm2)
dH/dL is the hydraulic gradient

Step 1 of Equation 3.6 demonstrates how groundwater velocity can be computed by sub-
stituting Av (which equals Q) in Equation 3.4 for the Q in Equation 3.5. After the area (A) is 
cancelled on both sides of the equation, the velocity (v) is equal to hydraulic conductivity 
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(K) multiplied by the hydraulic gradient (step 2). Groundwater, however, does not migrate 
in open space; it travels through aquifer materials impeding its velocity. To account for 
this, the effective porosity of the saturated geologic strata (specific yield) is required to 
accurately estimate the velocity of groundwater flow (step 3).

 

Step Step Step

Av k A
dH
dL

v K
dH
dL

v
K
n

dH
dLe

1 2 3

= × × → = × → = ×  (3.6)

To illustrate the difference in the velocity of groundwater flow through two different mate-
rials, aquifers composed of sand and clay with the same hydraulic gradients are compared:

Sand aquifer example:
K = 0.1 cm/s
dH/dL = 1 cm/1000 cm
ne = 0.22

v
K
n

dH
dLe

= ×

v cm s cm s= × × = −0 1 1 0 22 1 1000 2 2 5. . ./ / / /
Clayey aquifer example:

K = 0.000001 cm/s
dH/dL = 1 cm/1000 cm
ne = 0.20

v
K
n

dH
dLe

= ×

v cm s cm s= × × = −0 000001 1 0 20 1 1 000 5 0 9. . , ./ / / /

Given the same hydraulic gradient, the velocity of groundwater flow in the sand aquifer 
is approximately 10,000 times greater than the velocity of groundwater flow in the clay 
aquifer.

The residence time of water as groundwater can range from days to thousands of years 
and is a function of several variables. The dominant influence is depth, manifested by the 
strong correlation between increasing groundwater depth and residence time. Other fac-
tors influencing residence time include

• The composition of the aquifer material
• Effective porosity
• Hydraulic gradient
• Distance to point of discharge

The span of residence times for groundwater is depicted in Figure 3.33, and the residence 
times for water in other environments are listed in Table 3.4.
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3.5.10 Groundwater Withdrawal

Withdrawal of groundwater is accomplished by pumping a well installed within the aqui-
fer. As groundwater is pumped from the aquifer, the water level in the aquifer begins to 
decline as water is removed from storage. A hydraulic gradient is created as the water level 
falls below the level of the surrounding aquifer. Water then begins to migrate from the 
aquifer into the well. The water level will continue to decline within the aquifer, and the 
flow rate of water into the well will increase until the inflow rate is equal to the withdrawal 
rate. This process occurs only when the pumping rate does not exceed the capacity of the 
aquifer formation to transmit groundwater to the well. In this case, the diameter of the 
well may be too small, and the pump should be placed lower in the well, or the withdrawal 
rate should be decreased.

TABLE 3.4

Estimated Depth and Residence Time of the World’s Water Supply

Parameter Equivalent Depth (m) Approximate Residence Time

Oceans and Seas 2,500 4,000 years
Lakes and Reservoirs 0.250 10 years
Swamps 0.007 1–10 years
River channels 0.003 2 weeks
Soil moisture 0.130 2 weeks to 1 year
Groundwater 120 2 weeks to 10,000 years
Ice caps and Glaciers 60 10–10,000 years
Atmospheric water 0.025 10 days
Biospheric water 0.001 1 week

Source: Environment Canada, Aquifers and wells, http://www.ec.gc.ca/water/
images/nature/gedwtr/a5f3e.htm, 2009.
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FIGURE 3.33
Range in groundwater residence time. (From Focazio, M.J. et al., Assessing Ground-Water Vulnerability to 
Contamination: Providing Scientifically Defensible Information for Decision Makers, United States Geological Survey 
Circular 1224, Denver, CO, 2001.)
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Water from the aquifer converges on the well from all directions and the hydraulic gra-
dient gets steeper near the well. For these reasons, the three-dimensional shape of water 
withdrawal from a well is termed a cone of depression. The cones of depression shown 
in Figure 3.34 result from a pumping well withdrawing water from unconfined (a) and 
confined aquifers (b).

Transmissivity (T) is a measure of the amount of water that can be transmitted horizon-
tally through a unit width by the full saturated thickness of the aquifer under a hydraulic 
gradient of 1. Taking into account the definition of hydraulic conductivity, transmissivity 
(T) is actually equal to the hydraulic conductivity (K) multiplied by the thickness of the 
aquifer (b) (Equation 3.7).
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FIGURE 3.34
(a) Cone of depression from a pumping well in an unconfined aquifer (IEPA 2010). (b) Cone of depression from 
a pumping well in a confined aquifer. (Modified from Heath, R.C., Basic Ground-Water Hydrology, United States 
Geological Survey, Water Supply Paper 2220, United States Government Printing Office, Alexandria, VA, 1983.)
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 T Kb=  (3.7)

where
T is the transmissivity
K the hydraulic conductivity
b the aquifer thickness

The aquifer parameters of transmissivity (T) and storage coefficient (S) are variables that 
can dictate the shape of the cone of depression. The storage coefficient is the volume of 
water that a permeable unit will absorb or expel from storage per unit surface area per unit 
change in head. For a confined aquifer, the expansion of the cone of depression in response 
to depressurizing (pumping) is very small, but the compression pressures can be signifi-
cant. This permits the cone of depression to expand and deepen rapidly when pumped, 
so a lower storage coefficient (S) value will create a deeper and wider cone than a higher 
storage coefficient. An aquifer with a low transmissivity will develop a deep and narrow 
cone of depression, and an aquifer with a high transmissivity will develop a shallow and 
wide cone of depression.

3.6 Surface Water–Groundwater Interaction

Surface water and groundwater are fundamentally connected, and their interaction occurs 
everywhere in all watersheds. It is difficult to separate the two because they “feed” off of 
each other and are interconnected through the water cycle.

3.6.1 Stream Interaction with Groundwater

Groundwater accounts for most and often all of baseflow in rivers and streams. Baseflow 
is defined as groundwater seepage into a stream channel (Freeze and Cherry 1979). This 
influx of groundwater is very important to streams and rivers because it provides flow 
during periods of low precipitation or drought and helps sustain aquatic life. On hill-
slopes, many streams originate as groundwater as shown in Figure 3.35 (Winter et al. 1998).

When groundwater flows toward and discharges to a surface stream, the stream is 
termed a gaining stream as depicted in Figure 3.36. When a stream loses water to ground-
water, the stream is termed a losing stream (Figure 3.37).

Water table

Saturated zone

Location of start
of flow of stream

Flowing (gaining) stream

Streambed
Stream surface

Streambed
Unsaturated zone

FIGURE 3.35
Beginning of stream flow from groundwater.
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Another stream interaction with groundwater is termed disconnected and occurs when 
the surface water stream and groundwater are separated by the unsaturated or vadose 
zone. This usually occurs when the sediments within the unsaturated zone beneath 
the stream have a low hydraulic conductivity and impair significant communication 
between the two. Another cause of this interaction is a lowering of the water table due to 
drought or the local geology. Figure 3.38 shows an example of a disconnected scenario 

Water table

Shallow aquifer

Flow direction

Unsaturated zone

FIGURE 3.36
Example of gaining stream. (From Alley, W.M. et al., Sustainability of Groundwater Resources, United States 
Geological Survey Circular 1186, Denver, CO, 1999.)

Flow direction

Water tableUnsaturated zone

FIGURE 3.37
Example of a losing stream. (From Alley, W.M. et al., Sustainability of Groundwater Resources, United States 
Geological Survey Circular 1186, Denver, CO, 1999.)

Flow direction

Water table
Unsaturated zone

FIGURE 3.38
Example of a disconnection between surface water and groundwater.
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(Alley et al. 1999). Since streams and rivers flow through varied terrain and geology, it is 
possible that one stream may exhibit the three types of connections depicted in Figures 
3.36 through 3.38.

At any specific location, a stream is either gaining, losing, or disconnected depending on 
geographic, geologic, hydrologic, and anthropogenic factors.

During one study of the Rouge River watershed in southeastern Michigan, the direc-
tion of groundwater flow was evaluated at several hundred sites within the watershed 
(Rogers 1993, 1994). Groundwater flow direction was established using a minimum of 6 
and a maximum of 80 monitoring wells per site, and each monitoring well was surveyed 
by a licensed surveyor. In a more detailed study of the lower branch of the Rouge River, 
Murray et al. (2000) installed 54 groundwater monitoring wells along the river along with 
18 well points installed into the river’s bed sediment.

The results of these studies conclusively show that groundwater flow is discharging 
through the bed sediment into the river and in a downgradient direction, consistent with 
the direction of surface water flow.

This is significant for an urban watershed like the Rouge for these reasons: (1) the direct 
connection between groundwater and surface water means that contaminants released 
within the watershed may impact shallow groundwater and (2) this contamination could 
also reach surface water and the lower Great Lakes (Rogers 1996, 1997; Rogers and Murray 
1997; Murray et al. 2000). Figure 3.39 is a photograph showing one of numerous ground-
water seeps within the Rouge River watershed, and Figure 3.40 provides a close-up view 
of this seeping water.

3.6.2 Lake Interaction with Groundwater

Lakes interact with groundwater in three basic ways. Some lakes receive groundwater 
through the entire bed of the lake, some lakes have water loss through the entire bed of 
the lake, and perhaps most commonly, lakes receive groundwater at some locations of 
the bed and have water loss to groundwater at other locations. These three scenarios are 
depicted in Figure 3.41 (Winter et al. 1998). Scenario A represents water loss from a lake to 

Marsh vegetation

Groundwater seeping
to the surface 

FIGURE 3.39
Groundwater seep in the Rouge River watershed where groundwater contamination is discharging to surface 
water. (Photo by Daniel T. Rogers.)
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groundwater, scenario B represents a lake receiving groundwater, and scenario C repre-
sents both water loss and water gain from groundwater to a lake.

In natural lakes not controlled by dams, the water level does not change as rapidly as the 
water level in streams and rivers, where it may fluctuate widely in response to large rain 
events. Evaporation affects the water levels of lakes more than streams and rivers because 

(B) Groundwater
discharging to lake

(A) Lake
discharging to
groundwater

Lake surface

Lake surface

Lake surface
(C) Lake

discharging to
groundwater and

groundwater
discharging to lake

FIGURE 3.41
Lake–groundwater interaction.

Flowing water from
groundwater seep

pictured in Figure 3.39

FIGURE 3.40
Surface water from groundwater seep in the Rouge watershed. (Photo by Daniel T. Rogers.)
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(1) lakes have larger surface areas and (2) there is less shading from the vegetation around 
a lake than from the dense riparian vegetation often present along a stream or riverbank 
(Winter et al. 1998).

3.6.3 Wetland Interaction with Groundwater

Wetlands prevent rapid drainage of water from the land surface, and similar to lakes and 
streams, wetlands can receive groundwater inflow, recharge groundwater, or do both. 
The wetlands situated in topographic depressions of the land surface exhibit interac-
tions similar to lakes and streams. Figure 3.42a depicts a wetland receiving groundwa-
ter inflow, and Figure 3.42b shows a wetland discharging water to groundwater (Winter 
et al. 1998).

The United States has just over 40,468,564 ha (100 million ac) of wetlands remaining 
(Dahl and Allord 1994). The remaining wetland areas in the United States are concen-
trated along the southeast coast, the Mississippi River Valley, and the formerly glaciated 
regions of the upper Midwest. Figure 3.43 shows where the country’s wetlands remain 
(Winter et al. 1998).

3.6.4 Ocean Water, Groundwater, and Surface Water Interaction

Coastal regions may exhibit more complex hydrogeology than other regions, because sur-
face water and groundwater interact with saline water at the ocean surface and in the 
subsurface. In addition, other forces such as ocean currents, storms, and tidal fluctuations 
may significantly influence these interactions. Therefore, understanding the geology of 
coastal regions is the first step toward understanding this complex system (Barlow 2003). 
Figure 3.44 shows a generalized view of surface water, groundwater, and ocean water 
interaction (Heath 1983).

Under normal conditions, the seaward movement of freshwater prevents saline water 
from encroaching coastal aquifers as depicted in Figure 3.45. The zone of dispersion or 
transition zone shown in Figure 3.45 is a diffuse boundary where freshwater and saline 
water mix (Barlow 2003).

One method used to estimate the depth to the zone of dispersion is called the Ghyben–
Herzberg relation named after the two scientists who developed it independently in 
the late 1800s (Barlow 2003). The thicknesses of freshwater and seawater is related by 
Equation 3.8:

Wetland Wetland

Direction of groundwater flowDirection of groundwater flow

(a) (b)

Water table
Water table Stream

Land surfaceLand surface

FIGURE 3.42
(a) Wetland receiving water. (b) Wetland discharging water.
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Location of wetlands in the United States.
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FIGURE 3.44
Generalized diagram showing groundwater, surface water, and ocean water interaction.
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 (3.8)

where
ρf is the density of freshwater (kg/m3)
ρs the density of seawater (kg/m3)
h is the thickness of the freshwater zone above sea level (m)
z is the thickness of the freshwater zone below sea level (m)

These parameters are shown in Figure 3.46.
Freshwater has a density of 1.000 g/cm3 at 20°C, whereas seawater has a density of 

approximately 1.025 g/cm3. Although the density differential between seawater and fresh-
water is small, solving Equation 3.8 demonstrates that 12 m (40 ft) of freshwater exist below 
sea level for every 0.3 m (1 ft) of freshwater above sea level.
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FIGURE 3.45
Zone of dispersion. (Modified from Cooper, H.H., A Hypothesis Concerning the Dynamic Balance of Fresh Water 
and Salt Water in a Coastal Aquifer, United States Geological Survey Water—Supply Paper 1613, Washington, 
DC, 1964.)
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FIGURE 3.46
Estimating the Ghyben–Herzberg freshwater-seawater relation (From Barlow, P.M., Ground Water in Freshwater—
Saltwater Environments on the Atlantic Coast, United States Environmental Protection Agency Circular 1262, 
Washington, DC, 2003.)
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3.7 Anthropogenic Influences on Surface Water and Groundwater

Urbanization has a profound influence on the hydrogeology of an urban area because 
urbanization creates an anthropogenic infrastructure. This infrastructure is intended to 
mimic the natural systems it replaces, but ends up changing many or all of the character-
istics of the surface water and groundwater in developed areas (Vuono and Hallenbeck 
1995; Zaporozec and Eaton 1996; Kibel 1998). For example, surface water drainage patterns 
are changed, runoff velocity increases, groundwater levels are raised and lowered, and 
groundwater recharge areas can expand or disappear (Burn et al. 2007; Garcia-Fresca 2007; 
Howard et al. 2007; Mohorlok et al. 2007). While many of us are aware of anthropogenic 
influences on surface water, it is much more difficult to recognize, evaluate, and monitor 
anthropogenic influences on groundwater because they are not readily observable, and a 
limited amount of research on urban groundwater exists.

3.7.1 Anthropogenic Surface Water Influences

A more detailed accounting of the anthropogenic influences on surface water can be found 
in Kaufman and Marsh (1997) and Winter et al. (2008), and includes

• Changing drainage patterns, most notably the creation of ephemeral drainage net-
works (e.g., driveways and streets) in the headwater zones of streams

• Increasing runoff volume and velocity
• “First flush” pollution; occurring when road oil and other auto-related liquids are 

washed off the pavement during intense thunderstorms
• Increased erosion and sediment loading
• Wetland destruction
• Dam construction for hydroelectric power and reservoirs
• Rising groundwater elevations in areas near dams and reservoirs
• Contaminated groundwater discharging to surface water in urban areas
• Using surface water for irrigation
• Discharge of industrial and sanitary wastewater to surface water
• Diversion of polluted stormwater into surface water bodies
• Combined sewer overflows

• Infiltration/inflow problems within the sewer and water supply pipe networks of 
older urban areas

• Decreased baseflow resulting from the construction of impervious surfaces such 
as roads and buildings

• Pruning (removal) of streams due to new development
• Direct and indirect discharges of contaminants to surface water

Some of the motive forces behind drainage pattern modification include:

• Flood control through (1) construction of levees, (2) deepening of streams and 
rivers through dredging, (3) construction of stormwater retention ponds, and 



104	 Urban	Watersheds:	Geology,	Contamination,	and	Sustainable	Development

© 2011 by Taylor & Francis Group, LLC

(4) straightening meanders and bends in streams and rivers, and the removal of 
bankside vegetation; processes collectively termed channelization.

• Canal construction.
• Road construction.
• Landscaping.
• Urban sprawl; the practice of creating an urban landscape equivalent to monocrop 

agriculture. Mixed residential, retail, and commercial land use within neighbor-
hoods is replaced by regional malls and large big box retail stores with massive 
parking lots.

One of the more notable anthropogenic changes to surface water flow was the reversal 
of the flow of the Chicago River in 1900 after completion of the Chicago Sanitary and 
Ship Canal. This flow modification made the transport of goods and shipping between the 
Great Lakes and Mississippi River possible. Reversing the flow of the river also provided a 
clean source of water and changed the local nickname of the river, which had been known 
as the “Stinking River” (Friends of the Chicago River 2009).

Withdrawing groundwater close to a surface water body provides another example of 
the human influences on surface water flow. In this scenario, pumping large quantities of 
groundwater near a surface water source may result in some depletion of water from the 
surface water source (Figure 3.47) (Alley et al. 1999). In one case known to the authors, con-
taminated surface water was drawn into drinking water wells as a result of overpumping. 
This recently happened in the town of Franklin, Michigan, a rural community located in 
the northwestern part of the Rouge River watershed. Drinking water wells located adja-
cent to the Rouge River were drawing river water into the wells and consumed by resi-
dents for several months before the situation was detected and rectified. The consumption 
of contaminated drinking water led to a variety of serious intestinal illnesses of several 
Franklin residents.

3.7.1.1  Destruction of Wetlands

Wetlands are nature’s sponge and filter. They perform the following functions: adsorb-
ing excess water; cleaning and biologically degrading harmful chemicals such as oil and 
other petroleum compounds; assisting in keeping lakes and rivers clean and free of excess 
sediment; slowing the erosion process; decreasing flooding; and are important areas of 
groundwater recharge.

Confining unit

Stream
Q2

Unconfined aquifer

Water table
Land surface

FIGURE 3.47
Potential effects of groundwater withdrawal near a stream.
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In the early 1600s, the United States had an estimated 89,435,527 ha (221 million ac) of wet-
lands, but by the mid-1980s their extent had been reduced to approximately 41,682,621 ha 
(103 million ac)—a 54% reduction (Dahl and Allord 1994). Seven states including Indiana, 
Illinois, Missouri, Kentucky, Iowa, California, and Ohio have lost more than 80% of their 
wetlands. Although much of this wetland loss is attributed to agricultural land conver-
sion, other anthropogenic causes include

• Construction of dikes and levees along rivers to divert or minimize flooding
• Logging
• Mining
• Road construction
• Building construction
• Urban expansion
• Non-native plant invasion
• Overgrazing

As recently as the 1970s, destruction of wetlands in the United States was encouraged. It 
was not until the passage of the Emergency Wetland Resources Act of 1986 that wetlands 
became protected as a vital ecologic and hydrological resource.

Approximately 150 species of birds including the bald eagle, great blue heron, and 
belted kingfisher and more than 200 species of fish depend on wetlands for their sur-
vival. Mammals such as the muskrat, white-tailed deer, and numerous species of reptiles, 
amphibians, and invertebrates also rely on wetlands. Wetlands exceed all other land types 
in wildlife productivity and diversity because they are ecotones—a region where two eco-
systems overlap and exhibit a synergistic (nonlinear) effect with respect to habitat quality. 
In the case of wetlands, the overlapping ecosystems are an aquatic lowland area and the 
adjacent drier upland terrain.

3.7.1.2  Dam Construction

Dams are constructed for hydroelectric power generation, flood control, improvement 
of navigation, and water supply to provide a water source for irrigation and recreation 
(Figure 3.48). Dams cause the water table to rise and may also increase head pressures in 
confined aquifers if conditions are favorable. Two major concerns about dams are whether 
the rise in groundwater levels will weaken the surrounding geologic material, and if this 
rise will impact the natural groundwater flow patterns. These concerns were realized 
during the Teton Dam collapse on June 5, 1976, when a leak appeared in the earthen dam 
as it was being filled. The leak first appeared approximately 40 m (130 ft) below the crest 
of the dam indicated by the arrow in Figure 3.49. The dam collapsed a couple hours later 
(Figure 3.50) (Randle et al. 2000).

The arrow in Figure 3.49 shows the hole caused by seepage of water through the dam on 
the left portion of the figure. A D-9 bulldozer is at work above the seepage point attempt-
ing to plug the hole. Figure 3.50 was taken a couple hours later and shows the nearly com-
plete collapse of the dam. Eleven people lost their lives in the collapse of the Teton Dam. 
The collapse also caused more than 30 landslides, killed more than 13,000 cattle, incurred 
more than $300 million in property damage, and flooded portions of Rexburg, Wilford, 
Sugar City, Salem, and Hibbard, Idaho (Randle et al. 2000).
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FIGURE 3.48
Glen Canyon dam and Lake Powell in southern Utah and northern Arizona. (Photo by Daniel T. Rogers.)

Leak

Bulldozer

FIGURE 3.49
Leak prior to Teton Dam collapse. (Photo by Mrs. Eunice Olsen, June 5, 1976.)

FIGURE 3.50
Teton Dam failure. (Photo by Mrs. Eunice Olsen, June 5, 1976.)
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3.7.2 Anthropogenic Groundwater Influences

Documentation of anthropogenic influences on groundwater in urban areas is a recent 
phenomenon (Barber 1997). The late arrival of this technique occurred because the connec-
tion between anthropogenic processes at the surface and shallow groundwater in urban 
areas is complex and difficult to investigate—or was simply not thought to be important.

Some anthropogenic influences on groundwater include (Howard 1997; Sharp 1997)

• Excessive groundwater withdrawal resulting in saltwater intrusion along coastal 
areas.

• Significant decreases in groundwater surface elevations in arid regions or any 
region where a consistently high volume of groundwater withdrawal occurs.

• Decreasing natural groundwater recharge resulting from urban development and 
the construction of impervious surfaces.

• Decreasing residence time of water in shallow aquifers in urban areas through 
construction and de-watering efforts.

• Decreasing residence time of water in deeper aquifers through excessive 
withdrawal.

• Increasing anthropogenic groundwater recharge resulting from leaking sewers, 
septic tanks, and injection wells.

• Ground surface subsidence resulting from excessive groundwater withdrawal; 
an event frequently evident in urban regions where groundwater withdrawal is 
excessive.

• Flooding in urban areas due to the increase in impervious surfaces as a by-prod-
uct of urban development.

• Excessive sewer leakage resulting in groundwater quality degradation and poten-
tial flooding.

• Increased potential for land subsidence and landslides in areas near dams and 
reservoirs due to rising groundwater levels.

• Direct and indirect discharges of contaminants to groundwater through acciden-
tal releases, leaking sewers, septic systems, injection wells, and residential, com-
mercial, and industrial discharges.

3.7.2.1  Saltwater Intrusion

Fresh groundwater in the United States is surrounded by saline groundwater both verti-
cally and laterally. This is especially evident along the coastlines as noted in Section 3.6.4, 
although much of the interior of the country is underlain by deep saline aquifers (Alley 
et al. 1999). This juxtaposition of freshwater and saltwater creates the potential for salt-
water intrusion and rendering the freshwater nonpotable. This scenario can occur from 
installing and pumping a water well placed too close to a saltwater source and is shown 
in Figure 3.51 (Alley et al. 1999).

3.7.2.2  Changes in Groundwater Flow

As established in Section 3.5.8, a minimum of three monitoring wells are necessary to 
estimate the direction of groundwater flow. Because urban areas are complex, using the 
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minimum of three monitoring wells is usually not sufficient. The flow patterns of ground-
water in urban areas vary considerably due to anthropogenic influence, especially if the 
water table is shallow (less than 6 m or 20 ft beneath the surface), so using more than three 
monitoring wells is necessary. Although no precise number of monitoring wells necessary 
to adequately characterize the groundwater flow pattern beneath a specific location has 
been established, the authors recommend installing a monitoring well network of six or 
more monitoring wells to begin the process.

The following considerations can help with the evaluation:

• Size and shape of a site: large or irregularly shaped sites require more monitoring 
wells to evaluate groundwater flow patterns.

• Surface water features: if a stream is located along the boundary or dissects the 
site.

• Potential presence of multiple aquifers or perched aquifers. The presence of mul-
tiple aquifers may indicate different groundwater flow directions.

• Seasonal fluctuations in surface water discharge and precipitation patterns.
• Anthropogenic influences including the following:

• Utility corridors or sewers. Utility corridors or sewers potentially influence 
groundwater flow in two basic ways: (1) leaking water supplies act to recharge 
groundwater and (2) storm sewers and other utilities corridors act as preferential 
groundwater flow pathways when the water table intersects the utility corridor.

• Extraction or pumping wells.
• Deep building foundations.
• Land disturbance.
• Artificial recharge areas.
• Pipelines.
• Wastewater discharge points.

Pumped well

Water table

Fresh groundwater

Saline groundwater

Land surface

FIGURE 3.51
Saltwater intrusion by pumping groundwater.
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Figure 3.52 presents a situation where three monitoring wells do not provide a large 
enough well network to evaluate the direction of groundwater flow. This number was not 
enough because the presence of a leaking pipe from a potable water source modified the 
natural groundwater flow pattern (OEPA 1995).

An additional example of anthropogenic influence on groundwater is presented in 
Figure 3.53. In this case, an industrial site in the Midwest overlies groundwater within a 
fine- to medium-grained lacustrine sand beach deposit. Groundwater is encountered at a 
depth of less than 3 m (10 ft) beneath the surface and is anthropogenically influenced in 
two ways: (1) storm sewers were installed at a depth below the water table and (2) founda-
tions for the buildings were constructed to depths below the water table. Equal potential 
lines or groundwater contours are identified on the figure with a contour interval of 0.3 m 
(1 ft). Groundwater flow on the western portion of the figure is toward the east but as 
groundwater flows across the site, it is interrupted.

Flow interruption occurred where the groundwater migrated along the out-casing of 
the storm sewers because they were backfilled with a coarse gravel. Gravel is much more 
permeable than the naturally occurring geologic formation and groundwater leaked into 
the storm sewers through joints and cracks. The contaminants dissolved in groundwa-
ter followed the anthropogenic pathway to migrate to a potentially sensitive ecological 
 habitat—in this case, the storm sewers discharge to a lake containing a trout population. 
As identified in Figure 3.53, there are three locations where groundwater enters the storm 
drain, each identified as 1, 2, and 3. In addition, the groundwater flow lines are spaced 
relatively close together along the western (left side of figure) site boundary and are dis-
rupted toward the eastern (right side of figure) indicating that the building foundations 
have influenced groundwater flow across the site.

3.7.2.3  Artificial Recharge

Artificial groundwater recharge is defined as the practice of increasing by artificial 
means the amount of water that enters an aquifer and has been performed in the United 
States for over 50 years (Todd 1959). This definition has been expanded to include direct 
recharge of groundwater for potable sources through spreading basins, pits, and injection 
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Anthropogenic influence on groundwater flow.
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through wells. Not included is seepage of sewage or deep well injection of wastes (Aiken 
and Kuniansky 2002).

Many states practice artificial recharge techniques to replenish groundwater reserves for 
potable purposes when other sources of potable are either not available or too expensive. 
Florida, New York, and California are examples (Aiken and Kuniansky 2002), and other 
states in the high plains region of the United States including Kansas, Nebraska, Colorado, 
South Dakota, and North Dakota are also using artificial recharge techniques.

The artificial recharge technique most commonly employed in a spreading basin. 
Here, water is spread over a large surface area composed of permeable sediments such 
as sand and gravel and permitted to seep into the ground and migrate to the aquifer 
below.
Artificial recharge of groundwater offers several advantages:

• Limits loss of water through evaporation.
• Lower cost than dam construction or construction of water towers.
• Can store very large quantities of water.
• Lessons impact of subsidence.
• Permits the conjunctive use of groundwater and surface water. During wet peri-

ods, groundwater is stored for later use during dry weather and reduces the stress 
placed on surface water reservoirs for supply.

The disadvantages for artificial recharge include

• Ineffective recovery leading to water loss
• Storing water beneath urban areas may lead to degraded groundwater quality and 

pollution
• May increase dissolution if chemistry of infiltrating water is significantly different 

than native groundwater chemistry
• Changes natural groundwater flow paths and directions

Some countries, especially those in more arid regions, are evaluating and experimenting 
with techniques of artificial recharge using stormwater and reclaimed water (Dillon et al. 
2007; Howard et al. 2007; Limaye 2007). These techniques may become commonplace in 
the future as our climate changes and population increases generate a greater need for 
freshwater. Urban areas where large populations use large quantities of water can improve 
groundwater recharge through an understanding of the hydrogeological environment. 
This understanding can help avoid aquifer contamination and groundwater mounding 
(Howard et al. 2007).

3.7.2.4  Land Subsidence

Land subsidence is defined as the gradual settling or sudden sinking of the Earth’s surface 
caused by the movement of subsurface materials (Galloway et al. 2001). Subsidence is a 
global issue. In the United States, more than 49,030 km2 (17,000 mi2) of land surface in 45 
States has experienced some form of land subsidence. This is equivalent to a land area the 
size of Vermont and New Hampshire combined.
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The principal causes of subsidence include (National Research Council 1991):

• Excessive groundwater withdrawal
• Aquifer-system compactions
• Drainage of organic soils
• Underground mining
• Hydrocompaction
• Natural compaction
• Sinkholes
• Thawing permafrost

More than 80% of the identified subsidence in the United States is a result of exploita-
tion of groundwater resources (Galloway et al. 2001). In the future, land subsidence may 
become exacerbated by the increasing rates of withdrawal and exploitation of ground-
water. Regions especially prone to subsidence are the southwest portion of the United 
States; areas overlain by more soluble geological deposits such as limestone, gypsum, or 
halite; and areas where groundwater withdrawal is significant or a necessity because no 
dependable surface water source is available. Figure 3.54 shows these areas (Galloway 
et al. 2001).

3.8 Summary and Conclusion

Geology and water work together to shape our urban environment. Human impact on 
our environment has also been significant, and, within every urban area, there exists a 
unique set of environmental concerns from geologic, hydrogeologic, and anthropocentric 

FIGURE 3.54
United States land areas affected by subsidence from pumping groundwater.
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perspectives. This will become clearer when we move on to explore the presence, migra-
tion, and persistence of contaminants in urban areas.

Water is a very good solvent and has the ability to dissolve and erode substances 
and materials at the surface and below. Water can transport these substances and materi-
als great distances. An appropriate quote heard in geological circles states, “Water destroys 
everything that the Earth creates and puts it in the oceans (reference source unknown).”

The next chapter applies the principles learned from Chapters 2 and 3 to the geo-
logic investigations performed at specific urban sites. These investigations are called 
Environmental Investigations and are conducted across a broad array of urban regions in 
the United States at thousands of properties every year.
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4
Conducting	Subsurface	Environmental	
Investigations	in	Urban	Watersheds

4.1 Introduction

This chapter presents the sequence of science-based procedures used to evaluate a specific 
land parcel or larger area for environmental contamination and assess its environmental 
risk. We conclude with specific methods available to environmental professionals for col-
lecting samples from the soil, groundwater, sediments, surface water, and air. First, we 
define and present some basic concepts necessary for understanding and framing the con-
cept of a subsurface environmental investigation.

The environment is a broad term encompassing all living and nonliving things on the 
Earth or some region thereof (United Nations 1987). This definition identifies the natu-
ral world existing within the atmosphere, hydrosphere, lithosphere, and biosphere, and 
also includes the built or developed world (anthrosphere). Environmental risk is defined 
as the probability of an event resulting in an adverse impact upon the environment or 
humans (Fletcher and Paleologos 2000). Environmental risk increases when a completed 
human pathway occurs or a sensitive ecological system is impacted (USEPA 2002).

Environmental assessment contributes to our understanding of human impacts on the 
environment and is considered the first step in evaluating and ensuring the long-term 
viability of Earth as a habitable planet. For hundreds of years, the practice of conducting 
assessments to determine adverse environmental impacts was never a significant priority. 
Since the last quarter of the twentieth century, however, significant amounts of human and 
financial resources have been mobilized to evaluate the actual or potential environmental 
damage incurred from human activities of the past, present, or those proposed for the 
future.

Environmental investigations are conducted when there is the likelihood that certain 
environmental contaminants exist at a specific property or site having the potential to 
cause material harm to human health or the environment historically, presently, or in 
the foreseeable future. Some subjectivity is inherent in the decision to proceed with an 
environmental investigation at any given property. This uncertainty occurs because most 
properties contain, store, or at some time have used substances that could pose potential 
harm to human health and/or the environment. For instance, most households store and 
use potentially harmful substances, including

• Cleaners (ammonia)
• Solvents (acetone, mineral spirits)
• Gasoline for lawn maintenance, snow removal, and other purposes
• Pesticides (e.g., Permethrin, used for flea and tick control)
• Herbicides (e.g., glyphosate)
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• Lawn fertilizers (organophosphates)
• Some paints (volatile organic compounds [VOCs])
• Oil
• Grease

In addition, some household products contain substances posing contamination risks to 
the environment if discarded improperly. Some of the most common or recognizable prod-
ucts include

• Computer equipment (lead, cadmium, mercury)
• Televisions (lead, cadmium, mercury)
• Some electrical equipment (lead, copper)
• Most batteries (cadmium)
• Some building products (VOCs, e.g., formaldehyde and benzene)
• Wood with certain applied preservatives or coatings (arsenic)

The purpose for conducting any environmental investigation is to evaluate whether 
there is an unacceptable environmental risk to a specific site or property being studied 
(Jain et al. 1993).

Because we live in the midst of so many potentially harmful chemicals, some well-
informed and educated interpretation is necessary to evaluate the actual risk potential 
when environmental contamination is identified at a site. Martin (2003) notes the trig-
gering mechanisms for conducting an environmental investigation at a property occur 
when

• A property is involved in a real estate transaction.
• Contamination of some kind is released or suspected to have been released, such 

as a tanker spill.
• A property is developed or redeveloped.
• A change in land use is proposed.
• A lending institution is involved with a property and requires an environmental 

investigation before committing any financial resources.
• Something is observed at a property indicating contamination may be present.

Subsurface environmental investigations often begin at the ground surface—the intersection 
of air, land, water, and human activity, and frequently involve hazardous materials and 
remnants of contamination from the past. These characteristics of subsurface investiga-
tions impart a distinct set of rigorous requirements:

• Investigations focus on evaluating the potential existence of hazardous substances. 
Therefore, the investigation must be conducted with great care to minimize the 
potential risks of chemical exposure and other site hazards to investigators.

• The results of investigations may be used in a court of law, so the expertise level 
of the investigator must be unimpeachable, and any method used—including 
those for site investigation, quality control, and documentation must be expertly 
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performed. Interpretations and conclusions must rely upon a firm foundation of 
science.

• Evaluating the possible presence of chemicals in the environment often requires 
searching for specific compounds at extremely low concentrations, routinely in the 
microgram per liter (or kilogram) range. A microgram per liter is roughly equiva-
lent to a part per billion (ppb), which in time units equates to 1 s per 31 years. This 
analogy demonstrates why these low quantities of evidence require great care to 
ensure the integrity of the investigation.

• Well-defined activities characterize subsurface environmental investigations, 
including: scientific inquiry; historical review; data collection; interpretation and 
assessment; and in some cases, remedial action to lower or eliminate any environ-
mental risk considered unacceptable. During these activities, special emphasis is 
placed on evaluating the presence or potential likelihood of uncontrolled releases 
or migration of contaminants.

• Once discovered, the key to defining the nature and extent of contamination is 
through a detailed understanding of the site geology and hydrogeology, and the 
behavior of every contaminant detected. Geological and hydrogeological exper-
tise and experience are crucial for achieving a successful outcome for the site/area 
being investigated.

Subsurface environmental investigations exist as a subset of a larger set of environmental 
investigation types. Throughout the chapter when we refer to an environmental investiga-
tion, the reference is to a subsurface environmental investigation, unless otherwise noted.

4.2  Types and Description of Subsurface Environmental 
Investigations, Studies, Plans, or Reports

Environmental investigations are conducted for many different purposes and objectives 
but generally follow a step-wise, logic- and progressive-based approach, where the results 
of one investigation are used to evaluate the need and scope of subsequent investigations 
if necessary. The most common types of environmental investigations include

• Phase I environmental site assessment (ESA)
• Phase II investigation
• Geophysical investigation
• Remedial investigation
• Feasibility study
• Ecological and human health risk assessment
• Natural resource damage assessment (NRDA)
• Environmental impact statement (EIS)
• Remedial action plan (RAP)
• Confirmatory investigation

Each type of investigation is discussed in greater detail in the following sections.



120	 Urban	Watersheds:	Geology,	Contamination,	and	Sustainable	Development

© 2011 by Taylor & Francis Group, LLC

4.2.1 Phase I Environmental Site Assessment

The Phase I ESA is typically the first environmental investigation conducted at a specific 
property. The Phase I ESA is conducted with the objective of qualitatively evaluating the 
environmental condition and potential environmental risk of a property or site. A prop-
erty is defined here as a parcel of land with a specific and unique legal description. A site 
is defined here as a parcel of land including more than one property or easement and 
refers to an area of contamination potentially affecting more than one property.

As the first environmental investigation, the Phase I ESA is often regarded as the most 
important activity because all subsequent decisions concerning the property are, in part, 
based on the results of the Phase I ESA (Rogers 1992). Therefore, great care, scrutiny, scien-
tific inquiry, and objectivity should be exercised while conducting the Phase I ESA.

Standards for conducting Phase I ESAs were published by the American Society for 
Testing Materials (ASTM) in 1993 and were revised in 1997, 2000, and 2005 (ASTM 2005a). On 
November 1, 2006, the United States Environmental Protection Agency (USEPA) established 
federal standards for conducting Phase I ESAs termed “Standards and Practices for All 
Appropriate Inquiries” under the Comprehensive Environmental Response Compensation 
and Liability Act (CERCLA) of 1980, commonly known as Superfund (USEPA 2005).

Under CERCLA, United States courts have ruled that a buyer, lessor, or lender may be 
held responsible for remediation of hazardous substance residues, even if a prior owner 
caused the contamination. However, the performance of a Phase I ESA may create a safe 
harbor or protection from liability, known as the “Innocent Landowner Defense” for new 
purchasers or lenders. Therefore, Phase I ESAs have become the standard type of environ-
mental investigation employed when initially investigating a property.

According to USEPA (2005) requirements, an environmental professional, such as a geol-
ogist, or environmental scientist must conduct the Phase I ESA. General requirements for 
conducting a Phase I ESA include

• Extensive review of current and historical written records, operations, and reports
• Extensive site inspection
• Interviews with knowledgeable and key on-site personnel
• Assessment of potential environmental risks from off-site properties
• Data gap or data failure analysis

A Phase I ESA is typically a noninvasive assessment, performed without sampling or 
analysis. In some instances, limited sampling may be conducted on a case-by-case basis, 
if in the professional judgment of the person conducting the assessment—or due to other 
requests or mitigating factors—sampling is justified. In most cases, collecting and analyz-
ing samples is usually deferred to the Phase II investigation, but if it does occur, the sam-
pling conducted during a Phase I ESA may include the following:

• Sediment
• Drinking water
• Surface water
• Groundwater
• Waste material
• Soil
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• Suspected lead-based paint
• Suspected asbestos-containing materials
• Mold
• Radon

The environmental professional conducting the Phase I ESA must perform extensive 
research and review all available written records. These researching activities apply not 
only to the property in question, but also to the surrounding properties within a radius 
of up to 1.6 km (1 mile) of the investigated property or site. The research/review process 
typically encompasses the following items and actions:

• Title search and environmental liens
• Historical operations documents
• Historical chemical ordering documents
• Historical photographs
• Historical aerial photographs
• Engineering reports and diagrams
• Previous environmental reports
• Previous accident reports indicating whether a spill or release of a hazardous sub-

stance occurred
• Material safety data sheets (MSDS)
• Historical and current environmental compliance documents
• Hazardous substance inventories and mass balance evaluations
• Fire insurance maps
• Soil Conservation Service, soil maps, and reports
• USGS topographic maps
• USGS investigation reports
• USGS geologic maps
• Environmental agency records
• Native American Tribal records
• Local governmental records including sewer and utility departments
• Building permits
• Constructing diagrams and blueprints

The site inspection consists of a walk-through of the property or site. Items to evaluate and 
document during the site inspection include (modified from Rogers 1992)

• Interviews with knowledgeable and key facility personnel
• Stressed vegetation
• Areas absent of vegetation
• Stained soil or pavement
• Aboveground storage tanks
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• Underground storage tanks
• Chemical storage areas
• Back doors
• The “back 40,” meaning the rear of a property
• Signage
• Storage sheds
• Refuse storage and containers
• Special labeling
• Evidence of fill or mounding
• Recent excavations or land disturbance
• Depressions in land surface
• General topography
• Wetlands
• Mold
• Animal droppings
• Insects
• Pits
• Trenches
• Floor and roof drains
• Broken concrete
• Areas not inspected or inaccessible
• Weather conditions
• Recent precipitation events
• Nearest water body
• On-site and off-site drainage patterns
• On-site or off-site evidence of wells or borings
• Potential asbestos-containing materials
• Potential septic systems
• Utilities
• On-site or off-site dumping
• Off-site inspection
• Soil type(s)
• Potential contaminant migration pathways
• Potential ecological and human receptor pathways

Once the environmental professional has completed the data collection and site inspec-
tion portion of the Phase I ESA, an evaluation of whether there is evidence of an existing 
release, a past release, or a material threat of a release of any hazardous substance or petro-
leum is made. If a product was released and then migrated into structures on the property 
or into the ground, groundwater, or surface water of the property, then this situation is 
termed a Recognized Environmental Condition (REC).
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If a REC is discovered, further investigation will likely be recommended to evaluate its 
potential significance. Many sites have more than one REC, and many of these RECs may 
require further evaluation. An example of a REC with significant amounts of oil-stained 
soil, stressed, and dead vegetation is presented in Figure 4.1.

RECs are intended to exclude de minimis conditions generally not presenting a threat 
to human health or the environment and typically would not be the subject of an enforce-
ment action if brought to the attention of appropriate governmental agencies. However, 
there may be impacts encountered whose perceived severity falls between a de minimis 
condition and a REC. In these situations, the term environmental concern is applied. 
Items listed as environmental concerns become RECs if left unattended or lead to a release.

Figure 4.2 is a photograph of a paved parking space with a residual amount of what 
appears to be a petroleum product discharged from an automobile. In the opinion of the 
environmental professional who conducted a Phase I ESA at this property, this condition 
was not evaluated to be a REC and was characterized as de minimis.

Used oil underground
tank

Pump
Stained soil and

stressed vegetation

FIGURE 4.1
Recognized environmental condition. (Photo courtesy of Daniel T. Rogers.)

Slight oil-like staining
on pavement

FIGURE 4.2
Example of a de minimis release. (Photo courtesy of Daniel T. Rogers.)
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Historical aerial photographs are effective sources of information and often help with 
environmental investigations. In urban areas especially, aerial photographs from several 
sources are readily available. These sources include

• Private local companies specializing in aerial photography
• Private national companies specializing in aerial photography
• Local and state historical societies
• Local and state agencies
• Utility companies
• Local companies
• Federal agencies such as USEPA, USGS, Soil Conservation Service, National Forest 

Service, Bureau of Land Management, and National Park Service.

Figure 4.3a and b demonstrate how historical aerial photographs can help identify RECs. 
On the left, Figure 4.3a shows a particular property as farmland with no identifiable REC. 
Analysis of an aerial photograph taken a few years earlier of the same property (Figure 
4.3b to the right) indicates the property was used as a landfill, which is almost always 
considered a REC.

4.2.2 Health and Safety

If the result of the Phase I ESA indicates further investigation is needed, a health and safety 
plan must be prepared before the Phase II investigation can begin (Occupational Safety 
and Health Administration [OSHA] 1989, as revised). This plan can only be prepared by 
a qualified professional because onsite Phase II investigations are conducted at locations 
containing physical and chemical hazards. The potential for exposure to these hazards 
requires specialized health and safety training for personnel going into the field—an 

(a) (b)

Crop field
Active

landfilling

Closed
landfill cell

FIGURE 4.3
(a) Aerial photograph showing farmland; (b) Earlier aerial photograph showing landfilling activities. (Photos 
courtesy of Daniel T. Rogers.)
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absolute necessity for anybody doing this work—and especially critical in urban settings 
with their additional array of hazards.

The following items represent the minimum level of health and safety planning required 
before fieldwork begins:

• List of activities or scope of work to be conducted.
• List of emergency contact names, titles, and contact information.
• Identification of potential risks (excluding chemical exposure) including

• Potential physical hazards
• Confined space entry
• Overhead hazards
• Traffic hazards
• Weather
• Other natural and anthropogenic hazards
• List of chemicals that may be present.

• MSDS for every chemical potentially encountered during on-site activities.
• Review medical procedures for each chemical potentially encountered during on-

site activities to ensure that proper safety equipment is onsite and readily available.
• Map showing nearest medical treatment facility with directions.
• List of appropriate personal protective clothing.
• List of other clothing requirements such as hard hat, steel toed shoes, gloves, 

reflective safety vests, and hearing protection.
• Review safety procedures for nonroutine activities.
• Review buddy system requirements, if appropriate.
• Review emergency hand signals, if required.
• Check safety equipment to ensure it has been properly decontaminated and in 

working order.
• Contingency plans in case an incident occurs.
• Update the health and safety plan as appropriate, as new information is obtained.

Specific health and safety equipment may be required when conducting Phase II 
investigations. The following list also contains quality control and quality assurance 
considerations:

• Hard hat
• Steel toed boots
• Specialized gloves
• Hearing protection
• Safety glasses
• Reflective vests, if appropriate
• Face protection, when appropriate
• Boot covers, when appropriate
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• Vapor monitors and detectors for compounds or conditions including
• Explosive conditions
• Oxygen levels
• Hydrogen sulfide
• Carbon monoxide
• Volatile organic compounds
• Chlorine gas
• Temperature
• Other potential hazards, as appropriate

Depending on the specific physical and chemical hazards encountered, increased levels 
of health and safety procedures and personal protective equipment may be required to 
ensure the health and safety of personnel conducting the investigation. The highest level 
of protection would include a specialized suit and breathing apparatus supplying purified 
air, along with several layers of specialized gloves and boots. Figure 4.4 shows a mid-level 
personal protection configuration consisting of specialized gloves, boots, body suit, full-
face respirator, and hard hat.

In many cases, personal protective equipment is promptly removed and disposed of 
properly after field activities to prevent the inadvertent spread of any contamination 
beyond the impacted area.

Two pairs of
appropriate

gloves  

Air purifying full
face respirator with

appropriate cartridge  

Taped seams

Specially constructed
protective out suit 

Specially constructed
outer taped boots not

pictured  

Hardhat 

FIGURE 4.4
Mid-level personal protective equipment. (Photo by Daniel T. Rogers.)
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4.2.3 Phase II Investigation

When a Phase I ESA has been completed and there are one or more RECs identified, a 
Phase II investigation will likely be required to confirm the existence of the REC(s). The 
scope of Phase II investigations vary widely and largely depend on the RECs identified in 
the Phase I ESA. Under normal circumstances, a Phase II investigation will involve the col-
lection and analysis of samples collected from the area identified as a REC in the Phase I 
ESA. These samples are collected and analyzed to evaluate the specific contaminants pres-
ent, and if they exceed federal- or state-mandated concentrations for protection of human 
health and the environment.

An example of the sampling procedure is shown in Figure 4.5a. This map shows an 
industrial site where a Phase I ESA was conducted; the 25 RECs and 5 environmental con-
cerns discovered are represented by circles enclosing the letters A through DD. Figure 4.5b 
shows the location of soil borings drilled during the Phase II investigation at the same site 
used to evaluate each of the RECs and environmental concerns. A comparison of the two 
figures indicates the soil borings were drilled in close proximity to each of the RECs and 
environmental concerns. Figure 4.5b also identified areas where chemicals were stored 
or used; this information assisted with the selection of analytical testing parameters and 
associated field sampling procedures.

Further examination of Figure 4.5a and b reveals soil borings drilled in areas not associ-
ated with any REC. These borings were drilled primarily along the western and eastern 
boundaries and in isolated areas in the central portion of the site for three reasons:

 1. To evaluate background conditions in areas not believed to be impacted. This 
assessment is routine because heavy metals naturally occur in the environ-
ment, and are likely to be present at large properties where there are numerous 
RECs.

 2. To evaluate contamination migration potential onto the site from an off-site source. 
The results can determine if an off-site source has impacted the property.

 3. To more fully characterize the site geology and hydrogeology, since these site attri-
butes can, and typically do change over short distances. Accurately characterizing 
the geology and hydrogeology of any site is the key to evaluating the nature and 
extent of contamination.

Phase II investigations are designed to use the scientific data gathered from each step to 
evaluate the need for, or to plot the direction of the subsequent step(s). The USEPA has 
published guidance for conducting investigations under the CERCLA (1988) and under 
the Resource Conservation and Recovery Act (RCRA) 1986. In addition, many States have 
published guidelines for conducting investigations; e.g., New Jersey (2005), Ohio (1995, 
2006), and California Environmental Protection Agency (1995).

The investigative process follows three steps consisting of find, define, and refine. Each 
step in the sequence is described in greater detail as follows (Rogers et al. 2009):

• Find: This type of investigation has the dual purpose of finding and identifying 
specific contaminants and is accomplished by collecting and analyzing biased or 
“worst-case” samples. Examples of “worst-case” samples are those: nearest the 
source of the release, directly beneath an outfall, appearing the most heavily-
stained, exhibiting the strongest odor, or those registering the highest readings on 
field-screening equipment.
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(a) Map of a site showing location of RECs and environmental concerns.
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• Define: After contamination is found, the purpose of the define-type of investiga-
tion is to evaluate the nature and extent of contamination. Define-type investiga-
tions may consist of several phases requiring a greatly expanded scope compared 
to the find-type of investigation. The resulting scope depends upon the following 
factors:
• Federal- or state-specific requirements for each contaminant of concern
• The media being evaluated (e.g., soil, groundwater, sediment, surface water)
• The pathways being considered (e.g., ingestion, inhalation, dermal contact)
• Background concentrations of heavy metals such as lead or arsenic

The extent is derived laterally and vertically by these two equivalencies: (1) to the concen-
tration equal to or less than the lowest applicable cleanup criteria for nonnaturally occur-
ring compounds; and (2) to background concentrations for those compounds naturally 
occurring in the environment, such as heavy metals.

• Refine: The purpose of the “refine” type of investigation is to gather addi-
tional information about the contamination and determine if an unacceptable 
risk to human health and the environment exists and requires remedial action. 
Refine-type investigations include collecting and analyzing samples from loca-
tions of highest risk for specialized analytical parameters to evaluate certain 
remedial options, or to gather more specific data on the nature and extent of 
contamination.

Phase II environmental investigations are conducted separately for soil and groundwater 
and are discussed in Section 4.3.

4.2.4 Geophysical Investigation

There are occasions when direct sampling under a traditional Phase II investigation 
approach does not adequately characterize a specific site. Examples may include areas not 
accessible to sampling equipment, extremely large sites, or locations where buried objects 
are of great concern or are under investigation. In these cases, surface geophysical tech-
niques may be used to fill in the data gaps.

Since geophysical investigations provide supplemental data, they rarely are the only 
type of environmental investigation conducted at a site. There are a wide range of geo-
physical techniques to accommodate different objectives, investigative requirements, and 
site limitations, and these techniques offer certain advantages, including

• Increasing the accuracy and area of coverage of subsurface investigations
• Increasing data density
• Collecting data on subsurface geology and hydrogeology at locations inaccessible 

to other investigative techniques, or areas considered too dangerous to investigate 
using other methods

• Decreasing the cost and time necessary to characterize certain sites, and are gen-
erally noninvasive
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Geologists conducting environmental investigations apply geophysical techniques for the 
following reasons:

• To collect geologic and hydrogeologic data.
• To detect and map contaminant plumes.
• To detect and map subsurface features such as buried drums, utilities, tanks, 

trenches, landfills, buried wastes, or other buried objects.
• To evaluate soil properties.
• To evaluate anthropogenic subsurface structures.

Geophysical investigations include the following techniques and benefits:

• Seismic refraction and reflection. Seismic refraction and reflection measurements 
involve the measurement of seismic waves traveling through the subsurface 
(ASTM 2000b). Stratigraphy, structure, and material properties can be evaluated 
using seismic methods.

• Electrical resistivity. Electrical resistivity measures the apparent resistivity aver-
aged over a volume of material (ASTM 1999a). These measurements can be used 
to evaluate the depth and thickness of geologic units, map saltwater intrusion 
and contaminant plumes, locate buried wastes, and evaluate lateral changes in 
geologic units.

• Electromagnetics. Electromagnetic methods measure the conductivity of sub-
surface materials and are frequently used to detect buried metal objects (ASTM 
2001).

• Gravity survey. Gravity or microgravity surveys measure changes in subsurface 
density (ASTM 1999b). Natural variations in the density of subsurface materials 
such as soil and rock types, cavities, buried channels, faults, fractures, and joints 
can be detected and evaluated using gravity surveys.

• Ground penetrating radar (GPR). GPR uses high-frequency electromagnetic waves 
to evaluate subsurface strata (ASTM 2005b). GPR is one of the more popular geo-
physical techniques used in environmental investigations because it is easy to use 
and economical, and employable in a variety of challenging accessibility situa-
tions. GPR can determine objects having a dielectric contrast with surrounding 
areas, i.e., buried drums, disturbed soil, etc.

• Borehole geophysics. Borehole geophysics uses instruments to measure and record 
different properties outside of a well or borehole as the instrument is lowered 
down the borehole (Keys 1990; ASTM 2005c). Borehole geophysics is used to evalu-
ate well construction, lithology, permeability and porosity, and water quality.

Figure 4.6 contains seismic survey output from a site used to evaluate and map sedimen-
tary layers.

4.2.5 Ecological and Human Health Risk Assessment

After the investigation phase has been completed and the nature and extent of contamina-
tion have been defined, an environmental risk assessment may be conducted. A common 
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objective for conducting a risk assessment is to evaluate whether there is an unacceptable 
risk posed by the presence of contamination at a given site for the future intended use of 
the property (USEPA 2002). Intended land use usually fits into the three broad categories of 
industrial, commercial, and residential. In general, if the intended land use is industrial or 
commercial, higher concentrations of contaminants are allowed if certain site conditions 
are satisfied to minimize the exposure potential to the contamination.

An environmental risk assessment follows scientific procedures for evaluating the 
risk to humans and the environment posed by the contamination present at a specific 
site. Three basic components are used to evaluate risk: (1) toxicity or potency of con-
taminants present, (2) exposure pathways, and (3) receptors (California Environmental 
Protection Agency 1996; Oregon Department of Environmental Quality [ODEQ] 1998; 
USEPA 2002).

Toxicity: Toxic substances or toxicants are health threats because of the resultant effects 
on biotic receptors when exposure to these toxicants occur. The following chemical haz-
ards found commonly at hazardous waste sites may be classified as toxic: chemicals fatal 
to humans in low doses or to over 50% of test animals at certain concentrations; Hazardous 
substances: chemicals that can cause harm because they are flammable, explosive, strongly 
acidic or basic, or can induce allergic reactions; Carcinogens: chemicals along with radia-
tion and viruses that can cause or promote the growth of malignant tumors or cancer; 
Mutagens: chemicals, including ionizing radiation and viruses that cause mutations—
inheritable changes in DNA molecules in the genes found in chromosomes; Teratogens: 
chemicals, ionizing radiation and viruses that cause birth defects. Toxicants include a wide 
variety of substances such as metals, most commonly Sb, As, Ba, Be, Cd, Cr, Co, Cu, Hg, 

Fill material

Interbedded sand and clay

Sand

Clay

Sand

Interbedded sand and clay

Sand

FIGURE 4.6
Seismic profile showing subsurface geology.
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Mn, Ni, Pb, and Zn, asbestos, nitrate and nitrite, or organic chemicals. The toxicities of 
organic chemicals are difficult to fully assess. We need to take into account not only the 
exposure level, but also the duration of exposure (Yong 2002).

Exposure pathways fall into three broad categories: inhalation, dermal adsorption, and 
ingestion (USEPA 1989). Any chemical can affect the human body, with the outcome 
depending on several factors:

• The nature and toxicity of the chemical itself
• The concentration of the chemical
• The distribution of the chemical at a particular site
• The chemical’s route of entry into the human body (inhalation, dermal adsorption, 

or ingestion)
• The length of the exposure
• Individual human susceptibility

Receptors implies biotic receptors, but can also pertain to the physical land environment, 
including surface water and groundwater (see Section 4.2.8, Natural Resource Damage 
Assessment). Consequently, the nature and extent of the threat of a particular pollutant 
will not only depend on the nature and distribution of the pollutant but also the target 
that is threatened.

Risk assessment is accomplished using a four step process:

 1. Hazard identification—answers this question: Does exposure to a chemical or 
agent cause an increase in the incidence of an adverse health effect (e.g., cancer or 
birth defects)?

 2. Dose–response assessment—quantitative characterization of the relationship 
between the dose of a chemical or agent and the incidence of an adverse health 
effect.

 3. Exposure assessment—evaluation of the intensity, frequency, duration, and routes 
of exposure to the chemical or agent.

 4. Risk characterization—estimation of the potential incidence of a health effect, cal-
culated by obtaining information from the dose–response assessment, along with 
information from the exposure assessment.

The outcome of a risk assessment usually produces a hazard quotient, which is the result 
of evaluating each chemical of concern for potential carcinogenic risk and chronic health 
risk. USEPA (2002) currently has an acceptable carcinogenic risk of 1 in a 100,000 (1 × 10−5) 
cancer incidence, with values under 1 being an acceptable noncarcinogenic chronic health 
risk. However, many risk assessments evaluate cumulative risk. For instance, there may 
be 10 different chemicals present, and one chemical alone may not result in an unaccept-
able risk, but exposure to more than one may result in an unacceptable exposure. In most 
circumstances, this is an acceptable methodology, especially if contaminants overlap.

USEPA and most states have published guidelines for conducting ecological and human 
risk assessments, and these address whether a cumulative risk evaluation is warranted. 
A review of federal, local, and state requirements is recommended before conducting an 
ecological or human health risk assessment.



134	 Urban	Watersheds:	Geology,	Contamination,	and	Sustainable	Development

© 2011 by Taylor & Francis Group, LLC

4.2.6 Feasibility Study

A feasibility study is conducted after the nature and extent of contamination have been 
defined. The timing of this study corresponds with the risk assessment if contamination is 
present at sufficient levels to justify the possibility of remedial action. Selecting the most 
appropriate remedial technology or technologies—if more than one is necessary—is a key 
objective of the feasibility study. Technology selection can be evaluated within this frame-
work: (1) the nature and extent of contamination at a specific site; (2) the future intended 
land use or uses; (3) the results of the risk assessment; and (4) other sites conditions, if 
present (USEPA 1988; New York State Department of Environmental Conservation 2009).

A feasibility study evaluates many different methods and technologies to reduce con-
taminant risk. Some cases may not involve a specific technology, but include alternatives 
such as institutional controls and deed restrictions. The purposes of institutional controls 
are to restrict or prevent access to areas posing exposure risk, or to reduce the risk of acci-
dentally spreading any of the remaining onsite contamination. Examples of institutional 
controls include

• Vapor barriers
• Pavement
• Maintaining building structures
• Drainage control
• Access restrictions
• Fencing
• Constructing other physical barriers

Common examples of deed restrictions include special handling of materials if they are 
disturbed and restricting the use of surface water or groundwater.

As part of a feasibility study, a bench scale and/or pilot level test is conducted using a 
particular remedial technology to evaluate its effectiveness as applied to real site condi-
tions, contaminants, and on-site geologic and hydrogeologic conditions. A bench scale test 
involves collecting samples of contaminated material from a site and conducting tests in 
the laboratory under controlled conditions. The samples are then used to assess the effi-
cacy of the particular technology, and if successful, additional engineering and design 
data for the pilot test are collected.

A pilot test is larger in scale than a bench scale test and is conducted in situ (at the site 
of the contamination). Results from the pilot test are used for final engineering design, 
dosing (if used), and evaluating the time required to complete remediation. Information 
obtained from the bench scale and pilot tests assist in selecting and designing a remedial 
technology.

4.2.7 Remedial Investigation

Remedial investigations represent the range of actions taken at a site of environmental 
concern, and typically represent a combination of the Phase I ESA, Phase II Investigation, 
Risk Assessment, and Feasibility Assessment outcomes. Remedial investigations generate 
large amounts of geological and hydrogeological information about the area, and often the 
region being investigated, but often require two or more years to complete and may cost 
several million dollars. These time and cost factors dictate that these investigations are 



Conducting	Subsurface	Environmental	Investigations	in	Urban	Watersheds	 135

© 2011 by Taylor & Francis Group, LLC

conducted only when it is generally accepted that the site poses an obvious and significant 
risk to human health and the environment. Combining the investigation and evaluation 
process can shorten the time required to investigate a site and save financial resources, 
provided the necessary amount of environmental risk is removed to protect human health 
(USEPA 1988).

4.2.8 Natural Resource Damage Assessment

An NRDA is a study that evaluates the damage or injuries to the environment (USEPA 
2009). The term injury refers to an actual adverse impact to, or loss of, a natural resource. 
Damage refers to the monetary cost of restoration or replacement of the natural resource. 
The USEPA (2009) defines a natural resource as

• Land
• Air
• Water
• Fish
• Biota
• Wildlife
• Groundwater
• Drinking water supplies
• Other potentially identifiable natural resources

NRDAs are usually conducted after the extent of contamination has been defined and 
before any final remedy is implemented. Typically, an NRDA is conducted at large sites 
where there is clear evidence a human-induced environmental impact has significantly 
degraded the ecological and natural resources of a specific region.

4.2.9 Environmental Impact Statement

An EIS is conducted to identify and evaluate the positive and negative biophysical, social, 
and other environmental effects that a proposed development action may have on the 
environment (Glasson et al. 2005).

An EIS includes

 1. Describing the proposed action or activity to be conducted.
 2. Describing the extent to which the proposed action or activity will potentially 

affect the environment.
 3. Analyzing each potential environmental impact.
 4. Presenting a range of development alternatives for the public to consider regard-

ing the potential environmental impacts of the proposed action. Included in this 
range of alternatives is a “no action” option, meaning the project should not be 
undertaken.

If the EIS process concludes that the proposed action has a high potential to cause significant 
environmental degradation, other options may be required to reduce the environmental 
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impact. The process thus does not prohibit the proposed action from causing any harm to 
the environment; it merely requires disclosure and understanding of the potential impacts 
prior to taking any action (Glasson et al. 2005).

4.2.10 Remedial Action Plan

A RAP describes the actions implemented to lower the risk posed by the presence of 
contamination at a specific site to an acceptable level. RAPs include (USEPA 1988; New 
Hampshire Department of Environmental Services 2008)

• A summary of each investigation completed
• A list of the contaminants of concern (COC)
• Cleanup objectives and goals for each COC
• The technology selected to reduce concentrations of each COC
• Methodology and justification for technology selection
• A time frame to complete each activity
• A plan outlining methods to confirm the remedial action has achieved the desired 

result and has met the cleanup standard
• Contingency plan in case the selected remedial action or actions do not achieve 

the desired result

A RAP includes detailed engineering and planning drawings to precisely depict the meth-
ods and systems proposed for lowering the contaminant concentrations at a particular site 
to an acceptable level.

4.2.11 Completion Evaluation Study

A Completion Evaluation Study is conducted after the site is remediated. The purpose 
of the Completion Evaluation Study is to evaluate the effectiveness of the remediation 
and to confirm the desired result of permanently reducing contaminant concentrations to 
acceptable levels has been achieved. Samples of previously affected media, including soil, 
groundwater, sediment, surface water, and air are collected to help confirm the remedia-
tion was successful. To avoid bias, requirements for the Completion Evaluation Study are 
usually outlined in the RAP. In addition, many individual states have general guidelines 
for determining when remediation has been completed. A Completion Evaluation Study 
may require several years to finish, especially if groundwater is a media of concern and 
has undergone an active remedial action. The requirements for a Completion Evaluation 
Study include

• Confirmatory sample locations
• Number of samples
• Media to be sampled
• Frequency of sampling
• Quality control and quality assurance requirements
• Analysis and analytical procedures
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• Statistical methodology, if statistical methods are used
• Cleanup criteria for each COC
• Contingency plan in case one or more samples indicate remediation has not been 

completed

4.2.12 Summary of Environmental Investigations

Table 4.1 lists each type of environmental investigation and its major purpose. The Phase II 
Investigation, Remedial Investigation, and the Geophysical Investigation typically gener-
ate the most geological and hydrogeological information—and in some instances—gener-
ate a large volume of detailed information. In addition, the Phase I ESA often has valuable 
information useful for geological purposes, especially if a Phase II or other investigation 
is subsequently conducted.

4.3 Common Environmental Sampling Methods

Sampled items during an environmental investigation typically include soil, groundwater, 
sediment, surface water, or air. The primary objectives when collecting any sample during 
an environmental investigation are (1) collecting a representative sample and (2) ensuring 
the integrity of samples collected by taking measures not to contaminate or cross-contam-
inate the samples, or altering any of the original properties of the sample (USEPA 1988).

TABLE 4.1

Types and Purposes of Environmental Investigations

Investigation Type Purpose

Phase I ESA Qualitative review of a specific site to evaluate if there is any scientific basis the 
site poses any environmental risk

Phase II Quantitative study that finds, defines, and refines the nature and extent of 
contamination

Geophysical Investigation Used to supplement and add geologic and hydrogeologic information to Phase II 
investigations; helps identify and locate buried objects, utilities or other buried 
structures

Risk Assessment Evaluate whether the presence of contamination poses an unacceptable risk to 
human health and the environment

Feasibility Study Evaluate potential remedial alternatives with the objective of selecting the most 
appropriate technology(s) to lower risk to an acceptable level

Remedial Investigation Defines the nature and extent of contamination at large sites likely posing 
significant risk to human health and the environment

NRDA Assess damages to natural resources
EIS Evaluate potential impacts of future development on natural resources and the 

environment
RAP Plan outlining what actions will be conducted to lower risk to an acceptable level
Completion Study Quantitative investigation conducted to confirm that the remediation at a site is 

sufficient and complete
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With these objectives in mind, acceptable sampling techniques have been developed by 
the USEPA. In addition, most states have published protocols for the collection of samples 
for environmental purposes. An overview of common sampling methods for soil, ground-
water, sediment, and surface water are described in the following sections. In addition 
to sample collection requirements and guidelines, transportation or shipment of samples 
may be subject to Department of Transportation (DOT) rules described in Title 49 of the 
Code of Federal Regulation (CFR), Parts 171 through 179. Therefore, applicable local, state, 
and federal guidelines should be followed when conducting an environmental investiga-
tion at a specific site.

4.3.1 Soil Sampling and Description

Soil sampling is usually initiated during the Phase II investigation and involves collecting 
surface and subsurface samples from borings drilled within and perhaps adjacent to RECs 
identified in the Phase I ESA. The number and depth of the borings is dependent upon the 
source and nature of contamination suspected to have been released. Soil samples are col-
lected using a wide variety of methods, including

• Collecting surface samples using a stainless steel trowel or other similar device
• Using manual hand augers to depths of approximately 1.5–3 m (5–10 ft)
• Hydraulically driving a probe called a Geoprobe® to depths of 6 m (20 ft)
• Excavating test pits using a backhoe or a similar type of equipment to depths 

approaching 6 m
• Boring with hollow-stem augers to depths greater than 15 m (50 ft)
• Using Roto-sonic boring to depths of 30 m (100 ft) or more
• Using a Cone Penetrometer for depths greater than 30 m

4.3.1.1  Surface Sampling

Many investigations begin simply by collecting surface soil samples in each area of con-
cern. Figure 4.7 shows a location where a surface sample was collected. This location was 
selected to represent a “worst-case” sample and to fingerprint the contaminant’s release 
area depicted by the area of heavy staining. The soil sample was collected using a stainless 
steel trowel, then placed into a stainless steel bowl. The sample was then transferred into 
appropriate sample containers before transport to the laboratory for analysis.

Area of
stained soil

Stainless
steel bowl
and trowel

Person collecting
sample is wearing
protective gloves

FIGURE 4.7
Surface soil sampling using a stainless steel trowel and bowl in an area of concern. (Photo by Daniel T. Rogers.)
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4.3.1.2  Excavating Test Pits

When possible, excavating test pits using a backhoe is a preferred method of collecting 
and characterizing shallow subsurface geology. Test pits expose much more of the subsur-
face than other methods and give the geologist greater opportunity to observe and gather 
geologic information. An added advantage with test pits is the ability to select optimal 
locations for collecting soil samples for analysis (Figure 4.8).

While test pits may be the preferred method of characterizing subsurface geology and 
providing optimal sample collection points, excavating test pits in an urban setting is 
uncommon. In many cases, test pits cannot be excavated because they disturb much larger 
areas than drilling a soil boring using a Geoprobe or other similar method. In addition, 
many sampling locations are located near utilities, buildings, or beneath paved areas mak-
ing test pits very difficult, dangerous, or impossible to excavate.

4.3.1.3  Drilling Using a Hand Auger

Using a hand auger to characterize subsurface geology has severe limitations. The twist-
ing required to advance the auger deeper into the subsurface causes the loss of most, if not 
all depositional structures and features in the recovered samples. For this reason, a hand 
auger is used to characterize soil or sediment type and is not used to interpret most com-
plex geological features or structures. A hand auger may also be used to drill the first few 
feet to explore and avoid buried utilities before a drill rig completes the rest of the boring. 
Figure 4.9 shows a typical hand auger.

4.3.1.4  Mechanical Drilling Methods

For drilling in unconsolidated materials, preferred mechanical drilling methods include 
a Geoprobe, hollow-stem auger, or Roto-sonic methods. Characterizing subsurface geol-
ogy from soil borings obtained by mechanical methods is much more difficult than test 
pits, because these methods create a long and very narrow sample (4–10 ft long, and only 
5–10 cm [2–4 in.] in diameter). These dimensions of sample size increase the difficulty of 
the analysis. In addition (1) the outer edges of soil samples collected from a mechanical 

FIGURE 4.8
Example test pit. (Photo by Daniel T. Rogers.)
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method may be smeared from the sample collection method and (2) the sample probe must 
be reinserted into the borehole after each sample is collected, and this action may lead to 
cross-contamination or result in a gap in the depositional history of the area. Additional 
care and scrutiny must be undertaken when characterizing subsurface geologic features 
from samples collected using these methods.

Using a Geoprobe for soil sampling is the preferred technology in urbanized areas. 
A Geoprobe is typically faster than other methods, can penetrate hard surfaces such as 
pavement and concrete, and can be used inside buildings and other locations with lim-
ited access and space. Some Geoprobe drill rigs are capable of directional drilling, pro-
viding advantages in some unique situations. Soil samples collected using a Geoprobe 
are typically 5 cm (2 in.) in diameter and either 2 or 4 ft long. The sample is collected 
inside a plastic sleeve inserted into the bottom of a metal rod hydraulically pushed and 
vibrated into the ground. There are drawbacks to the use of Geoprobe devices however. 
First, great care must be taken not to “push” contaminated soil downward to lower lev-
els resulting in misidentification of the vertical extent of contamination. For this reason, 
Geoprobe devices are not allowed in California when conducting remedial investiga-
tions. Second, the usefulness of a Geoprobe is limited to the vertical extent of its capabil-
ity, generally to within 6–9 m (20–30 ft). However, under favorable conditions, or using 
a specially outfitted Geoprobe, depths of greater than 23 m (75 ft) have been achieved. 
Finally, if a soil boring is to be converted to a semi-permanent monitoring well, a hol-
low stem, truck-mounted drill rig would need to be brought onto the site, resulting in 
additional costs.

Soil samples collected from a hollow-stem auger drilling rig are typically 5 cm (2 in.) 
in diameter and are 61 cm (2 ft) long. The sample is collected inside a plastic sleeve 
inserted into a tool called a split-spoon. A split-spoon is a geotechnical soil sampling 

Handle

Stem

Bucket

Auger
FIGURE 4.9
Hand auger. (Photo by Daniel T. Rogers.)
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tool comprised of two halves of a hollow metal tube. The tube is threaded on each end 
where end caps are screwed onto the split spoon to hold it in place while the sample is 
collected. The split spoon is lowered down the borehole to the desired sampling depth 
through the center of the hollow-stem auger and then is pounded into the ground using 
a 64 kg (140 lb) hammer. The number of hammer blows required to drive the split spoon 
into the ground 2 ft is recorded to provide geotechnical information concerning soil type 
and resistance.

Figure 4.10 is a photograph of a Geoprobe, and Figure 4.11 is a photograph of a hol-
low stem auger drilling rig. Figure 4.12 shows a 5 cm diameter by 1.2 m (4 ft) long soil 
sample collected using a Geoprobe being inspected by a geologist. The plastic sleeve has 
been sliced in half longitudinally to provide proper access to the sample for inspection. 
Figure 4.13 shows a Roto-sonic drilling rig, and Figure 4.14 shows a sample being extracted 
from a Roto-sonic drilling rig.

Borehole location

Geoprobe

FIGURE 4.10
Geoprobe. (Photo by Daniel T. Rogers.)

Hollow stem
auger Center rod

Bottom plug

FIGURE 4.11
Hollow-stem auger drilling rig. (Photo by Daniel T. Rogers.)
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Soil
sample

Disconnected
drilling rod 

FIGURE 4.14
Extracting a sample from a Roto-sonic drilling rod. (Photo by Daniel T. Rogers.)
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Soil sample

FIGURE 4.12
Soil sample collected from a Geoprobe. (Photo by Daniel T. Rogers.)

Drill
rod

FIGURE 4.13
Roto-sonic drilling rig. (Photo by Daniel T. Rogers.)
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The Roto-sonic method is similar to the Geoprobe method of advancing a boring into 
unconsolidated subsurface deposits. One advantage of the Roto-sonic method when com-
pared to the Geoprobe is its ability to reach greater depths with a larger diameter bore-
hole. This capability enables a larger volume of sample to be collected and also results in 
improved monitoring well installation success rates. Roto-sonic also produces less waste 
and has a faster drilling rate than the hollow-stem auger.

Other drilling methods include direct mud rotary, directional drilling, solid flight and 
bucket augers, jetting, direct air rotary, cable tool, and rotary diamond. These meth-
ods are used when drilling through solid rock, and not preferred for unconsolidated 
materials.

4.3.1.5  Sample Containers

Soil samples using any of the methods described above are transferred into appropri-
ate sample containers following their collection. Most containers consist of glass having 
a Teflon inner lid, designed to minimize the loss of vapors, and are filled to capacity as 
shown in Figure 4.15. Specification of sample containers, and the methods, protocols, and 
equipment required for sample transfer vary with the specific contaminants being eval-
uated. In addition, sampling procedures and methodology differ from state to state for 
certain analytes. To avoid confusion, a work plan identifying the appropriate sampling 
procedures should be prepared prior to initiation of sampling activities.

4.3.1.6  Documentation

Proper description of each soil sample by a qualified scientist is crucial. A field log book 
houses this information.

Information recorded in a field log book when each soil boring is being advanced should 
include

• Drilling method
• Size of auger or drill bit
• Drilling or advance rates

FIGURE 4.15
Filled 250 mL glass sample container of soil. (Photo by Daniel T. Rogers.)
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• Drilling or advance difficulties
• Equipment failures
• Drilling difficulties
• Weather conditions

After extraction, each soil sample is inspected and information related to the site’s geology 
and soil properties is recorded in the field log book, and shown in the following:

• Soil or sediment type (i.e., sand, clay, etc.) using the Unified Soil Classification 
System

• Grain size
• Grain shape
• Grain sorting
• Grain composition
• Consistency
• Plasticity
• Stratigraphy
• Observable depositional features and bedding
• Presence of fill or anthropogenic materials or substances
• Color using the Munsell Color Chart developed by Munsell (1905)
• Color changes
• Degree of saturation
• Field screening results
• Odors
• Location of sample collection for laboratory analysis, if any

Table 4.2 lists the grain size dimensions used to differentiate between clay, silt, and sand. 
Figure 4.16 is a diagram that shows the relative size difference between a particle of sand, 
silt, and clay. Figure 4.17 is a soil textural chart used in the field as a guide to identify and 

TABLE 4.2

Soil Classification by Grain Size

Soil Type
Diameter (Range in mm or 

Sieve Size)

Very Coarse Sand 1.0–2.0
Coarse Sand 0.5–1.0
Medium Sand 0.25–0.50
Fine Sand 0.125–0.25
Very Fine Sand 0.0625–0.125
Silt 0.0039–0.0625
Clay <0.0039

Source: Modified from New Jersey Department of 
Environmental Protection, Field Sampling 
Procedures Manual, Trenton, NJ, 2005.
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describe soils on a consistent basis (USDA 2010b). Figure 4.18 is a useful guide when using 
the textural chart shown in Figure 4.17, and Figure 4.19 contains the guidelines used to 
describe many properties of soil (Virginia Department of Transportation 2003).

Consistency refers to the relative ease a sediment can be deformed. There are various 
methods for determining consistency, but in the field, consistency can be estimated using 

Sand

Clay

Silt

FIGURE 4.16
Relative size difference between a sand, silt, and clay particle. (From United States Department of Agriculture, 
From the surface down. An introduction to soil surveys for agronomic use, Washington, DC, http://ftp-fc.egov.
usda.gov/NSSC/Educational_Resources/surdown.pdf (accessed July 4, 2010), 2010a.)
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FIGURE 4.17
Soil textural chart. (From United States Department of Agriculture, Guide to texture by feel, http://soils.gov/
education/resources/lessons/texture (accessed July 4, 2010), 2010b.)
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FIGURE 4.18
Guidance on soil textural determination. (From United States Department of Agriculture, Guide to texture by 
feel, http://soils.gov/education/resources/lessons/texture (accessed July 4, 2010), 2010b.)
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Unified Soil Classification and Symbol Chart

Coarse-grained soils
(more than 50% of material is larger than No. 200 sieve size.)

Clean gravels (less than 5% fines)

Clean sands (less than 5% fines)

Gravels with fines (more than 12% fines)

Sands with fines (more than 12% fines)

Well-graded gravels, gravel–sand
mixtures, little or no fines

Well-graded sands, gravelly sands,
little or no fines

Silty gravels, gravel–sand–silt mixtures

Silty sands, sand–silt mixtures

Clayey gravels, gravel–sand–clay mixtures

Clayey sands, sand–clay mixtures

Poorly-graded gravels, gravel–sand
mixtures, little or no fines

Poorly graded sands, gravelly sands,
little or no fines

Fine-grained soils
(50% or more of material is smaller than No. 200 sieve size)

Inorganic silts and very fine sands, rock
flour, silty of clayey fine sands or clayey
silts with slight plasticity
Inorganic clays of low to medium
plasticity, gravelly clays, sandy clays,
silty clays, lean clays

Organic silts and organic silty clays of
low plasticity

Inorganic silts, micaceous or 
diatomaceous fine sandy or silty soils,
elastic silts

Inorganic clays of high plasticity, fat clays

Organic clays of medium to high plasticity,
organic silts

Peat and other highly organic soils

GW

GP

GM

GC

SW

SP

SM

SC

ML

CL

OL

MH

CH

OH

PT

Sands
50% or more

of coarse
fraction smaller

than No. 4
sieve size

Gravels
More than 50%

of coarse
fraction larger

than No. 4
sieve size

Silts and
clays

liquid limit
less than

50%

Silts and
clays

liquid limit
50%

or greater

Highly
 organic 

soils

FIGURE 4.19
Unified Soil Classification System. (From Virginia Department of Transportation, Unified soil classification sys-
tem. http://www.occ.state.ok.us/Divisions/PST/Forms/Technical%20Forms/Orbca%20Guidance/unified%20 
soil%classification.pdf (accessed July 4, 2010), 2003.)
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the methodology described in Table 4.3. To determine consistency using Table 4.3, a rep-
resentative sample of the soil or sediment is necessary; the recommended sample size is 
approximately 5–10 cm3.

Moisture content should be estimated in the field using the criteria listed in Table 4.4.
Plasticity is the property of soil or rock allowing it to be deformed beyond the point of 

recovery without cracking or exhibiting appreciable change in volume—its “plastic limit.” 
Criteria for estimating plasticity of soil samples in the field are presented in Table 4.5 
(OEPA 2006).

Pertinent information on each soil boring is recorded onto a boring log. Figure 4.20 
shows a sample boring log (Iowa Department of Natural Resources 2002).

Additional physical parameters may be used to characterize subsurface solid materials, 
but these cannot be reliably measured in the field and most often require determination at 
a laboratory. These additional parameters include (ASTM 1996)

TABLE 4.3

Criteria for Describing Consistency

Description Criteria

Very soft Thumb will penetrate easily, typically more than 25 mm (1 in.)
Soft Thumb will penetrate approximately 25 mm
Firm Thumb will indent soil approximately 6 mm (0.25 in.)
Hard Thumb will not indent soil, but readily indented with thumbnail
Very hard Thumbnail will not indent soil

Source: Ohio Environmental Protection Agency, Technical Guidance for Ground 
Water Investigations, Columbus, OH, 2006.

TABLE 4.4

Criteria for Describing Soil Moisture

Description Criteria

Dry Absence of observable moisture, dry to the touch
Moist Damp but no visible water
Wet Water is observed when sample is squeezed
Saturated Free water present without squeezing the sample

Source: Ohio Environmental Protection Agency, Technical Guidance 
for Ground Water Investigations, Columbus, OH, 2006.

TABLE 4.5

Criteria for Describing Plasticity

Description Criteria

Nonplastic A sample cannot be rolled to an approximate diameter of 12 mm (0.5 in.)
Low plasticity A sample can be rolled, but is lumpy and difficult, and cannot be rolled when sample is 

drier than the plastic limit
Medium plasticity A sample is easily rolled and not much time is required to reach the plastic limit
High plasticity A sample is very easily rolled and it takes considerable time to reach the plastic limit

Source: Ohio Environmental Protection Agency, Technical Guidance for Ground Water Investigations, Columbus, 
OH, 2006.
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Soil Boring Log and Monitoring  Well Construction Diagram

Boring/well number:
MW–6

Facility name:

ABC facility
Facility street address:
123 West avenue-somewhere, Iowa

Boring depth (ft) × diameter (in): 15.0 × 6 Drilling method: HSA

Well contractor name:     BEST consultants
Registration number:       C98765

Logged by: A. bore

Ground surface
Elevation (ASL): 1234.55

Top of casing
Elevation (ASL): 1235.43

Date:  1/2/02
Start time:  8.00 am

Date:  1/3/02
End time: 12.30 pm

UST number:
9901234

LUST number:
9ZYXW00

Depth
(ft) Well construction details Blow count

if applicable
Sample

No.
PID/FID
Reading

Rock formations,soil, color
and classifications, obser-
vations (moisture, odor,

etc.) first column for USCS

Cement grout 20 1 SS 0 CL Brown sandy clay,
medium stiff, moist 
(fill)

Light brown to gray 
silty sand to clayey 
sand, medium dense 
to dense moist to wet

SM50SS

SS

225Bentonite pellets
5

Sand filter

Slotted PVC casing
10

30 3 100 ML Dark brown to black
clayey silt, stiff to very
stiff, saturated

Bottom of MW-6 @ 
15 feet

NDSS4100/6”Bentonite bottom seal15

SS (split spoon) HS (hollow stem auger)

Observations

Water levels (ASL)

Static water level symbol

Date:

Level:

Time:

1/3/02

1,225.43

8.00 am

1/3/02 1/3/02 1/3/02 1/3/02

1,226.43 1,227.43 1,228.43 1,229.43

9.00 am 10.00 am 11.00 am 12.30 pm

DNR Form 542-1392

Type*

FIGURE 4.20
Sample boring log. (From Iowa Department of Natural Resources. 2002. Sample Boring Log DNR Form 542-1392. 
Des Moines, IA: Iowa Geological Survey.)
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• Bulk density
• Cation exchange capacity
• Organic carbon content
• pH
• Specific gravity
• Mineral content

4.3.2 Groundwater Sampling Methods

If groundwater is encountered during the drilling of soil borings or excavating test pits, 
then in most cases, the environmental investigation must also evaluate the potential for 
groundwater contamination. Sampling groundwater usually requires the installation of a 
monitoring well, but this is not always the case. Occasionally, a water sample is collected 
directly from the borehole or excavation pit, or a temporary monitoring well is installed 
and removed after a groundwater sample is collected.

A groundwater sample collected directly from an open borehole is called a grab sample. 
Groundwater samples collected from a temporary monitoring well may also be called grab 
samples, depending on the construction of the temporary well, how long the well had 
been in place before sampling, and how the well was developed. In general, groundwater 
samples collected from open boreholes or temporary monitoring wells installed without 
great care are used as a rough screening of groundwater to evaluate the need for a more 
permanent monitoring well. Collecting and analyzing groundwater samples from an open 
borehole or temporary monitoring well is not always recommended because the analytical 
results may not be representative of the actual groundwater in the aquifer.

Figure 4.21a through e show the process of collecting a groundwater grab sample 
from a borehole advanced into the saturated zone using a Geoprobe. Figure 4.21a shows 
a stainless steel well screen which is then placed inside the lead drill rod. Once the 
desired depth is reached, the outer rod is pulled up to expose the screen. A polyvinyl 
chloride (PVC) flexible hose is inserted into the inside of the drill rods as shown in 
Figure 4.21b, and groundwater is pumped from the subsurface using a pump (Figure 
4.21c). Groundwater is then pumped into a drum as depicted in Figure 4.21d. After the 
pumping continues for several minutes, a groundwater sample is collected in an appro-
priate container (Figure 4.21e).

4.3.2.1  Installing a Monitoring Well

Collecting a representative groundwater sample requires the installation of a monitoring 
well. The objectives of installing a monitoring well include

• Collecting a representative sample of groundwater for analytical testing to evalu-
ate groundwater quality

• Evaluating the direction of groundwater flow
• Estimating the hydraulic conductivity
• Evaluating specific yield
• Monitoring seasonal fluctuations in flow direction
• Future monitoring of groundwater quality
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Groundwater samples are typically analyzed for specific chemical compounds having 
detection limits in the microgram per liter (μg/L) or ppb range. These detection limits 
mandate a representative sample not only because of these low detection limits—cleanup 
standards are also very low for certain chemical compounds.

Monitoring wells are typically constructed of PVC, but may also be constructed of stain-
less steel (ss), Teflon, or steel. Figure 4.22 has a construction diagram of a typical monitor-
ing well.

The casing in a monitoring well is the hollow tube placed inside the borehole and pro-
vides access to the subsurface. The screen at the bottom of the well allows water to seep 
into the well from the aquifer. Figure 4.23 shows the slots in the PVC screen that permit 
groundwater to enter the well casing. The slits have a very small diameter so the water 
enters the well but not the filter pack around the outside of the well screen. A filter pack is 
placed around the well screen and serves to prevent any fine-grain sediment in the aquifer 

(a) (b)

(c)

(e)

(d)

Slotted
screen 

Hollow drill
rod

Flexible
PVC hose 

Drill rod

PVC hose

Pump Groundwater
storage

container  Pump

PVC hose

Groundwater
being pumped

FIGURE 4.21
(a) Stainless steel well screen; (b) Hollow drill rod and PVC hose; (c) Pumping groundwater; (d) Pumping 
groundwater; (e) Groundwater sample in an appropriate 40 mL glass container. (Photos by Daniel T. Rogers.)
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Inner cap
Bumper guard

Surface seal

Annular seal
neat cement/bentonite

or bentonite

Filter pack seal
(bentonite)

Optional secondary filter pack
(very fine sand)

Primary filter pack

Bottom cap

Well casing

Well screen

Maximum frost line

Outer locking cap
Protective seal
Weep hole

FIGURE 4.22
Monitoring well construction diagram. (From Ohio Environmental Protection Agency, Technical Guidance 
Manual for Hydrogeologic Investigations and Ground Water Monitoring, Division of Drinking and Ground Waters, 
Columbus, OH, 1995.)

Scale in
inches 

Slotted
screen 

FIGURE 4.23
PVC well screen. (Photo by Daniel T. Rogers.)
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formation from entering the well. The filter pack contains granular sand or gravel of uni-
form size and is placed between the aquifer formation and the well screen. The filter pack 
aids in screening out the fine particles within the aquifer mobilized by well pumping, so 
this device is important in aquifers composed of unconsolidated sediments that tend to be 
poorly sorted. Removing solid particles before they enter the well keeps the groundwater 
sample free from analytes of concern that may be sorbed onto sediment particles.

Many states require that the filter pack and the slot size of the well-screen be “engi-
neered,” based on the textural characteristics of the aquifer material. This is accomplished 
by performing a sediment size analysis of the aquifer material and creating a grain-size 
distribution curve. The desirable percentage of open slots in a well screen should be at 
least equal to the porosity of filter pack. Although desirable, this is not always achievable, 
particularly if the aquifer material consists of fine sand. Moreover, the cost of performing a 
grain size analysis of aquifer material to optimize the filter pack and the well screen is fre-
quently too great, especially considering the cost of having the drill rig and crew standing 
by while this analysis is being performed. As a result, we cannot overstate the importance 
of contracting an experienced drilling company that has already successfully installed 
monitoring wells in the area where you are working.

An annular or bentonite seal composed of bentonite clay is placed above the filter pack 
and above the well screen surrounding the casing. This placement of the seal helps to 
minimize potential infiltration from surface water and other fluids via the outside casing 
of the well.

Most monitoring well screens are 2 or 3.5 m (5–10 ft) long and 5 cm (2 in.) in diame-
ter. Many local regulatory agencies require well screens to be no more than 2 m (5 ft) 
in length. Monitoring wells installed in an unconfined aquifer generally straddle the 
water table, and these usually have a 3.5 m (10 ft) long screen (if allowed by the regulatory 
agency) to allow for the seasonal fluctuation of the water table. Half the well screen (2 m) 
is installed below the water table, with the other half above the water table. Monitoring 
wells installed entirely below the water table (termed fully submerged) have well screens 
2 m in length.

Installing more than one monitoring well per location may be required in cases of sig-
nificant aquifer thickness of over 6–8 m (20–25 ft). Multiple monitoring wells at a single 
location are installed to evaluate the groundwater quality vertically through the length 
of the aquifer. Figure 4.24 shows a cross section of an aquifer composed of sand with a 
saturated thickness of approximately 25 m (≈75 ft). In addition to the monitoring wells 
installed straddling the water table, three monitoring wells were installed as a set at 
three depths within the aquifer. One set straddles the water table, one set was placed 
at the approximate mid-point of the aquifer, and the last set was located at the bottom 
of the aquifer. However, in some cases, even installing three monitoring wells at one 
location may not be sufficient for gathering enough data to adequately understand the 
inner dynamics of a contaminant plume. An example of this is where multiple plumes are 
present. In this scenario, a technique termed High Resolution Aquifer Profiling is used 
and involves collecting numerous groundwater samples vertically at several locations 
to develop a detailed three-dimensional depiction of a groundwater plume or plumes 
(Welty et al. 2010).

Requirements for the design and installation of monitoring wells exist and vary state 
by state and often county to county. The differences occur for items such as obtaining a 
permit to install, location, depth, seals, certification, length of well screen, diameter of well 
screen, placement of screen, construction materials, and installation procedures. Before 
installing a monitoring well, state and local requirements should be examined.



154	 Urban	Watersheds:	Geology,	Contamination,	and	Sustainable	Development

© 2011 by Taylor & Francis Group, LLC

4.3.2.2  Groundwater Sampling

Collecting groundwater samples consists of a process involving the following nine steps 
(modified from Harter 2003):

 1. Preparation
 2. Inspecting and accessing the monitoring well
 3. Measuring the water level
 4. Purging the well
 5. Letting the well recover
 6. Measuring the water level
 7. Collecting the water sample
 8. Decontamination
 9. Securing the well after sampling

The preparation step involves the following:

• Establishing the list of parameters for analysis.
• Ensuring the purging and sample collection equipment including bailers and 

pumps are in working order; these items should be new or properly decontaminated.
• Verifying the correct type and quantity of gloves, splash protection, and other 

potentially required health and safety equipment are working properly; these 
items should be new or properly decontaminated.
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FIGURE 4.24
Cross section showing multiple monitoring wells, horizontally and vertically (in m).
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• Checking the proper function of the water quality measuring equipment; these 
items should be new or properly decontaminated. Equipment may include: tem-
perature, pH, conductivity, dissolved oxygen, reduction-oxidation potential, 
hydrogen sulfide, photoionization, explosivity, and lower explosive limit detec-
tion devices or meters.

• Ordering appropriate sample containers.
• Establishing appropriate protocol for sample labels.
• Making sure chain of custody and laboratory log-in sheets have been prepared in 

advance to the extent possible.
• Ensuring the sampling preservation, transport, and packing materials are appro-

priate, including: coolers, ice, sample preservation chemicals, filters, and any spe-
cialized laboratory instructions.

Figure 4.25a and b show accessing a monitoring well and lowering a Teflon bailer into a 
well. Figure 4.26 shows a water level indicator; it consists of a graduated tape measure 

(a) (b)

FIGURE 4.25
(a) Monitoring well cover; (b) Lowering a Teflon bailer down into a monitoring well. (Photos by Daniel T. Rogers.)

FIGURE 4.26
Water level indicator. (Photo by Daniel T. Rogers.)
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attached to an electronic sounding device at the tip that emits an audio alarm when water 
is encountered.

The depth to groundwater using the water level indicator should be measured from the 
top of the monitoring well casing to the water table surface. Usually a reference mark is 
placed at some common point on the top of the monitoring well casing, because accurate 
measurements to within 3 mm (1/100 of a foot) are routinely required when measuring 
the depth to groundwater. This mark should be consulted every time a water level mea-
surement reading is conducted to ensure consistency and accuracy because the top of the 
monitoring well casing is not always level.

As explained in Chapter 3, the elevation at the top of the casing of the monitoring well 
must also be measured accurately to determine the direction of groundwater flow. The 
geographic position and elevation at the top of the casing of each monitoring well should 
be measured by a licensed surveyor.

If the monitoring wells will be used for any length of time, usually more than 1 year, 
consideration should be given to periodically checking the elevation of each monitor-
ing well to ensure the elevation of the casing has not changed. The elevation can change 
from natural causes, such as frost heave, and from anthropogenic causes, such as damage 
caused if snow removal or other equipment accidentally run into the monitoring well.

Figure 4.27 is a photograph of a Teflon bailer containing groundwater with relatively 
high turbidity (cloudy appearance) extracted from the monitoring well located near the 
bottom of the picture. Teflon bailers are routinely used for collecting groundwater sam-
ples. The bailer pictured in Figure 4.27 has a check valve at the bottom that allows water 
to fill the bailer when groundwater is encountered as the bailer is slowly lowered into the 
well. After the check valve is engaged upon lifting of the bailer, water is prevented from 
escaping.

FIGURE 4.27
Teflon bailer containing groundwater. (Photo by Daniel T. 
Rogers.)
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4.3.3 Sediment Sampling

Sediment sampling is conducted with several types of specialized equipment. One instru-
ment commonly used is called a Ponar Dredge. A Ponar dredge is equipped with a set 
of jaws and is deployed in the open position while being lowered through the water col-
umn until it becomes embedded into the bottom sediment. Once the instrument is pulled 
upward with minimal force to avoid pulling it off the bottom, the jaws are engaged and 
come together as the instrument is raised. This sequence of events traps sediment in the 
instrument bucket. These types of samplers allow the collection of small or large samples 
depending on the size of the bucket (USEPA 2007).

Another popular sediment sampler is called a tube or grab sampler; it consists of a hol-
low tube typically constructed of stainless steel, PVC, or Teflon (Capri et al. 2005). These 
types of samplers are intended for collecting shallow sediment samples within water col-
umns of less than 1.5–3 m (5–10 ft). Proper function of these devices depends upon the 
presence of a strong water current or other associated factors that may cause the sampler 
to drift and not collect an appropriate sample size, or sample the wrong location.

4.3.4 Surface Water Sampling

Sampling surface water uses many of the same procedures as groundwater sampling. The 
first step in sampling surface water is evaluating the morphology and hydrology of the 
surface water body so appropriate sampling location(s) can be identified. Collecting an 
appropriate and representative sample of surface water also depends upon the type of 
surface water body; e.g., a lagoon, stream, lake, river, or spring.

Factors affecting sampling location include

• Chemical compounds of concern
• Depth of water body
• Flow rate
• Size
• Whether there is a specific location of concern
• Topography and composition of the bottom of the water body

Each surface water sample location should be marked and surveyed in case a future sam-
pling event is required. Placements of stakes, flags, or buoys are common ways to mark 
surface water sampling locations. The elevation of a surface water body is also measured 
during every sampling event to assess the current hydrologic conditions; e.g., drought or 
flood. Placing a benchmark on a stationary object, such as the bottom or side of a bridge, at 
the edge of a paved roadway, or building corner usually works.

In complex surface water settings, when measuring water quality data such as tempera-
ture, pH, and dissolved oxygen it helps to know if any stratification exists either horizon-
tally or vertically within the water column. Monitoring these factors improves the chances 
you will select appropriate sampling locations and an effective number of samples.

Surface water samples can be collected using a glass tube, pumps, or bailers, or 
obtained directly using a sample container as depicted in Figure 4.28. Specialized 
surface water instruments include the Kemmerer Bottle, Bacon Bomb Sampler, or Dip 
Sampler. These types of instruments are used from a boat or a bridge and are lowered 
into the water column and can collect a water sample from any depth. The exception 
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here is the Dip Sampler, which only collects samples from the surface and is essentially a 
sample container dipped into the water. Dip samplers are useful where access is limited 
(Figure 4.28).

4.3.5 Air Sampling

Conducting subsurface investigations sometimes requires sampling air. Some contami-
nants migrate through subsurface soil and groundwater and may come into contact with 
subsurface structures such as basements. When this event occurs, certain contaminants 
have the potential to accumulate in these subsurface void spaces and contaminant the air. 
Additionally, contaminants are released directly into the air and may become deposited 
on the ground or water surfaces.

Under certain conditions, air sampling is justified when conducting a subsurface envi-
ronmental investigation for three purposes:

• Evaluating whether the source of soil or water contamination originated from air 
deposition

• Protecting the health and safety of people during an investigation
• As part of conducting a risk assessment

Sampling for contaminants in air falls into two broad categories: contaminants in the vapor 
or gas phase, and contaminants as particulates or sorbed to particulates (USEPA 1991). The 
objectives of air sampling include the assessment of exposure for health reasons, and for 
normal or ambient air quality. Exposure monitoring usually is performed with indoor air, 
and ambient air monitoring is typically done with outdoor air.

4.3.5.1  Indoor Air Sampling

Before conducting any air sampling, a site inspection should be completed—especially if 
the sampling will be conducted indoors. The inspection seeks to identify two conditions: 

Sample
container 

FIGURE 4.28
Collecting a surface water sample using the dip method. (Photo by Daniel T. Rogers.)
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anything affecting or interfering with the proposed testing, and obvious sources of air 
contaminants.

The site inspection should include (New York Department of Health 2005)

• Type of structure
• Physical conditions
• Odors such as solvents, mold, sweet, sour
• Airflow and ventilation engineering design of the building, structure, or residence
• An analysis of potential contaminants sources including

• Chemicals used
• Chemical storage areas
• Chemical use areas
• Chemical disposal methods
• Chemical disposal areas

• Weather conditions

Conducting a chemical inventory is recommended prior to any indoor sampling. This 
inventory will greatly assist in providing valuable information concerning the identifi-
cation of the COC, and whether air sampling is necessary. Material Safety Data Sheets 
(MSDS) for each chemical at the site should be reviewed.

At least 24 h prior to conducting any indoor air sampling, the measures listed in the fol-
lowing should be avoided since they may skew the sample results (New York Department 
of Health 2005):

• Opening windows
• Operating ventilation fans
• Smoking
• Painting
• Using wood stoves or fireplaces
• Using kerosene heaters
• Operating or storing automobiles in a structure connected to the location where 

indoor sampling will be conducted (i.e., attached garage)
• Cleaning, waxing, or polishing furniture or other surfaces with petroleum- or oil-

based products
• Operating any lawn maintenance equipment including lawn mowers or other 

mechanical instruments using liquid fuels
• Using cosmetics, e.g., hairspray, deodorant, nail polish, nail polish removers, per-

fume, and cologne
• Applying pesticides and herbicides

Air samples should be collected from an adequate number of locations to understand the 
likely sources of potential chemical exposure, and to evaluate their potential exposure to 
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occupants at various locations. In private residences, air samples should be collected from 
all the floors, including the basement, and outdoors.

For comparison purposes, indoor samples collected from commercial or industrial set-
tings should be collected during normal operating hours and again during times when 
the facility or locations are not in operation and occupied. To ensure a robust sample—one 
that is representative of the conditions being tested and minimizes other influences—
samples should be collected for at least 1 h, and not more than 8 h.

Sample collection techniques vary depending on the analytical method(s) being used, 
and must conform to the specific sample collection method. Some methods also specify 
that duplicate samples must be collected. Indoor air sampling is either conducted on indi-
viduals or at stationary locations. Sampling conducted on individuals is either passive or 
by a sampler attached to a pump that pumps air through a filter or sampling media. This 
process captures potential contaminants and stores them until analysis can be conducted. 
To be as representative as possible, indoor air samples are usually collected within the 
breathing zone between 1 and 2 m (3 and 6 ft) above the floor.

4.3.5.2  Outdoor Air Sampling

Outdoor air sampling for particulates is conducted using high volume air sampling equip-
ment as depicted in Figure 4.29 (USEPA 1998). The ambient air sampling device shown 
pumps air from all directions across a 18 × 23 cm (7 × 9 in.) exposed filter inside the shel-
ter at flow rates ranging from 1.1 to 1.7 m3 (39–60 ft3) of air per minute. The roof design 
depicted in Figure 4.30 of the shelter is a standard design acting as a plenum above the 
filter to permit the free flow of air into the plenum space. The sizes of particles collected 
using the sampler range from 0.3 μ to as large as 25–50 μ in aerodynamic diameter, and are 
dependent upon wind direction and speed (USEPA 2008).

Filters used for collecting outdoor air sampling for particulates are composed of either 
glass or cellulose fibers. Glass fiber samples have been extensively used, and cellulose 
fiber filters are commonly used when sampling for heavy metals. One drawback to cellu-
lose fibers is their potential to increase the potential for adsorption of water and enhance 
artifact formation of nitrates and sulfates on the filter. The filters are kept in a clean and 
sterile environment prior to sampling at a constant temperature and a relative humidity of 
approximately 3%, and are precisely weighed (USEPA 1998). After the sample is collected, 
several parameters must be recorded, including

High volume
sampler

FIGURE 4.29
Outdoor particulate air sampler. (From United States 
Environmental Protection Agency, List of Designated 
Reference and Equivalent Methods for Air Sampling, 
United States Environmental Protection Agency 
National Exposure Research Laboratory, Washington, 
DC, 2008.)
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• Starting time and date
• Ending time and date
• Airflow rate
• Temperature ranges during sampling
• Relative humidity difference during sampling
• Summary of conditions that may affect results (construction activities in the 

area, etc.)
• Barometric pressure at start and end

4.4 Summary and Conclusion

Environmental subsurface investigations are very detailed scientific investigations. These 
investigations collect enormous amounts of geologic and hydrogeologic information, and 
significant amounts of other information. All of this information allows the profession-
als conducting the investigation to determine the existence of contamination at a site or 
property, and if the level of any contamination present requires a remedial action because 
it presents an unacceptable risk to human health or the environment.

Environmental investigations must be conducted with a high level of scientific care for 
several reasons: (1) because contaminants requiring a remedial action may be present at 
very low levels and precautions must be taken to minimize the chances of any cross-con-
tamination; (2) because the investigation and potential remediation must be conducted in 
such a manner as to enable their admission in a court of law; and (3) to protect the inves-
tigators from any exposure to contaminants while collecting and handling samples taken 
during field activities.

FIGURE 4.30
Airflow pattern through outdoor particulate sample. 
(From United States Environmental Protection Agency, 
List of Designated Reference and Equivalent Methods for 
Air Sampling, United States Environmental Protection 
Agency National Exposure Research Laboratory, 
Washington, DC, 2008.)
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Over the last 25 years, environmental subsurface investigations have been the most com-
mon type of environmental investigation conducted. In urban areas, they have provided 
extensive geologic and hydrogeologic information of the highest quality. Therefore, envi-
ronmental subsurface investigations can form the cornerstone of mapping the geology and 
hydrogeology of an urban watershed.

The next chapter uses geologic and hydrogeologic information obtained from urban 
environmental investigations along with other sources of geologic information and field-
work to map the geology of an urban watershed. This chapter provides the insight and 
tools necessary to take geologic information from numerous subsurface investigation sites 
within an urban watershed, and then generate a geologic map capable of telling the story 
of the near-surface depositional history of that same watershed.
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5
Urban	Geologic	Mapping

5.1 Introduction

The methods presented in this chapter provide the basic building block for under-
standing the geology and hydrogeology beneath urban regions. This chapter begins by 
explaining the process of interpreting and integrating information from the environmen-
tal investigations presented in Chapter 4 with other sources. The chapter concludes by 
combining this information with field mapping techniques to construct a geologic map 
of a watershed.

Geologic maps tell a story of the history of a particular area, and their intended users 
are geoscience professionals and the general public. Urban geologic maps present many 
new challenges to geologists and are typically complex to construct. One of the key chal-
lenges is to create an easily understandable and usable geological map for members of the 
nonscientific community. This should not come as a surprise to the geoscience community, 
since it has long been one of the major goals to construct geologic maps with the ability to 
clearly communicate scientific information to a diverse audience. John Wesley Powell, who 
as director of the USGS stated in 1888, “maps are designed not so much for the specialist 
as for the people, who justly look to the official geologist for a classification, nomenclature, 
and system of convention so simple and expressive as to render his work immediately 
available” (Powell 1888).

Effectively communicating complex information is joined by other unique challenges 
when developing urban geologic maps. As many geologists studying the geology of urban 
areas know, access and disturbance of the natural landscape present some of the greatest 
problems when trying to develop a map or while conducting an environmental subsur-
face investigation. The geologist must be clever, tenacious, and opportunistic because a 
large geological map base covering urban areas does not exist. Only recently has interest 
in geologic mapping of urban areas become a focus in the United States (USGS 1998, 2009; 
Great Lakes Geologic Mapping Coalition 2009). The unconsolidated near-surface geology 
of urban regions has been largely ignored because urban areas are not in the spotlight like 
areas with valuable natural resources or risk zones such as those prone to earthquakes or 
volcanoes. Despite this lack of high-profile attention, characterizing, understanding, and 
evaluating the geology at urban locations have been quietly conducted at tens of thou-
sands of sites throughout the United States, and these efforts collectively represent a mas-
sive information database of fundamental geologic knowledge.

The complexity associated with urban geologic maps is directly related to the charac-
teristics of the urban environment. As shown in Table 2.4, the vast majority of large urban 
areas in the United States are located on unconsolidated sedimentary deposits. Most of 
these areas are less than 2 million years old—young by geological standards—but com-
plex in nature by virtue of them having natural- and anthropogenic-induced unconformi-
ties as a common occurrence. These urban areas are also proximate to large amounts of 
surface water and groundwater, and this water plays a fundamental role in functioning as 
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the prime transport mechanism for contaminants. This combination of complex sedimen-
tary deposits and flowing water is why the shallow geologic environment beneath urban 
areas must be understood at a level of detail at least equal to, or even greater than other 
areas of the Earth, because these places are where we live and form the tightest bonds 
between nature and society.

Geologic maps thus form the foundation for ecosystem management (USGS 1998). The 
natural environment and the humans within it acquire an imposed organization resulting 
from the geologic framework at any given location. Geologic maps provide us with knowl-
edge of that framework. Specifically, a geologic map facilitates the basic means for evalu-
ating resources, evaluating hazards, and environmental data relative to human activities 
(Thomas 2004). As noted in Chapter 2, the arrangement, thickness, and composition of the 
sediment layers beneath our feet have a profound influence on where cities are located, 
how buildings are constructed, where roads are built, and how contaminants behave 
and affect people. Constructing a geologic map of a region or a specific site is critical and 
should be the first step in evaluating the development or redevelopment potential of an 
urban region or site (USGS 1998; Berg et al. 1999; Berg 2002). It is therefore not an exaggera-
tion to say that sustainable urban environments cannot be achieved without accurate and 
usable geological maps.

5.2 Geologic Mapping in an Urban Environment

Mapping the geology of urban areas increases our understanding of their fundamental 
natural processes and identifies the types and locations of anthropogenic impact to con-
sider during the sustainable development and redevelopment of city cores and outlying 
areas. Standards exist for geologic mapping (USGS 2010a) and always require that exten-
sive field work be completed when constructing a geologic map of a desired area (Maley 
2005). However, many urban locations are not accessible, often making it imperative to 
gather and evaluate as much reliable historical data and information as possible from mul-
tiple sources. The next nine sections present a sequence beginning with the collection of 
relevant information and ending with the preparation of the final urban geologic map.

5.2.1 Information and Mapping Challenges

Mapping the geology of an urban region presents many challenges to geologists and can be 
more difficult than mapping other regions (USGS 1998). Some of these challenges include

• Maintaining safety. Conducting field activities in urban areas poses many safety 
concerns, including physical hazards from equipment, machinery, automobiles, 
and other mechanical equipment. In addition, there may be other hazards such as 
heat stress and related hazards imposed by weather conditions and the require-
ment for wearing specialized personal protective clothing to prevent exposure to 
contaminants.

• Inaccessibility due to legal aspects of trespass and private property. Many loca-
tions of interest are not on public property and can only be accessed by receiving 
permission from private property owners.

• Areas covered with buildings and other anthropogenic structures obscure origi-
nal features and eliminate the possibility of physical inspection.
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• Developments such as parks, landfills, or other landscaped areas may cover, 
destroy, or remove original deposition features.

• Fieldwork—such as excavating test pits in a historic park—may significantly dis-
turb an area and create the need for expensive measures to restore the land to an 
acceptable standard.

• Influencing and altering the natural environmental balance through large con-
struction projects affect the subsurface environment. For example, the construc-
tion of a dam may raise the regional groundwater levels or flood areas with water 
before a sufficiently detailed geologic study can be conducted.

• Vegetative cover in urban areas occupies large amounts of surface area, especially 
in regions with humid climates. This extensive vegetative cover contributes to the 
difficulty in observing natural deposits and also increases the potential for dis-
turbing the natural deposits through either physical or chemical means.

• Introduction of chemicals and anthropogenic sources of water may destroy, dis-
turb, or dissolve original depositional features and deposits. Sources of these 
external change agents include
• Stormwater runoff
• Leaking sewers
• Landfills
• Old dumps
• Underground tanks
• Underground utilities
• Pipelines
• Septic systems
• Wastewater treatment plant discharges
• Industrial sites
• Fertilizer application
• Pesticides and herbicide application
• Vehicle exhaust deposition
• Old cemeteries
• Golf courses
• Fire-fighting efforts
• Tanker spills
• Brownfield sites
• Abandoned buildings
• Power plant particulate and water discharges (nuclear and coal)
• Acidic precipitation

5.2.2 Information Sources, Integration, and Evaluating Usability

To counter the challenges faced by mapping the geology of urban regions, geologists have 
to be more creative and diligent in pursuing the information necessary to adequately 
understand the geology of the near-surface urban environment.



168	 Urban	Watersheds:	Geology,	Contamination,	and	Sustainable	Development

© 2011 by Taylor & Francis Group, LLC

There are several sources of information in urban regions useful for geological pur-
poses, which, in some cases, may be more extensive than what is available for mapping 
undeveloped regions. Often, to be successful in gathering information on the geology 
of urban areas, the geologist must become a forensic geologist, because the near-surface 
unconsolidated deposits in many urban areas of the United States have experienced sig-
nificant disturbance. Being a forensic geologist means knowing and evaluating whether 
the information collected is reliable and valid and whether it should be included in the 
final urban geologic map.

Mapping the geology of an urban region begins with a literature review of existing data 
and publications using the following sources as a guide:

• Current and historical maps:
• Geologic maps
• Planning maps
• Historical highway maps
• Fire protection maps (often referred to as “Sanborn maps”)
• Topographic maps (7.5 min scale is best)
• Trail maps
• Historical interest maps
• Park and recreational maps
• Maps prepared for site-planning purposes; these often contain accurate loca-

tions of existing underground infrastructure and above-ground water man-
agement structures, such as detention basins

• Others
• United States Geological Survey studies and reports
• State Geological Survey studies and reports
• State and local water well records
• Army Corps of Engineers reports and studies
• Oil and gas records, studies, and reports
• Department of transportation studies and reports
• Building construction reports and permits
• Geotechnical reports and studies
• State and local environmental investigation reports and studies at sites of 

contamination
• State and local historical societies studies; publications, and photographs
• State and local universities and colleges
• Sources of historical aerial photographs
• Previously published scientific literature

You may think historical highway maps cannot provide valuable information to help 
understand the geology of a particular area or region—but this is simply not true. Old and 
even new highway maps provide valuable information on mapping the geology of urban 
areas (Bennison 1974).



Urban	Geologic	Mapping	 169

© 2011 by Taylor & Francis Group, LLC

A few examples include

• Names of highways and roads. The names of highways and roads sometimes pro-
vide insight into a region’s geology. For instance, a highway named “Ridge Road” 
creates a potential association between topography and geology. Others perform-
ing this task include Muddy Road, Sandy Flats, Rocky Road, Sandy Hill Road, 
Wash Road, Winding Road, Coastal Highway, Beach Highway, Marsh Creek Road, 
Peat Bog Road, etc.

• Location of cemeteries. Cemeteries provide information on a region’s geology, 
because cemeteries during the nineteenth and early twentieth centuries were usu-
ally located in areas of well-drained soil such as sand or gravel. This siting pre-
vented the occasional casket from popping out of the ground after burial; an event 
possible in more poorly drained soil such as a clay.

• Location of parks and recreational areas. Parks and recreational areas are often 
found in areas with a scenic or educational theme related to the geology of a region.

• Historical markers and historical sites. These locations often exist over or near 
significant natural disasters, battlefields, and trails.

• Locations of historical settlements and buildings. Before urbanization occurred, 
many historical settlements used foundation materials of native stone collected 
from nearby locations, and these items are useful when assessing a region’s geology.

These sources of information must be carefully inspected for integrity and usefulness. 
Perhaps, the information was not initially collected for geological purposes and may not 
have been collected by a qualified geologist. What if you are consulting historical geologi-
cal maps? Unfortunately, most historical mapping of urban regions was produced in two 
dimensions and did not map the subsurface geology to a depth of more than a few meters. 
Relying upon a two-dimensional map is problematic because effective and useful urban 
geologic maps produced for environmental purposes must represent three dimensions. 
This spatial requirement means these maps are much more complex and require signifi-
cantly more information (Barnes 1993). Some forensic methods described throughout this 
chapter can help evaluate the accuracy and ultimate usability of questionable historical 
geologic information.

Just when things are starting to sound bleak, we get some relief in the form of geologic 
and hydrogeologic information obtained from environmental investigations. These activi-
ties can supply much of the baseline information to evaluate whether questionable geologic 
information is usable and also supply the necessary geologic information to enable detailed 
three-dimensional mapping. In many urban areas, environmental investigations have been 
conducted at thousands of locations. A large percentage of these environmental investiga-
tions yield very detailed geologic and hydrogeologic information collected by qualified 
and certified professionals. This information is readily accessible through federal, state, and 
local environmental regulatory agencies. For example, over 3000 reports of the subsurface 
geologic investigations performed in the Rouge River watershed are available for review in 
one state agency, the Michigan Department of Environmental Quality (now the Michigan 
Department of Natural Resources and Environment) (MDEQ 2008). It is therefore quite pos-
sible the best sources of geologic and hydrogeologic information are within easy reach.

Figure 5.1 shows the location of nearly 500 sites where detailed and large-scale envi-
ronmental investigations have been conducted within the Rouge River watershed (Rogers 
1996). In terms of the geologic and hydrogeologic data collected, each site had a minimum 
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of 20 to sometimes more than 300 individual soil borings drilled and up to 80 monitoring 
wells installed. Investigative depths reached as deep as 30–45 m (100–150 ft) beneath the 
ground surface.

Environmental investigations in urban areas usually do not extend beyond 15 m (50 ft) 
beneath the surface. However, unconsolidated sediments in many urban areas extend to 
depths greater than 15 m and may even approach 305 m (1000 ft) or beyond as in Salt Lake 
City, Los Angeles, Phoenix, and Las Vegas to name a few (Halka 1983; Stokes 1989; Allen 
2003; Page et al. 2005; Bilodeau et al. 2007). The evaluation of data from these investigations 
can be supplemented and perhaps confirmed by the information supplied from well drill-
ers and well logs.

Water supply and exploratory wells are routinely drilled to depths exceeding 30 m 
beneath the surface and some may extend to over 45 m. Drillers installing water supply 
wells are often required to register the well with the appropriate local, county, or state 
officials and submit a written well log similar in many cases to the example shown in 
Figure 4.20. Water supply well logs often contain valuable and abundant sources of geo-
logic and hydrogeologic information. However, as stated earlier, care should be taken 
before accepting the accuracy of data from a water supply well or other similar sources 
providing geologic or hydrogeologic data because they may not have been conducted 
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Sites of extensive environmental subsurface investigation in an urban watershed.
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by a qualified professional. Therefore, some forensics are required. Cross-referencing 
the geologic information obtained during an environmental investigation with a water 
supply well log that was installed very close to the investigation site can provide infor-
mation on the accuracy and ultimately acceptability of the water supply well log. For 
instance, assume a water supply well was installed to a depth of 100 m on the same 
property where an environmental subsurface investigation was conducted to a depth of 
15 m. If the water well log correctly interpreted the geology in the upper 15 m, a reason-
able conclusion is that the water well driller correctly interpreted the geology at depths 
greater than 15 m.

There is another point regarding the installation of water wells worth mentioning here 
from a forensic point of view. Historically, it was not uncommon for a qualified geologist 
to accompany water supply well drillers during drilling operations, because this was the 
only source of affordable geologic information. On many occasions, the geologist’s name 
would appear on the water supply well log (Sherzer 1913; Mozola 1954, 1969). There is some 
benefit then to consult with geologists in the area who were historically employed by the 
United States Geological Survey, State Geological Survey, or who teach at local colleges 
and universities. This action will help evaluate and cross-reference the information when 
reviewing historical water supply well logs.

Geophysical information in various forms is capable of providing valuable geologic 
information to assist in geologic mapping both horizontally and vertically. Geophysical 
information is collectable in most urban areas without causing any disturbance and can 
be extremely useful in interpreting data between boreholes where the geology is known. 
Geophysical information is most helpful when the areas are inaccessible to other methods 
of collecting geologic or hydrogeologic information and within areas of complex geology.

5.2.3 Building the Conceptual Geologic Model

Following the review of existing information, a conceptual geologic model can generally be 
constructed. The conceptual model is a working draft geologic map of the desired region 
that identifies areas by their basic geologic processes. For instance, most urban areas are 
composed of unconsolidated sediments resulting from more than one type of geologic 
process; e.g., fluvial, glacial, alluvial, and marine. The conceptual model simply identifies 
geologic processes that formed the deposits along with their general location and horizon-
tal and vertical boundaries.

In many cases, enough information has been gathered to allow the initially identified 
geologic processes to be subdivided into individual geologic units or formations. It is dur-
ing this step when data gaps and difficulties in interpreting geologic information usually 
become apparent. These data gaps then form the basis for concentrating the field work 
activities described in the next section. Listing every data gap, irregularity, or area of inter-
est is recommended until each has been resolved with adequate certainty. After each data 
gap, irregularity, or area of interest has been addressed, reinterpretation of the conceptual 
geologic model is recommended to evaluate if any changes are necessary.

Another important decision to make while building the conceptual geologic model is 
whether anthropogenic deposits such as fill material and natural deposits, such as top 
soil or peat, should be included in the mapping process. Fill material is usually noted, 
but not included on a geologic map unless the areal extent is significant. Top soil may be 
noted at specific locations, but is generally not mapped unless the deposit is either (1) sig-
nificant in areal and vertical extent and/or (2) represents a peat or other similar material 
resulting from deposition in a current or former swamp, bog, or wetland as described in 
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Chapter 2. The investigator should pay attention to these deposits during the informa-
tion gathering phase of the mapping process. Then, he or she can make a determination 
whether the deposits are sufficiently large in scale compared to the map being developed, 
and if they contribute to the history and understanding of the area being mapped.

5.2.4 Fieldwork

Information gathered and evaluated from the sources listed in Sections 5.2.2 and 5.23 will 
assist the geologist in understanding the area to be mapped before extensive field work 
begins. The geologist must be skilled in understanding sedimentary processes and in 
identifying the difference between a natural and anthropogenic deposit. This is some-
times difficult even when there is a detailed understanding of the geology of a site or 
region. An example is the anthropogenic deposition of dredge materials noted in Section 
2.6.2, which can take on the appearance of a natural deposit due to the common presence 
of bedding layers indicating a stratified sequence of deposition. Complications such as this 
in many urban areas may require several rounds of fieldwork, literature search, and his-
torical forensic review before sufficient understanding can be achieved to construct a map.

Based on the authors’ review of large volumes of historical information and the con-
struction of numerous conceptual geologic models, fieldwork in urban areas is usually 
concentrated at the following locations:

• Areas with limited or no information, or areas with gaps or missing information 
in the existing data set

• Locations with geologic irregularities or complexities
• Areas with extensive anthropogenic disturbance
• Areas of geologic significance such as formation contacts and unconformities
• Areas where geologic processes of formation overlap or are located in close 

proximity
• Locations requiring confirmation of previous interpretations
• Areas not easily accessible
• Areas of ecological significance
• Areas with a high potential of encountering contamination

Geologic mapping in an urban area often requires the geologist to excavate through poten-
tially disturbed soil profiles to reach material representing naturally occurring deposits. 
This fieldwork is often a dangerous activity due in part to broken glass, metal fragments 
and other debris, underground pipes, and the existence of potentially harmful contamina-
tion. There may also be other hazards present, such as high vehicular traffic. Therefore, 
extreme care and proper planning should be employed, and the geologist should perform 
the following actions before conducting geologic mapping activities in the field:

• Conduct a reconnaissance of each area or location of interest
• Prepare a written scope of work for each desired location, including

• Purpose and objective
• Activities to be conducted
• Equipment list
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• Methods of investigation
• Sampling collection procedures
• Chain of custody (if required)
• Photographic documentation

• Obtain written permission of private property owner(s) if any type of invasive 
fieldwork may be conducted

• Obtain written permission from the local municipality or appropriate governmen-
tal agency if any type of invasive fieldwork has the potential of being conducted 
on public property

• Contact local utilities to ensure the proper marking of all utilities in the area where 
fieldwork is to be conducted

• Prepare an appropriate written health and safety plan before beginning fieldwork 
using the guidelines in Section 4.2.2

Fieldwork may simply consist of digging a test pit with a shovel or drilling a soil boring 
by hand using a hand auger. In some cases, test pits may be excavated using a backhoe 
or other type of excavator. If you are fortunate, many opportunities exist for conducting 
fieldwork without much effort. Areas under construction often offer the urban geologist 
ample opportunity to conduct field activities and mapping because the subsurface geology 
is already exposed for other purposes. Some of these locations or activities include

• Road building
• Subsurface utility work
• Excavation of foundations for new buildings or for repairing existing buildings
• Demolition activities where the footings and foundation of existing buildings are 

excavated and removed
• Sewer repair
• Stormwater control construction activities

Conducting inspections and fieldwork at construction sites provide the geologist with 
many opportunities to collect valuable data at a much lower cost, with less effort, and 
in a much shorter time. Contact local municipalities to assist fieldwork planning and to 
obtain the necessary permissions before construction activities begin. Review the build-
ing permits before the start of construction and contact the appropriate Department of 
Transportation and utility company personnel in areas where fieldwork is to be performed. 
Then secure the necessary permissions before conducting any activities and employ the 
appropriate health and safety measures.

Figures 5.2 through 5.4 document the exposure of the near-surface geology in an urban 
area and show the opportunities a construction site offers the geologist. Each example 
represents a good opportunity to gather an abundance of geologic information in a short 
amount of time and at no cost. Next to each figure is a stratigraphic column used later in 
this chapter to assist in building a geologic map and evaluating the recent geologic history 
of the region.

After examining the depositional layers from excavation pits as shown in Figure 5.4, 
evaluating and recording the strike and dip of the depositional units is required before 
a three-dimensional map can be developed (Lahee 1961). Strike refers to the attitude or 
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FIGURE 5.2
Geologic strata exposed at a construction site. (Photo by Daniel T. Rogers.)
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trend of a particular deposit. For instance, if a geologist were mapping a sandy beach 
deposit from an ancient lake and recorded the trend of the deposit at several locations, the 
geologist would be able to determine the size of the lake. The strike of a deposit, outcrop, 
or other planar feature is represented on a geologic map as a short straight line segment 
oriented parallel to the compass direction of the strike. The Dip is defined as the angle at 
which the geologic deposit, feature, or structure is tilted relative to the horizontal plane. 
The dip is represented on map as a line segment perpendicularly attached to the strike 
symbol.

For unconsolidated deposits, evaluating strike and dip is much more difficult to mea-
sure since the sediments being evaluated may be loose. However, measuring the strike 
and dip is still important and may provide valuable information concerning origin of 
the formation and whether the unit has experienced any type of deformation since being 
deposited. Evaluating a beach deposit from a former glacial lake provides an example of 
natural deformation. Many former beach deposits from former glacial lakes are not hori-
zontal because the strike of many glacial lake deposits dip very slightly away from the for-
mer glacial front. This dip provides an indication of the amount of isostatic rebound that 
has occurred since the glacier retreated and provides a basis for estimating the thickness 
of the glacier. Measuring the slight angle produced by this process requires high accuracy 
and precision since many deposits only dip 0.3–0.6 m (1–2 ft) per 1.6 km (mi) at most loca-
tions. In addition, measuring and evaluating strike and dip of unconsolidated deposits can 
also be used to evaluate whether the unit has experienced any anthropogenic disturbance. 
Figure 5.5 shows strike and dip of a set of layered deposits. Note the perpendicular dip 
direction with respect to the strike direction. Figure 5.6 shows the strike and dip of several 
geologic units and the corresponding information provided by strike and dip when con-
structing a three-dimensional representation of the data collected from a site. The numeri-
cal values on the figure represent the angle at which the units plunge into the subsurface.

Producing detailed intermediate maps showing the geology of an individual site is a 
crucial step in the process of constructing a three-dimensional geologic map of an entire 
region and watershed. Figure 5.7 shows a basic geologic map beneath a site where each 
number represents a distinct deposit; Figure 5.8 illustrates a planar representation of the 
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FIGURE 5.5
Concept of strike and dip.
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individual strata present at a given region; and Figure 5.9 is a composite map of the under-
lying geology shown in Figure 5.7 and the individual strata depicted in Figure 5.8.

Combining geologic information from many individual sites using facies analysis is the 
next step in constructing a three-dimensional geologic map for a region.

5.2.5 Facies Analysis

Facies are the characteristics of a sedimentary rock mass that reflects its depositional envi-
ronment. Facies analysis or cross-dating is a technique used to help understand sedimen-
tary environments and the processes leading to the origin of their sediments (Anderton, 
1985). Facies analysis can be performed when two or more stratigraphic columns are devel-
oped for different locations within a given area. Facies analysis is conducted to

• Evaluate the completeness of sedimentary deposits at any one location
• Identify any gaps in the depositional record
• Reconstruct the geologic history of a region
• Identify or confirm the historical occurrence of geological processes within a 

given region
• Reconstruct a succession of events
• Create a vertical succession of depositional record

The type of facies analysis most often employed to reconstruct the geologic history of 
a particular region is termed relative dating. This technique uses the four principles of 
stratigraphy introduced and described in Chapter 2 and repeated here for reference: (1) 
principle of original horizontality, (2) principle of superposition, (3) principle of cross-
cutting relations, and (4) principle of faunal and floral succession. Through the use of 
these four principles, facies analysis can evaluate and establish the chronology of depo-
sitional events within the area being mapped. For example, during the course of review-
ing historical literature and conducting fieldwork, it usually becomes apparent that a 
few locations contain a nearly complete and undisturbed vertical geologic section. These 
accessible columns essentially have preserved the depositional history so it can be studied 
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FIGURE 5.9
Composite block map developed from Figures 5.7 and 5.8.
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in detail and are called type sections. Once the chronology of deposition has been firmly 
established, a stratigraphic column can be constructed for the entire area being mapped 
(USGS 2007).

As shown in Table 2.4, many types of geologic processes are responsible for building the 
geologic history of the large urban areas within the United States. We will demonstrate 
the process of facies analysis using the stratigraphic columns from Figures 5.2 through 5.4 
because they contain a good record of the depositional history of the Rouge watershed. 
The stratigraphic columns from each site are presented in Figure 5.10.

The distance separating the three sites and represented by each column shown in 
Figure 5.10 is approximately 1.5 km. Each site is perpendicularly aligned (north to south) 
to the strike of the geologic units identified at each location (west to east). The lines drawn 
between each stratigraphic column connect geologic units appearing in more than one 
stratigraphic column such as the Lacustrine Beach Sand Deposit and the Lacustrine Silty 
Clay Deposit. The units of Fill Material and the Beach Dune Sand Deposit exhibit converg-
ing lines because they are not present in the other stratigraphic columns within the study 
area.

A simple analysis of the facies represented by each depositional unit in Figure 5.10 indi-
cates each site was once part of a former lake, with the beach and associated dunes located 
toward the west and the deeper water. The small amount of dip present between columns I 
and II (approximately 10 m per km) is also characteristic of these glacial lacustrine features. 
The presence of a lake between columns I and III is further confirmed by the absence of 
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the sand and dune deposits in column III toward the east and the continued presence of 
the lacustrine silty clay deposit.

It should be noted that the presence of sedimentary deposits dipping in this example 
represents the slope or contour of the original land surface and does not represent a struc-
tural cause such as faulting. However, some isostatic adjustment has occurred since the 
materials were deposited and is evident from an elevation rise in the beach elevation of 
approximately 1 m every 2 km toward the northeast. This rise is likely a result of the his-
torical glacial ice retreat from the region.

Additional analysis of facies also suggests the lake was once larger because a deposit 
of lacustrine silty clay is present beneath the beach sand deposit in Stratigraphic 
Column I. This suggests the lake was getting smaller and in a regressive stage before it 
disappeared. The absence of top soil in Stratigraphic Column I and the presence of fill 
material in Stratigraphic Column II also indicate anthropogenic disturbance.

Please do not get too comfortable—facies analysis is not always this straightforward. 
Gradational or interpolated boundaries between geologic units require separate and care-
ful treatment. Gradational boundaries occur both laterally and vertically and are fairly 
common in sedimentary deposits. Gradational boundaries should be identified and 
explained in the legend and accompanying text according to the following guidelines:

• Nature of the gradational boundary
• Cause of the gradational boundary
• Extent of boundary

A sufficient facies analysis contains numerous stratigraphic columns with enough areal 
coverage to enable an understanding of the region’s depositional history. This information 
allows for the construction of cross sections. Cross sections display the geologic deposits 
without any breaks or gaps between the stratigraphic sections and help facilitate the con-
struction of a three-dimensional geological map (USGS 2002). Some degree of interpreta-
tion is usually necessary to construct a cross section, and these finer points are explained 
in greater detail in the next section.

5.2.6 Developing and Constructing Cross Sections

A cross section is similar to facies analysis, but cross sections add levels of complexity and 
additional information. A cross section represents a view of the subsurface as though it 
was cut open and viewed from the side. Geologic cross sections are intended to be inter-
pretive and demonstrate the arrangement, relationship, structural composition, and depo-
sitional history of geologic units displayed in the cross section.

General guidelines for constructing a geologic cross section include

• Choosing appropriate horizontal and vertical scales
• Properly locating control points or points along the cross section where strati-

graphic sequences are known
• Ensuring the legend incorporates and explains each geologic material and feature
• Using appropriate symbols to identify each geologic unit
• Using appropriate orientations and landmark features
• Including vertical and horizontal scales
• Including a statement of vertical exaggeration
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When constructing a cross section, the amount of geologic interpretation between strati-
graphic sections depends upon the

• Number of stratigraphic sections
• Distribution of stratigraphic sections
• Number of data gaps requiring interpretation
• Complexity of each stratigraphic section

Selecting the line or slice direction is perhaps the most important operation when con-
structing a cross section. Usually, several cross sections are constructed to create a more 
complete picture of the vertical dimension and depositional sequence. Generally, the cross 
section containing the most significant information is one constructed as a perpendicu-
lar slice to the strike or trend of the geologic units being evaluated. These types of cross 
sections are most effective because more geologic units are usually represented, and the 
relationship, structure, and depositional history are more easily revealed and understood. 
This is especially relevant to urban watershed restoration efforts because the majority of 
the deposits existing below urban areas are sedimentary in nature.

An example cross section constructed perpendicular to the strike is shown for the Rouge 
River watershed in southeastern Michigan in Figure 5.11 (Rogers 1996, 1997; Kaufman 
et al. 2005). This cross section includes several types of sedimentary deposits of glacial, 
lacustrine, and fluvial origin commonly found in most urban areas of the United States. 
Figure 5.12 is a three-dimensional representation of several intersecting cross sections 
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(Great Lakes Mapping Coalition 2009). Cross sections of this type aid in interpreting the 
depositional history of the area being mapped.

5.2.7 Creating the Base Map

After the review of existing data, conducting field work, facies analysis, and construct-
ing cross sections, a base map can be prepared. The steps required to prepare a base map 
include (1) using appropriate nomenclature, (2) selecting appropriate symbols, (3) selecting 
the scale for the map, and (4) determining what type of map is most appropriate.

Using recognized and acceptable nomenclature and symbols ensures the geologic map 
being prepared maintains consistency and minimizes ambiguity. The standard nomen-
clature for geologic maps in North America is The North American Stratigraphic Code 
(American Association of Petroleum Geologists 2005). This code is used for naming, 
describing, establishing, redefining, and abandoning geologic units. For symbols, the 
standard is the Federal Geographic Data Committee Digital Cartographic Standard for 
Geologic Map Symbolization (USGS 2006). Items such as line symbols, point symbols, and 
colors and patterns used to portray the different features on a geologic map are covered 
by this standard.

The first step in preparing a geologic map is to start small and then add adjacent loca-
tions to build the entire map. One way to accomplish this process is to begin with a single 
geologic unit that is relatively simple or easy to identify in the field and then add adja-
cent geologic units both horizontally and vertically through the entire unconsolidated 
strata until bedrock is encountered. For reference, the applicable 7.5 min series USGS 
Quadrangle map (“quad”) is recommended to construct the field base map. The 7.5 min 
series quad is a 1:24,000 scale map—a scale suitable for many environmental applications. 
These maps also have valuable information to greatly assist in mapping any given area, 
including

• Each map is very accurate and reliable.
• Most urban areas in the United States have readily available 7.5 min series 

Quadrangle maps.

FIGURE 5.12
Several interconnecting cross sections. (From United States Geological Survey, National cooperative geologic 
mapping program, http://ncgmp.usgs.gov, 2009.)
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• Elevation contours are present to assist with the identification of geologic units 
and help establish formation boundaries.

• Many land features of interest to geologists are identified.
• Anthropogenic features such as developed areas, roads, and parks are identified.
• Natural features such as lakes, rivers, streams, forested areas, and points of inter-

est are identified.
• Each map is well labeled.
• Coordinates of longitude and latitude are present on each map.
• Magnetic declination is included on each map.
• The location of springs and wells are located on many maps.
• Information can be easily transferred to other mapping technologies such as geo-

graphic information systems (GIS) and three-dimensional maps.
• Many maps are available electronically, so areas with complex geology or areas 

requiring finer resolution can be mapped using larger cartographic scales.

Figure 5.13 presents a portion of a 7.5 min USGS series map.

5.2.8 Final Draft Map Preparation

Over 100 years ago, John Wesley Powell stated that “maps are designed not so much for 
the specialist as for the people.” He elaborates more on this topic (and we paraphrase here) 
by saying the system of convention selected should be simple and expressive, so the con-
cepts and processes depicted can be easily understood. Conveying geologic information 
with the simplest of terms is difficult and challenging, because the information is often 
very complex. Do not despair—there are several methods available to allow an effective 

River

Contour
line

Buildings

FIGURE 5.13
Portion of 7.5 min USGS series map of Fort Smith, Arkansas. (From United States Geological Survey, Geographic 
information system, USGS, Washington, DC, http://egsc.usgs.gov/ish/pubs/gis_poster, 2010b.)
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presentation of the information to intended users. Selecting an appropriate method or 
combination of methods depends on (1) the level of complexity, detail, and scale of the 
information and area being mapped; (2) the intended users, such as scientific or academic, 
land-use planners, or the general public; and (3) cost.

Some common methodologies used to prepare the map include

 1. Preparing a series of maps showing the regional development and evolution of the 
landscape of a particular region. These maps tend to lack great detail because the 
geographic scale is generally very large. The purpose of these maps is to convey 
major concepts of regional significance.

 2. Preparing several maps beginning with the deposition of the bottom or oldest 
layer of sediment, and then continuing with the display of distinctive inter-
vals of equal time or significant geologic events of deposition. These maps have 
advantages because they can be very detailed and focus on significant geological 
events.

 3. Adding geological processes that formed the sedimentary deposits such as stream 
or river succession, lake elevations, or glacial advances or retreats. This type of 
map combines the areal distribution of geological deposits with the methods of 
their formation. Although this type of map is very effective at conveying pro-
cesses with geological deposits, it may lack desired detail depending on the scale 
of the map.

 4. Producing maps in three dimensions. Constructing maps in three dimensions 
generally requires more time and effort, but has the benefit of providing better 
data gap analysis and integrating landscapes into the geologic map.

 5. Using GIS to combine geological maps with other digital data layers such as roads, 
buildings, parks, utilities, drainage patterns, proposed developments, and popula-
tion. A composite map representing the overlay of some or all of these layers can 
produce new information about the study area.

The most common methods are #3, #4, and #5, or some combination of each.

5.2.8.1  Succession of Maps

A succession of maps is one method used to decrease the time necessary to understand 
the geological processes responsible for the development of sedimentary deposits in urban 
areas. This technique presents complex processes gradually through the use of several 
maps that incrementally add complexities and depositional processes. At a regional scale, 
building layers showing different geological processes occurring at specified intervals 
and/or depicting the sequences forming deposits can simplify the communication of geo-
logic information. These types of maps can also incorporate three-dimensional and GIS 
formats to present the information.

An example of a succession of regional maps of the Great Lakes region is presented in 
Figure 5.14a through h (modified from Hough 1958, 1963). This map succession shows the 
regional development and evolution of the landscape for a particular region at a specific 
time—the Great Lakes during retreat of the last glacial advance of the late Pleistocene. 
These maps are general in nature and lack detail because their geographic scale is very 
large.
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The purpose of these maps is to (1) convey the concept of regional geological signifi-
cance; i.e., the glacial origin of unconsolidated sediments; and (2) provide a reference point 
for the next set of more-detailed maps presented as the figure sequence 5.15a through h. 
By starting at the general regional scale and then moving to the more detailed watershed 
scale, more information of a specific nature can be included. This progression illustrates 
the educational capability of this method.

The map succession shown in Figures 5.15a through h provides an example of how the 
use of progressive complexity at the smaller scale of an urban watershed can depict the 
processes forming the sedimentary deposits. For example, this sequence shows the glacial 
retreat and the associated sedimentary deposits in three dimensions. Figure 5.16 repre-
sents the current geology of the watershed in an enlarged format with a complete legend 
describing the stratigraphic column.

5.2.8.2  Three-Dimensional Maps

In addition to map sequences showing increasing amounts of information, three-dimen-
sional digital techniques are also available to develop geologic maps (USGS 2005).

Examples of three-dimensional maps are shown in Figures 5.17 and 5.18 (Great Lakes 
Mapping Coalition 2009). Figure 5.17 shows an area being mapped in three dimensions 
with the data derived from borings drilled within the site. Using this approach assists with 
mapping and data gap analysis while developing the final geologic map. Figure 5.18 shows 
a completed draft of a three-dimensional map.

5.2.8.3  Maps Using GIS

GIS are useful for displaying and integrating many sources of information, including 
geological maps of urban areas (Chang 2007). One advantage of using GIS is its popu-
larity in urban areas, and most major urban areas in the United States have significant 
GIS capabilities. Since the systems already exist, integrating geological information with 
other types of readily available layers of digital data provides a distinct cost advantage. 
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A common operation of a GIS is to combine specific digital data layers of similar geo-
graphic extent to produce new maps containing the input layers’ spatial and descriptive 
attributes. Figure 5.19 is an example of this layering process.

The use of multiple layers is recommended when constructing the base map using 
geologic data of similar types of formation. For example, you can use a layer for glacial 
deposits, fluvial deposits, lacustrine deposits, and marine deposits. Subdividing the input 
of information into layers also assists with the editing process and may also be used to 
develop multiple maps.

An example two-dimensional geologic map constructed using GIS of the Rouge River 
watershed is shown in Figure 5.20 (Rogers 1997).

Figure 5.21 is the stratigraphic column for the Rouge watershed. Stratigraphic columns 
list all geological formations depicted on a map in sequential order by age. Because 
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they list each deposit, stratigraphic columns are a necessary part of constructing a 
geologic map.

Many of the hydrogeologic principles demonstrated through the mapping of the Rouge 
watershed in southeastern Michigan are applicable to many other areas in the United 
States and the world. Some of these principles include

 1. Sediments are composed of geologic materials originating from several different 
sedimentary processes including fluvial, lacustrine, and glacial; this is very typi-
cal of most watersheds in the United States.

 2. The drainage pattern within the watershed is reflective of the geology depicted in 
Figure 5.16. Specifically, the drainage pattern changes density once the sand unit 
is encountered.
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 3. The dendritic drainage pattern of the Rouge watershed is similar to most inland 
urban watersheds lying over sedimentary rock anywhere in the world (even 
those not glaciated); coastal zones may be different because of regional tectonic 
influences.

 4. The trend or strike of the glacial and lacustrine deposits is generally from the 
southwest to the northeast and follows the retreating ice as the glaciers melted.

 5. The types of deposits change—sometimes significantly—over short distances. This 
is evident from the map as the deposits vary from glacial to lacustrine to fluvial.

The advantages of a three-dimensional map compared to a two-dimensional map become 
apparent by comparing Figure 5.16—a simplified three-dimensional map of the Rouge 
River watershed—with the two-dimensional geologic map of the Rouge River shown in 
Figure 5.20. These advantages include (1) showing the thickness of the sediment layers; (2) 
showing formations, such as the Lower Clay Unit, which is not even represented in the 
two-dimensional map; and (3) showing the dip, if any, of the geologic units.

FIGURE 5.17
Mapping in three dimensions using boring logs. (From Great Lakes Geologic Mapping Coalition, Geologic 
mapping introduction, Indiana Geologic Survey, http://igs.indiana.edu/GreatLakesGeology/introduction.
html, 2009.)

FIGURE 5.18
Three-dimensional geologic map. (From Great Lakes Geologic Mapping Coalition, Geologic mapping introduc-
tion, Indiana Geologic Survey, http://igs.indiana.edu/GreatLakesGeology/introduction.html, 2009.)
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5.3 Summary and Conclusion

In this chapter, we have introduced the concept of “forensic geology” and discussed many 
unique circumstances that offer the geologist valuable opportunities to observe and col-
lect geologic information in urban settings. This information can supplement and confirm 
geologic findings gathered onsite and on file from local and state regulatory agencies. 
These data can be used to develop urban environmental investigations in a short period 
of time and at low cost. By combining fieldwork with other sources of geological informa-
tion, a detailed geologic map of any urban watershed in the United States can be produced.

Geologic mapping in urban areas requires a special skill set: a thorough geologic knowl-
edge of near-surface sedimentary environments; the ability to identify the differences 
between natural and anthropogenic deposits; knowledge of the urban landscape; aware-
ness and expertise in the methods used for obtaining access to sites of interest and informa-
tion sources; and the facility to use a simple and expressive system to display the concepts 
and processes. Of these skills, the most critical, other than getting the geology right, is the 
presentation of data. Even the most detailed information database is rendered useless if it 
cannot be effectively and easily communicated. The use of multiple maps designed to add 
geologic knowledge and complexity through time, used alone, or coupled with GIS and 
three-dimensional mapping techniques, also helps simplify the communication of com-
plex information. In addition, these tools can integrate geological information with other 
useful forms of information for the intended audience.

After obtaining a detailed understanding of urban geology and hydrogeology, the next 
step in evaluating the sustainability of a watershed can begin. This involves organizing 
the geologic and hydrogeologic information and bringing in other important data sources 
to construct a geologic vulnerability map—the subject of the next chapter.

FIGURE 5.19
Example of GIS layered mapping capability. (From United States 
Geological Survey, Topographic mapping, Online edition, http://
egsc.usgs.gov/ish/pubs/booklets/topo/topo.html, 2010c.)
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(See color insert.) Geologic map of the Rouge River watershed produced using GIS. (From Rogers, D.T., Surficial 
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2 Sheets, 1997.)
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Unit name

Qaa — Recent Rouge River fluvial deposits

Qllu — Glacial lacustrine beach deposit Lake Lundy

Qlsg — Glacial lacustrine beach deposit Lake Grassmere

Qlswa — Glacial lacustrine beach deposit Lake Wayne
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Qll — Glacial lacustrine silty clay

Qws — Glacial lacustrine beach ridge Lake Whittlesey
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FIGURE 5.21
(See color insert.) Stratigraphic column of Rouge River watershed in southeastern Michigan. (From Rogers, 
D.T., Surficial geologic map of the Rouge River watershed in southeastern Michigan, Wayne County, MI, Map 
Scale 1:62,500, 2 Sheets, 1997.)
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6
Geologic	Vulnerability

6.1 Introduction

We have control over the chemicals we use, and where and how we use them. Control over 
the geologic environment, however, is beyond our means. Therefore, we must understand 
the geologic environment where our urban areas are located and develop methods to min-
imize or eliminate the potential harmful effects of contaminants upon human health and 
the environment. A logical first step to this end is through an understanding of urban geol-
ogy, followed by an evaluation of the extent that a given urban area’s geology influences the 
migration of contaminants. Since water plays a critical role in assessing a region’s vulner-
ability to contamination, the analyses performed during the evaluation step require an 
understanding of water occurring at the Earth’s surface and beneath.

As demonstrated earlier, urban areas within the United States and throughout the world 
share a geologic environment dominated by sedimentary deposits. Many of those sed-
imentary deposits are saturated with water and function as sources of drinking water 
and/or as hydraulic connections to surface water and sensitive ecosystems. Given these 
relationships, using a watershed approach during the assessment process is scientifically 
sound because the geology of a region greatly influences the surface drainage patterns and 
often contributes significantly to the baseflow of surface water. Moreover, as described in 
Chapter 3, water is considered the universal solvent, so any contamination released into 
the environment from anthropogenic or natural sources has the potential to migrate and 
impair surface water or groundwater.

The factors controlling the severity of the damage are (1) the hydrogeologic environ-
ment, (2) the physical chemistry of the contaminants and amounts released, and (3) the 
mechanism in which the release occurs (Rogers 1996; Murray and Rogers 1999a; Kaufman 
et al. 2005). As noted in Chapters 4 and 5, there are several techniques available for inves-
tigating and managing the complexity of urban water pollution. For example, a signifi-
cant amount of detailed geologic and hydrogeologic information for many urban areas is 
currently available to support environmental assessments. In addition, there are several 
methods that enable access to contaminated locations for conducting fieldwork, and pro-
cedures exist to collect the relevant data without causing disturbance to any natural or 
anthropogenic surface features.

Despite the availability of specific methods and procedures, the environmental assess-
ment of many urban areas can become a daunting task. This situation arises because the 
near-surface geologic deposits in urban areas are poorly understood, difficult to study, 
complex, have been anthropogenically disturbed, and exhibit high variability over short 
distances. Therefore, to achieve any level of success in mitigating environmental contami-
nation, it becomes a prerequisite to understand the watershed’s hydrology, and the fate 
and migration of contaminants within its specific geology.

The focus of this chapter is to identify urban regions vulnerable to contamination and 
those areas where widespread contamination is less likely. To accomplish this task, an 
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additional level of interpretation consisting of a comprehensive vulnerability analysis is 
added to the near-surface geologic maps of urban areas presented in Chapter 5. This chap-
ter also explains why certain types of geology may be especially susceptible to contamina-
tion—a topic explored and discussed in greater detail later in this book.

6.2 Subsurface Vulnerability and Vulnerability Map Development

The concept of vulnerability of the subsurface to contamination originated in France 
during the 1960s and was introduced into the scientific literature by Albinet and Margat 
(1970). Since then, the concept of subsurface vulnerability has evolved to include both a 
distinction between and combination of vulnerability and risk assessment. Groundwater 
vulnerability is currently interpreted as a function of the natural properties of the overly-
ing soil or sediments of the unsaturated zone, aquifer properties (e.g., effective porosity 
and recharge area), and aquifer material (Foster and Hirata 1988; Robins et al. 1994; Rogers 
et al. 2007).

Geologic vulnerability mapping can be divided into two groups: subjective rating 
methods and statistical and process-based methods (Focazio et al. 2001). The subjective 
rating methods are characterized by numerical scales representing low to high vulner-
abilities. Typically the results are applied to large areas and used for policy and manage-
ment objectives. By contrast, the statistical process-based methods produce finite values, 
such as areas exceeding specific water quality values. With these methods, the results are 
usually not applied to large areas due to data gaps and variable geology. In addition, the 
results are generally obtained under more detailed site-specific assessments and used for 
purely scientific purposes (Focazio et al. 2001). In practice, the subjective rating methods 
are preferred for conducting vulnerability assessments on a watershed scale (Murray and 
Rogers 1999a).

The concept of geologic vulnerability relies on the assessment and representation of 
various hydrogeologic parameters such as vadose zone characteristics (e.g., thickness and 
infiltration capacity), depth to water, and amount of recharge (Zaporozec and Eaton 1996; 
Eaton and Zaporozec 1997). The utility of this concept, however, becomes more important 
when the geologic data are supplemented with environmental, economical, and political 
insight gained through past environmental cleanup efforts (Foster et al. 1993; Loague et al. 
1998). A specific example of this data augmentation is provided at the end of the chapter.

Successful development of geologic vulnerability maps can be difficult to achieve in 
areas experiencing rapid growth. As noted in Chapters 2 and 3, urbanization and the arti-
ficial infrastructure it produces (e.g., sewers and detention ponds) can have a profound 
influence on the regional hydrogeology (Vuono and Hallenbeck 1995; Zaporozec and Eaton 
1996; Kibel 1998). Basic processes affecting surface water and groundwater are modified, 
including surface water drainage patterns and velocities, evaporation rates, infiltration, 
and aquifer recharge (Burn et al. 2007; Garcia-Fresca 2007; Howard et al. 2007; Mohrlok 
et al. 2007). The difficulties in vulnerability map development are also compounded by the 
differences in the amount and type of geologic and hydrogeologic information available 
in urban areas and rural settings. For these reasons, a uniform assessment of data while 
conducting vulnerability studies in urbanizing areas is difficult to achieve.

Geologic vulnerability mapping provides a starting point for quantifying anticipated 
environmental risk at a particular site and can also highlight locations where additional 



Geologic	Vulnerability	 197

© 2011 by Taylor & Francis Group, LLC

information is warranted. In lieu of specific site information, this risk assessment can serve, 
if necessary, as a proxy for anticipated future cleanup costs. Additionally, this method can 
be used by other interested parties and stakeholders during the recycling of industrial 
sites to estimate the liability of sites (Stiber et al. 1995; Murray and Rogers 1999b). With 
respect to water resource allocation, since surface and groundwater interact, mapping 
groundwater also provides valuable information concerning their respective distributions 
(Rogers and Murray 1997; Pierce et al. 2007).

We demonstrate later in the book how it is often impossible or prohibitively expensive to 
clean up contaminated groundwater effectively. This reality is why a better approach for 
ensuring groundwater quality is to map actual groundwater contamination, and ground-
water potentially vulnerable to contamination, and then to use this information as an 
integral part of land use planning and management (Zaporozec and Eaton 1996). Then, 
the information gathered through the process of geologic vulnerability assessment would 
allow decision makers to assess the current and future environmental risks associated 
with any particular site as long as it was contained within the area mapped.

6.3 Methods

The evaluation of geologic vulnerability in an urban watershed using a subjective rating 
method requires a combination of geologic and hydrogeologic data, identification of the 
potential receptor sites, and political and economic information. The first and most crucial 
step is mapping the near-surface geology. Once the geologic map is created, the process of 
developing a geologic vulnerability map can be initiated.

The authors (Murray and Rogers 1999a; Kaufman et al. 2003, 2005) have developed a 
method for geologic vulnerability mapping using a modified DRASTIC model (Aller 
et al. 1987). This method contains a subjective numerical rating system and uses differ-
ent weighting coefficients for various geologic and hydrogeologic parameters of concern, 
and incorporates potential receptors and political data into the model. The geologic and 
hydrogeologic factors used to develop the conceptual geologic vulnerability model were 
introduced and discussed in detail in Chapters 2 and 3. Listed below are those geologic 
and hydrogeologic factors, along with the political, ecological, and environmental factors 
covered in Chapter 4 that are routinely collected during environmental subsurface inves-
tigations at known or suspected sites of contamination (Rogers 1996; Murray and Rogers 
1997; Rogers 2002; Kaufman et al. 2003, 2005):

• Soil or sediment type, composition, color, texture, thickness, and relative soil 
moisture

• Stratigraphy of geologic units
• Horizontal and vertical extent of geologic units
• Variation within geologic units (heterogeneity and anisotropism)
• Type of primary and secondary features
• Presence, extent, and structure of unconformities
• Presence of groundwater
• Depth to groundwater



198	 Urban	Watersheds:	Geology,	Contamination,	and	Sustainable	Development

© 2011 by Taylor & Francis Group, LLC

• Relative abundance of groundwater
• Groundwater flow direction
• Areas of groundwater recharge
• Areas of groundwater discharge
• Groundwater–surface water interaction features
• Anthropogenic features including

• Storm sewer placement relative to groundwater elevations
• Utility corridors
• Building footings and other subsurface structures
• Landfills
• Artificial recharge basins
• Surface water confinement features
• Dams
• Stormwater retention or detention basins
• Large paved areas
• Artificial surface drainage pattern alteration
• Roads and road cuts

• Potential receptors or points of potential exposure:
• Water supply wells
• Irrigation wells
• Surface water bodies such as lakes, streams, rivers, swamps, bogs, springs, 

groundwater seeps, etc.
• Buildings and building foundations
• Parks, schools, playgrounds, day care facilities, retirement communities, hos-

pitals, long-term care facilities, etc.
• Potential sources of contamination:

• State and federal lists of environmental contamination
• Hazardous waste facilities
• Abandoned dumps
• Brownfield sites
• Historical industrial manufacturing sites
• Electrical generating facilities
• Gasoline service stations
• Dry cleaning facilities
• Refineries
• Other known or identified sources

Taken together, these factors provide a framework for the evaluation of the geologic vul-
nerability within any urban area. This framework is constructed through the development 
of a vulnerability matrix and scoring system as shown in Table 6.1 (Murray and Rogers 
1999a; Rogers and Murray 2002).
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A sequential description of the vulnerability matrix parameters presented in Table 6.1 
follows:

• Depth to groundwater. The closer to the surface groundwater is encountered the 
higher the geologic vulnerability because contaminants have a shorter distance to 
migrate vertically before encountering saturated conditions.

TABLE 6.1

Geologic Vulnerability Matrix and Scoring System

Parameter 
Identification 
Number Parameter Description

Rating 
Strength

1 Depth to groundwater
<3 m (10 ft) below the ground surface 10
3–10 m (10–30 ft) 5
>10 m 1

2 Composition, areal extent, and thickness of soil units in the unsaturated zone
Thick and extensive sequence of sand and gravel 10
Interbedded sands and clay deposits 5
Thick and extensive sequence of clay 1

3 Composition, areal extent, and thickness of saturated zone
Thick and extensive sequence of sand and gravel 10
Interbedded sands and clay deposits 5
Thick and extensive sequence of clay 1

4 Occurrence and relative abundance of groundwater
25% or less likelihood before encountering an confining layer 10
25%–74% likelihood 5
>75% likelihood 1

5 Area of groundwater recharge
Significant area of recharge 10
Moderate area of recharge 5
Not a significant area of recharge 1

6 Areas of groundwater discharge
Significant area of recharge 10
Moderate area of recharge 5
Not a significant area of recharge 1

7 Travel time and distance to point of potential exposure
<10 years 10
10–25 years 5
>25 years 1

8 Source of potable water
Current source of potable water 10
Potential source of potable water 5
Not a potential source of potable water 1
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• Depth to groundwater varies widely across the United States depending on 
geology, climate, and anthropogenic influence. For example, groundwater 
is routinely present at depths very near the surface along the east coast and 
southeast; from a few meters to tens of meters in the Midwest; to perhaps sev-
eral hundred meters in the southwest. With respect to anthropogenic influ-
ence, the landscape in urban areas is characterized by extensive modifications. 
The natural hydrology is altered by the impervious surface, the construction 
of stormwater retention basins, and the use of more permeable areas for arti-
ficial recharge or groundwater storage. In addition, leaks from sanitary sew-
ers, storm sewers, potable water lines, and surface watering (especially golf 
courses) may profoundly impact the depth to groundwater and the direction 
of flow locally or over larger areas.

• Composition, areal extent, and thickness of soil units in the unsaturated zone. Composition 
of soil or sediment above the water table is important to evaluate because it helps 
to determine whether the soil or sediments above the water table will impede 
the vertical migration of contaminants through the soil or sediment column. 
For instance, clay soils are fine grained and generally impede or slow migra-
tion, whereas sand and gravel deposits tend to facilitate contaminant migration. 
Interbedding of geologic units is also considered.
• Other significant factors include the presence of unconformities, primary 

and secondary porosity and the potential for unsaturated soils located above 
aquifers to be subject to anthropogenic disturbance. For instance, a clay layer 
that is 6 m thick may appear to significantly impede the vertical migration 
of contaminants. However, if portions are excavated, or if the integrity of the 
clay has been compromised by vertical fractures, root fragments, or anthropo-
genic activities, these events increase the potential for contaminant migration 
through the overlying clay into groundwater (Murray et al. 1997).

• Scoring this value therefore involves a consideration of multiple factors. With 
the 10-point scoring system, sands and gravels typically receive 10 points. Clay 
deposits of adequate integrity, thickness (generally more than 3–6 m thick), 
and areal extent receive a score of 3 or less.

• Composition, areal extent, and thickness of saturated zone. Composition, areal extent, 
and thickness of aquifer materials are important factors because they influence 
the rate and direction of groundwater flow. Risk may be higher in a scenario 
where the saturated thickness is 23 m (75 ft) and the material is composed of sand, 
as opposed to a saturated thickness of 1 m composed of silt. The areal extent and 
thickness of the aquifer must also be evaluated to establish whether multiple aqui-
fers exist and are hydraulically connected. For instance, using the example above, 
if the 1 m thick saturated silt layer was hydraulically connected to the 23 m thick 
saturated sand layer; this would change the risk evaluation.
• In an urban environment, perched saturated zones often result from anthropo-

genic influences. Construction activities such as roads, building foundations, 
and utility corridors are backfilled with porous materials, and then become 
more porous than natural soils and sediments. Over time these porous back-
filled materials become saturated with water. Therefore, investigative activities 
must be very detailed in nature to evaluate the significance of potential anthro-
pogenic influences on the hydrology of the area being investigated and mapped.
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• Scoring this parameter is similar to scoring the composition of the unsaturated 
zone (parameter #2). In practice, however, the factors determining the score are 
the areal extent of the saturated zone and whether the aquifer is hydraulically 
connected to additional or larger aquifers. If a saturated zone is encountered 
and evaluated to be perched or discontinuous and therefore isolated, the scoring 
value of 1 may be assigned. However, if the saturated thickness is 23 m and lies 
within a mappable geologic formation, the scoring value of 10 may be assigned.

• Occurrence and relative abundance of groundwater. This parameter is similar to the 
depth of groundwater (parameter #1) but focuses on whether groundwater is pres-
ent at relatively shallow depths, and of a sufficient quantity to sustain a rate of 
withdrawal. A key aspect of this measure is whether any groundwater is encoun-
tered before a confining layer. The abundance of groundwater relates to the trans-
missivity of the formation and is not intended to focus on whether groundwater 
is encountered.
• With this parameter, there is high scoring variability depending on the type of 

materials in the deposit. Consider an extensive deposit composed of saturated 
sand and gravel. This deposit would tend to have a much higher transmis-
sivity value, and would likely receive a high vulnerability score of 8 or more. 
When this deposit is compared to a similarly extensive and saturated silty clay 
deposit with a low relative transmissivity, the silty clay deposit would receive 
a score of 5 or less.

• Area of groundwater recharge. This parameter focuses on the source of groundwater. 
If the area being evaluated is a source for groundwater recharge, its risk will be 
higher than an area not considered a significant source of groundwater discharge.
• Special care should be taken in urban areas to evaluate the anthropogenic 

sources of groundwater recharge. Significant anthropogenic influences 
include storm water infiltration, sanitary sewer leakage, and water supply 
leakage. Other human impacts to consider are detention basins and wetland 
modification.

• Areas of groundwater discharge. This parameter requires an understanding of 
groundwater flow at different geographic scales; including specific sites, off-site 
areas of larger extent, and the entire watershed.
• The migration and final discharge locations for groundwater includes an 

understanding of the relationship between groundwater and surface water, 
and permits an evaluation of the potential for interconnecting aquifer systems 
and discharge to deeper aquifers. It is also essential to understand the geology 
of a region and the potential influence of unconformities associated with the 
depositional units within the watershed.

• Travel time and distance to point of potential exposure. In general, the longer the time 
and distance required for a contaminant to reach its potential point of exposure, 
the lower the risk. This is true for most contaminants that degrade naturally in the 
environment.
• Evaluating anthropogenic influence with this parameter is also important. For 

instance, if groundwater is used as a source of potable water and pumped 
from the ground using extraction wells, the residence time of potential con-
taminants in the aquifer may be greatly reduced.
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• Source of potable water. If the aquifer encountered beneath a particular site is used 
as a source of potable water or is connected to a source of potable water, the risk 
increases.

Evaluating this parameter must also include other potential uses besides the provision of 
drinking water. Further information may be necessary to identify those uses and accu-
rately score this parameter.

6.4 Map-Building Example

Because of its diversity, a good example of building a geologic vulnerability map is pro-
vided by the Rouge River watershed located in southeastern Michigan (Figure 6.1).

As noted in Section 1.2, several key features making the Rouge River watershed an ideal 
watershed to study include

• It is an urban watershed
• It has varied geology and hydrogeology
• There are different stream patterns and densities throughout
• The population is high: approximately 1.5 million people
• The watershed has been studied extensively

St. Clair

MacombOakland
Livingston

Washtenaw

Rouge
watershed

Monroe

Wayne Rouge River watershed

Michigan

Rouge River watershed

FIGURE 6.1
Rouge River watershed.
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• There is an abundance of geologic and hydrogeologic data
• It has a long history of industrial output
• It has significant environmental impacts
• It has similar geology to many other cities in the United States

The Rouge River watershed has over 200 km of streams, tributaries, lakes, and ponds, and 
encompasses an area of approximately 1200 km2 (460 mi2) (Murray and Rogers 1999a). The 
fan-shaped watershed includes all or part of 47 municipalities in three counties. Over 66% 
of the watershed has been developed, and in the year 2000, 99% of the watershed’s popula-
tion lived within the U.S. Census-defined urbanized areas—making it the watershed with 
the highest population density in the eastern United States (Kaufman et al. 2003).

The near-surface geology of the watershed is dominated by glacial deposits, glacial 
lacustrine deposits, and the recent fluvial deposits from the Rouge River itself. The glacial 
deposits are generally greater than 61 m (200 ft) in thickness, the glacial lacustrine deposits 
are rarely more than 9 m (30 ft) thick, and the recent fluvial deposits are generally less than 
3 m (10 ft) thick (Farrand 1982, 1988; Rogers 1996, 1997c). Distinctive geologic units identi-
fied and mapped within the watershed include

• Four different surface moraine units that include the Fort Wayne Moraine, the 
Outer and Inner Defiance Moraine, and the Birmingham Moraine

• Glacial outwash deposits
• Several beach deposits composed of sand from historical glacial lakes
• Silt and clay deposits from historical glacial lakes
• Recent fluvial deposits from the Rouge River
• A ground moraine or lodgment till composed of clay underlies the entire water-

shed beneath the near surface deposits described above
• A sand and gravel deposit located beneath the ground moraine in the center por-

tion of the watershed. This feature represents a fluvial deposit from a large river 
that was present before the last glacial advance approximately 22,000 YBP

• Weathered bedrock encountered beneath the ground moraine at other locations
• Bedrock composed of shale, limestone, and sandstone of Paleozoic age present 

beneath the unconsolidated units

The geologic map and stratigraphic column for the watershed are shown as Figures 5.20 
and 5.21, respectively. The geologic map of the Rouge River watershed was produced using 
the methods described in Chapters 4 and 5 and included information from more than 3000 
subsurface environmental investigations conducted within or adjacent to the watershed. 
Production of this geologic map also relied on the information gathered from numerous 
sources of historical literature.

Anthropogenic effects within the Rouge River watershed have been numerous and 
significant. Surface water and groundwater within the watershed have been severely 
degraded. In recent assessments, the Rouge River was ranked as one of the most toxic sites 
in Michigan (Michigan Department of Environmental Quality 2008). The watershed is also 
the focus of ongoing intense scientific study and restoration. It has been identified as an 
Area of Concern by the International Joint Commission (Hartig and Zarull 1991) and cited 
as a significant source of contamination to the lower Great Lakes (Murray and Bona 1993). 
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Rouge River sediments have shown a significant presence of heavy metals and polychlo-
rinated biphenyls (PCBs) (Michigan Department of Natural Resources 1988; Murray 1996; 
Murray et al. 1999).

Shallow groundwater within the Rouge River discharges to surface water and accounts 
for most of the baseflow (Rogers and Murray 1997). Average annual precipitation amounts 
and the geology of the watershed determine this flow pattern. Climatically, the Rouge 
watershed is situated within the humid microthermal zone of the Midwestern United 
States, meaning the Rouge River is effluent and fed by groundwater entering as baseflow. 
With respect to its geology, the lower clay unit (ground moraine or lodgment till) that com-
pletely underlies the watershed is very thick (ranging from 9 m to more than 55 m thick), 
has a very low hydraulic conductivity (less than 1 × 10−8 cm/s), and does not show signs 
of unconformities or features suggesting any significant secondary porosity (i.e., verti-
cal fractures or root fragments). Therefore, the lower clay unit is a very effective confin-
ing layer. This type of formation is not uncommon. Most other areas in North America 
glaciated during the Pleistocene have similar ground moraine or lodgment till deposits 
of similarly low hydraulic conductivity (Keller et al. 1989). This is a significant finding 
because any contamination that does not degrade and reaches groundwater will eventu-
ally migrate and discharge to the surface waters of the Rouge River. From there the con-
tamination subsequently discharges into the lower Great Lakes (Rogers and Murray 1997; 
Rogers 1997a). Figure 6.2 shows this discharge sequence based on the flow patterns of the 
watershed’s surface water and groundwater.
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FIGURE 6.2
Surface water and groundwater flow patterns in the Rouge River watershed. (Murray, K. et al., Dissolved heavy 
metals in shallow ground water in a southeastern Michigan urban watershed, Journal of the American Water 
Resources Association, 2006, 42(3), 777–792. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission.)
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Using this geologic, hydrogeologic, and anthropogenic-impact information, a vulner-
ability matrix was developed and is presented in Table 6.2 (modified from Murray and 
Rogers 1999b; Rogers and Murray 2002). The geologic units with the highest geological 
vulnerability (represented by the total score column) were the outwash unit, recent fluvial 
deposits associated with the Rouge River, and the sand unit of glacial lacustrine beach ori-
gin. The next group of units with moderate risk were the four surface moraine units. The 
geological units with the lowest risk were a sandy clay unit, silty clay unit, and an upper 
clay unit, all associated with the glacial lacustrine deposits.

The outwash, recent fluvial, and sand units were evaluated to be the most geologically 
vulnerable geologic units in the watershed because they are generally composed of coarse-
grained sediments, have an abundance of groundwater, and account for the majority of 
the base flow of surface water to the Rouge River. The four moraine units were of mod-
erate risk because they are composed of finer-grained deposits, have less abundance of 
groundwater, and do not serve to recharge groundwater or discharge to surface water as 
significantly as the outwash, recent fluvial, or sand units. The low vulnerability units are 
the sandy clay unit, sandy and silty clay unit, upper clay unit, and the lower clay unit. 
These geological units generally do not have an abundance of groundwater, are very fine-
grained units, and generally impede the migration of groundwater.

Using the surface geological map of the Rouge River watershed (Rogers 1997b) as a base 
map, and the information contributing to the construction of Table 6.2, Figure 6.3 was 
developed as the geologic vulnerability map for the Rouge River watershed (Rogers 1997c).

6.5 Demonstrating the Significance of Vulnerability Mapping

As noted by Foster et al. (1993) and Loague et al. (1998), the significance of geologic vul-
nerability is not appreciated until it can be put into environmental, economic, or political 

TABLE 6.2

Rouge River Geologic Vulnerability Scoring

Geologic Unit

Parameters and Vulnerability Scoring

Total Score Rank1 2 3 4 5 6 7 8

Outwash unit 10 9 9 10 10 10 10 10 79 1
Recent fluvial 10 6 6 8 10 10 10 10 70 2
Main sand unit 10 9 9 10 10 10 6 1 65 3
Other sand units 10 8 8 10 10 10 6 1 63 4
Moraine unit 1 5 7 7 8 8 10 5 10 60 5
Moraine unit 2 5 6 6 7 7 10 5 10 56 6
Moraine unit 3 5 5 5 7 7 10 5 10 54 7
Moraine unit 4 5 4 4 6 6 10 5 10 50 8
Sandy clay unit 4 3 3 4 1 1 3 1 20 9
Sandy and silty clay 
unit

4 2 2 4 1 1 3 1 18 10

Upper clay unit 3 1 1 3 1 1 2 1 13 11
Lower clay unit 

(ground moraine unit)
1 1 1 1 1 1 1 1 8 12
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FIGURE 6.3
(See color insert.) Geologic vulnerability map: Rouge River watershed. (From Rogers, D.T., Geologic sensitiv-
ity map of the Rouge River in southeastern Michigan, Wayne County, MI, 1:62,500. 1 Sheet, 1997c.)
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perspective by actually cleaning up sites of environmental contamination. Therefore, to 
evaluate whether certain geologic units are vulnerable to contamination, a comparison 
between specific sites located in low geologic vulnerability areas to sites located in high 
geologic vulnerability areas must be conducted. If valid, the geologic vulnerability map-
ping should confirm that the sites situated above high vulnerability locations pose greater 
risk of exposure than sites located above low vulnerability locations.

For this analysis, a site of low vulnerability located in a geological environment pre-
dominantly composed of clay sediments (Site 1) is compared to a high vulnerability site 
located in a geological environment predominantly composed of sand (Site 2). Both sites 
are located in the Rouge River watershed and are separated by only 11 km (7 mi). However, 
Site 1 (1) is significantly larger than Site 2 (approximately twice the size), (2) has a much 
longer heavy industrial operational history (operated approximately 40 years longer), and 
(3) has significantly more contamination and types of contaminants (nearly 10 times the 
mass and three times as many contaminants) released into the environment.

Without considering the geology of each site, it would be logical to assume the environ-
mental risks were higher at Site 1, and the associated clean up costs would be higher and 
reflect its contamination history. We now determine if the vulnerability map predicts these 
outcomes.

6.5.1 Site 1: Low Vulnerability Site

Site 1 is a former heavy manufacturing facility located on approximately 16 ac of land 
that operated for approximately 70 years. A Phase I environmental site assessment was 
required by the lending institution and conducted due to a real estate transaction involv-
ing the property. This initial assessment identified six recognized environmental condi-
tions (RECs).

During the next investigational period (Phase II), several subsurface investigations 
were conducted at the facility and four main sources of contaminant release were identi-
fied that required remediation. These sources are shown as areas of impact on Figure 6.4 
and include (1) surface spills, (2) an aboveground storage tank, and (3) spills and leaks of 
hazardous liquids located in waste storage areas. Other sources or releases were identi-
fied during the course of evaluating the site but were not severe enough to warrant fur-
ther action.

The six RECs identified during the Phase I investigation included

• Former chemical storage areas. Evidence of surface staining indicating some spillage 
of liquids was observed on bare ground near the two former storage areas. No 
staining was observed near the current storage area.

• Current storage area. The current storage area was located inside the main manu-
facturing building (northern building). The concrete flooring was heavily cracked, 
providing a potential pathway for spills and leaks to contaminate the ground 
beneath the building.

• A former above-ground storage tank that stored gasoline. A limited amount of surface 
staining was observed at the general locations of the tank.

• Surface soil staining and stressed vegetation. These conditions were observed near a 
backdoor of the facility and close to an inside location where maintenance activi-
ties were conducted and dense nonaqueous phase liquid (DNAPL) solvents were 
used.
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• Stained soil and stressed vegetation were observed at a location of bare ground 
where deliveries to the facilities were conducted, and where materials including 
liquids were offloaded from trucks.

The initial Phase II investigation involved drilling 15 soil borings in areas with the highest 
likelihood of detecting contamination. This initial subsurface investigation had the fol-
lowing objectives: (1) begin to characterize the subsurface geology of the site, (2) identify 
the contaminants that were suspected to have been released, and (3) evaluate the magni-
tude of contaminants present by collecting and analyzing “worst-case” samples from each 
area of suspected contamination.

The results confirmed the presence of contamination at five of the six RECs identified 
during the Phase I environmental site assessment. Those compounds detected were at 
significant concentrations and required further evaluation. The current storage area was 
eliminated as an area of concern because contamination could not be confirmed through 
the drilling of three soil borings into the most visibly vulnerable areas of the concrete and 
the analysis of six soil samples.

Three additional investigation phases were conducted to define the nature and extent of 
contamination. During the subsequent phases, a total of 40 additional soil borings were 
drilled and six monitoring wells were installed to evaluate whether there was enough 
groundwater present for analysis and to establish the direction of groundwater flow. In 
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FIGURE 6.4
Generalized site map of Site 1 located in a low vulnerability area.
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many of the soil borings, more than two soil samples were analyzed to gather data on the 
vertical extent of contamination. The maximum depth of the soil borings was 4.6 m (15 ft) 
beneath the surface in impacted areas, yet the vertical extent of contamination did not 
exceed a depth of 1.5 m (5 ft). The monitoring wells indicated damp to moist soils existed 
at some locations within very thin layers of silt. These silty layers were just a few milli-
meters thick and were also observed in soil samples collected from some of the soil bor-
ings drilled during investigative activities. After the monitoring wells failed to detect any 
groundwater seepage, they were pulled from the ground and the boreholes sealed with a 
bentonite clay grout.

Characterization of the geology at the site was accomplished by drilling a soil boring 
to a depth of 12 m (40 ft) in a nonimpacted area. In general, the site was underlain by a 
clay deposit from a Pleistocene age glacial lake that occupied the region more than 12,000 
years before the present. Historical geological literature of the region indicates a ground 
moraine or lodgment till deposit extended to depths of approximately 55 m (180 ft) beneath 
the ground at the site. Table 6.3 details the geology between the ground surface and 12 m 
(40 ft) beneath the site.

Other pertinent technical and geological information concerning the site included

• Storm sewers in the immediate vicinity did not intersect any of the contamination
• Surface water drainage was controlled by storm sewers
• No buried utilities intersected contaminated areas

TABLE 6.3

Description of Geology for Site 1

Geologic 
Unit Depth (m) Color

Soil 
Class

Moisture 
Content Description

Fill 0–0.6 Gray to brown Fill Dry Fill material consisting of sand and silt, 
and some construction debris 
including brick and wood fragments. 
Fill material ranges from 0.3 to 0.6 m 
(1–2 ft) thick throughout the site and 
is not present beneath the buildings.

Clay with 
some silt

0.6–2.4 Light brown CL Dry to moist Light brown clay with occasional very 
thin, discontinuous silt layers 
indicating layered deposition. Silt 
layers range in thickness from less 
than a millimeter to not more than 
two millimeters.

Clay 2.4–12 Light olive gray 
to blue gray

CH Damp Blue to gray colored ground moraine 
clay. Upper portions very plastic. No 
visible signs of any silt or original 
depositional structures to indicate 
depositional layering of any sort. Very 
consistent in lithology and color with 
depth. No signs of larger grained 
materials such as pebbles. 
Groundwater was not observed at the 
contact between the upper lacustrine 
clay and the ground moraine lower 
blue clay.
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• Potable water was supplied by the municipality and the source was more than 
16 km (10 mi) away

• The contamination did not extend beyond the property boundary

The types of contaminants detected at the facility included

• Volatile organic compounds (VOCs) including
• DNAPLs commonly referred to as chlorinated solvents used to degrease and 

clean metal surfaces
• Light nonaqueous phase liquids (LNAPLs) used as solvents, paint thinners, 

and cleaning products, and are common constituents in fuels such as gasoline
• Polynuclear aromatic hydrocarbons (PNAs or PAHs) commonly used as lubricants 

and motor oils and cutting fluids
• PCBs used in electrical equipment
• Heavy metals (arsenic, chromium, and lead) commonly used in paints and pig-

ments, batteries, and metal plating

A list of specific chemical compounds, highest concentrations detected, and estimated 
contaminant mass remediated are listed in Table 6.4.

Soil excavation and disposal of the contaminated soils at a licensed landfill was the 
remedial method of choice for the contamination at this site. The overriding considerations 
for selecting this method were: the contaminated areas were less than 1.5 m deep and 
were not located beneath any buildings; the activities could be conducted quickly with-
out disturbing ongoing facility operations, and it represented the lowest cost alternative. 
Approximately 5,400 m3 (7,000 cubic yards)—equivalent to 9,072 ton of soil (10,000 ton)—
was excavated and transported to a local landfill for disposal. The total cost for investiga-
tion and remediation was approximately $400,000. This translates into a remediation cost 
per kilogram of contaminant of $362 ($800/lb).

After the remediation was verified by the regulatory authority through the collection 
and analysis of the soil samples taken from each area remediated, closure was granted 
and a “No Further Action Required” letter was issued for the site. The closure was 
deemed unrestricted, meaning the site had been remediated to comply with residential 
land use requirements. Eighteen months had elapsed since the Phase I environmental site 
assessment.

6.5.2 Site 2: High Vulnerability Site

Site 2 is a former heavy manufacturing facility approximately 3.2 ha (8 ac) in size that oper-
ated for 30 years. Figure 6.5 shows the layout of the site.

The Phase I environmental site assessment identified four RECs:

• Two former chemical storage areas. Evidence of surface staining indicated some spill-
age of liquids at one storage area located on bare ground near an area storing 
waste paints. An additional waste storage area was located on stained asphalt 
pavement that was heavily cracked and broken.

• A former underground storage tank. This underground storage tank once stored 
gasoline and was identified as a REC because during its removal (1) it was not 
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physically inspected by a qualified professional and (2) confirmatory soil samples 
were not collected and analyzed from the excavation pit to verify the tank did 
not leak.

• Surface staining. Surface staining and stressed vegetation were observed near the 
former location of a back door near the location where solvents were used inside 
the manufacturing building, labeled “Main Building” on Figure 6.5.

The multiple Phase II subsurface investigations conducted at the facility identified four 
main sources of contamination resulting in the release of contaminants and requiring 
remediation. These sources of contamination included four areas with a track record of 
prior spills. Other sources or releases were identified during site evaluation but were not 
severe enough to require further action.

TABLE 6.4

Contaminant Types, Concentration, Mass Remediated for Site 1

Contaminant
Maximum 

Concentration (μg/kg)a

Estimated 
Contaminant Mass 
Remediated kg/(lb)

VOCs 91/(200)
DNAPL compounds

Tetrachloroethene 60,100
Trichloroethene 45,000
Cis-1,2-dichoroethene 20,000
Trans-1,2-dichloroethene 3,000
Methylene chloride 800

LNAPL compounds
Ethyl benzene 10,000
Xylenes 10,000
Acetone 280
Carbon disulfide 200

PNAs 113/(250)
Naphthalene 339,000
Acenaphthalene 18,000
Fluorene 22,000
Phenanthrene 280,000
Fluoranthene 156,000
Pyrene 13,000
Benzo[a]anthracene 4,800
Benzo[a]pyrene 3,200
Dibenzo[a,h]anthracene 1,800
Indeno[1,2,3-cd]pyrene 1,400
Chrysene 11,000

PCBs 16,000 2.2/(5)
Heavy metals 23/(50)

Arsenic 23,000
Chromium 530,000
Lead 930,000

a μg/kg = micrograms per kilogram.
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Map of Site 2 within an area of high vulnerability. (From Rogers, D.T., The importance of site observation 
and followup environmental site assessment—A case study, in: Groundwater Management Book 12 National 
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The initial subsurface investigation conducted involved drilling 12 soil borings in 
areas with the highest likelihood of detecting contamination. This operation was per-
formed with similar objectives to those at Site 1: characterize the geology; identify the 
contaminants; and analyze the worst case samples. The results confirmed the presence 
of contamination at three of the four RECs identified in the Phase I environmental 
site assessment. Contaminant concentrations in near-surface soil were also detected 
at sufficient levels to require further investigation. The one location not pursued for 
further investigation was near the former underground storage tank. Four soil borings 
made at the location of this tank and the analysis of four soil samples taken from the 
soil beneath the tank did not confirm the presence of contamination above detectable 
concentrations.

Groundwater was encountered at a depth of 3.0–3.7 m (10–12 ft) beneath the surface of 
the ground during the initial investigation. Temporary monitoring wells were installed 
at select locations to evaluate the possible presence of groundwater impacts and to esti-
mate the direction of groundwater flow. The analytical results suggested the presence of 
groundwater contamination likely originating from on-site sources. This finding was con-
firmed because there were levels of several contaminants exceeding applicable cleanup 
criteria, and the same contaminants were detected in near-surface unsaturated soil at the 
locations where the RECs were identified but were not detected in soil or groundwater at 
upgradient locations.

Six additional investigation phases were conducted to define the nature and extent of 
contamination. During these subsequent phases, a total of 132 additional soil borings were 
drilled, with many of the soil borings having multiple samples analyzed to help character-
ize the vertical extent of contamination. A total of 80 monitoring wells were installed to 
define the nature and extent of impacts to groundwater.

The general subsurface geology of the site immediately beneath the surface consisted 
of a sand deposit originating from a Pleistocene age glacial lake that occupied the region 
more than 12,000 years before the present. Specific geology beneath the site consisted of 
sand from the surface to a depth of 7.9–9.8 m (26–32 ft). Beneath this glacial lacustrine beach 
sand deposit was a ground moraine or lodgment till deposit extending to a depth of least 
23 m (75 ft). Historical geological literature of the region indicated that the ground moraine 
or lodgment till deposit extended to depths of approximately 60 m (200 ft) beneath the 
ground in the area. Table 6.5 describes the geology between the ground surface and 23 m 
beneath the site.

During the investigation, multiple groundwater monitoring wells were installed at the 
same location but were screened at different depths within the saturated zone to evaluate 
the vertical distribution of contaminants within the aquifer. Several samples of the ground 
moraine deposit beneath the aquifer were also analyzed for the presence of contamina-
tion and for certain hydrologic parameters (such as hydraulic conductivity and grain size 
analysis) to evaluate whether the ground moraine deposit was an effective confining layer, 
preventing contaminant migration to deeper aquifers. In addition, three deep soil borings 
were drilled to a depth of 23 m in nonimpacted areas of the site to verify the horizontal 
distribution and thickness of the ground moraine deposit.

Other technical and geologically related information relevant to the site analysis 
included the following:

• Storm sewers in the immediate vicinity did not intersect any of the contamination
• Surface water drainage was controlled by storm sewers
• No buried utilities intersected contaminated areas
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• Potable water was supplied by the municipality and the source was more than 
24 km (15 mi) away. However, some local residences used groundwater within the 
same aquifer for irrigation purposes

• Contaminated groundwater extended beyond the property boundary approxi-
mately 365 m (1200 ft)

A complex groundwater flow pattern existed at the site. The site was located on a ground-
water divide where groundwater flowed to the east and slightly north in the northern por-
tion of property, but flowed toward the southeast on the southern portion of the property. 
Figure 6.6 shows the on-site groundwater flow pattern.

The types of contaminants detected at the facility included

• VOCs including
• DNAPLs commonly referred to as chlorinated solvents used to degrease and 

clean metal surfaces
• LNAPLs used as solvents, paint thinners, and cleaning products, and are com-

mon constituents in fuels such as gasoline
• PCBs used in electrical equipment

The specific chemical compounds with their highest concentrations detected and esti-
mated contaminant mass remediated are listed in Table 6.6.

The highly permeable soil and shallow groundwater depth (i.e., the vulnerable geol-
ogy) allowed VOCs to rapidly infiltrate and migrate to groundwater. In addition, the high 

TABLE 6.5

Description of Geology for Site 2

Geologic 
Unit Depth (m) Color

Soil 
Class

Moisture 
Content Description

Sand 0–7.9 Medium orange SW Dry to 3.0–3.6 m, 
then saturated

Medium- to coarse-grained sand 
with occasional pebbles. Evidence 
of bedding present. Thickness of 
bedding layers ranges between a 
few millimeters to 3 cm.

Clay with 
some silt

7.9–9.1 Light brown SM Saturated Fine-grained sand. Immediately 
grades into blue clay. Sharp 
contact. Evidence of clay 
intraclasts in lower portion of 
sand indicating an erosional 
surface.

Clay 9.1–23 Light olive gray 
to blue gray

CH Damp to dry Blue to gray colored ground 
moraine clay. Upper portions very 
plastic. No visible signs of any silt 
or original depositional structures 
to indicate depositional layering 
or any sort. Very consistent in 
lithology and color with depth. 
No signs of larger grained 
materials such as pebbles.
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TABLE 6.6

Contaminant Types, Concentration, Mass Remediated for Site 2 High 
Vulnerability Site

Contaminant

Maximum 
Concentration 
in Soil (μg/kg)

Maximum 
Concentration in 

Groundwater (μg/L)a

Estimated 
Contaminant Mass 
Remediated kg/(lb)

VOCs 45/(100)
DNAPL compounds

Tetrachloroethene 22,000 3,250
Trichloroethene 8,000 2,200
Cis-1,2-dichoroethene 5,000 1,800
Trans-1,2-dichloroethene 480 280
1,1-Dichloroethene 640 220
1,1,1-Trichloroethane 2,800 2,100
Vinyl chloride 1,100

LNAPL compounds
Ethyl benzene 32,000 240
Xylenes 28,000 130

PCBs 7,000,000 Not detected 13.6/30

a μg/L = microgram per liter.
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groundwater seepage velocities resulted in a VOC plume extending one-third of a mile to 
a downgradient spring, and ultimately discharged into a recreational lake and the Rouge 
River. The map in Figure 6.7 shows the extent of the VOCs in groundwater and the location 
of the downgradient spring.

PCBs were not detected in groundwater. Therefore, excavation and disposal of the PCB-
contaminated soils at a licensed landfill was the remedial method of choice because the 
impacted soils were less than 1 m in depth, were not located beneath any buildings, could 
be conducted quickly, did not disturb ongoing facility operations, and was the lowest cost 
alternative.

Excavation was also the remedial action of choice for soils highly impacted with VOCs. 
This method was chosen because there was not a substantial volume of impacted soil with 
VOCs, as the sandy soils at the site had a low capacity for retaining VOCs. As a result, the 
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VOCs tended to migrate downward through the soil column and contaminate groundwa-
ter without adsorbing to soil grains.

The remedial method chosen for groundwater was air sparging and soil vapor extraction 
since the contaminants in groundwater were VOC compounds and did not extend past the 
mid-portion of the saturated zone. Air sparging involved the injection of air beneath the 
impacted groundwater and then letting the air rise naturally through the saturated zone. 
As the air migrated upward through the saturated zone, it volatilized the contaminants, 
and the vapors containing the VOCs were removed using a soil vapor extraction system 
in the vadose zone. The vapors were removed from the air by passing them through a 
granular activated carbon tank.

The VOCs contaminating groundwater at this site were DNAPL compounds having a 
specific gravity slightly greater than water. Therefore, when present at sufficient concen-
trations, DNAPL compounds may sink through the water column and contaminate lower 
portions of an aquifer. This sinking action did not occur at this site because its geology and 
hydrogeology—in effect a stratigraphic control—prevented the VOCs from migrating to 
the bottom of the aquifer. As listed and described in Table 6.5, the composition of the aqui-
fer gradually became finer grained with depth, and the hydraulic conductivity decreased 
proportionately. This reduction of hydraulic conductivity, combined with low contami-
nant mass in groundwater, resulted in restricting contaminants to the upper portion of the 
aquifer. With the VOCs restricted to the upper portion of the aquifer, air sparging became 
the most practical remediation technique.

The time duration between the Phase I environmental site assessment and the receipt 
of the closure letter was approximately 14.5 years. The dollar costs for remediating this 
site stacked up this way: the PCB-contaminated soil, including investigation, was $1.1 
million; $0.1 million for the VOC-contaminated soil; VOC-contaminated groundwater, 
including investigation, was $6.6 million. The total cost for investigation and remedia-
tion of this site was $7.8 million, which translates into a cost of $27,180/kg ($60,000/lb) of 
contaminant.

Remediation was verified by the regulatory authority through the collection and analy-
sis of the soil samples from each area remediated. In addition, four iterations of groundwa-
ter samples over a period of 1 year were made until cleanup levels were achieved. Closure 
was then granted and a “No Further Action Required” letter was issued for the site. A risk 
assessment was also conducted for the site and was designed to determine if the residual 
contamination at the site would pose an ongoing and unacceptable risk to human health 
and the environment. Locations included in this evaluation were the on-site areas with 
persistent soil contamination, and the on-site and off-site areas with contaminated surface 
water and groundwater.

The results of the risk assessment indicated that a deed restriction was appropriate for 
the site property and banned the use of groundwater for any purpose. A cap consisting of 
asphalt pavement was also required for portions of the property where some soil contami-
nation remained in place, and if any soil were to become disturbed or exposed, another 
evaluation must be conducted to evaluate the need for further remedial actions. Land use 
for the property was restricted to industrial use.

6.5.3 Site Comparison Analysis

A profound difference between these two examples is seen in the cost per kilogram to 
remediate the contaminants. Despite the smaller acreage, shorter time of industrial 
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operations, and low contaminant mass released to the environment, the cost to remediate 
a kilogram of contaminant at the site of high vulnerability (Site 2) is 75 times greater than 
to remediate a kilogram of contaminant at the low vulnerability site (Site 1). This cost dif-
ferential is solely due to the geology present at each site.

The high vulnerability site is located in a geologic area (a sand) that is environmentally 
vulnerable to contamination because (1) the highly permeable soil allows contaminants to 
infiltrate readily and migrate to groundwater and (2) contaminant plumes are transported 
at relatively high seepage velocities in the sand aquifer to potentially sensitive receptors 
that include potable water wells and surface water. The costs for the high vulnerabil-
ity site would have been much higher had the contaminants migrated along the bottom 
portion of the aquifer; this is sometimes the case with the type of contaminants present 
(DNAPLs) since they are denser than water. Luckily, the decreased hydraulic conductivity 
within the lower portion of the aquifer prevented this from happening at the higher vul-
nerability site. In addition, the costs would have been significantly higher had there been 
a completed human pathway represented by the ingestion of contaminated groundwater. 
Table 6.7 summarizes the major differences between these two sites of environmental 
contamination. Please note that the vulnerability map ranking accurately predicted the 
relative costs of remediation.

TABLE 6.7

Site Comparison Table

Parameter Site 1—Low Vulnerability Site 2—High Vulnerability

Predominant geology Clay Sand
Presence of shallow groundwater No Yes
Size of site 6.5 ha (16 ac) 3.2 ha (8 ac)
Length of operation 70 years 30 years
Land use Heavy industry Heavy industry
Types of contaminants VOCs, PNAs, PCBs, and 

heavy metals
VOCs and PCBs

Number of contaminants remediated 27 9
Contaminant mass remediated 227 kg 59 kg
Cleanup criteria Same as Site 2 for 

overlapping compounds
Same as Site 1 for 
overlapping compounds

Cleanup costa $400,000 $7,800,000
Remedial methods (soil) Excavation Excavation
Remedial methods (groundwater) Remediation not required Air sparging and soil vapor 

Extraction
Other remedial control measures None, unrestricted closure Restricted closure included:

• Deed restriction
• Institutional controls
• Industrial land use only

Timeframe 18 months 14.5 years
Cost per kilogram of contaminant $362 $27,180
Vulnerability ranking using Table 6.2 13 65

a Cleanup costs include costs for investigation and remediation.
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6.6 Summary and Conclusion

Through the construction of a vulnerability map, we have combined the knowledge 
gained from Chapters 2 through 5 to explain the relationship between the natural envi-
ronment and human influence in urban areas. As stated in the introduction of Chapter 
2, the arrangement, thickness, and composition of the sediment layers beneath our feet 
have a profound influence on where cities are located, how buildings are constructed, 
where roads are built—and perhaps most important to the development and redevelop-
ment of our urban centers—how contaminants behave and how they affect the environ-
ment and people. The two case studies presented in this chapter have highlighted this 
relationship—but they are a just a small subset of the thousands of examples of this 
important concept and its multifaceted connections.

As demonstrated by comparing the two sites in this chapter and as we shall see in the 
next section of this book—once the environment has been contaminated at levels that pose a 
human or ecological risk—it is often very expensive to remediate, especially when ground-
water is affected. Furthermore, it may be impossible to fully remediate some sites even with 
the most advanced technology. Therefore, minimizing wastes and preventing pollution have 
proven to be the most effective methods for reducing costs, and ultimately, preserving our 
environment. The two examples highlighted in this chapter are not uncommon. Tens of thou-
sands of industrial and even commercial and residential sites in the United States have con-
taminated soil and groundwater to levels requiring one or more expensive remedial actions.

The realization that certain locations or areas within urban regions are especially vul-
nerable to contamination offers even greater promise for resolving future environmental 
issues. Geologic vulnerability analysis of urban regions produces essential information 
for evaluating the environmental and financial risks associated with development and 
redevelopment. By minimizing the impact of pollution once a release has occurred, certain 
geological features may play, if we so choose, a central role in the development and rede-
velopment of an urban area.

However, the story does not end here because geology alone is not responsible for dic-
tating the environmental risks and the costs of remediating contamination. The physical 
chemistry of contaminants themselves also plays a central role. Until now the focus has 
been on learning the geology of urban areas and how the geology of a particular area 
or watershed influences environmental risk. The next section of this book introduces the 
next piece of the environmental risk puzzle—the contaminants themselves. And as will be 
demonstrated, the physical chemistry of specific contaminants shares top billing with the 
existing environmental geology when estimating the environmental risk.
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7
Common	Contaminants	in	Urban	Watersheds

7.1 Introduction

Pollution and contamination are now used synonymously to mean the introduction into the 
environment by humans of substances that are harmful or poisonous to human health 
and ecosystems (Van der Perk 2006). Over time the term pollution evolved to include not 
only substances, but also energy wastes such as heat, light, and noise. Because our concern 
in this book is primarily with chemical substances, we will use the term contamination 
throughout.

A chemical or substance becomes a contaminant when it is released into the environ-
ment either inadvertently or improperly—at the wrong place or in the wrong amounts. For 
example, milk becomes a contaminant when large quantities are released into a stream. 
In urban areas, contaminants are everywhere—in the air, soil, water, inside buildings, 
and in our homes. As stated in Chapter 4, most households contain chemicals that would 
be considered contaminants if they were released into the environment or disposed of 
improperly. These chemicals include the following (Figure 7.1):

• Cleaners
• Solvents
• Gasoline for lawn maintenance, snow removal, and other purposes
• Pesticides
• Herbicides
• Lawn fertilizers
• Some paints
• Oil
• Grease
• Dirt

In addition, the list of common household products shown in the following would 
become contaminants if they were improperly disposed:

• Computer equipment
• Televisions
• Some electrical equipment
• Most batteries
• Some building products
• Wood with certain applied preservatives or coatings
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Thousands of environmental contaminants exist, with the following categories of chemi-
cal and organic contaminants commonly present within urban areas:

• Volatile organic compounds (VOCs)
• Dense nonaqueous phase liquids (DNAPLs)
• Light nonaqueous phase liquids (LNAPLs)

• Polynuclear aromatic hydrocarbons (PNAs or PAHs)
• Semivolatile organic compounds (SVOCs)
• Polychlorinated biphenyls (PCBs)
• Pesticides and herbicides
• Heavy metals
• Others including the following:

• Common fertilizers including nitrates, phosphorus, and potassium
• Greenhouse gases
• Carbon monoxide
• Particulates (dust)
• Ozone
• Bacteria such as coliform bacteria
• Viruses
• Pharmaceuticals
• Cyanide

FIGURE 7.1
Household items that are potential contaminants. (From United States Geological Survey (USGS), Volatile 
Organic Compounds in the Nation’s Ground Water and Drinking-Water Supply Wells, USGS Circular 1292, Reston, 
VA, 2006.)
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• Asbestos
• Acids
• Bases
• Radioactive compounds
• Dioxins
• Emerging contaminants

We begin by briefly discussing the concept of contaminant toxicity. Understanding the 
general concepts of toxicity provides the basis for understanding the types, differences, 
and potential effects of exposure to contaminants in urban areas. The chapter concludes 
with a closer examination of each contaminant category listed above.

7.2 Contaminant Toxicity

Before discussing each contaminant group, a discussion of the meaning, complexity, and 
implications of toxicity posed by contaminants is appropriate. Toxicity or potency is the 
degree to which a chemical or substance is able to inflict damage to an exposed organ-
ism (USEPA 1989). Note that toxicity does not equal risk. The difference between toxic-
ity and risk is based primarily upon the length of exposure to a chemical or substance, 
and whether the dosage received from this exposure is enough to cause harm. As we 
now know, toxic substances surround us and are present at most all locations on Earth. 
However, there is only risk if we are exposed to a substance or chemical long enough and 
at a high enough dose to cause harm. Toxicity does not assess risk—this determination is 
reserved for a risk assessment (Chapter 4).

There are three basic types of toxic categories:

 1. Chemical or substance, including inorganic and organic substances such as acids 
and bases, flammable liquids, metals, etc.

 2. Biological, including bacteria and viruses
 3. Physical, including sound and vibration, heat and cold, light, radiation, etc.

For the purposes of this book, we are primarily concerned with chemical or substance 
toxicity.

Toxicity is measured by the effects on a whole organism, an individual organ, or the tis-
sue of even a cell. Populations are most often used to measure toxicity since any one indi-
vidual may have a different level of response to a toxin at a certain dose or concentration. 
The most common measure of chemical or substance toxicity is termed the LD50; defined as 
the concentration or dose that is lethal to 50% of the population being tested (USEPA 1989). 
When direct data are not available, the LD50 is estimated by comparing the substance to 
other similar chemicals and organisms.

Another important measure of toxicity is the lowest-observed-adverse-effect level (LOAEL) 
or threshold effect value. The LOAEL is the lowest tested dose of a chemical or substance 
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causing a harmful or adverse health effect (ATSDR 2009). Factors influencing the LOAEL 
include the following:

• The chemical’s solubility in body fluids
• The particle size and state of the chemical
• Route of exposure
• Residence time of the chemical in the body
• Individual susceptibility

Dosage units are expressed as the mass of chemical per unit mass of body weight in 
mg/kg. These units are employed to evaluate the relative toxicities between animals of 
different species and size. To develop the most accurate human exposure limits, exten-
sive animal studies are initially used to establish extrapolated human dosage limits for a 
specified chemical, and these estimates are refined by human health studies conducted on 
individuals known to have been exposed to the same chemical. The Occupational, Safety, 
and Health Administration (OSHA) has established a list of exposure limits for over 600 
individual chemicals and refers to exposure limits as permissible exposure limits (PELs) 
(ACGIH 2009).

Most chemicals or substances have the potential to exhibit some adverse health effect 
on humans or other organisms, given a certain set of circumstances. Adverse health effect 
is defined as a change in body function or cell structure potentially leading to disease or 
health problems (ATSDR 2009).

The effect that a specific chemical or substance may exhibit on a living organism is 
dependent upon the following factors (USEPA 1989a; USEPA 2005):

• Nature of the chemical or substance
• Concentration
• Route of exposure
• Length of time of exposure
• Individual susceptibility

Chemicals and substances enter the human body through three routes of exposure—inhala-
tion, ingestion, and dermal adsorption (USEPA 1989a). When exposure occurs, chemicals 
may produce one or more of these symptoms:

• Tissue irritation
• Eye irritation
• Rash
• Dizziness
• Bleeding
• Hair loss
• Loss or depressed vision
• Loss or depressed hearing
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• Nausea
• Anxiety
• Narcosis
• Headache
• Vomiting
• Diarrhea
• Pain
• Fever
• Tremors
• Shortness or difficulty in breathing
• Psychotic behavior
• Euphoria
• Cancer
• Death
• And others

Human response to exposure of a chemical is described as acute or chronic. An acute 
response is generally characterized as a single high dose with rapid onset and disap-
pearance of symptoms. Chronic response involves a stimulus lingering for a period of 
time (USEPA 2009a). Exposure to a contaminant may not trigger an immediate response. 
Instead, there is a latency period—a duration of time without observable effects. Certain 
chemicals or substances such as asbestos and forms of mercury have a latency period of 
up to 10–20 years (USEPA 2005).

Exposure to some chemicals or substances may result in the development of cancer, 
and any chemical, substance, radionuclide, or radiation contributing to the develop-
ment or propagation of cancer is termed a carcinogen (United States Department of 
Health and Human Services 2005). Cancer exists when cells in the body become abnor-
mal and grow or multiply out of control (ATSDR 2009). There is also often some selec-
tivity involved with chemical exposure, as some chemicals may target certain organs, 
parts of the body, or reproduction. For example, teratogens may have an adverse affect 
on a developing fetus, mutagens may induce genetic changes that could affect future 
generations through reproduction, and hepatotoxins are chemicals posing a risk of liver 
damage.

Carcinogens are grouped into five general categories (ACGIH 2009):

• Group A1: Confirmed human carcinogen
• Group A2: Suspected human carcinogen
• Group A3: Confirmed animal carcinogen with unknown relevance to humans
• Group A4: Not classified as a human carcinogen
• Group A5: Not suspected as a human carcinogen

It is much more difficult to evaluate the toxicity of a mixture of contaminants compared 
to a single chemical compound or substance. This is because the interaction of a mixture 
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of contaminants may produce enhanced or diminished effects. Common mixtures include 
gasoline, often containing more than 250 individual chemical compounds, industrial 
wastes, and a malfunctioning sewage treatment plant, typically discharging chemical and 
biological contaminants (USEPA 2008a).

The following sections briefly describe the major contaminant categories encountered 
in urban areas. For each contaminant category, specific contaminants, their common uses, 
physical attributes, and toxicities are presented.

7.3 Volatile Organic Compounds

VOCs are organic compounds that generally volatilize or evaporate readily under normal 
atmospheric pressure and temperatures (USGS 2006; USEPA 2008a). Table 7.1 is a list of the 
common VOCs and includes those sought out and analyzed when conducting a subsur-
face environmental investigation (USEPA 2008b). Included in Table 7.1 is the CAS registry 
number for each chemical compound. The CAS registry is maintained by the American 
Chemical Society and contains over 50 million disclosed substances, each with a unique 
numerical identifier and common use (American Chemical Society 2009).

VOCs have a high vapor pressure (evaporate quickly), low-to-medium solubility, and 
low molecular weight (USGS 2006). Most VOCs are considered toxic or harmful to humans 
and other organisms (USEPA 2009b). In addition, many VOCs are flammable and must be 
handled with extreme care.

The use of VOCs in the United States increased tenfold from 1945 to 1985 (USGS 
2006). Some VOCs have had, and continue to have, very heavy usage. An example is 
gasoline, which contains numerous VOC compounds and its production and use con-
tinues to increase. Table 7.1 demonstrates many common uses of VOCs. As noted, many 
VOCs are flammable and are components of gasoline and other fuels such as diesel 
fuel, kerosene, and fuel oil. In addition, VOCs are commonly used as solvents, ingre-
dients in paints, paint thinners, in the manufacturing process of pharmaceuticals, for 
caffeine extraction, nail polish removers, dry cleaning chemicals, mothballs, pesticides 
and fumigants, adhesives, refrigerants, and as a by-product of chlorination for water 
purification.

For hydrogeological purposes, VOCs are separated into two general categories—
DNAPLs and LNAPLs (USGS 2009a,b). An additional category of VOCs are the trihalo-
methanes (THMs). Each is discussed separately in the following sections.

7.3.1 Light Nonaqueous Phase Liquids

LNAPLs are liquids lighter than water that do not mix or dissolve in water readily. 
Common LNAPL compounds include the VOCs: benzene, ethyl benzene, toluene, and 
xylenes. These compounds are also often symbolized by the acronym BTEX. BTEX com-
pounds are common components of gasoline and are often used as indicator analytes 
when evaluating whether there has been a release of gasoline or other similar fuels to the 
environment (USEPA 1989b; USGS 2009b). LNAPLs also include other compounds lighter 
than water such as PAHs, and are discussed in the next section.
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TABLE 7.1

Common Uses of VOCs

Compound (Listed 
Alphabetically)

CAS Registry 
Number Common Uses

Acetonea 67-64-1 Nail polish remover, paint thinner, laboratory 
chemical

Benzeneb,c 71-43-2 Gasoline component, solvent, pharmaceutical, dyes, 
and Plastics

Bromodichloromethane 75-27-4 Trihalomethane (by product of water purification)
Bromoform 75-25-2 Trihalomethane (by product of water purification)
Bromomethane 75-83-9 Fumigant
Carbon disulfided 75-15-0 Cellulose manufacturing, soil fumigant
Carbon tetrachloridee 56-23-5 Solvent, dry cleaning, agriculture, formerly used in 

fire
Chlorobenzene 108-90-7 Extinguishers
Chloroethane 75-00-3 Solvent, insecticides
Chloroform 67-66-3 Solvent, pharmaceutical manufacturing
Chloromethane 74-87-3 Trihalomethane (by product of water purification)
Dibromochloromethane 124-48-1 Solvent, agricultural chemicals and cellulose
1,1-Dichloroethane 75-34-3 Trihalomethane (by-product of water purification)
1,2-Dichloroethane 107-06-2 Solvent, manufacture of plastic wrap and adhesives
1,1-Dichloroethene 75-35-4 Solvent, paint ingredient, fumigant, vinyl chloride 

production
cis-1.2-Dichloroethene 156-59-2 Manufacturing of plastics, adhesives, refrigerants
trans-1,2-Dichloroethene 156-60-5 Fat extraction from meat & fish, refrigerants, 

pharmaceuticals
Dichloromethane 79-09-2 Fat extraction from meat & fish, refrigerants, 

pharmaceuticals
1,2-Dichloropropane 78-87-5 Paint and stain remover, aerosol propellant, caffeine 

extraction
cis-1,3-Dichloropropene 10061-01-5 Solvent, stain remover, former soil fumigant
trans-1,3-Dichloropropene 10061-02-06 Solvent
Ethyl benzene 100-41-4 Solvent
2-Hexanonef 591-78-6 Gasoline component, solvent, styrene manufacturing
Methyl ethyl ketone (MEK) 78-93-3 Paint and paint thinner, used to dissolve oil and 

waxes
Methyl isobutyl ketone (MIBK) 108-10-1 Solvent
Methyl-tert-butyl ether (MTBE) 1634-04-4 Solvent, used in metal extraction
Naphthaleneg 91-20-3 Gasoline additive, formerly used to dissolve 

gallstones
Styrene 100-42-5 Gasoline component, mothballs, insecticide
1,1,2,2-Tetrachloroethane 79-34-5 Gasoline component, coating, paint, rubber, 

adhesives
Tetrachloroethene (PCE)e 127-18-4 Solvent, ingredient in paints and pesticides
Tolueneh 108-88-3 Solvent, dry cleaning, textile processing
1,1,1-Trichloroethanee 71-55-6 Gasoline component, solvent
1,1,2-Trichloroethane 79-00-5 Solvent, cosmetic ingredient, aerosol products, 

textile Processes
Trichloroethene (TCE)e 79-01-6 Solvent, manufacturing of plastic wraps

(continued)
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BTEX compounds are aromatic hydrocarbons with a 
benzene ring forming the backbone of its molecular struc-
ture (Jensen 2009). As depicted within the compound ben-
zene shown in Figure 7.2, the benzene ring consists of a 
hexagonal arrangement of six carbon atoms located at the 
vertices. Each atom is bonded to its adjacent atoms by a 
single covalent bond and by an unusual ring bond of elec-
trons shared by all six carbon atoms. The chemical formu-
las and carcinogenicity for the BTEX compounds are listed 
in Table 7.2.

TABLE 7.1 (continued)

Common Uses of VOCs

Compound (Listed 
Alphabetically)

CAS Registry 
Number Common Uses

Vinyl acetate 108-05-4 Solvent, caffeine extraction, dry cleaning, paint and 
ink, rubber

Vinyl chloride 75-01-4 Polymer
Xylenesi 1330-20-7 Rubber, paper, and glass industries, PVC 

manufacturing
Gasoline component, paint thinner ingredient, 
plasticizer

Source: United States Geological Survey (USGS), Volatile Organic Compounds in the Nation’s Ground Water 
and Drinking-Water Supply Wells, USGS Circular 1292, Reston, VA, 2006; United States Environmental 
Protection Agency, Latest Findings on National Air Quality: Status and Trends Through 2006, 
EPA454/R-07-007, Research Triangle Park, NC, 2008c.

a Levy (2009).
b Lide (2008).
c ATSDR (2007a).
d Holleman and Wiberg (2001).
e Doherty (2000).
f ATSDR (1995a).
g ATSDR (2005a).
h ATSDR (2001).
i ATSDR (2007b).

TABLE 7.2

Chemical Formulas and Carcinogenicity for Each BTEX Compound

Compound Carcinogenicity Rating Chemical Formulas

Benzene Group: A1 C6H6

Toluene Group: A4 C7H8 or C6H5CH3

Ethyl Benzene Group: A1 C8H10

Xylenesa Data not adequate to currently evaluate C8H10, C6H4(CH3)2, or C6H4C2H6

MTBE Data not adequate to currently evaluate C5H12O

Source: United States Environmental Protection Agency, Integrated Risk Information System 
(IRIS), http://www.epa.gov/ncea/iris/intro.htm (accessed October 21, 2009), 
2009b.

a Three isomers exist that include o-, m-, and p-xylene.
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FIGURE 7.2
Benzene and the benzene ring.



Common	Contaminants	in	Urban	Watersheds	 233

© 2011 by Taylor & Francis Group, LLC

Health effects from exposure to benzene include headaches, dizziness, drowsiness, 
rapid heart rate, tremors, and unconsciousness. Exposure to high levels can result in 
death (ATSDR 2007a). Health effects from exposure to toluene include tiredness, confu-
sion, loss of appetite, memory loss, loss of color vision, and nausea (ATSDR 2001); whereas 
exposure to ethyl benzene may cause irreversible damage to the inner ear and hearing 
loss, dizziness, and kidney damage (ATSDR 2007b). You are not safe around xylenes 
either, as exposure to them can result in headaches, lack of muscle coordination, dizzi-
ness, and confusion. Exposure to very high levels of xylenes can cause unconsciousness 
(ATSDR 2007c).

Methyl-tert-butyl ether (MTBE) is a LNAPL compound produced exclusively as a gaso-
line additive, and it belongs to a group of chemicals known as “oxygenates” because they 
raise the oxygen content of gasoline and thereby raise the octane level. MTBE is a colorless 
liquid at room temperature, and is very volatile and flammable (USEPA 2007). The pur-
pose of adding MTBE to gasoline was to increase the efficiency of combustion in automo-
biles enabling them to run cleaner and emit fewer pollutants, thus improving air quality 
in urban areas. However, the use of MTBE has declined recently because (1) of health 
concerns and (2) MTBE has been detected in many groundwater aquifers used as drinking 
water sources in the United States (USEPA 2007). Many states now ban MTBE because of 
its propensity to contaminate groundwater and the high costs incurred to remove it from 
groundwater (United States Department of Energy 2009).

MTBE is also used to dissolve gallstones. Patients treated for gallstones using MTBE 
have MTBE delivered directly to the gall bladder through surgically inserted tubes. Health 
effects from exposure to MTBE may include nose and throat irritation, headaches, nausea, 
dizziness, and mental confusion. Currently, evidence suggesting that MTBE may cause 
cancer is lacking (ATSDR 1997; USEPA 2009b).

7.3.2 Dense Nonaqueous Phase Liquids

DNAPLs are liquids denser than water, that do not mix or dissolve readily in water (USGS 
2006). DNAPL compounds include many common solvents and coal tar (Suthersan and 
Payne 2005). They are also commonly referred to as chlorinated solvents or haloge-
nated VOCs because chlorine is in the atomic structure, and the most common uses of 
these compounds are for cleaning and degreasing (USGS 2006). Chlorinated solvents 
have been in use for nearly 100 years. They are still widely used by industry, and many 
household products contain them (Figure 7.3) (USGS 2006).

Halogenated VOCs are a group of organic compounds with a halogen atom as part of its 
molecular structure. Halogens include the elements Fluorine (F), Chlorine (Cl), Bromine 
(Br), or Iodine (I). Part of the uniqueness of halogenated VOCs is they tend to have a very 
weak tendency to form hydrogen bonds with water. This lack of affinity for water means 
the halogenated VOCs—especially those with fluorine or chlorine—tend to be hydropho-
bic and have low solubility (Suthersan and Payne 2005).

Common halogenated VOCs include the following:

• Tetrachloroethene (PCE)

• Trichloroethene (TCE)

• cis-1,2-Dichloroethene (DCE)
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• trans-1,2-Dichloroethene (DCE)
• Vinyl chloride
• 1,1,1-Trichloroethane (TCA)
• 1,1-Dichloroethene (DCE)
• Methylene chloride
• Carbon tetrachloride
• Chloroform
• Chlorobenzene
• 1,2-Dichlorobenzene

Many VOCs halogenated with chlorine have high electro negativities and form rather 
strong bonds with the carbon atoms in their structure. In addition, the substitution of a 
hydrogen atom by a chlorine atom enhances the inertness of the molecule. This inertness 
results in many halogenated VOCs being rather persistent when released into the envi-
ronment. A degradation sequence, however, does exist for a group of the most commonly 
used chlorinated solvents, and is shown in Figure 7.4. This degradation sequence becomes 
very important when we discuss the fate and migration of these compounds in the next 
chapter.

Table 7.3 lists the chemical formulas and carcinogenicity ratings of selected chlorinated 
solvents (USEPA 2009b).

Health effects from overexposure to most chlorinated solvents include lung irrita-
tion, difficulty walking and speaking, poor coordination, dizziness, headache, nausea, 
sleepiness, unconsciousness, and even death (ATSDR 1997a, 2003a, 2006).

FIGURE 7.3
Household products containing chlorinated solvents. (From United States Geological Survey (USGS), Volatile 
Organic Compounds in the Nation’s Ground Water and Drinking-Water Supply Wells, USGS Circular 1292, Reston, 
VA, 2006.)
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7.3.3 Trihalomethanes

THMs are a group of VOCs in which three of the four atoms of methane (CH4) are 
replaced by halogen atoms. Many THMs are used as refrigerants, solvents, and are 
also by-products produced during water purification and chlorination. During water 
treatment, THMs can form as a by-product when chlorine and bromine are used to 
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FIGURE 7.4
Degradation sequence of PCE.

TABLE 7.3

Chemical Formula and Carcinogenicity for Each BTEX Compound

Compound Carcinogenicity Rating Chemical Formula

Tetrachloroethene (PCE) Currently under review C2Cl4

Trichloroethene (TCE) Currently under review C2HCl3

cis-1,2-Dichloroethene (DCE) Group: A4 C2H2Cl2

trans-1,2-Dichloroethene (DCE) Group: A4 C2H2Cl2

Vinyl chloride Group: A1 C2H3Cl
1,1,1-Trichloroethane (TCA) Inadequate information C2H3Cl3 or CH3CCl3

1,1-Dichloroethene (DCE) Group: A2 C2H2Cl2

Methylene chloride Inadequate information CH2Cl2

Carbon tetrachloride Group: A2 CCl4

Chloroform Group: A2 CHCl3

Chlorobenzene Inadequate information C6H5Cl
1,2-Dichlorobenzene Inadequate information C6H4Cl2

Source: United States Environmental Protection Agency, Integrated Risk 
Information System (IRIS), http://www.epa.gov/ncea/iris/intro.htm 
(accessed October 21, 2009), 2009b.
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disinfect water for drinking or recreational use; they form from a 
reaction between chlorine and/or bromine with organic matter (EPA 
2006). Chloroform, a common THM, has also been used as an anes-
thetic and is often used in swimming pools as a disinfectant (ATSDR 
1997b). The most common THMs, CAS registry numbers, carcinoge-
nicity rating, and chemical formula are listed in Table 7.4 (ATSDR 
1989, 1997b). The structure of chloroform and bromodichlorometh-
ane are shown in Figures 7.5 and 7.6.

According to USEPA (2009b), THMs may cause adverse health effects 
at high concentrations. Exposure to high concentrations of bromo-
form may interfere with normal brain function and cause sleepiness 
(ATSDR 2005). USEPA has established maximum allowable concen-
tration of THMs in drinking water at 80 μg/L for the combined con-
centration of chloroform, bromoform, bromodichloromethane, and 
dibromochloromethane.

7.4 Polynuclear Aromatic Hydrocarbons

PNAs or PAHs are a group of compounds formed synthetically or naturally during 
the incomplete combustion of coal, oil, tar, gas, wood, garbage, and may also be pres-
ent in tobacco, medicines, dyes, plastics, pesticides, and charbroiled meat (United States 
Department of Health and Human Services [USDHH] 1995). Other sources of PAHs include 
heavy petroleum, including diesel fuels, kerosene, aviation fuels, heavy home-heating oils, 
oils, waste oil, and many lubricants (Missouri Department of Natural Resources 2006). 
Overall, there are more than 100 distinct PAH compounds.

Chemically, PAHs are composed of multiple benzene rings (Figure 7.7), are lighter than 
water, and are generally not very soluble in water. In addition, PAHs strongly attach them-
selves or sorb to soil grains, especially organic soils and clay (USEPA 1989). Because PAHs 
are not very soluble and are lighter than water, they are considered LNAPLs.

With two rings, naphthalene is the smallest of the PAHs. Naphthalene is a common PAH 
compound, and is characterized by its distinctive odor and common use in mothballs. 
Anthracene and phenanthrene are composed of three rings. Phenanthrene is an isomer of 
anthracene and they share many physical properties except boiling point and water solu-
bility (Fetzer 2000). With its five rings, benzo(a)pyrene is the largest PAH molecule, and is 
the only known human carcinogen of the four compounds shown in Figure 7.7 (Group:A1).

TABLE 7.4

Chemical Formula and Carcinogenicity for Common THMs

Compound CAS Registry Number Carcinogenicity Rating Chemical Formula

Chloroform 67-66-3 Group: A2 CHCl3

Bromodichloromethane 75-27-4 Group: A2 CHBrCl2

Dibromodichloromethane 124-48-1 Under Review CHBr2Cl
Bromoform 75-47-8 Under Review CHBr3

Source: United States Environmental Protection Agency, Integrated Risk Information System (IRIS), 
http://www.epa.gov/ncea/iris/intro.htm (accessed October 21, 2009), 2009b.
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FIGURE 7.5
Molecular structure 
of chloroform.
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of bromodichloro-
methane.
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Common PAH compounds are listed in Table 7.5 along with their CAS registry number. 
Table 7.6 shows the carcinogenicity and chemical formula for each of the common PAHs. 
Animal studies have indicated PAHs can cause harmful effects on the skin, body fluids, and 
ability to fight disease (ATSDR 1996). Health effects from exposure to naphthalene may cause 
damage to red blood cells. Exposure to high levels of naphthalene may cause nausea, vomit-
ing, diarrhea, dizziness, blood in the urine, and a yellow color to the skin (ATSDR 2005b).

7.5 Polychlorinated Biphenyls

PCBs are a group of synthetically produced compounds (USEPA 2009c). PCBs were pro-
duced in the United States from 1929 until 1979 when they were banned because of human 

TABLE 7.5

Common PAH Compounds

Compound (Alphabetically) CAS Registry Number Common Uses

Acenaphthene 83-32-9 Dyes, pesticides, pharmaceuticals, oil component
Acenaphthylene 208-96-8 Automobile exhaust, oil and lubricant component
Anthracene 120-12-7 Dyes, stains, wood preservatives, insecticides, oil
Benz[a]anthracene 56-55-3 Automobile exhaust, oil, and lubricant component
Benzo[b]fluoranthene 205-99-2 Automobile exhaust, oil, and lubricant component
Benzo[k]fluoranthene 92-24-0 Organic semiconductor, oil component
Benzo[ghi]perylene 198-55-0 Photoconductor, pitch, coal tar, tobacco smoke
Benzo[a]pyrene 50-32-8 Pitch, coal tar, automobile exhaust, tobacco smoke
Chrysene 218-01-9 Wood preservative, oil component, dyes
Dibenzo[a,h]anthracene 53-70-3 Wood preservative, insecticides, oil component
Fluoranthene 206-44-0 Automobile exhaust, oil component
Fluorene 86-73-7 Automobile exhaust, dyes, plastics, pesticides
Indeno[1,2,3-cd]pyrene 193-39-5 Pitch, coal tar, oil component
Naphthalene 91-20-3 Moth balls, oil and gasoline component
Phenanthrene 85-01-8 Cigarette smoke, oil, and lubricant component
Pyrene 129-00-0 Dyes, coal tar and pitch, oil component

Source: Agency for Toxic Substances and Disease Registry (ATSDR). Polycyclic Aromatic Hydrocarbons. General 
Contaminant Class. ATSDR ToxFAQs. Atlanta, GA, 1996; United States Environmental Protection 
Agency. Integrated Risk Information System (IRIS). http://www.epa.gov/ncea/iris/intro.htm, 2009b.

Naphthalene

Phenanthrene Benzo(a)pyrene

Anthracene

FIGURE 7.7
Molecular structure of the select PAH compounds; naphtha-
lene, anthracene, phenanthrene, and benzo(a)pyrene. (From 
Fetzer, J.C., The Chemistry and Analysis of Large Polycyclic Aromatic 
Hydrocarbons, New York, John Wiley & Sons, 2000.)
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and environmental health effects (USEPA 2009d). Some of the physical properties of PCBs 
include the following (Phillips 1986; Barbalace 2009):

• Very low solubility in water
• High relative solubility in organic solvents, fats, and oil
• Low vapor pressures
• Strongly sorb to soil grains, especially organic-rich soils and clays
• Stable compounds
• Do not readily degrade
• Not flammable
• Resistant to oxidation, reduction, addition, elimination, and electrophilic 

substitution
• High boiling point

Due to the physical properties listed above, PCBs were widely used in many different 
industrial and commercial products, including the following (USEPA 2009c):

• Transformers and capacitors
• Other electrical equipment including voltage regulators, switches, reclosers, bush-

ings, and electromagnets

TABLE 7.6

Chemical Formula and Carcinogenicity for the Common PAH Compounds

Compound (Alphabetically) Carcinogenicity Rating Chemical Formula

Acenaphthene Inadequate information C12H10

Acenaphthylene Inadequate information C12H8

Anthracene Group: A4 C14H10

Benz[a]anthracene Group: A2 C18H12

Benzo[b]fluoranthene Group: A2 C20H12

Benzo[k]fluoranthene Inadequate information C18H12

Benzo[ghi]perylene Group: A4 C20H12

Benzo[a]pyrene Group: A1 C20H12

Chrysene Group: A2 C18H12

Dibenzo[a,h]anthracene Group: A2 C22H14

Fluoranthene Group: A1 C16H10

Fluorene Group: A4 C13H10

Indeno[1,2,3-cd]pyrene Group: A2 C22H10

Naphthalene Group: A3 C10H8

Phenanthrene Group: A2 C14H10

Pyrene Group: A4 C16H10

Source: United States Department of Health and Human Services (USDHH), 
Toxicological Profile for Polycyclic Aromatic Hydrocarbons, Agency for Toxic 
Substances and Disease Registry, Atlanta, GA, 1995; United States 
Environmental Protection Agency, Integrated Risk Information System (IRIS), 
http://www.epa.gov/ncea/iris/intro.htm (accessed October 21, 2009), 2009b.
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• Oil used in motors and hydraulic systems
• Older electrical devices containing capacitors
• Fluorescent light ballasts
• Cable insulation
• Thermal insulation material including fiberglass, felt, foam, and cork
• Adhesives and tape
• Oil-based paint
• Caulking
• Plastics
• Carbonless copy paper
• Floor finish

PCBs are mixtures of chlorinated organic compounds called congeners (ATSDR 2001b). A 
congener is a related compound or compounds in a specific chemical family. There are a 
large number of congeners, with about 209 found in PCB mixtures (USEPA 2009d). PCBs 
were produced synthetically through electrophilic chlorination of a biphenyl molecule 
with chlorine gas. In the United States, PCBs are commonly known under the trade name 
aroclors. Aroclors are mixtures of PCBs distinguished by a four digit numbering system. 
The first two digits refer to the number of carbon atoms in a PCB molecule, and the second 
two digits indicate the percentage of chlorine by mass in the mixture (USEPA 2009d). For 
example, PCB aroclor 1254 means the mixture contains 12 carbon atoms and is 54% chlo-
rine by weight (ATSDR 2001c).

As the degree of chlorination increases, the melting point increases and the vapor pres-
sure and solubility decrease. The general chemical formula for PCBs is the following:

 C12H10–xClx

where x = 1–10.
Common PCB aroclors are listed in Table 7.7 (Phillips 1986; USEPA 2009c).
Figure 7.8 shows the basic structure of a PCB molecule.

TABLE 7.7

Common PCB Aroclors

PCB Aroclor
CAS Registry 

Number Percent Chlorine

Average Number 
of Chlorine Atoms 

per Molecule
Average 

Molecular Weight

Aroclor 1016 12674-11-2 15.5–16.5 1.05 160
Aroclor 1221 11104-28-2 20.5–21.5 1.15 192
Aroclor 1232 11141-16-5 31.5–32.5 2.04 221
Aroclor 1242 53469-21-9 42 3.10 261
Aroclor 1248 12672-29-6 48 3.90 288
Aroclor 1254 11097-69-1 54 4.96 327
Aroclor 1260 11096-82-5 60 6.30 372
Aroclor 1262 37323-23-5 62 6.80 389

Aroclor 1268 11100-14-4 68 8.70 453
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Currently, there is inadequate information to establish 
whether PCBs are a human carcinogen (USEPA 2009b), but 
the World Health Organization (2003) suspects they are 
(Group: A2). Notwithstanding cancer, they pose significant 
other dangers to human health. PCBs have been shown to 
cause cancer in laboratory animals, and have also been 
shown to cause a number of serious noncancer health effects 
in animals, including the immune system, reproductive sys-
tem, nervous system, endocrine system, and others (USEPA 
2009e).

7.6 Semivolatile Organic Compounds

SVOCs are a group of organic-based compounds much less volatile than VOCs. A variety 
of SVOCs are used in clothing and building materials to provide flexibility, water resis-
tance, or stain repellence, and to inhibit ignition or as flame retardants (ATSDR 2002a). 
Common groups of organic compounds associated with SVOCs are phthalates, phenols, 
amines, and esters.

7.6.1 Phthalates

The name phthalates is derived from phthalic acid—itself derived from naphthalene 
and previously discussed earlier in this chapter. Phthalates exhibit low water solubility, 
high oil solubility, and low volatility (Fetzer 2000). There are approximately 25 distinctive 
phthalate compounds, including the common ones shown in the following:

• Diethyl phthalate (DEP)
• Di-n-butyl phthalate (DBP)
• Bi or Bis(2-ethylhexyl) phthalate (DEHP)

The structural formula and CAS registration number are each of the three common phthal-
ate compounds are listed in Table 7.8 (USEPA 2009b).

Figure 7.9 depicts the general structure of a phthalate molecule, and Figure 7.10 shows 
the structure of Di(2-exthylhexyl) phthalate (USEPA 2009b).

Cl

Cl Cl Cl Cl

Cl Cl Cl Cl

Cl

FIGURE 7.8
Basic PCB structure.

TABLE 7.8

Structural Formula and CAS Registration Numbers for Three Common Phthalates

Name CAS Registration Number Chemical Formula

Diethyl phthalate (DEP) 84-66-2 C6H4(COOC2H5)2

Di-n-butyl phthalate (DBP) 84-74-2 C6H4[COO(CH2)3CH3]2

Di or Bis(2-ethylhexyl) phthalate (DEHP) 117-81-7 C6H4[COOCH2CH(C2H5)(CH2)3CH3]2

Source: United States Environmental Protection Agency, Integrated Risk Information System (IRIS), http://
www.epa.gov/ncea/iris/intro.htm (accessed October 21, 2009), 2009b.
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where
O = oxygen
R and R′ = CnH2n+1

n = 4–15

Phthalate compounds are primarily used as plasticizers. They are 
added to plastics to increase their flexibility, transparency, durability, and 
longevity, and are also used to soften polyvinyl chloride (PVC)—a com-
mon pipe material. More than a billion pounds of phthalates are 
used in a variety of products every year (ATSDR 2002a).

The variety of products using phthalates includes the follow-
ing (ATSDR 2002a):

• Coatings
• Plastics
• Pharmaceuticals
• Gelling agents
• Stabilizers
• Dispersants
• Lubricants
• Binders
• Children’s toys
• Modeling clay
• Eye shadow
• Moisturizer
• Nail polish
• Perfume
• Hair spray
• Detergents
• Packaging
• Waxes
• Paints
• Printing inks
• Fishing lures
• Caulk
• Shower curtains
• Vinyl upholstery
• Automobile interiors
• Food containers
• Many others

According to ATSDR (2002a) and USEPA (2009b), DEHP is a suspected human carcino-
gen (Group: A2), while DEP and DBP are not classified as human carcinogens (Group: A4). 

O

O

OR

OR’

FIGURE 7.9
Basic phthalate 
molecule.

O

O
O

O

FIGURE 7.10
Molecular structure of 
Di(2-exthylhexyl) phthalate.
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According to ATSDR, DEHP is not toxic at the low levels usually present in the environ-
ment. In animals, DEHP has been found to damage the liver and kidneys and has affected 
the ability to reproduce in some animal species.

7.6.2 Phenol

Phenol is a group of organic compounds with a hydroxyl group (–OH) attached to a carbon 
atom in a benzene ring. Phenol compounds do occur naturally, and their presence in plant 
foliage discourages herbivores from consuming the plant material (Fetzer 2000; McMurry 
2009). Figure 7.11 is a diagram showing the basic structure of a phenol molecule. The sim-
plest phenol compound is carbolic acid (C6H5OH); also called phenol.

Phenol combined with formaldehyde forms a widely used polymer typically referred to 
as a phenolic resin. Phenolic resins have a wide range of industrial and commercial appli-
cations including the following:

• Billiard balls
• Countertops
• Plastic
• Electrical components
• Coatings
• Composites
• Abrasives
• Adhesives
• Felt bonding
• Foundry applications
• Friction products
• Refactory products
• Rubber additives used as reinforcing agents

Pentachlorophenol (PCP) is a phenol compound with the addition of chlo-
rine into its molecular structure (Figure 7.12). PCP has been used as an 
herbicide, insecticide, fungicide, algaecide, and disinfectant. Other uses 
include leather, masonry products, and wood preservatives; and utility 
poles often employ PCP as a wood preservative (USEPA 2006a).

Bisphenol A or BPA is an organic phenolic compound with two phenol 
functioning groups. Figure 7.13 shows the basic structure of BPA. BPA is a 
very common compound and is used heavily in the production of plastic 
products including bottles for drinking water and numerous other con-
sumer products (USDHH 2008). Some concern about health effects from 
exposure to BPA have been expressed by the USDHH (2008), as type 7 
plastics (polycarbonates) may leach PBA into the liquids they hold. In 
2009, Canada banned the use of PBA in polycarbonates in baby bottles 
(Carwile et al. 2009).

Table 7.9 lists the CAS registry number, structural formula, and carcino-
genicity rating for phenol, PCP, and BPA.

OH

FIGURE 7.11
Basic structure 
of phenol.

OH

Cl

Cl

Cl

Cl

Cl

FIGURE 7.12
Basic molecular 
structure of pen-
tachlorophenol.
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7.6.3 Amines

Amines are organic compounds that contain nitrogen and are basic. 
Three widely used amine compounds include methylamine, dimeth-
ylamine, and trimethylamine, and they are prepared by the reaction 
of ammonia with methanol in the presence of a silicoaluminate cata-
lyst (McMurry 2009). Amines are used in the manufacturing of dyes, 
plant growth regulators, resins, as a precursor in the manufacturing of 
tires, pharmaceuticals (ephedrine), pesticides, and surfactants (ATSDR 
1999). Trimethylamine also forms naturally from decomposing plant 
and animal matter. Amines are often a gas at room temperature and pressure and are very 
soluble in water.

The basic structure of methylamine is shown in Figure 7.14. Table 7.10 presents the struc-
tural formula, CAS registration number, and carcinogenicity rating for methylamine, 
dimethylamine, and trimethylamine (USEPA 2009b).

7.6.4 Esters

Esters are a group of more than 50 compounds known collectively as acid derivatives. 
Ester compounds contain a modified carboxylic acid group (–COOH), in which the acidic 

FIGURE 7.13
Basic structure of BPA.HO OH

TABLE 7.9

Data for Phenol, PCP, and BPA

Name CAS Registration 
Number

Chemical Formula Carcinogenicity Rating

Phenol 108-95-2 C6H5OH Group: A4
Pentachlorophenol 87-86-5 C6H4Cl5O Group: A2
Bisphenol A (BPA) 80-05-7 C15H16O2 Currently Under Evaluation

Source: United States Environmental Protection Agency, Integrated Risk Information System 
(IRIS), http://www.epa.gov/ncea/iris/intro.htm (accessed October 21, 2009), 2009b.

H

H

HH

H

CN

FIGURE 7.14
Basic molecular struc-
ture of methylamine.

TABLE 7.10

Data for Methylamine, Dimethylamine, and Trimethylamine

Name
CAS Registration 

Number Chemical Formula Carcinogenicity Rating

Methylamine 74-89-5 CH5N Not Available
Dimethylamine 124-40-3 C2H7N Not Available
Trimethylamine 75-50-3 C3H9N Not Available

Source: United States Environmental Protection Agency, Integrated Risk Information 
System (IRIS), http://www.epa.gov/ncea/iris/intro.htm (accessed October 21, 
2009), 2009b.
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hydrogen atom has been replaced by a different organic func-
tional group. Common uses of esters include the following 
(ATSDR 2002b, 2002c, 2002d):

• Flame retardants
• Nail polish removers
• Glue
• Fragrances
• Clothing

Polyester is the most common and most widely produced ester. They 
also occur naturally, and are found in flowers, in fats as triesters 
derived from glycerol and fatty acids, and in wine (ATSDR 2002b,c,d). 
The structures of two ester compounds, benzyl acetate and ethyl ace-
tate are shown in Figures 7.15 and 7.16, respectively.

Table 7.11 presents the structural formula, CAS registration num-
ber, and carcinogenicity rating for benzyl acetate and ethyl acetate 
(USEPA 2009b).

At high concentrations, ester compounds can irritate the skin and mucous membranes 
and cause breathing difficulties (USEPA 2009b).

7.7 Heavy Metals

Heavy metals naturally exist in the environment at amounts termed their background 
levels. When human activities introduce additional heavy metals into the environmental 
and the background levels are exceeded, they then become contaminants.

In terms of their characteristics, heavy metals are generally not soluble in water, except 
for some varieties of arsenic and chromium VI at a neutral pH (Murray et al. 2004; SRC 
2009). Heavy metals are not volatile but are often released into the atmosphere through the 
combustion of coal, automobile exhaust, metal production, and other methods (Murray 
et al. 2004).

The most common heavy metals occurring in urban areas include the following (Murray 
et al. 2004):

O

O

FIGURE 7.15
Molecular structure of benzyl 
acetate.

O

O

FIGURE 7.16
Molecular structure of 
ethyl acetate.

TABLE 7.11

Data for Benzyl Acetate and Ethyl Acetate

Name
CAS Registration 

Number Chemical Formula Carcinogenicity Rating

Benzyl acetate 140-11-4 C6H5CH2 OCOOH3 Not Available
Ethyl acetate 141-78-6 C4H8O2 Not Available

Source: United States Environmental Protection Agency, Integrated Risk Information 
System (IRIS), http://www.epa.gov/ncea/iris/intro.htm (accessed October 
21, 2009), 2009b.
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• Arsenic
• Barium
• Cadmium
• Chromium III
• Chromium VI
• Copper
• Lead
• Mercury
• Nickel
• Selenium
• Silver
• Zinc

Industrial watersheds are especially prone to heavy metal contamination. In an extensive 
study of the Rouge River watershed in southeastern Michigan, Murray et al. (2004) dis-
covered elevated levels of barium, cadmium, chromium, copper, nickel, lead, and zinc in 
surface soil. The occurrence of heavy metals in soil and in groundwater in urban areas is 
discussed in greater detail in Chapter 9.

Table 7.12 lists the common uses for each of the heavy metals listed above. Table 7.13 lists 
the CAS registry number and carcinogenicity ratings for each of the heavy metals.

TABLE 7.12

Common Uses for Each of the Select Heavy Metals

Heavy Metal
Atomic 
Number Uses

Arsenic 33 Wood preservative, poison, insecticide, pigments, chemical weapons
Barium 56 Superconductors, pigments, fireworks, lubricants, optics
Cadmium 48 Batteries, plastic stabilizer, pigments, metal plating, coatings, alloys
Chromium III 24 Pigments, inks, glass, steel additive, dyes, leather tanning, refractory, alloys
Chromium VI 24 Metal plating, corrosion resistance additive, wood preservative
Copper 29 Wire, building products, piping, jewelry, electromagnetics, brass and other alloys
Lead 82 Batteries, paint, ceramics, firearms, industrial coolant, electrodes, solder, 

construction materials, alloys, formerly a gasoline additive
Mercury 80 Electrical switches, thermometers, manometers, medical and dental applications, 

cosmetics, mercury-vapor lamps, formerly used in hat making
Nickel 28 Batteries, steel additive, magnets, coins, alloys
Selenium 34 Photocells, electronics, semiconductors, steel additive, alloys, copier and printing 

drums, glass manufacturing, pigments
Silver 47 Coins, electronics, circuit boards, alloys, mirrors, decorative items, jewelry, 

photographic films, batteries
Zinc 30 Metal plating, rust inhibitor (galvanization), brass alloy, batteries, cathodic 

protection, paint pigment, fire retardant, propellant, photocopying products, 
medical applications

Source: Pradyot, P., Handbook of Inorganic Chemical Compounds, McGraw Hill, New York, 2003; Krebs, R.E., The 
History and Use of Earth’s Chemical Elements: A Reference Guide, Greenwood Publishing Group, Oxford, 
U.K., 2006.
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As shown in Table 7.13, the toxicity and carcinogenicity of heavy metals varies widely. 
Additional but brief explanations of their general toxicities are given in the following:

• Arsenic is considered a human carcinogen (USEPA 2009b).
• Barium exposure can cause gastrointestinal disturbances and muscular weakness 

if it is ingested in a soluble form (ATSDR 2007e).
• Cadmium is considered a suspected or probable human carcinogen (USEPA 2009b; 

ATSDR 2008b).
• Chromium VI is considered a human carcinogen (ASTDR 2008a; USEPA 2009b). 

Chromium III is an essential nutrient that helps the body use sugar, protein, and 
fat.

• Copper is essential for good health in small amounts. High levels, however, can be 
harmful and cause nausea, vomiting, and diarrhea. Very high amounts can dam-
age the liver and kidneys (ATSDR 2004a).

• Lead is considered a suspected or probable human carcinogen (USEPA 2009b). 
Lead can damage the nervous system and the brain (ATSDR 2007d).

• Mercury exposure may affect the brain and central nervous system (ATSDR 1999a).
• Nickel exposure most often results in an allergic reaction. Nickel may also affect 

the lungs (ATSDR 2005c).
• Selenium has beneficial and harmful effects. Low doses of selenium are neces-

sary to maintain good health. High doses can cause harmful health effects such 
as, nausea, vomiting, and diarrhea. Prolonged exposure to selenium can cause a 
disease called selenosis (ATSDR 2003b).

• Silver exposure may result in a condition called arygia if exposure is prolonged. 
Arygia is a condition that causes a blue-gray discoloration of the skin and other 
body tissue (ATSDR 1999b).

TABLE 7.13

Data for Select Heavy Metals

Heavy Metal CAS Registry Number Carcinogenicity Rating

Arsenic 7440-38-2 Group: A1
Barium 7440-39-3 Group: A4
Cadmium 7440-43-9 Group: A2
Chromium III 16065-83-1 Group: A4
Chromium VIa 18540-29-9 Group: A1
Copper 7440-50-8 Not Available
Lead 7439-92-1 Group: A2
Mercury 7439-97-6 Group: A4
Nickel 7440-02-0 Not available
Selenium 7782-49-2 Group: A4
Silver 7440-22-4 Group: A4
Zinc 7440-66-6 Inadequate information

Source: United States Environmental Protection Agency, Integrated 
Risk Information System (IRIS), http://www.epa.gov/
ncea/iris/intro.htm (accessed October 21, 2009), 2009b.

a Classified as Group: A1 inhalation route of exposure and Group: 
A4 by ingestion route of exposure.
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• Zinc is essential for good health in small amounts. Too little zinc can cause hair 
and weight loss. Harmful effects do no usually occur until levels of ingestion 
exceed 10–15 times the recommended amount. Effects of overexposure to zinc 
include stomach cramps, nausea, and vomiting (ATSDR 2005d).

7.8 Other Contaminants

The remaining contaminants encountered in urban areas span a wide variety of organic 
and inorganic compounds and substances. These contaminants include the following:

• Pesticides and herbicides
• Fertilizers such as nitrates, phosphorus, and potassium
• Pharmaceuticals
• Bacteria such as coliform bacteria
• Viruses
• Cyanide
• Asbestos
• Acids
• Bases
• Radioactive compounds
• Dioxins
• Contaminants present only in the air such as

• Greenhouse gases including carbon dioxide, methane, nitrous oxides, and 
others

• Carbon monoxide
• Particulates (dust)
• Radon
• Ozone
• Many others

• Emerging contaminants
• And others

7.8.1 Pesticides and Herbicides

Many of the compounds previously discussed including several VOCs, SVOCs, and 
arsenic are/were used or are/were ingredients contained in pesticides and herbi-
cides. Simply put, pesticides and herbicides are manufactured to kill things. USEPA 
(2009) defines a pesticide as preventing, destroying, repelling, or mitigating any pest. 
A herbicide is defined as a substance used to kill unwanted plants commonly referred 
to as weeds.
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Pests are defined as living organisms occurring where they are not wanted or caus-
ing damage to crops or humans or other animals (USEPA 2009f). Examples include the 
following:

• Insects
• Mice or other animals
• Unwanted plants (weeds)
• Fungi
• Microorganisms, such as bacteria and viruses

Perhaps the most famous of all pesticides is the now banned substance called dichlorodi-
phenyltrichloroethane (DDT). It became famous as an environmental contaminant after 
the book Silent Spring written by Rachel Carson was published in 1962 (Carson 1962). The 
book catalogued the environmental impacts of the indiscriminant spraying of DDT in 
the United States and questioned the logic of releasing large amounts of chemicals into 
the environment without fully understanding their effects on ecology or human health. 
DDT (CAS registry number 50-29-3) is now considered a probable carcinogen (Group: 
A2) by USEPA (2009b) and is no longer used as a pesticide in the United States after its 
use was banned in 1972 (Note: DDT production was not stopped. The 2001 United Nations 
Environmental Program meeting held in Stockholm, Sweden (and put into effect in 2004) 
permitted its use for “vector control”—organisms that produce pathogens, such as mos-
quitoes). The structure of DDT is shown in Figure 7.17.

Common pesticides and herbicides, including DDT, are listed 
in Table 7.14 along with the respective CAS registry numbers 
and carcinogenicity ratings.

USEPA banned the use of the pesticide chlordane in 1983 
because of potential environmental and human health concerns 
for all applications except termite control (ATSDR 1995b).

Malathion is an organophosphate insecticide widely used in 
agriculture, residential landscaping, and public recreation areas. 
Malathion is used widely to control mosquitoes, the West Nile 

Cl
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FIGURE 7.17
Basic molecular structure of 
DDT.

TABLE 7.14

Common Pesticides and Herbicides

Pesticide CAS Registry Number Carcinogenicity Rating Chemical Formula

DDT 50-29-3 Group: A2 C14H9Cl5

Chlordane 57-74-9 Group: A2 C10H6Cl8

Malathion 121-75-5 Group: A4 C10H19O6 PS2

Permethrin 52645-53-1 Group: A2 C21H20Cl2O3

Toxaphene 8001-35-2 Group: A2 C10H10Cl8
a

Herbicide
Glyphosate 1071-83-6 Group: A4 C3H8NO5P
2,4-D 94-75-7 Group: A4 C8H6Cl2O3

Pentachlorophenol 87-86-5 Group: A2 C6H4Cl5O

a Represents a mean chemical formula since toxaphene is composed of a mixture of 
compounds.
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virus and was used in the 1980s in southern California to combat the Mediterranean Fruit 
Fly (ATSDR 2003c). Exposure to high amounts of malathion can cause difficulty breathing, 
chest tightness, vomiting, cramps, diarrhea, blurred vision, sweating, headaches, dizzi-
ness, loss of consciousness, and possibly death (ASTDR 2003c). If appropriate treatment is 
provided rapidly, there may be no long-term harmful effects.

Permethrin is a widely used synthetic insecticide and insect repellent used on cotton, 
wheat, maize, and alfalfa crops. It is also used to kill parasites on chickens and other 
poultry, and flea treatments for dogs. Permethrin is considered a neurotoxin and is highly 
toxic to both freshwater and estuarine aquatic organisms (ATSDR 2005e; USEPA 2006b). 
Figure 7.18 shows the basic molecular structure of permethrin.

Toxaphene is an insecticide composed of a mixture of over 670 chemicals (ATSDR 1997c). 
Toxaphene was one of the most widely used insecticides in the United States until 1982 
when use dropped significantly and then was banned in 1990. It was primarily used in the 
southern states where it was applied to cotton to control pests, and also used elsewhere 
to control pests on livestock and to kill unwanted fish in lakes (ATSDR 1997c). Exposure 
to toxaphene may cause damage to the lungs, nervous system, and kidneys and can even 
cause death if exposure is extreme (ATSDR 1997c).

Glyphosate and 2,4D are widely used herbicides in the United States. A common name or 
trade name for glyphosate is Roundup. USEPA (2009b) does not currently classify glypho-
sate and 2,4D as carcinogenic. However, these two compounds may affect the immune 
system, kidneys, and the liver (USEPA 2009b). PCP was discussed in Section 7.6.2.

A review of the chemical formulas of the compounds listed in Table 7.14 indicates 
many of these pesticides and herbicides are organochlorines—an organic compound con-
taining at least one covalently bonded chlorine atom. Chlorine released into the environ-
ment presents special challenges because (1) it is highly toxic, (2) tends to be persistent 
due to the strength of the chlorine-carbon bonds, and (3) has an affinity for fatty tissues 
in vertebrates (fish and mammals), thus enabling bioaccumulation, a process where con-
centrations of a toxin increase at higher trophic levels in a food chain. Numerous stud-
ies have noted the presence of trace amounts of organochlorines in human breast milk 
(Calle et al. 2002).

7.8.2 Dioxins

Compounds generally referred to as dioxins represent a diverse set of halogenated sub-
stances and include other substances called furans. There are 75 dioxin isomers and 135 
furan isomers. Dioxins are not intentionally produced and have no known use (ATSDR 
2006c); they form unintentionally as a by-product of many industrial 
processes involving chlorine such as waste incineration and combus-
tion. Dioxin compounds may also form as a by-product during the man-
ufacture of chlorinated compounds and paper bleaching (ATSDR 2006c). 
A dioxin compound consists of two benzene molecules joined with two 
oxygen bridges. Figure 7.19 shows the basic structure of dioxin (National 
Research Council 2006).

FIGURE 7.18
Basic structure of permethrin.
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According to ATSDR (2006b), the most toxic dioxin compound 
is 2,3,7,8-tetrachlorodibenzo-p-dioxin or TCDD (CAS regis-
try number 1746-01-6). Figure 7.20 shows the basic structure of 
TCDD.

Exposure to TCDD may lead to a condition known as chloro-
acne resulting in severe acne-like skin lesions occurring mainly 
on the face and upper body. USEPA (2009b) lists many of the 
dioxin compounds as either a known or suspected carcinogen. 
Dioxin compounds have been shown to bioaccumulate in humans and wildlife and they 
behave as teratogens and mutagens (National Research Council 2006).

7.8.3 Fertilizers

Fertilizers are chemical compounds designed to promote plant and fruit growth when 
applied (USEPA 2008a). The most common fertilizers are nitrogen (N), phosphorus (P), 
and potassium (K). Nitrogen is found primarily in an organic form in soils, but can also 
occur as nitrate. Because nitrate is very soluble and mobile, it is transported by surface 
water to rivers, lakes, and streams where it can promote algal growth. In many cases the 
algal growth is extensive. Nitrate can also contaminate drinking water. Phosphorus occurs 
in soil in organic and inorganic forms, but being more soluble than nitrate, can also be 
depleted in soil through surface water runoff. Phosphorus can also promote algal growth 
in rivers, lakes and streams, because it is a limiting nutrient in fresh water. Potassium (K) in 
fertilizers is commonly incorporated as potash—an oxide form of potassium that includes 
the compounds potassium chloride, potassium sulfate, potassium nitrate, and potassium 
carbonate. The term “potash” comes from the pioneer practice of extracting potassium 
carbonate (K2CO3) by leaching wood ashes and evaporating the solution in large iron pots. 
Fertilizers containing potassium generally do not promote algal growth (USEPA 2008a).

The United States Department of Agriculture (USDA) has tracked fertilizer use in the 
United States since 1960. According to the USDA, approximately 140 lb of fertilizer contain-
ing N-P-K are applied each year per acre of land farmed, and this amount has increased 
more than 200% since 1960 (USDA 2007).

In urban areas, fertilizers containing N–P–K are common and routinely applied to resi-
dential lawns and golf courses to help maintain green healthy grass and gardens (USEPA 
2008a). According to USEPA (2009b), nitrogen, phosphorus, and potassium fertilizers are 
not currently known to cause cancer. Exposure to high concentrations may cause nausea 
and vomiting.

7.8.4 Cyanide

Cyanide is any chemical compound containing the cyano group—a carbon atom triple-
bonded to a nitrogen atom. This bond is depicted in Figure 7.21. Common cyanide com-
pounds include hydrogen cyanide, potassium cyanide, and sodium cyanide. Certain 
bacteria, fungi, and algae can produce cyanide, and cyanide is present in a number of 
foods and plants (ATSDR 2006c).

Cyanide compounds occur as gases, liquids, and solids. Inorganic 
cyanides are commonly salts of the cyano anion CN−. Organic com-
pounds containing the cyano group are called nitriles. Those com-
pounds that are able to release the cyano group CN− ion are highly 
toxic to humans and animals (ATSDR 2006d).
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FIGURE 7.20
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Hydrogen cyanide is a colorless gas with a faint, bitter, and almond-like odor. Sodium 
cyanide and potassium cyanide are both white solids with a bitter, almond-like odor when 
volatilization occurs. Cyanide and hydrogen cyanide have industrial applications in metal 
plating, metallurgy, some mining applications for extraction of precious metals, and in the 
manufacturing of plastics (ATSDR 2006d).

According to USEPA (2009b), cyanide and related compounds are not classified as car-
cinogens (Group: A4), but they are highly toxic. According to USEPA (2009b) and ATSDR 
(2006d), exposure to cyanide can cause rapid breathing, low blood pressure, headaches, 
coma, and death.

7.8.5 Asbestos

Asbestos (CAS Registry Number 1332-21-4) is the name given to a group of six different 
fibrous minerals that include the following (ATSDR 2001d):

• Amosite
• Chrysotile
• Crocidolite
• And the fibrous forms of the following:

• Tremolite
• Actinolite
• Anthophyllite

Asbestos is controversial because of its many tiny fibers. If these fibers shed out from 
asbestos-containing materials they create an airborne dust, which when inhaled can 
penetrate lung tissue and cause asbestosis, mesothelioma, and lung cancer. The U.S. 
Occupational Safety and Health Administration (OSHA) and Environmental Protection 
Agency (EPA) make no distinction between the two kinds of asbestos—chrysotile and 
amphibole—though geologists and some public health experts say that chrysotile’s soft 
and nonbarbed fibers are less damaging to the lungs than the splintery fibers of amphi-
bole minerals.

The term asbestos describes a variety of fibrous, nonflammable minerals with flexibility 
and high tensile strength. Their unique properties were used mostly between the 1940s 
and 1970s in fireproof insulation, vinyl flooring, pipe insulation, ceiling tiles, brake lin-
ings, and roof coatings. Chrysotile, a serpentine mineral, is also known as “white asbes-
tos” and makes up about 95% of asbestos found in buildings in the United States. The 
other asbestos minerals—crocidolite, amosite, anthophyllite, tremolite, and actinolite—are 
amphiboles not commonly used in commercial products.

OSHA began regulating workplace asbestos in 1970, around the time when miners 
and construction workers began reporting serious lung disease. At that time, the United 
States used about 800,000 Metric Tons of asbestos per year. OSHA published the Asbestos 
Standard for the Construction Industry, which outlined four categories of asbestos con-
tamination, and specified precautions and disposal techniques for each class. For instance, 
if asbestos insulation is removed (Class 1), contractors and supervisors trained in asbestos 
removal must be onsite wearing respirators and protective clothing.

In the late 1970s and early 1980s, USEPA followed suit by banning any new uses for 
asbestos, designating it a class A human carcinogen (on par with secondhand cigarette 
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smoke) and drafting the Asbestos Hazard Emergency Response Act (AHERA). In 1986, 
President Reagan signed the Act, which also put into effect the Toxic Substances Control 
Act, requiring all public and private schools to survey their structures for asbestos and 
implement an “appropriate response action.”

Ironically, ridding a building of asbestos can make the air inside more hazardous than 
before. When asbestos materials are torn out from walls, ceilings and between pipes, 
asbestos dust contaminates the air. Had the asbestos materials not been touched in 
the first place, the fibers would remain harmlessly contained in the ceiling tiles of the 
insulation.

Responding to EPA and OSHA regulations, worried schools districts and homeowners 
spent billions ripping asbestos products out of their buildings. In 1999, removing asbestos 
materials in the United States cost about $3 billion. Throughout the 1990s, New York City 
schools alone spent more than $100 million on asbestos removal, without performing an 
analysis of the mineralogy of the asbestos.

Asbestos legislation continues to evolve, as does research on the suite of asbestos miner-
als. USEPA’s response to asbestos has changed markedly over the years. In 1983 the agen-
cy’s asbestos handbook stated that removing the material is always appropriate, while 
their 1990 handbook acknowledged that asbestos removal may cause more contamination 
than leaving it in place. Now, according to its Web site, “EPA’s advice on asbestos is neither 
to rip it all out in a panic nor to ignore the problem under a false presumption that asbestos 
is risk free … asbestos material in buildings should be located [and] it should be appropri-
ately managed (Geotimes 2001).

Asbestos minerals have strong, flexible, and separable fibers that can be spun and woven. 
The main commercial and industrial value of asbestos lies in its ability to be heat resistant. 
For this reason asbestos was widely applied in the United Stated in manufactured goods 
and building construction as a heat insulator for these products:

• Roofing, ceiling, and floor tiles
• Window caulking
• Pipe wrap and pipe insulation
• Paper products
• Friction products, such as automobile brakes, clutches, and transmissions
• Heat-resistant fabrics
• Packaging
• Gaskets
• Coatings
• Some vermiculite and talc containing products
• Fire resistant doors

Exposure to asbestos causing an adverse health effect is almost always through the inhala-
tion route. Asbestos affects the lungs and may lead to a condition called asbestosis. USEPA 
classifies asbestos as a human carcinogen (Group: A1), and it has been linked to a form 
of cancer called mesothelioma (USEPA 2009b). According to ATSDR (2001d), we are all 
exposed to some asbestos in the air we breathe, especially in urban areas. Fortunately, the 
concentrations in air are generally very low, being on the order of 0.00001–0.0001 fibers of 
asbestos per milliliter of air.
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7.8.6 Acids and Bases

An acid increases the concentration of the hydrogen ion H+ when dissolved in water and 
lowers the pH (potential hydrogen) of the solution. The bare hydrogen ion, H+, is short for 
the hydronium ion, H3O+, since a bare H+ does not exist in a solution. Conversely, a base 
increases the concentration of the hydroxide ion OH– when dissolved in water, and raises 
the pH of the solution (Meyers 2003). Common acids and bases are listed in Table 7.15 
(Meyers 2003).

We recognize acids and bases by their simple properties, such as taste, and conclude 
the sour taste of a lemon indicates it must be acidic. Bases tend to taste bitter. On the pH 
scale, any substance with a pH less than 7 (the neutral point) is acidic and any substance 
having a pH greater than 7 is basic. Acids and bases are widely used in industry, and are 
present in many widely consumed foods and drinks. Stronger acids and bases are used 
in household cleaners and detergents, especially those used on glassware and in ovens 
(USEPA 2008a).

Acids or bases are only toxic if they are strong, meaning they are of relatively low or 
high pH. Exposure to strong acids and strong bases causes respiratory irritation and burn-
ing, and causes skin burns. Significant exposure may cause severe burns and even death 
(USEPA 2009b). Currently, adequate information is not available to evaluate the potential 
carcinogenic effects of common acids and bases (USEPA 2009b).

Ammonia is a common basic chemical widely used as a household cleaning agent and 
in many industrial applications (ATSDR 2004). Ammonia is present naturally throughout 
the environment in air, soil, and water. Exposure to high levels of ammonia may cause 
lung, skin, and throat irritation. Some people with asthma may react more negatively to 
the inhalation of ammonia (ATSDR 2004b).

Hydrochloric acid (also referred to as hydrogen chloride) is a common acid widely used 
in industry as a cleaning agent, in the manufacturing of PVC, in making steel, and making 
leather. Hydrochloric acid is also present in humans and other organisms as a gastric acid 

TABLE 7.15

Common Acids and Bases

Common Acids Common Bases

Acid Chemical Formula Base Chemical Formula

Acetic acid HC2H3O2 Ammonia NH3

Benzoic acid HC7H5O2 Aniline C6H5NH2

Boric acid H3BO3 Dimethylamine (CH3)3NH
Carbonic acid H2CO3 Ethylamine C2H5NH2

Cyanic acid HCNO Hydrazine H2H4

Formic acid HCNO2 Hydroxylamine NH2OH
Hydrocyanic acid HCN Methylamine CH3NH2

Hydrofluoric acid HF Pyridine C5H5N
Hydrogen sulfide H2S Urea NH2CONH2

Hydrochloric acid HCl Potassium hydroxide KOH
Nitric acid HNO3 Sodium bicarbonate NaHCO3

Phosphoric acid H3PO4 Sodium hydroxide NaOH
Pyruvic acid HC3H3O3 Calcium hydroxide Ca(OH)2

Sulfuric acid H2SO4
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(ATSDR 2004c), and sometimes exists as an acid mist. This mist may cause skin and lung 
irritation, and skin burns can occur if you are exposed to a highly concentrated mist for a 
prolonged period (ATSDR 2004c).

7.8.7 Radioactive Compounds

Radioactive decay occurs when an unstable atomic nucleus spontaneously loses energy by 
emitting ionizing particles and radiation. This decay, or loss of energy, results in an atom of 
one type (parent nuclide) transforming into an atom of a different type (daughter nuclide). 
All elements with an atomic number greater than 80 possess radioactive isotopes, and all 
isotopes of elements with an atomic number greater than 83 are radioactive.

Some radioactive compounds deserving special attention include the following 
(Kathren 1991):

• Beryllium
• Calcium
• Carbon
• Potassium
• Cadmium
• Cesium
• Iodine
• Strontium
• Palladium
• Tin
• Radon
• Radium
• Thorium
• Uranium
• Plutonium

Radon (CAS registry number 10043-92-2) is the most common radioactive compound pres-
ent in urban areas, and it has the potential for adverse human health effects (ATSDR 2000). 
USEPA (2009b) classifies radon as a human carcinogen, and exposure to radon for a long 
period of time at elevated concentrations may cause cancer.

Radon is a decay product of uranium, found naturally in the Earth’s crust. It is one 
of the heaviest substances existing as a gas under normal conditions of pressure and 
temperature. The highest average radon concentrations in the United States are found in 
Iowa, southeastern Pennsylvania, and Appalachian Mountain areas. During the decay 
process, alpha, beta, and gamma radiation is released. Alpha particles can travel only 
short distances and cannot penetrate your skin. Beta particles can penetrate through your 
skin but not your whole body. Gamma particles can penetrate your whole body. Radon is 
normally present at very low levels in outdoor air but may be present at higher levels in 
indoor air, especially in basements and buildings with poor ventilation and in well water 
(ATSDR 2008c).
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7.8.8 Greenhouse Gases

Greenhouse gases are gases in the atmosphere capable of absorbing and emitting radiation 
within the thermal infrared range (Karl and Trenberth 2003; USEPA 2009g). Greenhouse 
gases cause the Earth to warm up, and since the start of the industrial revolution in the 
early eighteenth century, levels of greenhouse gases in the Earth’s atmosphere have 
increased (United States Department of State 2006). Figure 7.22 shows the greenhouse gas 
effect. The primary effects of greenhouse gases are climate change related and not directly 
related to toxicity.

Greenhouse gases are not generally investigated at specific sites of environmental con-
tamination. It is important, however, to discuss greenhouse gases because of their poten-
tial impacts on climate change. Figure 7.23 shows the increase of carbon dioxide in the 
atmosphere since 1960 (NOAA 2009). The yearly variation shown in Figure 7.23 is seasonal 
and is attributed to extraction of carbon dioxide from plant matter during photosynthesis.

The greenhouse gases include the following compounds (USEPA 2009g):

• Carbon dioxide (CO2)
• Methane (CH4)
• Nitrous oxide (N2O)
• Fluorinated gases including the following:

• Hydrofluorocarbons (HFCs)
• Perfluorocarbons (PFCs)
• Sulfur hexafluoride (SF6)—an industrially produced gas with a global warm-

ing potential (GWP) almost 24,000 times that of CO2. The GWP measures the 
relative contribution of a gas to global warming based on its ability to absorb 
infrared radiation, its residence time in the atmosphere, and the specific wave-
lengths of energy absorbed. For comparison purposes, CO2 has a GWP = 1.

Some of the infrared radiation
passes through the atmosphere.

Some is absorbed and re-emitted
in all directions by greenhouse

gas molecules. The effect of this
is to warm the Earth’s surface

and the lower atmosphere.

Infrared radiation
is emitted by the
Earth’s surface.

Some solar radiation
is reflected by the

Earth and the
atmosphere.

Most radiation is absorbed
by the earth’s surface

and warms it.
Atmosphere

Earth’s surface

FIGURE 7.22
Greenhouse gas effect. (From United States Environmental Protection Agency, Greenhouse Gases, http://www.
epa.gov/climatechange/indicators/pdfs/CI-greenhouse-gases.pdf (accessed June 28, 2010), 2010a.)
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Greenhouse gases originate from a variety of sources, such as (USEPA 2009g)

• Fossil fuel combustion
• Coal
• Gasoline and diesel fuel in automobiles and trucks
• Aviation fuels
• Home heating fuels such as home heating oil and kerosene

• Industrial processes–refineries and cement making. Cement making is an often 
overlooked source; it accounts for 5%–7% of anthropogenic CO2 (Worrell and 
Galitsky 2004).

• Waste disposal facilities
• Electrical generation
• Mining
• Residential and commercial sources
• Agriculture

Figure 7.24 shows a breakdown of yearly greenhouse gas emissions by country of origin.
Increasing carbon dioxide levels in the atmosphere have been linked to the burning 

of fossil fuels (USEPA 2009g), and the evidence is clear. Global fossil fuel emissions have 
increased to 8000 million Metric Tons of carbon in 2004 compared to 2500 million Metric 
Tons in 1950. Figure 7.25 shows the percent contribution of each type of greenhouse gas on 
a global scale (USEPA 2010b).

7.8.9 Carbon Monoxide

Carbon monoxide (CO) is a colorless, odorless, nonirritating gas that is very toxic to 
humans and animal life (USDHH 2009). Carbon monoxide is formed naturally and 
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FIGURE 7.23
Carbon dioxide concentrations from 1960 to 2008 measured at Mauna Loa, Hawaii. (From National Oceanic and 
Atmospheric Administration (NOAA), Atmospheric CO2 at Mauna Loa observatory, http://www.esrl.noaa.gov/
gmd/ccgg/trends (accessed June 28, 2010), 2010.)
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anthropogenically. The human body produces a small amount of CO when red blood 
cells convert protoporphyrin into bilirubin. Synthetically, most carbon monoxide is cre-
ated by the incomplete combustion of fossil fuels, with the highest percentage coming 
from automobile exhaust. Inside homes, significant sources of carbon dioxide emissions 
can be natural gas and home heating oil furnaces, hot water heaters, appliances, wood 

United States
20.6%

EU-27
15.0%

Japan
4.4%

Russia
5.7%

China
21.7%

India
4.7%

Korea
1.7%

Brazil
1.2%

Canada
2.1%

Mexico
1.6%

Others
21.2%

FIGURE 7.24
2007 Greenhouse gas contribution by country. (From Europeon Commission Directorate—General for Energy 
and Transport, Chapter 4.2, Environment, http://ec.europa.eu/energy/publications/doc/statistics/part_4_
energy_pocket_book_2010.pdf (accessed August 8, 2010), 2010.)
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FIGURE 7.25
Greenhouse gas contributions. (From United States Environmental Protection Agency, Global Greenhouse Gas 
Data, http://www.epa.gov/climatechange/emissions/globalghg.html, (accessed July 2, 2010), 2010b.)
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burning stoves, and fireplaces. Carbon monoxide is also created as a by-product of sev-
eral industrial processes, including metal melting and chemical synthesis (USDHH 
2009). Figure 7.26 shows the structure of carbon monoxide represented in three different 
ways.

Carbon monoxide is one of the most common causes of fatal air poisoning (USDHH 
2009). When inhaled, carbon monoxide combines with hemoglobin to produce carboxy-
hemoglobin. A condition known as anoxemia arises because carboxyhemoglobin cannot 
deliver oxygen to body tissues efficiently. Exposure to high levels of carbon monoxide 
may cause headache, nausea, vomiting, dizziness, lethargy, seizures, coma, and even 
death (USDHH 2009). Concentrations of less than 700 ppm of CO may cause up to 50% of 
the body’s hemoglobin to convert to carboxyhemoglobin. In the United States, OSHA has 
established a long-term exposure standard for carbon monoxide at 50 ppm.

7.8.10 Ozone

Ozone (O3) is a gas present in Earth’s upper atmosphere and at ground level. The ozone 
occurring at ground level is considered an air pollutant by USEPA (2009h); whereas the 
ozone occurring in the upper atmosphere is not considered a pollutant. In the stratosphere, 
ozone is beneficial to life on Earth because it absorbs the sun’s ultraviolet (UV) radiation 
(USEPA 2009h). Nearer to the surface, however, the story is different. Ozone from the 
ground level to a height of approximately 10 km (6 mi) in the troposphere is the main con-
stituent of urban smog (USEPA 2009h). Figure 7.27 shows the two structural forms of ozone 
(USEPA 2009h).

Ozone in the stratosphere is gradually being destroyed by anthropogenically produced 
chemicals referred to as ozone-depleting substances (ODS), including the following:

• Chlorofluorocarbons (CFCs)
• Hydrochlorofluorocarbons (HCFCs)
• Halons
• Methyl bromide
• Carbon tetrachloride
• Methyl chloroform

Figure 7.28 shows the two locations in the atmosphere where ozone occurs.
These substances were, and still are used in coolants, foaming agents, fire extinguish-

ers, solvents, pesticides, and aerosol propellants. Once released into the environment, 
they tend to degrade very slowly (USEPA 2009h). It should also be noted that HFCs have 
been substituted widely for CFCs. While this substitution has slowed the harmful effects 

FIGURE 7.26
Structure of carbon monoxide. C
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brought on by free chlorine in the upper atmosphere, HFCs are potent greenhouse gases 
and their use should be carefully monitored, and ultimately reduced.

Ground-level ozone is not emitted directly into the air, but is created by chemical reac-
tions between oxides of nitrogen (NOx) and VOCs in the presence of sunlight. Emissions 
from automobile exhaust, gasoline vapors, chemical solvents, electrical generating facili-
ties, and certain factories are some of the major sources that emit compounds leading to 
the generation of ozone (USEPA 2009h). Table 7.16 shows the percent contributions of these 
major sources.

Ground-level ozone is a concern in urban regions of the United States. During the sum-
mer, strong sunlight and hot weather produces the conditions necessary for producing 
harmful levels of ozone. Overexposure to ground-level ozone can result in difficulty 
breathing and other respiratory affects (USEPA 2009h); especially for the elderly, very 
young, and those with existing respiratory ailments.

6 miles

Smog

Protective Ozone Layer

Stratosphere

Troposphere

Earth

30 miles

FIGURE 7.28
Ozone in the atmosphere: Good up high, bad nearby. (From United States Environmental Protection Agency, 
Ozone–Good up high bad nearby. Office of Air and Radiation, EPA-451/K-03-01, Washington, DC, http://www.
epa.gov/oagps001/gooduphigh/ozone.pdf (accessed July 2, 2010), 2003.)

TABLE 7.16

Sources and Contribution of NOx and VOCs

Compound Source
Percent 

Contribution

NOx Motor vehicles 56
Utilities 22
Industrial, commercial, and 
residential fuel consumption

17

Other 5
Total 100

VOCs Industrial and commercial 
processes

50

Motor vehicles 45
Consumer solvents 5
Total 100
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7.8.11 Sulfur Dioxide

Sulfur dioxide (SO2) is released naturally through volcanic eruptions. Anthropogenically, 
significant sources of sulfur dioxide include automobile exhaust, the burning of coal, and 
some industrial processes (USEPA 2008c). Sulfur dioxide is a component of smog. Other 
components of smog include ozone, carbon monoxide, particulate matter (PM), VOCs, and 
nitrous oxides (USEPA 2008c). The basic structure of sulfur dioxide varies slightly (Pradyot 
2003) (Figure 7.29).

Figure 7.30 shows an example of smog. When released into the atmosphere, sulfur diox-
ide often reacts with water vapor and eventually forms sulfuric acid (H2SO4). When pre-
cipitation occurs with a pH lower than that of natural rain (5.6) it is considered acid rain 
(USEPA 2008c). Figure 7.31 is a diagram showing acid rain development.

According to USEPA (2008c), acid rain and smog are serious environmental problems 
affecting large parts of the United States, especially heavily urbanized areas. A total of 21 
out of the 27 U.S. urban areas listed in Table 2.4 experience acid rain. Figure 7.32 shows the 
areas of the United States having levels of smog capable of causing an adverse health affect 
in humans (USEPA 2008c).

7.8.12 Particulate Matter

PM is also known as particle pollution. PM is a complex mixture of very small particles 
and liquid droplets. Particle pollution consists of a number of components, including the 
following (USEPA 2009i):

• Acids
• Nitrates
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FIGURE 7.29
Basic molecular structure of sulfur dioxide.
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FIGURE 7.30
Smog in an urban area. (Photo by Daniel T. Rogers.)
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NOx + H2O Nitric acid (HNO3)
SO2 + H2O Sulfuric acid (H2SO4)
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FIGURE 7.31
Development of acid rain. (From New York State Department of Environmental Conservation, Acid deposition 
large graphic, http://www.dec.ny.gov/chemical/41293.html (accessed June 27, 2010), 2010.)
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County designated nonattainment for 4 NAAQS pollutants
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FIGURE 7.32
Nonattainment areas of the United States for smog-forming air pollutants in 2006. (From United States 
Environmental Protection Agency, Counties designated “nonattainment” for Clean Air Act’s national ambient 
air quality standards (NAAQS) http://www.epa.gov/oaps001/greenbk/mapnpoll.pdf (accessed June 28, 2010), 
2010c.)
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• Sulfates
• Organic chemicals
• Metals
• Soil or dust particles

The size of the particles is directly related to their potential for causing adverse health 
effects. Particles less than 10 micrometers (μm) or less are small enough to pass through 
the nose and throat and enter the lungs while breathing (USEPA 2009i). Once inhaled, 
these particles can affect the heart and lungs and cause substantial adverse health effects. 
Figure 7.33 is a diagram of particle size relative to a human hair (USEPA 2009i).

USEPA groups PM into two categories (USEPA 2009i):

• Particles ranging in size from 2.5 to 10 μm are considered inhalable coarse par-
ticles; most likely to be present near roadways and dust-producing industries.

• Particles less than 2.5 μm are considered fine particles and are present in smoke 
and haze. These particles can be emitted from forest fires or power plants, certain 
industries, cigarette smoke, and automobiles.

Adverse health effects caused by inhalation of PM include the following (USEPA 2009i):

• Increased respiratory irritation, coughing, and difficulty breathing
• Decreased lung function
• Aggravated asthma
• Development of chronic bronchitis

PM2.5

PM10

<2.5 µm in diameter

<10 µm in diameter

Human hair
70 µm average diameter

90 µm in diameter
Fine beach sand

FIGURE 7.33
Particle size representation. (From United States Environmental Protection Agency, Particulate Matter: Basic 
Information, http://www.epa.gov/particlepollution/basic.html (accessed June 28, 2010), 2010d.)
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• Irregular heartbeat
• Nonfatal heart attacks
• Premature death in people with heart of lung disease

An additional concern is the potential exposure to other contaminants sorbed onto 
PM, which are then ingested or inhaled. This topic will be covered in greater detail in 
Chapter 10.

7.8.13 Bacteria, Parasites, and Viruses

Although we do not always think of bacteria, parasites, and viruses as everyday environ-
mental contaminants, they are common in urban areas and can cause many diseases and 
adverse health effects. They can contaminate water supplies and are also present in the air 
we breathe, in soil, on and within food, and building surfaces. Therefore, because they are 
so widespread and can produce adverse health effects, we will cover the basics.

Bacteria are organisms made up of just one cell. They are capable of multiplying them-
selves through a process called “binary fission,” whereby a single bacterium grows to 
approximately twice its normal size and then splits into two daughter cells that are exact 
copies of the original bacterium. Bacteria live everywhere, even inside most organisms. 
Most bacteria are harmless and some are beneficial by destroying other harmful bacteria 
within our bodies (Madigan et al. 2008). However, some may cause disease such as tuber-
culosis. One of the more common harmful bacteria is a group called E. coli, which is short 
for Escherichia coli. Most E. coli are harmless but a strain called serotype O157:H7 can cause 
food poisoning in humans. Three basic shapes of bacteria exist—rounded, rod shaped, 
and spirals. E. coli bacteria are rod-shaped.

The ability for E. coli to survive for a brief period outside the body creates the potential 
for the bacteria to spread and infect other people. The spread of E. coli usually occurs when 
there is poor sanitation or when untreated sewerage is discharged from municipal waste-
water treatment plants, which occasionally occurs during flood events (USEPA 2009k). 
Adverse health effects from exposure to E. coli bacteria typically include gastroenteritis, 
urinary tract infections, skin rashes, and neonatal meningitis (USEPA 2009k).

A virus is a subcelluar infectious agent capable of replicating itself inside the cells of 
another organism (Madigan et al. 2008). They are typically 100 times smaller than a bacte-
rium. Viruses consist of two parts: (1) DNA or RNA molecules carrying genetic informa-
tion and (2) a protein coat protecting the genes. Some viruses may also have an outside 
layer of fat surrounding them while they are outside a cell. Viruses spread in many ways, 
including aerosol routes (coughing and sneezing), through infected or contaminated water, 
and exchange of body fluids. Viruses cause diseases such as the common cold, influenza, 
chickenpox, mumps, ebola, and HIV.

A parasite is an organism living on or within a different organism (the host) at the 
expense of the host organism. Common examples of parasites causing adverse health 
effects in humans are Cryptosporidium and Giardia; both may cause severe intestinal 
disorder (Center for Disease Control 2009). Exposure to these two parasites occurs by 
consuming affected water (Center for Disease Control 2009). In humans, Giardia creates 
uncomfortable, but curable gastrointestinal symptoms, whereas Cryptosporidium can cre-
ate life-long gastrointestinal symptoms in persons with weak immune systems and may 
result in death.
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7.8.14 Emerging Contaminants

Through research, we are now learning about the presence in the environment of many 
chemicals and microbes that historically were not considered contaminants (USGS 
2009c). Emerging contaminants originate from urban and agricultural sources and 
impact soil and groundwater at many urban locations. The potential health risks posed 
by emerging contaminants are not fully known. Many emerging contaminants enter the 
environment from residential waste products, and this fact has prompted a shift in tra-
ditional thinking that held most releases of contaminants were from industrial sources 
(Barnes et al. 2008).

Emerging contaminants include a wide variety of compounds consisting of the follow-
ing (Barnes et al. 2008; USGS 2009c):

• Pharmaceuticals and drugs including
• Antibiotics
• Steroids
• Antibacterial chemicals
• Hormones
• Narcotics
• Many other legal and illegal drugs

• Insect repellants
• Solvents
• Detergents
• Plasticizers
• Fire retardants
• Veterinary antibiotics
• Others

Common pharmaceuticals and drugs with the capability of 
becoming contaminants if not properly disposed include the 
following:

• Hormones, such as testosterone
• Antibiotics, such as penicillin
• Sildenafil citrate, commonly known as Viagra
• Benzoylmethylecgonine, commonly known as cocaine

Benzoylmethylecgonine or cocaine is a stimulant affecting the 
central nervous system, and also acts as an appetite suppressant. 
Antibiotics inhibit the growth of bacteria. Sildenafil citrate is an 
arterial stimulant (Barnes et al. 2008). Testosterone is a male sex 
hormone, an anabolic steroid, and affects the growth of muscle 
mass. Figures 7.34 through 7.37 show the structures of testoster-
one, penicillin, sildenafil nitrate, and benzoylmehylecgonine, 
respectively.
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FIGURE 7.34
Structure of testosterone.
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Table 7.17 lists the CAS number and molecular formula for benzoyl-
methylecgonine, penicillin, sildenafil citrate, and testosterone.

Two other emerging contaminants of note include a group of 
compounds called perchlorates and the compound 1,4-Dioxane. 
Perchlorates are colorless and odorless salts. They are a group of com-
pounds including the following:

• Magnesium perchlorate (MgClO4)
• Potassium perchlorate (KClO4)
• Ammonium perchlorate (NH4ClO4)
• Sodium perchlorate (NaClO4)
• Lithium perchlorate (LiClO4)

The basic structure of the perchlorate ion is shown in Figure 7.38. Perchlorates are very 
reactive and are commonly used in explosives, fireworks, road flares, and rocket motors 
(ATSDR 2008c). Perchlorate may also be present in bleach as an impurity. Adverse health 
affects of exposure to perchlorates include the ability of the thyroid gland to uptake 
iodine. Iodine is needed to produce hormones that regulate many body functions. USEPA 
does not currently list any of the perchlorate compounds as human carcinogens (USEPA 
2009b).

1,4-Dioxane (C4H8O2) is a clear liquid that easily dissolves in water. It is one of three 
isomer varieties of dioxanes, and is primarily used as an industrial sol-
vent, with less widespread use in cosmetics, shampoos, and detergents 
(ATSDR 2007f). The ability of 1,4-Dioxane to dissolve so easily in water 
and its penchant for not being biodegradable results in 1,4-Dioxane eas-
ily contaminating surface water and groundwater. Inadequate infor-
mation is available for classifying the carcinogenicity of 1,4-Dioxane 
(USEPA 2009b). Figure 7.39 shows the basic structure of the dioxane 
isomers.

FIGURE 7.36
Structure of sildenafil citrate.
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Structure of the 
perchlorate ion.

TABLE 7.17

Date for Select Emerging Pharmaceuticals and Drugs

Compound CAS Registration Number Molecular Formula

Benzoylmethylecgonine 50-36-2 C17H21NO4

Sildenafil citrate 139755-83-2 C22H3N8O4S
Testosterone 58-22-0 C19H28O2

Penicillin Not listed R–C9H11N2O4Sa

a R indicates a variable group attached to molecule.
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7.9 Summary and Conclusion

There are thousands of contaminants existing everywhere, and many of the more unsa-
vory ones are concentrated within urban areas. They are in the air we breathe, the water 
we drink, the food we eat, and in the dirt we play in. They are organic and inorganic. Many 
naturally occur—many do not. Some we know about and some we do not. Some are more 
toxic than others. Some may cause cancer and some may not. All of them have the ability 
to cause some adverse health effect in humans, to other organisms, or negatively impair 
or impact the environment if the exposure and dose are just right. Otherwise, they would 
not be considered contaminants.

This now leads us to the next set of questions we will explore. How do contaminants 
behave once they are released into the environment? Do they degrade? Where would we 
go to find them? How long do they last?

Evaluating the behavior of contaminants in the environment is commonly referred to 
as fate and transport assessment. Analysis of the fate and transport of contaminants once 
released into the environment is crucial for accurately assessing the risk posed by a spe-
cific compound. Just because a contaminant exists does not mean there will be a risk to 
human health or the environment. There must be a completed pathway—the contaminant 
must be transported from its point of release to a place where exposure can occur. Chapter 
8 discusses this central concept, and describes the fate and transport of many contami-
nants introduced in this chapter.
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8
Contaminant	Fate	and	Transport

8.1 Introduction

We now know what contaminants are, where they come from, and what they can do to 
our bodies if we are exposed to them. We know that a contaminant only presents a risk to 
human health and environment if there is a completed exposure pathway. So, where do 
contaminants end up when they are released into the environment, and how do humans 
and the environment become exposed to contaminants?

The answer to these questions is obtained through an understanding of the process 
called contaminant fate and transport, defined as the sequence of anthropogenic and 
natural events involving a contaminant source, its mobilization or transport, and its ulti-
mate fate or resting place, termed a sink (Rogers et al. 2007). Sources of contamination 
include many human activities performed primarily at the surface resulting in the release 
of toxic substances into the environment. These toxic substances may be transported over 
time or remain relatively close to their source before they are degraded, transformed, or 
destroyed because (1) contaminants released into the environment are often mixtures, 
(2) each contaminant is unique chemically, and (3) the geologic environment in which 
the contaminants are released is also unique. It is, therefore, necessary to understand the 
physical chemistry of each contaminant, the microbiologic environment, and the geologic 
environment into which they are released when characterizing their fate and transport 
(Rogers et al. 2007).

During their transport and before reaching their final sink, certain contaminants may 
reside at multiple intermediate sinks for different periods of time. Intermediate sinks 
include surface water, groundwater, and the atmosphere, and the contaminants held 
within these water-containing sinks will flow and ultimately reach the oceans. Aquifers 
with a very low hydraulic conductivity are for practical purposes considered final sinks, 
as are inland bogs and some wetlands. Sediment and soil can function as intermediate or 
as final sinks, since erosion may move both of these unconsolidated materials. The oceans 
are almost always a final sink of contamination, although wave action and ocean currents 
may occasionally bring contamination onshore.

To a large extent, the level of human health and/or environmental risk is a function of 
two fundamental concepts introduced in this chapter: mobility and persistence. Mobility is 
a measure of a substance’s potential to migrate. Persistence is a measure of a substance’s 
ability to remain in the environment before being degraded, transformed, or destroyed 
(Rogers et al. 2007). In Chapter 7, it was noted that substances with higher toxicity pose 
greater potential for adverse health risks, but the risk to humans and the environment 
grows exponentially if the chemical is both mobile and persistent. For example, a highly 
toxic but immobile chemical may affect a few people in a warehouse through inhalation, 
whereas a mobile and persistent chemical of moderate toxicity can contaminate a public 
water supply or migrate to a different sink. In these locations, the potential for widespread 
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human exposures and ecosystem damages is much higher and may persist for decades 
under certain conditions.

The following sections discuss how and where contaminant releases occur; how their 
migration through the soil, groundwater, and atmosphere proceeds; and how they end up 
in sinks. The chapter concludes with a brief description of the fate and transport for each 
contaminant group.

8.2 Contaminant Releases into the Environment

The fate and transport of contaminants begins with their release into the environment. 
Contaminant releases originate from numerous sources and under different circum-
stances; they vary on degree, concentration, duration, mass, volume, and whether a single 
contaminant is released or if a mixture of contaminants are released. Each of these factors 
influences their fate and transport. For instance, some releases may be very small and 
avoid detection. On the other hand, some releases are so large and sudden (e.g., a tanker 
spill) that they become the leading story of the next newscast. Sudden and large releases 
increase the probability of severe environmental impairment or destruction, especially if 
they occur in or near a sensitive ecological area.

Historically, there was no regulation of the disposal of wastes containing contaminants. 
Until the mid-twentieth century, the most convenient and least costly method of waste dis-
posal was “up the stack or down the river” (Haynes 1954). We now know that the percep-
tion of a contaminant leaving your immediate vicinity and being gone forever is not true.

Today, many releases of contaminants are permitted but carefully monitored, such as 
wastewater discharges from industrial and municipal sources and those to the atmo-
sphere from industrial and commercial sources and power plants. The legislation govern-
ing such releases (the Clean Water Act of 1972 and the Clean Air Act of 1990) permits a 
point source (such as a wastewater plant or a smokestack) to release specific compounds at 
low concentrations to ensure there are no adverse health and environmental effects detect-
able on the media they are released into (water or air). A majority of the other contaminant 
releases into the environment are unintentional or accidental and occur from numerous 
sources under a multitude of circumstances, and these include (Fetter 1993; Rogers 1996; 
USGS 2006a)

• Permitted releases of contaminants in wastewater and air emissions
• Spills and leaks from several types of containers or operations, including

• Drums of various sizes and shapes
• Pipelines
• Above ground storage tanks
• Underground storage tanks
• Tanker trucks and other transport vehicles
• Tanker ships
• Railroad tanker cars
• Aircraft
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• Accidents or collisions involving automobiles where gasoline and oil may be 
released, railroad derailments, etc.

• Septic systems
• Sewer leaks
• Landfills and dumps
• Automobile exhaust
• Sumps and dry wells
• Former disposal lagoons
• Animal feed lots
• Injection wells
• Fertilizer application
• Application of pesticides and herbicides
• Application of deicing compounds (i.e., road salts)

Exploring and evaluating fate and transport of contaminants in the environment must 
consider the complex interplay between the environment and the contaminant. And, as 
Figure 8.1 shows, fate and transport is also influenced by the method and location of con-
taminant release and the volume, mass, and duration of the release. We will break down 
and describe these factors influencing the migration of contaminants, degradation of con-
taminants, and then describe how the fate and transport of each group of substances is 
influenced by the group’s specific chemistry.
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FIGURE 8.1
(See color insert.) Sources and locations of contaminant release.
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8.3 Principles of Contaminant Fate and Transport

Interaction with the environment begins immediately after a contaminant has been 
released. Once released, a contaminant can do three things (Manahan 1993; Hemond and 
Fechner-Levy 2000):

• Stay put
• Migrate in soil, water, air, or a combination of media
• Degrade, transform, or get destroyed

The factors controlling these three outcomes depend upon the physical chemistry of the 
contaminant and the characteristics of the receiving environment (USGS 2006a; Rogers 
et al. 2007). For example, some contaminants may change form, as when many of the chem-
ical compounds in gasoline immediately evaporate after their exposure to the atmosphere. 
Other contaminants may degrade in a matter of minutes after being released, while some 
may last for thousands of years or sometimes longer, as with certain radioactive com-
pounds. Therefore, computing a mass balance should be the first action when assessing 
any particular release, as this will ensure that the mass or volume of contaminant released 
is accurately measured. Conducting a mass balance also serves to validate or refute our 
current understanding of the behavior of the different environmental elements influenc-
ing the contaminant once it has been released.

A simple mass balance is expressed as

Amount released amount re ered amount lost to theenvironment= +cov (aair water soil+ + ) 
  (8.1)

Once in the environment, contaminants can and often move between soil, surface water, 
groundwater, and the atmosphere, and they can also degrade. Many contaminants 
degrade quickly if conditions are favorable, yet others persist and last for years or decades 
depending upon the conditions present (USGS 2006a). Factors degrading contaminants 
fall into two broad categories: biotic degradation and abiotic degradation. Biotic degrada-
tion involves microorganisms or fungi and occurs when an organism, such as a bacterium, 
uses a contaminant as a source of food and either degrades or transforms the contaminant 
(USGS 2006a). Abiotic degradation involves other processes not including microorgan-
isms. Examples of abiotic degradation include photolysis—the degradation as a result of 
exposure to sunlight (USGS 2006a)—and hydrolysis. As described in Chapter 3, hydrolysis 
involves cleaving a molecule into two parts by the addition of a molecule of water.

When examining contaminant degradation in the environment, it is important not 
to confuse dilution with degradation. If given enough time, contaminants may become 
diluted, and this process results in a decrease of the contaminant concentrations per unit 
volume of the media being measured. However, dilution is not degradation, since it does 
not involve a chemical transformation of the contaminant. We will discuss degradation in 
more detail in Section 8.3.2.

8.3.1 Basic Contaminant Transport Concepts

Contaminant transport in the environment is dominated by three physical transport 
mechanisms (USEPA 1996a; USGS 2006a): advection/convection, molecular diffusion, and 
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dispersion. Advection is the horizontal transport of any property by the atmosphere and 
water. Common examples are the transfer of heat by wind and sediment transport within 
a flowing stream. Convection is the vertical advection of air, water, or other fluid as a 
result of thermal differences. We introduced the concept of convection in Chapter 2 as the 
driving force behind plate tectonics. Molecular diffusion is the movement of a chemical 
from an area of higher concentration to an area of low concentration due to the random 
motion of the chemical molecules. Dispersion (also referred to as hydrodynamic disper-
sion) is the tendency for contaminants to spread out from the path of the expected advec-
tive flow (USGS 2006a). Occasionally, the effects of diffusion and dispersion are treated 
together, but for the purposes of this book we treat them separately.

The rate of advective transport of a contaminant is often expressed in terms of flux den-
sity. Flux density is the mass of a chemical transported across an imaginary surface of a 
unit area per unit of time. Equation 8.2 shows this relationship (Hemond and Fechner-
Levy 2000), which is independent of the media involved (soil, surface water, groundwater, 
or the atmosphere):

 J CV=  (8.2)

where
J is the flux density = (mass/[length × width] × time) or [M/L2 × T]
C is the concentration of the chemical per cubic liter or meter of media [M/L3]
V is the velocity [length/time] or [L/T]

An example of molecular diffusion is shown in Figure 8.2 (Payne et al. 2008). From the 
release time to infinity, a contaminant released into a fluid such as air or water will diffuse 
throughout the fluid at random locations.

Fick’s First Law of Diffusion (Equation 8.3) can be used to predict the diffusive flux of a 
contaminant (solute) across an imaginary plane as a function of the rate of change in con-
centration with distance (Hemond and Fechner-Levy 2000).

 
J D

dC
dx

one ension= − 



 ( dim )  (8.3)

Elapsed time
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FIGURE 8.2
Molecular diffusion. (Adapted from Payne, F.C. et al., Remediation Hydraulics, CRC Press, Boca Raton, FL, 2008. 
With permission.)
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where
J is the flux density [M/L2 × T]
D is the Fickian mass transport coefficient [L2/T]
C is chemical concentration [M/L3]
x is the distance over which a concentration change is being considered [L]

Note: In simple calculations, the minus sign is often omitted if the direction of Fickian 
transport is clear.

As a contaminated fluid flows through a porous medium, it will mix with non-con-
taminated water. The result will be a dilution of the contaminant by a process known as 
dispersion (Fetter 1993). Longitudinal dispersion occurs along streamlines as the contami-
nated water moves downgradient. Lateral or transverse dispersion occurs at right angles 
to longitudinal dispersion. Figure 8.3 shows the basic causes of longitudinal and lateral 
dispersion. As a fluid moves through pores in an aquifer, it follows a tortuous path, mov-
ing faster through the center of the pore and slower along the edges of the soil particles. As 
a result, some of the fluid will travel a longer path.

General factors that influence or control the rate of migration of a contaminant include 
(Hornsby 1990):

• Physical properties of the contaminants themselves
• The geological environment where the release occurs
• Climatological factors
• Vegetation factors

Specific physical properties affecting migration of contaminants in soil include (USGS 
2006a; Rogers et al. 2007; Payne et al. 2008):

• Solubility in water. The more soluble a contaminant is in water, the more mobile it 
will be in the subsurface environment.

• Vapor pressure. As vapor pressure increases, affinity to volatilize increases and 
the more likely a contaminant will be present in the gas phase.

• Molecular weight. The higher the molecular weight, the greater the energy 
requirement to transport the contaminant in the horizontal direction. Increased 
molecular weight may induce the contaminant to migrate downward in areas of 
steep slopes.

A

B
A΄

B́
FIGURE 8.3
Effects of dispersion on subsurface migration in a 
porous medium.
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• Chemical stability and persistence. Stable compounds have more time to migrate 
and may migrate further if conditions are favorable before they are degraded, 
transformed, or destroyed.

• Sorptive properties. Sorptive processes include adsorption and absorption. The 
lower the sorptive properties, the higher the migration potential. This relationship 
is shown in Figure 8.4, which graphs the percent sorbed (nonaqueous) of select 
volatile organic compounds (VOCs) in relation to organic carbon content within 
the subsurface. For this relationship to exist, the number of sorption sites within 
the geological materials has not been exceeded (Payne et al. 2008).

Specific geologic factors affecting migration of contaminants in soil include (Rogers 1996; 
USGS 2006a; Rogers et al. 2007):

• Composition. As noted in Chapters 2 and 3, soil type has a significant influence 
on the migration of contaminants. In general, coarse-grained soils, such as sand 
and gravel, do not impede the migration of contaminants nearly as much as soils 
composed of clay.

• Porosity and permeability. Direct evidence of migration potential is hydraulic con-
ductivity. As described in Chapter 3, soils composed of sand and gravel have a 
hydraulic conductivity generally 100 to 1000s of times higher than soils composed 
of clay. Although soils or sediments composed of clay may have a high relative 
porosity, they are usually not as permeable because the porosity is generally not 
interconnected, or the pore spaces are simply too small to allow the flow of water. 
In some cases, however, as demonstrated in Chapter 3, secondary porosity such 
as root fragments and vertical fractures can make a seemingly impervious clay 
deposit much more permeable than expected.

• Organic carbon content. As just discussed, an increased total organic content in 
soil may impede the migration of certain types of contaminants as long as the 
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contaminant mass does not exceed the holding capacity of the soil. Soils or sedi-
ments composed of sand and gravel generally have lower organic carbon content 
compared to soils composed of clay. An example of high relative organic carbon 
content is shown in Figure 2.36 where a sand deposit is interbedded with layers of 
ash primarily composed of organic carbon.

• Soil chemistry. The pH, redox potential, and other soil chemistry factors influence 
the contaminant migration of many different types of compounds. Many metals, 
for instance, are particularly sensitive to pH differences in soil, and these differ-
ences—along with the characteristics of each metal—influence their migration 
patterns in the environment.

• Stratigraphy. This is where heterogeneity and the anisotropic nature of the geo-
logic sediments play a significant role at both a micro- and macroscale. As shown 
in Chapter 2, the geology beneath the surface can and does change dramatically 
in just a few meters in any direction. The result is differing sediment types and 
chemical composition, including pH and redox potential, of subsurface layers act-
ing to impede or enhance contaminant migration.

• Unconformities. From Chapter 3, the presence of unconformities influences 
the migration of groundwater as well as the migration of contaminants. 
Hydrogeologically, the presence of an unconformity indicates there is a surface or 
plane in the subsurface geologic environment. This space often produces a signifi-
cant difference in the hydraulic conductivities within the soils or sediments above 
and below the unconformity, especially if these units are fine-grained sediments 
such as silts or clays. As a result, contaminants released in this type of location use 
the unconformity as a sink and migrate much further than expected.

Specific climatological factors affecting migration of contaminants in soil include 
(USGS 2006a)

• Freeze-thaw cycles. Freeze-thaw cycles (Chapter 3) can lead to the development of 
vertical fractures in the soil to depths approaching 10 m. These vertical fractures 
are a type of secondary porosity and, if present, can greatly increase the migra-
tion potential of contaminants vertically through the soil column. In addition, the 
freezing of near surface soils may trap contaminants at the surface and lead to 
increased contaminant loading during warmer periods when the ice melts.

• Rainfall. Because water is the universal solvent, geographic locations receiving 
abundant rainfall play a significant role in enhancing the migration of contami-
nants, especially if they are soluble. Rainfall also enhances the migration of con-
tamination through the physical transport of particles with sorbed contamination 
on their surfaces.

• Snowfall. Airborne deposition of contaminants may become temporarily trapped 
in seasonal snowpack. Increased contaminant loading to the environment may 
occur during warmer periods when the snowpack melts (Wania et al. 1998).

• Wind. Many locations within the United States contain significant amounts of 
wind-blown deposits, especially in the southwest (Chapter 2). Contaminants with 
a high sorption potential may become attached to fine wind-blown sediment 
grains and transported over long distances (Section 7.8.12). In addition, volatile 
contaminants released as a gas are routinely transported by wind.
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• Water vapor. Humidity plays a significant role in the water cycle by affecting air 
movement and by reacting with contaminants in the gas phase and contami-
nants released into the atmosphere attached or sorbed onto particulate matter. 
Contamination goes along for the ride when precipitation formed around contam-
inated condensation nuclei is transported from the atmosphere to the lithosphere 
and then entrained by surface runoff.

• Fog. Fog can be an effective agent for the transfer of acid rain by transferring it to 
vegetation or other surface materials through direct contact.

• Flood events and hurricanes. Due to their catastrophic nature and magnitudes, 
floods and hurricanes may not only increase contaminant migration but can also 
cause significant releases. During the 1993 floods of the Mississippi River, numer-
ous barrels containing hazardous waste were swept away and deposited in the 
Gulf of Mexico.

• Solar energy. Sunlight breaks down some contaminants through a process called 
photolysis. In toxic microorganisms, ultraviolet light passes easily through cell 
walls, cytoplasm, and nuclear membranes and prevents DNA replication.

Specific vegetative factors that affect migration of contaminants in soil include (USGS 
2006a)

• Roots. These pathways within shallow subsurface geological materials can 
enhance the migration of contaminants (Chapter 3). Certain plants can uptake 
contaminants. Many types of plants and trees have the capability with their root 
systems to assist in the removal of contaminants from shallow subsurface soil. 
Contaminants may be stored in plant tissues or are transformed through biologic 
processes.

• Microorganisms. Microorganisms in the soil often biodegrade many different 
types of contaminants by using the contaminants themselves as a source of food.

8.3.2 Basic Contaminant Degradation Concepts

The degradation of specific compounds in the environment is expressed in terms their 
half-life. Half-life is the average amount of time required to degrade half or 50% of a 
specific contaminant population (USEPA 1996a). Contaminants degrade through biotic or 
abiotic processes, and the processes controlling their rate of decay depend upon the fol-
lowing factors (USEPA 1996a; USGS 2006a):

• The nature of the release. This group of factors includes
• Media receiving the release. Was it into the atmosphere, surface or subsurface 

soil, surface water, ocean, directly to groundwater, or a combination of media?
• Amount (volume or mass) of the release
• Number of contaminants released. Was it a single contaminant—or a mixture 

of several contaminants?
• Physical state of the release (i.e., liquid, solid, or gas)
• Time duration of the release
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• Geologic environment. The most significant geologic factors include
• Soil composition and other physical characteristics such as permeability, 

porosity, moisture content, composition, extent and distribution, thickness, 
total organic carbon content, pH, redox potential, dissolved oxygen (if satu-
rated), and other parameters

• Depth to bedrock, type, composition, distribution, fractures, permeability, 
porosity of bedrock, and other parameters

• Terrain and topography
• Potential surface and subsurface migration pathways

• Climatic factors
• Release location. Different climates—deserts, mountains, humid areas, or tem-

perate regions can influence the type and rate of degradation
• Surface water features

• Distance to surface water bodies and their type. Immature streams, mature 
streams, rivers, lakes, wetlands, and bogs can differ in pH due to the rock 
composition of their channels and bottoms and the amount of organic matter 
they receive from outside, inputs termed allochthonous

• Weather conditions at the time of the release. Weather conditions are often impor-
tant and sometimes overlooked as potentially significant. Those conditions affect-
ing degradation and migration include
• Temperature
• Humidity
• Precipitation
• Wind speed and direction

• Biologic factors
• The type, distribution, and amount of microorganisms will influence the rate 

and can determine if degradation even occurs
• Anthropogenic factors. Anthropogenic factors are often overlooked and frequently 

significant. These include
• Physical landscape alteration (i.e., buildings, roads, parking lots, etc.)
• Surface water drainage modifications including stormwater control and wet-

land destruction
• Alteration of native vegetation
• Introduction of invasive vegetation
• Regional contaminant loading, including sources, duration, type, release 

points, and physical state of contaminants (i.e., solid, liquid, or gas)
• Developmental history of the area and region

8.3.2.1  Biotic Degradation

Microbes have the ability to oxidize a variety of organic contaminants including many 
VOCs, polynuclear aromatic hydrocarbons (PAHs), and other compounds. This capa-
bility arises from their enormous variety, populations, rapid growth, and diversity of 
environmental niches. Soluble organic compounds with low molecular weights such as 
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alcohols and organic acids are metabolized and degraded rapidly by microbes, perhaps 
because these compounds also occur naturally and microbes have evolved to degrade 
them more efficiently (Hemond and Fechner-Levy 2000). Halogenated synthetic or 
anthropogenic compounds, however, are not easily degraded by microbes (USEPA 2006), 
and some contaminants that escape biotic degradation bioaccumulate in the bodies of 
organisms.

The rate of biodegradation by microorganisms generally slows if the organic contami-
nants possess the following (Hemond and Fechner-Levy 2000):

• High molecular weight
• Low water solubility
• Presence of benzene or aromatic rings
• A large amount of branching within the molecular structure
• Presence of halogen atoms in the structure (chlorine, fluorine, bromine, or iodine)

8.3.2.2  Abiotic Degradation

Abiotic degradation refers to degradation processes accomplished without microorgan-
isms. Common abiotic degradation processes include

• Photolysis
• Hydrolysis
• Reduction–oxidation
• Radioactive decay

Photolysis (sometimes referred to as photodegradation or photochemical degradation) 
occurs in the presence of sunlight. Common examples of this process include the fading of 
colored and dyed objects and the transformation of plastic object textures from pliable to 
brittle. Photolysis is most common in the atmosphere, surface water, and at Earth’s surface. 
The degree of degradation caused by sunlight depends on the wavelength spectrum of the 
light, intensity of light exposure, and duration (Hemond and Fechner-Levy 2000). If the 
energy per photon is sufficient to break a specific chemical bond, photolysis can be initiated. 
Once begun, increased light intensity will result in a faster rate of degradation. Ultraviolet 
light is especially effective at degrading many organic contaminants (USEPA 1996a).

Degradation by photolysis is often observed in organic compounds with double bonds 
between their carbon atoms. Many VOCs, PAHs, and semivolatile organic compounds 
(SVOCs) characterized by a benzene ring fit this pattern. Under favorable conditions, the 
degradation of many organic compounds by photolysis may occur in a short period of 
time—from a few hours to a few days (Lyman et al. 1990).

The process of hydrolysis occurs when a water molecule breaks. Contaminant degrada-
tion by hydrolysis also destroys a molecule of contaminant. Two types of chemical com-
pounds are susceptible to degradation by hydrolysis (Schwartzenbach et al. 1993):

• Alkyl halides, straight-chained or branch-chained hydrocarbons, where one or 
more hydrogen atoms have been replaced by a chlorine, fluorine, bromine, or 
iodine atom. Using an “X” to represent a halogen atom and an “R” to represent the 
hydrocarbon group, the basic hydrolysis reaction is shown in Equation 8.4:

 H O R X R OH H X2 + − → − + ++ −  (8.4)
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• Esters, compounds containing a modified carboxylic acid group (−COOH), where 
the acid hydrogen atom has been replaced by a different organic functional group. 
The process of hydrolysis within this group converts the ester compound into the 
“parent” organic acid and an alcohol (Equation 8.5):

 H O CH COOC H CH COOH C H OH2 3 2 5 3 2 5+ → +  (8.5)

In reduction–oxidation degradation reactions (redox), electrons are transferred from one 
atom to another. Chemical reduction is defined as the addition of electrons and chemical 
oxidation is defined as the loss of electrons (Hemond and Fechner-Levy 2000). In a reac-
tion involving atoms A and B, if atom A gains an electron, it is reduced, and atom B, having 
donated an electron, is the reductant. Because atom B loses an electron, B is oxidized and 
atom A is the oxidant. Each reaction involving the loss or gain of an electron is termed a 
half reaction.

The oxidation of contaminants can occur very rapidly through combustion or incin-
eration. Here, fire transforms the contaminants through oxidation at greatly elevated 
temperatures and is represented by applications in cooking, heating, and transportation 
(Hemond and Fechner-Levy 2000).

8.3.3 Fate and Transport of Contaminants in Soil

Folklore holds that the presence of soil protects groundwater quality by filtering contami-
nants before they reach and impact groundwater (Hornsby 1990). Soil does have a limited 
ability to filter contamination; however, it does not do a perfect job of holding, filtering, 
degrading, transforming, or destroying contaminants. These capabilities also depend 
upon a number of factors related to the chemistry of the contaminant and the geological 
environment where the contaminant is released.

Soil is defined as the unconsolidated mineral matter on the immediate surface of Earth 
(Soil Science Society of America 1987). Basic to an understanding of soil are the factors 
affecting its development and ultimate physical structure. The composition, texture, and 
thickness of soil are influenced by its source material, plant growth, micro- and macro-
organisms, climate, topography, process of formation (e.g., alluvial, fluvial, and glacial), 
and physical and chemical weathering since original formation (Brady and Well 1999). 
Structurally, soil is composed of three phases: soil gases, soil water, and organic and inor-
ganic solids. The gas and water phases may comprise 25%–50% of the total volume of a 
surface soil, especially at shallow depths (USEPA 1999).

Contaminants released into the soil can migrate within all three phases. Once a contam-
inant is resident in soil, these factors determine its migration rate (Schnoor 1996; USEPA 
1999; Kaufman et al. 2009):

• Contaminant mass released
• Duration of the release
• Physical chemistry of the contaminant
• Physical chemistry of the soil (e.g., pH, redox potential and mineralogy)
• Amount of water present
• Permeability of the soil
• Retention capacity of the soil



Contaminant	Fate	and	Transport	 285

© 2011 by Taylor & Francis Group, LLC

• Distribution of plant matter
• Biological interaction between the contaminant and indigenous microorganisms

All these factors must be well understood before an accurate assessment of the fate and 
transport of a contaminant in soil can be made.

Contaminants migrate through the soil by two basic processes: diffusion and mass flow. 
The rates of diffusion and mass flow greatly depend upon the local geology and the physi-
cal chemistry of the contaminant. Diffusion of substances through soil and aquifer materi-
als occurs in response to differences in energy from one point to another. These energy 
gradients may be caused by differences in temperature or chemical concentrations within 
the contaminated area. In most cases, however, the principal process moving a contami-
nant through soil is mass flow or advection because contaminants generally want to move 
downward through the soil under the force of gravity (USGS 2006a).

Contaminant-specific physical and chemical attributes affecting the migration of con-
taminants in soil include (USEPA 1999, 1996b,c; Wiedemeier et al. 1999)

• Solubility
• Vapor pressure
• Density
• Chemical stability
• Persistence
• Adsorption potential

In soil, solid phase contaminants migrate much more slowly than liquid phase contami-
nants and tend to remain relatively close to their point of release or deposition (USEPA 
1999). Before they can migrate a significant distance, solid phase contaminants must change 
phase or undergo a transformation process. For example, heavy metals—a solid phase 
contaminant—typically remain at their point of release or deposition. If they undergo oxi-
dation, however, their solubility and other properties enabling migration may increase 
(Lindsay 1979). And, once a contaminant begins to dissolve in water, it may also be subject 
to further transformation reactions induced by indigenous bacteria present in the surface 
soil (Sutherson and Payne 2005).

If a source continues to emit contaminant in solid or liquid form that dissolves in water, 
the underlying soil will eventually become saturated. The leading edge of contamination 
will migrate either horizontally or vertically or both as long as the retention capacity of 
the soil is exceeded (USEPA 1999). When the contaminant release stops, the migration of 
the liquid contaminant will significantly decrease as the soil regains its retention capacity 
(Kaufman et al. 2009).

Since soil is also composed of gas, contaminant migration through the vapor phase is 
often observed with contaminants having higher relative vapor pressures. VOCs are fre-
quent participants in this type of migration. Capillary forces can also induce the migration 
of liquid phase contaminants.

8.3.4 Fate and Transport of Contaminants in Surface Water

The transport of contaminants in surface water is dominated by turbulent advective flow. 
Because the rate of flow in a river or stream varies significantly by location and over time, 
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estimating the contaminant flow involves averaging the streamflow variations and con-
taminant concentrations over a specified time interval. Conducting measurements at 
multiple locations also provides a more accurate measure of the rates of streamflow and 
contaminant transport.

Molecular diffusion also influences contaminant migration in surface water. Turbulent 
flow is characterized by water moving in constantly changing and unpredictable patterns. 
The swirls resulting from turbulent flow are called eddies, and they appear in many sizes, 
volumes, and velocities. Random mixing of the water within eddies creates turbulent dif-
fusion and also influences mass transport. Wave action can create similar eddying effects 
in lakes and other nonflowing water bodies.

Analytically, the transport rates for chemicals in surface water are expressed in terms 
of flux density. Flux density is the mass of a chemical transported across an imaginary 
surface of a unit area per unit of time (Equation 8.2; Hemond and Fechner-Levy 2000). 
Fick’s First Law (Equation 8.3) is also used to describe the flux density of mass transport 
by turbulent dispersion (Hemond and Fechner-Levy 2000).

Figure 8.5 depicts a municipal or industrial waste water plant discharging to surface 
water and many of the ensuing contaminant fate and transport processes, including 
(USGS 1995a):

• Transport of discharged wastewater solute downstream
• Mixing due to turbulent advection and turbulent diffusion
• Photolysis
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FIGURE 8.5
(See color insert.) Fate and transport effects in surface water. (From United States Geological Survey (USGS), 
Contaminants in the Mississippi River, USGS Circular 1133, Washington, DC, 1995a.)
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• Hydrolysis
• Biodegradation
• Transformation
• Volatilization to the atmosphere
• Sorption of contaminants in sediment
• Bioaccumulation of contaminants by animal and plant life
• Dilution

Molecular diffusion and groundwater discharge and recharge are not shown in the figure.
Since most urban areas of the United States obtain their potable water from surface 

sources, wastewater discharges are a concern. Treatment costs rise when the source of 
supply is contaminated, and the risks of biological contamination also increase. Moreover, 
as we noted in Chapters 2 and 3, a majority of urban areas are located along rivers and 
streams and other surface water bodies such as the Great Lakes, and many of these water 
bodies have already been degraded—some significantly (USGS 1995b).

8.3.4.1  Contaminant Persistence and Bioaccumulation

When certain contaminants are released to surface waters through overland flow, storm-
water runoff, or wastewater discharge, they may accumulate in sediments. Compounds 
with a higher likelihood of accumulating have the following physical characteristics:

• Low solubility
• High molecular weight
• Low potential to degrade
• High sorption potential

Contaminants having these physical chemistry attributes typically do not sustain them-
selves in surface water unless the rate of flow is substantial. Even then, they may be carried 
along the bottom of the stream or river until the carrying capacity of surface water is insuf-
ficient and the contaminants settle to the bottom. As shown in Figure 8.5, certain locations 
in the stream bottom become a sink for these contaminants as they accumulate (USGS 
1996a). If the source of contamination persists, greater amounts of the contaminant will be 
deposited. The accumulation of contaminants in sediments increases the exposure risk to 
aquatic and terrestrial plant and animal life. If any of the contaminants exhibit bioaccu-
mulation properties, contamination may proceed up the food chain from bottomdwelling 
macroinvertebrates to small fish and eventually to larger fish, predatory birds, and other 
organisms. Humans are situated at the top of food chain, and the potential risks to human 
health must be considered when evaluating the fate and transport of contaminants in sur-
face water (USEPA 2009a, 2009b).

Contaminants considered to be bioaccumulative include (USEPA 2009b)

 1. Mercury
 2. Polychlorinated biphenyls (PCBs)
 3. Chlordane
 4. Dioxins
 5. Dichlorodiphenyltrichloroethane (DDT)
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Surface water bodies under advisory because of one or more contaminants include 
(USEPA 2008a)

• 43% of the nation’s total lake acres (excluding the Great Lakes), representing 
approximately 7.3 million ha (18 million ac) of surface water

• 39% of the nation’s total river miles, or approximately 2,250,000 km (1.4 million 
miles)

• 42% of the nation’s contiguous coastal waters
• 100% of the Great Lakes and their connecting waters

Figure 8.6 shows the number of advisories in each state and the states issuing statewide 
advisories in 2008 (USEPA 2009b). Every state had at least one advisory in 2008. Figure 8.7 
shows the number of advisories by contaminant. Please note the sharp increase in the area 
of surface water covered by PCB and mercury advisories, while there has been relative 
areal stability for DDT, dioxins, chlordane, and others (USEPA 2009b).

8.3.5 Fate and Transport of Contaminants in Groundwater

Transport of contaminants in groundwater is dominated by three factors: advection, 
dispersion, and molecular diffusion. When applied to groundwater, advection is the 
movement of contaminants by the bulk motion of groundwater flow, dispersion is the 
tendency for contaminants to spread out from the path of the expected advective flow, 
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and diffusion is the action of spreading of molecules from areas of high concentration 
to areas of low concentration at the molecular level. Groundwater flow lacks turbu-
lent diffusion because velocities are typically much slower. In some instances, how-
ever, groundwater does display turbulent dispersion, especially in karst topography 
(Chapters 2 and 3), where water flowing beneath the surface flows and behaves much 
like a stream at the surface.

Figure 8.8 shows a spill from an underground storage tank (USGS 2006a). Here, advec-
tive transport of contaminants in groundwater is occurring at the water table boundary. 
Diffusion, biodegradation, volatilization, and recharge from surface precipitation affect-
ing the contaminant migration are also shown. The effects of dispersion and diffusion 
are represented by the spreading of the contaminant plume as it migrates from a hole or 
ruptures at the bottom of the tank (USGS 1998, 2006a).

The representation of dispersion in Figure 8.8 is overly simplistic, because the geology 
of unconsolidated sediments is very complex and typically displays a high degree of het-
erogeneity and anisotropic distribution patterns. As a result, contaminants migrating in 
unconsolidated deposits do not migrate uniformly but migrate within the physical param-
eters of advection dictated by the particular subsurface geology.
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FIGURE 8.7
Advisories by contaminant from 1993 to 2008. (From United States Environmental Protection Agency (USEPA), 
Biennial National Listing of Fish Advisories for 2008, EPA-823-F-09-007, Washington, DC, 2009b.)
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This concept is represented in Figure 8.9, where a contaminant (solute) is shown migrat-
ing in the more permeable layers. More highly permeable layers have a higher hydraulic 
conductivity and behave as preferred groundwater and contaminant migration pathways. 
These layers are essentially super highways for groundwater and contaminant transport, 
and in some instances the hydraulic conductivity is from 100 to sometimes 1000 times 
greater over distances of just a few centimeters.
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FIGURE 8.8
Advective transport and other processes effecting the migration of contaminants in groundwater. (From United 
States Geological Survey (USGS), Simulating transport of volatile organic compounds in the unsaturated zone 
using the computer model R-UNSAT, USGS Fact Sheet 019-98, Washington, DC, 1998.)
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FIGURE 8.9
Contaminant migration in heterogeneous and anisotropic geologic media. (Adapted from Payne, F.C. et al., 
Remediation Hydraulics, CRC Press, Boca Raton, FL, 2008. With permission.)



Contaminant	Fate	and	Transport	 291

© 2011 by Taylor & Francis Group, LLC

Several examples of this affinity for contaminants to migrate within more permeable 
layers are shown in this book (Figures 2.24, 2.28, and 2.36). Zones with higher permeability 
move water more quickly and have a higher flux density. If more water moves through 
these higher permeability zones, then a potentially greater contaminant mass also moves 
through. Figure 8.9 shows this relationship at the right of the diagram, downgradient from 
the source.

As contamination continues to migrate along these flow paths of higher permeability 
dictated by the subsurface geology, diffusion of contaminants into less permeable zones 
occurs (Figure 8.10). The top portion of the figure represents the flow paths of contami-
nants in the early stages of migration, and the later stages of migration are shown in the 
figure’s bottom portion. Over time, the contaminant (solute) has diffused into the less per-
meable, lower hydraulic conductivity geologic materials (shown as in Figure 8.10b; Payne 
et al. 2008).

The transport of contaminants in groundwater is also influenced by many of the same 
factors affecting the migration of contaminants in unsaturated soil or the vadose zone:

• Physical chemistry of the contaminants
• Solubility
• Molecular weight
• Vapor pressure
• Stability and persistence

• Sorption potential
• Type, distribution, and amount of microorganisms
• Tendency to biodegrade
• Dissolved oxygen content of groundwater
• Geological factors

• Stratigraphy (including thickness and distribution of geological units down to 
microstratigraphic scales at the centimeter or even millimeter)
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FIGURE 8.10
Effects of diffusion over time within a contaminant plume. (a) depicts an immature contaminant plume and (b) 
depicts a mature contaminant plume and the effects of diffusion. (Adapted from Payne, F.C. et al., Remediation 
Hydraulics, CRC Press, Boca Raton, FL, 2008. With permission.)
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• Presence of unconformities
• Soil or sediment chemistry
• Organic carbon content
• Porosity and permeability
• Composition

• Climate factors
• Freeze and thaw cycles
• Recharge from surface precipitation
• Flood events
• Seasonal climatic variations

• Vegetative factors including types and distribution of surface vegetation, root net-
works, and water requirements

Sorption potential has a significant effect on the migration of contaminants in groundwater 
because it slows the migration of contaminants even as the flow rate of the transporting 
groundwater remains constant. This effect is termed retardation (USGS 2006a), and the 
degree of retardation present depends upon the specific contaminants sorptive affinity and 
the amount of total organic carbon in the aquifer matrix (Bedient et al. 1994) (Figure 8.4).

Many contaminants are captured by pumping wells or migrate to surface water if the 
travel times and/or distances are short enough before they degrade. Figure 8.11 shows an 
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FIGURE 8.11
Potential groundwater travel time and capture zone beneath an urban area. (From United States Geological 
Survey (USGS), Volatile organic compounds in nation’s ground water and drinking-water supply wells, 
National Water-Quality Assessment Program, USGS Circular 1292, Washington, DC, 2006a.)
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example of travel times and capture zone in groundwater beneath urban areas. Any con-
taminant reaching groundwater within the area marked capture zone has the potential to 
enter the public water supply if the contaminant does not degrade before reaching a public 
water supply well. Several sources of contamination listed in Section 8.1 are also shown: 
septic tanks, underground storage tanks (USTs), landfills, industrial facilities, and power 
plants. These contaminant sources are typical for any urban area within the United States 
and pose distinct threats to contaminate a public or private water supply.

8.3.5.1  Karst Topography

In karst topographical settings, the transport of groundwater contamination may behave 
similarly to surface water (Ford and Williams 2007). Some karst formations may exhibit 
turbulent advective flow because they have flow rates approaching the velocities observed 
in surface water flow (Heath 1983). Figure 8.12 shows an example of contaminant flow in a 
karst aquifer (USGS 1996a).

8.3.6 Fate and Transport of Contaminants in the Atmosphere

Different contaminants affect different portions of the atmosphere (Chapter 7). For 
instance, chlorofluorocarbons (CFCs) affect the protective ozone layer. Figure 8.13 shows 
the layers of the atmosphere and the location of the ozone layer within the stratosphere.

Contaminant behavior in the atmosphere is very similar to the behavior of contaminants 
observed in surface water. Advective transport, turbulent diffusion, and molecular dif-
fusion also influence contaminant migration in the atmosphere (Hemond and Fechner-
Levy 2000). Figure 8.14 shows smoke from a fire billowing up (turbulent diffusion) into the 
atmosphere and the horizontal movement of the smoke by advective transport. We also 
see a type of advective transport called convection; in this process, air rises due to thermal 
differences in the atmosphere. Turbulent advective mixing by wind and convection of the 
atmosphere is most significant within the troposphere (Schlatter 2009). These forces are 
very effective at transporting contaminants in the gas phase and also do a good job of 
moving solid particulate matter in the atmosphere (USEPA 2008a).
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FIGURE 8.12
Contaminant migration in a karst aquifer. (From United States Geological Survey (USGS), Ground-water qual-
ity protection, Open-File Report 95-376, Nashville, Tennessee, http://www.pubs.usgs.gov/of/1995/ofr-95376 
(accessed December 2009), 1995b.)
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Anthropogenic sources of atmospheric contaminants are significant and present 
themselves as an array of different contaminants released in high volumes annually 
(USEPA 1998a). Most contaminants are released into the atmosphere from anthropo-
genic sources at or near the surface, with most of the impacts occurring in the tropo-
sphere, and to a lesser degree, the stratosphere (USEPA 1991). Contaminants released 
near the ground surface can mix throughout the troposphere in a few weeks, but it 
can take years or decades for them to reach the stratosphere (Hemond and Fechner-
Levy 2000). Records of atmospheric contaminants and their effects can be traced to the 
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FIGURE 8.14
Smoke rising into the atmosphere from a fire. (Photo 
by Daniel T. Rogers.)
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thirteenth century when King Edward I banned the burning of kiln coal in London due 
to its impacts on air quality (Wilson 1996).

Temperature and pressure are two important factors affecting the migration of contami-
nants in the atmosphere. The reason temperature and pressure play a much more signifi-
cant role in atmospheric fate and transport than in soil and water is because of the ideal 
gas laws—a combination of Boyle’s and Charles’ gas laws describing the relationships 
between temperature, density, and pressure. Temperature and pressure typically decrease 
with increasing altitude in the troposphere. The temperature in the lower portion of the 
stratosphere is relatively constant and helped give rise to its name meaning “stratified” 
(Figure 8.13). Table 8.1 lists the standard temperatures and atmospheric pressure within 
the atmosphere (United States Standard Atmosphere 1976).

The composition of the atmosphere is detailed in Table 8.2 (United States Standard 
Atmosphere 1976).

Oxygen is a recent addition to the atmosphere in geological terms. The origin of oxygen 
began with algae production approximately 2.45 billion years ago (Farquhar et al. 2000; 
Raub and Kirschvink 2008). The presence of oxygen in the atmosphere plays a significant 
role and affects contamination in the environment through oxidation reactions and rates 
of combustion (USEPA 2008a).

Contaminants initially released into the atmosphere often do not remain in the air; they 
settle out and contaminant the soil or surface water. Some contaminants, however, remain 
in the atmosphere for long periods of time, and other contaminants initially released 
into soil or water may volatilize and contaminate the air. In some cases, air contaminants 
may settle out of the atmosphere and adsorb onto a soil grain on the land surface only 

TABLE 8.1

Standard Atmospheric Temperature and Pressure 
with Increasing Altitude

Altitude

Pressure (atm)

Temperature

ft m °F °C

0 0 1.000 59.0 15.0
2,000 610 0.943 51.9 11.0
4,000 1,219 0.888 44.7 7.0
6,000 1,826 0.836 37.6 3.1
8,000 2,438 0.786 30.5 −0.8

10,000 3,048 0.738 23.3 −5.0
15,000 4,572 0.564 5.5 −14.7
20,000 6,096 0.459 −12 −24.4
30,000 9,144 0.297 −48 −44.4
40,000 13,123 0.185 −67 −55
60,000 18,288 7.1 × 10−2 −67 −55
80,000 24,384 2.7 × 10−2 −67 −55

100,000 30,480 1.0 × 10−2 −67 −55
140,000 42,672 2.0 × 10−3 74 23.3
180,000 54,864 5.7 × 10−4 170 76.7
220,000 67,056 1.7 × 10−4 92 33.3
300,000 91,440 1.5 × 10−5 27 −2.8
380,000 115,824 7.7 × 10−7 188 86.7



296	 Urban	Watersheds:	Geology,	Contamination,	and	Sustainable	Development

© 2011 by Taylor & Francis Group, LLC

to be picked up later by the wind and sent airborne again. Factors controlling whether a 
contaminant remains in the atmosphere include

• Physical and chemical factors of the contaminants including vapor pressure, 
molecular weight, solubility, and reactivity

• Geography and local topography
• Climate and weather conditions

The average person inhales approximately 20,000 L of air per day (USEPA 2008a). Each 
year, the World Health Organization (2009) estimates that 2.4 million people die from 
causes directly attributable to air pollution, with the elderly and young children at the 
most risk. Specific diseases caused from prolonged exposure to air contaminants are 
chronic and often do not immediately appear after exposure. These diseases include heart 
disease, lung cancer, and bronchitis. The burning of fossil fuels in power plants and auto-
mobile, truck, and bus exhaust account for 90% of all air pollution in the United States 
(USEPA 2008a). Figure 8.15 shows some of the significant sources, methods of transport, 
and removal of air pollutants in the atmosphere (USEPA 2008a).

Deposition of contaminants onto the land from the atmosphere occurs in two different 
ways:

 1. Dry deposition. Dry deposition is typically dust or particulate matter settling out 
of the air. The amount of dry deposition depends upon the amount of suspended 
particles, wind speed and duration, and particle size. Figure 8.16 shows a dust 
storm potentially depositing a significant amount of dry material. Contaminants 
are often present within dry deposition events, especially in urban areas where 
they may be sorbed onto the surfaces of particulate matter in the air (USEPA 
2008a).

 2. Wet deposition. Wet deposition occurs when snow, fog, or a rain droplet 
forms and then dissolves or carries a contaminant to the surface. Acid rain 
is a good example of wet deposition. Figure 8.17 shows the wet deposition of 
contaminants.

TABLE 8.2

Composition of the Atmosphere

Gas Chemical Symbol
Mean Molecular 
Weight (m/mol)

Concentration Parts 
per Million by Volume

Nitrogen N2 28.013 780,840
Oxygen O2 31.999 209,460
Argon Ar 39.948 9,340
Carbon dioxide CO2 44.010 384
Neon Ne 20.180 18.18
Helium He 4.003 5.24
Methane CH4 16.043 1.774
Krypton Kr 83.798 1.14
Hydrogen H2 2.106 0.56
Nitrous oxide N2O 44.012 0.32
Xenon Xe 131.293 0.09
Ozone O3 47.998 0.01–0.10
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8.4 Fate and Transport of Contaminants

A brief discussion of the fate and transport behavior of each contaminant group presented 
in Chapter 7 follows.

8.4.1 VOCs

VOCs are organic compounds that generally volatilize or evaporate readily under nor-
mal atmospheric pressure and temperatures. They usually have a high vapor pressure, 
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FIGURE 8.15
(See color insert.) Sources, transport methods, and removal of air pollution. (From United States 
Environmental Protection Agency (USEPA), Latest Findings on National Air Quality: Status and Trends through 
2006, EPA454/R-07-007, Research Triangle Park, NC, 2008a.)

FIGURE 8.16
Dust storm that demonstrates transport and dry depo-
sition of particulates. (From National Oceanic and 
Atmospheric Administration (NOAA), The May 29th 
dust storm, http://www.crh.noaa.gov/ddc/?n=dust 
(accessed June 26, 2010), 2010.)
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low-to-medium solubility, and low molecular weight. As a result of these chemical char-
acteristics, VOCs are common air, soil, and water contaminants (USGS 2006a; USEPA 
2008a). Automobile exhaust contains VOCs. When combined with other common air pol-
lutants and sunlight, urban smog will form if atmospheric conditions are favorable—that 
is, there is an ample supply of the combined sources of VOCs and other smog-forming 
contaminants. This type of smog formation produces photochemical smog, and is shown 
in Figure 8.18.
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Process of wet and dry deposition of air contaminants. (From United States Environmental Protection Agency 
(USEPA), What is acid rain? http://www.epa.gov/acidrain/what/index.html (accessed June 29, 2010), 2010.)
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VOCs are also released directly onto the ground surface through leaks or spills at, or 
near the surface. Sources of these leaks include underground storage tanks, service sta-
tions, refineries, and pipelines. Because of these surface and shallow subsurface releases, 
VOCs are common groundwater contaminants and have been detected in the groundwa-
ter of numerous aquifers in the United States (USGS 2006a). A study of groundwater in 
the United States detected VOCs at a concentration of 0.02 μg/L in >50% of approximately 
3500 samples collected from 100 different groundwater aquifers across the country (USGS 
2006a). The VOCs detected most often included bromoform, bromodichloromethane, chlo-
roform, chloromethane, 1,1-dichloroethane, dichlorodifluoromethane, methylene chloride, 
dibromodichloromethane, methyl-tert-butyl ether (MTBE), trichloroethene (TCE), tetra-
chloroethene (PCE), 1,1,1-trichloroethane (TCA), trans-1,2-dichloroethene (DCE), toluene, 
and trichlorofluoromethane.

This same study indicates the vulnerable nature of many aquifers of the United States, 
and their location corresponds with many urban areas. In fact, of the 28 major urban areas 
listed in Table 2.4, 27 have detectable concentrations of VOCs (only Kansas City is missing). 
This extent represents a population of 125.4 million—over 41% of the entire U.S. popula-
tion that are potentially exposed to VOCs in their water supply. Figure 8.19 shows the 
locations where VOCs were detected, and Figure 8.20 shows the detection frequency of the 
most commonly detected VOCs from the USGS study (USGS 2006a).

Oahu

Alaska

Explanation
Total concentration, in micrograms

No detection or less than 0.02
0.02 to less than 0.2
0.2 to less than 1
1 to less than 10
10 or greater

Hawaii per liter

FIGURE 8.19
Occurrence of VOCs in groundwater aquifers of the United States. (From United States Geological Survey 
(USGS), Volatile organic compounds in nation’s ground water and drinking-water supply wells, National 
Water-Quality Assessment Program, USGS Circular 1292, Washington, DC, 2006a; United States Geological 
Survey (USGS), Pesticides in the nation’s streams and groundwater, 1992–2001—A summary, USGS Fact Sheet 
2006-3028, Washington, DC, 2006a.)
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VOCs exist as light nonaqueous phase liquids (LNAPLs) and dense nonaqueous phase 
liquids (DNAPLs). Because LNAPLs are lighter than water, they tend to float on top of 
groundwater as depicted in Figure 8.8, whereas the heavier than water DNAPLs tend 
to sink through the water column in an aquifer if conditions are favorable (Figure 8.21; 
USGS 2006a).

Contaminant degradation rates vary widely and depend on many factors including (1) 
the nature of the release, (2) physical chemistry of the contaminants themselves, (3) the 

Ground-water flow
Clay

Clay

Clay

Solvent release

Water table

Unsaturated zone

Well 1

Bedrock

Solvent concentration

Well 1

D
ep

th

FIGURE 8.21
Migration of DNAPL compounds. (From United States Geological Survey (USGS), Volatile organic compounds 
in nation’s ground water and drinking-water supply wells, National Water-Quality Assessment Program, USGS 
Circular 1292, Washington, DC, 2006a.)
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Frequency of detection: most common VOCs. (From United States Geological Survey (USGS), Volatile organic 
compounds in nation’s ground water and drinking-water supply wells, National Water-Quality Assessment 
Program, USGS Circular 1292, Washington, DC, 2006a.)
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geological environment where the contaminants are released, and (4) the presence, type, 
and distribution of microorganisms (Howard et al. 1997; USEPA 1998b; McKone and Enoch 
2002; USGS 2006a).

Degradation rates also vary by media. In general, organic compounds in the atmosphere, 
including VOCs, degrade more quickly than the same organic compounds released and 
migrating to subsurface soil and groundwater (USEPA 1998a,b).

VOCs not degrading very easily include many of the chlorinated solvents or DNAPL 
compounds (USEPA 1996a). Many chlorinated VOCs including PCE, TCE, 1,1,1-TCA, DCE, 
and vinyl chloride are considered very persistent in the environment once released and 
can remain present for decades (USEPA 1996a). Other VOCs, such as benzene, toluene, 
ethyl benzene, and xylenes, are not typically as persistent in the environment and have 
been known to biodegrade in a few months to years if conditions are favorable (Rogers 
1995; USEPA 1996a).

The VOC MTBE is persistent in the environment. Its relatively high solubility in water 
and low sorptive properties compared to other common VOC contaminants has resulted in 
significant MTBE-contaminated groundwater supplies at many urban locations through-
out the United States (USGS 2006a; USEPA 2009a).

The trihalomethane VOCs include chloroform, bromoform, bromodichloromethane, 
and dibromochloromethane. These compounds have been detected in the groundwater of 
many U.S. aquifers (USGS 2006a). Trihalomethanes have high relative vapor pressures and 
commonly evaporate quickly when in contact with the atmosphere. Therefore, exposure 
to trihalomethanes is of special concern during showering and washing. They degrade by 
photolysis when exposed to direct sunlight and can also be degraded by microorganisms 
(ATSDR 1997a, 2005a).

8.4.2 PAHs

PAHs are LNAPL compounds, and being lighter than water they float on surface water 
and groundwater. They do not readily dissolve in water and have low vapor pressures 
compared to most VOCs. PAHs are common constituents of automobile exhaust, espe-
cially from diesel fuel (USGS 2006a), and are common air contaminants in urban areas. In 
addition, PAHs have a high sorptive affinity and can therefore attach to particulate matter 
(ATSDR 1996).

Many PAH compounds biodegrade under favorable conditions. The half-life of PAHs is 
shortest in the atmosphere due to photochemical degradation and lasts just a few days or 
weeks (ATSDR 1996). The half-life of PAH compounds in soil and groundwater is longer 
and may last for several years or decades. When released to soil, PAHs tend to migrate 
more slowly than VOCs because of their higher molecular weight and sorption to soils 
with high organic content.

8.4.3 PCBs

Once in the environment, PCBs do not readily degrade—they remain in the environment 
for long periods of time and often cycle between air water and soil. PCBs can be carried 
long distances attached to particulate matter and have been detected in snow and sea 
water far away from any known point of release (USEPA 2009b). This transport capability 
is confirmed by their worldwide detection. The lighter the PCB compound (fewer number 
of chlorine atoms in its structure; Section 7.5), the farther it can be transported from its 
release point.
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PCBs are not very soluble, have high sorptive potential, and low vapor pressures. This 
combination of physical properties largely determines their environmental distribution, 
as they are only present at high concentrations in water or air when sorbed to particulate 
matter. Sinks where PCBs are frequently detected include soil near release points and sedi-
ments in rivers, streams, and lakes (USEPA 2009b). PCBs bioaccumulate in the leaves and 
above-ground parts of plants and food crops, and in aquatic organisms and fish where 
PCBs are present in sediments (Section 8.3.4). As a result, humans and other organisms 
ingesting impacted plant material, food crops, or organisms containing PCBs may bioac-
cumulate PCBs in their body tissues (ATSDR 2001a).

8.4.4 SVOCs

SVOCs are much less volatile than VOCs, but notable exceptions here are the amine com-
pounds that exist as a gas at room temperature and standard pressure (ATSDR 2002a). 
In terms of solubility, phthalates and phenols do not readily dissolve in water, whereas 
amines and esters may dissolve, become mobile, and reach groundwater (ATDSR 1999c, 
2002a,b,c,d).

When released into the environment, SVOCs are commonly detected in soil because they 
have high sorptive potentials. Many SVOCs, including pentachlorophenol, are degraded 
by microorganisms under favorable conditions and are also susceptible to photolysis and 
hydrolysis (ATSDR 2001, 2002a). Amines and esters degrade in minutes when exposed to 
direct sunlight (ATSDR 1999).

8.4.5 Heavy Metals

Heavy metals are released directly to air, water, and soil. In most cases, these contaminants 
do not remain in the atmosphere for long periods of time because they have high specific 
gravity and become deposited onto the land surface shortly after being emitted. Mercury, 
however, has been detected as far away as 50 mi from its source after being released into the 
atmosphere (USEPA 1997). Lead is also considered a common air pollutant (USEPA 2008a).

Major sources of lead include metal melting facilities, battery manufacturing, and 
leaded gasoline and fuels. The good news is there has been a 92% decrease in atmospheric 
lead concentrations over the period from 1980 through 2008. Contributing to the observed 
decrease has been the removal of lead from gasoline and fuels, increased efficiency in air 
pollution control equipment, and the regulation of lead emissions sources (USEPA 2008a).

The solubility of heavy metals in water is very low, except for some varieties of arsenic 
and chromium VI at a neutral pH. Due to their inability to form a solution, the preferred 
sinks for heavy metals are soil and sediments. Many metals undergo some transformation 
such as oxidation after being released into the environment but are not destroyed and 
remain in the environment (ATSDR 1999a,b, 2003, 2004a, 2005b,c, 2007a,b,c, 2008a,b). Due 
to their low solubility and high specific gravities, they tend to remain near release points. 
This is why increased concentrations of heavy metals are present in the near surface soil of 
urban areas as a result of releases from anthropogenic sources (Murray et al. 2004).

Some heavy metals such as mercury accumulate in sediment of lakes, rivers, and 
streams. Mercury may undergo a transformation through a process known as methylation 
after being released into the environment, typically when it reaches a surface water body. 
The process of methylation transforms elemental mercury to methyl mercury (CH3Hg). 
Methyl mercury is the most toxic form of mercury and has the potential to bioaccumulate 
in aquatic organisms, including fish (USGS 2000).
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On land and in sediments, other heavy metals such as barium, cadmium, chromium, lead, 
copper, and zinc can accumulate in plant matter if they are present at sufficient concentra-
tions in soil within the root zone of plants (Nedunuri et al. 1998). Removal of contaminants 
from near-surface soil is not uncommon and sometimes the preferred alternative. Suitable 
locations for removal include closed landfill sites requiring a vegetative cap to minimize 
erosion potential, or sites where contamination is shallow, relatively static, and has become 
a chronic problem (Singer et al. 2003). Phytoremediation—the removal of contamination 
using plants—has been applied to other contaminants including organic compounds, but 
with limited success.

8.4.6 Other Contaminants

The remaining contaminants encountered in urban areas span a wide variety of organic 
and inorganic compounds. Their fate and transport is briefly discussed here.

8.4.6.1  Pesticides and Herbicides

Pesticides and herbicides are released into the environment for specific purposes and are 
most commonly detected in near-surface soils and surface water rather than groundwater 
(USGS 2006b). The highest concentrations of pesticides exist in the nation’s streams and 
sediments within urban areas where they have been detected in 83% of streams and 70% 
of sediments (USGS 2006b). Figure 8.22 breaks down the pesticides detected in streams 
and bed sediments by land use. While the total tonnage of pesticide and herbicide use in 
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FIGURE 8.22
Pesticide detections in streams and sediments in the United States. (From United States Geological Survey 
(USGS), Pesticides in the nation’s streams and groundwater, 1992–2001—A summary, USGS Fact Sheet 2006-
3028, Washington, DC, 2006b.)
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the United States remained constant during the 1980s and early 1990s, Figure 8.23 shows 
that the concentration of the pesticide DDT has steadily declined in fish tissue during 
this same period (USGS 2006b). Since DDT is bioaccumulative, this event marks some 
progress.

Permethrin and toxaphene are two other widely used compounds in insecticides and 
pesticides, respectively. The fate and transport concern with permethrin centers around 
its use as an insect repellent, application to crops, and flea treatment for pets. All these 
activities involve human exposure (ATSDR 2005c,d), and with a half-life of approximately 
28 days, there is often adequate time for human contact.

The now-banned pesticide toxaphene strongly sorbs to soil particles (Figure 8.4) and is 
not very soluble in water (SRC 2009). Common sinks of toxaphene include sediments and 
soil, where it bioaccumulates in fish and mammals. Toxaphene is also in the atmosphere 
since it evaporates when in a solid form or dissolved (ATSDR 1997b). It is estimated that the 
half-life of toxaphene is more than 10 years in soil (SRC 2009), so there is a good chance it 
is still present at appreciable concentrations in the environment.

8.4.6.2  Dioxins

Since one method of dioxin formation is through incineration and combustion, dioxin 
compounds are present in the atmosphere and have been detected around the globe 
(ATSDR 2006a). When dioxins are released at the surface, they sorb to soil particles and are 
often detected in sediments in lakes, rivers, and streams acting as sinks (ATSDR 2006a). 
Dioxin compounds are considered bioaccumulative contaminants (Section 8.3.4), with the 
potential to build up in the food chain and yield detectable concentrations in the tissues 
of many animals (ATSDR 2006a; USEPA 2009d). Due to the presence of chlorine in their 
atomic structure, dioxins do not readily degrade once they are formed and released into 
the environment (USEPA 2006).

8.4.6.3  Fertilizers

The most common fertilizers include nitrogen (N), phosphorus (P), and potassium (K). 
A major sink for fertilizers is surface water because they are applied to the soil surface 
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and are considered soluble in water and mobile—especially in the case of nitrates and 
phosphorus. Once in surface water, nitrate and phosphorus can promote excessive algal 
growth. Significant algal growth can deplete the dissolved oxygen in surface water and 
cause suffocation and death to aquatic organisms. The solubility of some fertilizers, com-
bined with the hydraulic linkage between surface water and groundwater, may lead to 
groundwater contamination.

The natural process of enrichment of surface waters with plant nutrients is termed 
eutrophication. When anthropogenic activities such as fertilization or sewage discharges 
accelerate this natural process, cultural eutrophication occurs (McGucken 2000).

8.4.6.4  Cyanide

In the atmosphere, cyanide is most often present as hydrogen cyanide. When present in 
surface water, cyanide compounds will form hydrogen cyanide and then enter the atmo-
sphere through evaporation. When released to soil, cyanide compounds are considered 
fairly mobile when the retention capacity of the soil is exceeded and may migrate and 
contaminate groundwater. Cyanide compounds are degraded by microorganisms when 
present at low concentrations. When concentrations of cyanide compounds are elevated, 
they tend to be toxic to microorganisms and resist degradation (ATSDR 2006b).

The half-life of cyanide in the atmosphere ranges between 1 and 3 years (ATSDR 2006b). 
In soil and water, the half-life of cyanide compounds is much more difficult to estimate 
because the concentration, distribution, and presence of microorganisms available to 
degrade the cyanide compounds vary.

8.4.6.5  Asbestos

Asbestos fibers do not degrade, evaporate, or dissolve in water and remain virtually 
unchanged in the environment (ATSDR 2001c). Asbestos originates from naturally occur-
ring minerals and is therefore present in the environment. Average background concen-
trations of asbestos in air range from 0.00001 to 0.0001 fibers per milliliter of air and are 
highest in urban areas (ATSDR 2001c).

Small diameter asbestos fibers can remain suspended in the atmosphere for a long 
period of time compared to larger fibers (those larger than 10 microns; ATSDR 2001c). 
Since asbestos was widely used in building materials, it is most common in urban areas 
and where natural deposits are present. Asbestos can become airborne through the dis-
turbance of asbestos-containing materials during demolition or remodeling activities. The 
asbestos threat is tied to its mineralogy (Chapter 7).

8.4.6.6  Acids and Bases

When released into soil, acids and bases neutralize rapidly. They are diluted when they 
come into contact with water if a difference in pH levels exists. Therefore, if environmental 
impairment occurs, it must be realized rapidly before the acid or base becomes neutral-
ized. This impairment occurs with the majority of sudden and accidental releases but does 
not hold true for acid rain, which generates effects with slower onsets.

Acids and bases may migrate a significant distance—sometimes more than 1.6 km 
(1 mi)—when released in the atmosphere and may cause significant impairment to living 
organisms exposed to their vapors (ATSDR 2004b,c). The characteristics of acid rain are 
covered during the discussion of sulfur dioxide later in this chapter.
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8.4.6.7  Radioactive Compounds

Radioactive compounds occur naturally, with the most common being radon. Radon is 
produced from the decay of uranium (ATSDR 2008c) and is present in air, water, and 
soil. Radon may build up in basements, especially if cracks exist, or other subsurface 
structures located above natural deposits having higher relative uranium levels. The 
half-life of radon is approximately 4 days (ATSDR 2008c). Most of the human exposure 
attributed to other radioactive compounds results from medical devices, diagnostic 
treatments, testing equipment such as x-ray machines, and cancer therapy (Kathren 
1991; ATSDR 2000).

8.4.6.8  Greenhouse Gases

Greenhouse gases decay very slowly and are primarily atmospheric contaminants. Some 
quantities of these gases are naturally removed from the atmosphere, such as the removal 
of carbon dioxide during photosynthesis. However, the anthropogenic addition of carbon 
dioxide and other greenhouse gases into the atmosphere has greatly exceeded the capac-
ity of the natural environment to remove them (USEPA 2009c). As a result, greenhouse 
gas concentrations have been increasing (NOAA 2009). Figure 8.24 shows the process of 
photosynthesis.

8.4.6.9  Carbon Monoxide

Carbon monoxide is created when fuel is not burned completely. Carbon monoxide is 
formed naturally and anthropogenically. The most significant source of carbon monoxide 
is from automobile exhaust (USEPA 2008a). Inside homes, significant sources of carbon 
dioxide emissions are natural gas and oil furnaces, hot water heaters, appliances, wood 
burning stoves and fireplaces. Carbon monoxide is also created as a by-product of sev-
eral industrial processes including metal melting and chemical synthesis (USDHH 2009). 
From 1980 to 2008, there was a 79% decrease in carbon dioxide in the United States. This 
decrease was attributed to improved air pollution control equipment for stationary and 
mobile sources of air pollution (USEPA 2008a).

8.4.6.10  Ozone

Ozone is a gas occurring in Earth’s upper atmosphere and at ground level. As noted in 
Chapter 7, ozone in the upper atmosphere is greatly beneficial to life on Earth because it 
filters ultraviolet radiation, but ozone occurring at ground level is considered an air pol-
lutant (USEPA 2009e). Ground-level ozone is not emitted directly into the air—it is created 
by chemical reactions between oxides of nitrogen and VOCs in the presence of sun-
light. Emissions from automobile exhaust, gasoline vapors, chemical solvents, electrical 

Sunlight

Water + Carbon dioxide Glucose (a carbohydrate) + Oxygen

6H2O + 6CO2 C6H12O6 + 6O2

FIGURE 8.24
Photosynthesis and the removal of carbon dioxide.
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generating facilities, and some factories trigger the production of ground-level ozone 
(Figure 7.29; USEPA 2009e). This variety of ozone is a concern in urban regions of the 
United States during the summer, because strong sunlight and hot weather can generate 
higher levels (USEPA 2009e).

Since the Clean Air Act of 1990, atmospheric ozone concentration in the United States 
has declined 25% (USEPA 2008a). Better control of stationary and mobile sources of air pol-
lution such as automobile exhaust is behind this improvement (USEPA 2008a).

8.4.6.11  Sulfur Dioxide

Sulfur dioxide is a component of smog, and it also combines with nitrous oxide compounds 
to eventually form sulfuric acid—commonly referred to as acid rain (USEPA 2008a). It is 
removed from the atmosphere during precipitation and is neutralized quickly in soil if 
the pH of the soil is greater than 7. Some areas of the northeastern United States have soils 
lacking the ability to effectively neutralize the effects of acid rain, and there have been 
adverse effects on aquatic life and vegetation in the region. Efforts to reduce sulfur dioxide 
emissions from stationary and mobile sources have resulted in a decrease of 71% since 
1980 in the United States (USEPA 2008a). Nevertheless, the pH of rain in the eastern United 
States remains acidic (Figure 8.25; NADP 2009).

8.4.6.12  Particulate Matter

Urban areas have the highest concentrations of particulate matter, which is a significant 
distributor of contaminants in the atmosphere. Contaminants such as SVOCs, some VOCs, 
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PCBs, and many pesticides and herbicides may sorb to a soil particle and travel a signifi-
cant distance through wind action (USEPA 1998a). The size of particulate matter is signifi-
cant because the largest sizes tend to settle to the ground surface first. Smaller particles 
can travel around the globe and remain suspended for years if favorable conditions exist 
(USEPA 2008a). Here is some good news: there was a 10%–20% decline in atmospheric par-
ticulate matter within the urban areas of the United States between 2001 and 2007 (USEPA 
2008a).

8.4.6.13  Bacteria, Parasites, and Viruses

Bacteria, parasites, and viruses are present in large numbers everywhere in the environ-
ment. They are in and on the food we eat, in and on our bodies, in the air we breathe and the 
water we drink, in soil, and at depths within Earth. Many are beneficial, but some have the 
potential to adversely affect our health and well-being (Madigan et al. 2008). Ominously, 
these pathogens have evolved mechanisms to persist in the environment. Bacteria such as 
Escherichia coli can persist in secondary, nonhost habitats for prolonged periods (Ksoll et al. 
2007). Giardia and Cryptosporidium form cysts and oocysts, respectively, and these struc-
tures sustain these parasites outside their hosts until they are ingested through drinking 
water (Wallis et al. 1996). Viruses, such as influenza, are more likely to persist in the envi-
ronment at colder temperatures. The dry, cold conditions pull moisture out of droplets 
released by coughs and sneezes, which allows the virus to linger in the air. At winter 
temperatures, the virus’s outer covering, or envelope, hardens to a rubbery gel that could 
shield the virus as it passes from person to person, the researchers have found. At warmer 
temperatures, however, the protective gel melts to a liquid phase (Shaman and Kohn 2009).

8.4.6.14  Emerging Contaminants

Emerging contaminants including many pharmaceuticals, 1,4-dioxane, and perchlorates 
are resistant to degradation and can remain in the environment for long periods of time 
(ATSDR 2007d, 2008d). Many pharmaceuticals and drugs, 1,4-dioxane, and perchlorates 
have been detected in groundwater where they can migrate long distances due to their 
relatively high solubility and resistance to degradation.

Emerging contaminants are difficult to study because many have entered the environ-
ment from nontraditional sources such as residential septic systems, as opposed to indus-
trial sources (ATSDR 2008d; Barnes et al. 2008).

8.5 Summary and Conclusion

There are thousands of contaminants existing everywhere. After they are released, many 
of them migrate in air, soil, and water. Some are persistent, while others resist degradation. 
The geology and hydrogeology of urban areas play a significant role in affecting the fate 
and transport of contaminants and determine their final disposition.

Automobile exhaust is responsible for a significant amount of the pollution released 
every year in the United States and throughout the world. Contaminants associated with 
automobile use affects the air we breathe, the water we drink, and may also affect our 
global climate.
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Halogenated contaminants (those containing chlorine, fluorine, bromine, or iodine 
within their structure) have the ability to remain in the environment for long periods of 
time (e.g., chlorinated solvents). Several of these compounds have the ability to accumulate 
in the bodies of living organisms (e.g., PCBs) and through bioaccumulation may expose 
humans after they work their way up the food chain. Some contaminants can change from 
a gas to a liquid or a liquid to a gas and cycle between the soil, air, and water if they last 
long enough (e.g., some VOCs). Other contaminants not changing form can be found in 
sinks or areas where they accumulate (e.g., river and lake sediment).

Heavy metals pose special challenges in urbanized watersheds because they are persis-
tent, highly toxic, and some, like hexavalent chromium, exhibit high mobility in ground-
water. In Chapter 9, case studies of heavy metals in the soil and groundwater are presented 
for the highly urbanized Rouge River watershed of southeastern Michigan.
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9
Metal	Contamination	in	Urban	Watersheds

9.1 Introduction

Metals naturally occur and are present in the soils, air, and water of all urban watersheds. 
Although metal contamination is briefly mentioned in Chapter 7, we emphasize metals in 
this chapter for a variety of reasons. First, metals are common and important contaminant 
constituents in urban streams and stream sediment. Second, as noted in Chapter 7, metals 
are commonly produced as by-products of many types of industrial, commercial, and even 
residential developments. Third, metals are released into the environment. This is particu-
larly true in southeast Michigan, which developed as the focal point for the automotive 
industry in the country and where metals are used as pigments in paints, as rust inhibi-
tors, metal plating, and in raw materials. Fourth, metals are interesting to study because 
they are subject to a number of reactions in soil and sediment including sorption and 
precipitation and are greatly influenced by the redox conditions in these environments. 
Fifth, metals can be used to inexpensively screen for contamination at old industrial sites 
(brownfields), without knowing the site history. For example, the USEPA lists 14 metals 
(Sb, As, Ba, Be, Cd, Cr, Cu, Pb, Hg, Ni, Se, Ag, Th, and Zn) as part of their 129 most com-
mon pollutants (USEPA 2003). These metals can all be analyzed simultaneously and inex-
pensively using ICP-MS (inductively coupled plasma mass spectrometry), as opposed to 
the higher cost and longer time required to randomly test for the presence of hundreds of 
organic compounds at an undocumented brownfield site.

Historically, soil scientists and geologists have studied near-surface soil for agricultural 
or farming purposes to better understand natural ecosystems (Thornton 1991) or to focus 
on the health effects in urban areas associated with one or two metals (Mielke et al. 1983). 
As a result, there has been little information available on the background level of metals in 
the near-surface soil in urban areas.

In this chapter, we focus on anthropogenic activities related to 100 years of industrializa-
tion in the metropolitan Detroit area and explore how this history has contributed to the 
contamination of the soil, stream sediment, and groundwater by many of the 14 metals 
listed above. Two case studies are presented: the first addresses heavy metal contamina-
tion in soil and evaluates the background and anthropogenic levels of metals and the 
second focuses on dissolved metals in groundwater.

9.2 Heavy Metals in Soil

Metals naturally occur in soil in one or more of seven different ways: (1) dissolved in 
soil solution, (2) occupying exchange sites on inorganic constituents, (3) adsorbed in inor-
ganic constituents, (4) associated with insoluble soil organic matter, (5) precipitated as pure 
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mixed solids, (6) as secondary minerals, and (7) in the structure of primary minerals. The 
metals that have been introduced into the environment through human (anthropogenic) 
activities are associated with the first five (Shuman 1991).

Migration of metals in soil is influenced by physical and chemical characteristics of each 
specific metal and by several environmental factors. The most significant environmental 
factors appear to be (1) soil type, (2) total organic content, (3) redox potential, and (4) pH 
(McLean and Bledsoe 1992; Jaagumagi 1993; Murray et al. 1999). Metals in soil solution also 
migrate through mass transfer by leaching to groundwater, plant uptake, and volatization, 
which are important migration mechanisms when considering the mobility of arsenic, 
mercury, and selenium (Mattigod et al. 1981).

With respect to soil type and organic content, clay-rich soils generally have a higher 
retention capacity than soils with little or no clay (e.g., soils composed primarily of sand). 
Soils with a high organic content also have a higher retention capacity than soils with a 
lower relative organic content (Stevenson 1991). Oxidizing conditions generally increase 
the retention capacity of metals in soil, while reducing conditions will generally reduce 
the retention capacity of metals (McLean and Bledsoe 1992). In terms of pH, cationic met-
als, which include lead, copper, nickel, and zinc, have a higher retention capacity in soil 
with a pH greater than 7 compared to soils with a pH less than 7 (Lindsay 1979; Harter and 
Lehmann 1983). However, oxyanion metals, which include arsenic, selenium, and hexava-
lent chromium, have a higher retention capacity with a pH of less than 7 compared to 
soil with a pH greater than 7 (Lindsay 1979; Neal et al. 1987). Through the interaction of 
these factors, lead, copper, and silver demonstrate the highest capacity for retention in soil. 
Conversely, arsenic, chromium, and mercury are mobile if concentrations are high enough 
and favorable soil conditions are present (McLean and Bledsoe 1992).

9.3 Case Study: Metals in Soil, Rouge River Watershed

The contamination of urban soils can pose a significant threat to human health if cer-
tain contaminants are present at sufficient concentrations or at locations where human 
or ecological exposure can occur. Since the majority of the U.S. population lives in these 
areas, this contamination is a significant concern. Yet, the characterization of these soils 
has always posed a difficult challenge. Urban soils have the greatest potential to be dis-
turbed by human activity, complicating site investigations; more importantly, background 
information is frequently limited, and, as pointed out by Alkhatib and O’Connor (1998), 
the sheer cost of analyzing soil samples discourages investigators from collecting addi-
tional background samples.

9.3.1 Study Objectives, Study Area, and Methods

Because of its industrial base, the Rouge River watershed in southeastern Michigan con-
tains thousands of sites of environmental concern. Environmental site investigations have 
been conducted at locations with known or suspected impacts to evaluate the presence 
of heavy metals and other compounds (MDEQ 1998). In 2004, Murray et al. adopted a 
watershed-level approach to characterize the background levels of metals in both the near-
surface and subsurface soils in southeast Michigan. The watershed approach is particu-
larly important in these types of studies because many of the processes that contribute 
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to the occurrence and distribution of metals in the soils of an urban environment (move-
ment of water; location of industry) are closely tied to drainage patterns. Consequently, 
the watershed concept has become a key factor in modern urban planning (RRRAP 1994; 
Murray and Rogers 1999).

Specific objectives of this study were to determine if there are significant differences 
between the metal concentrations: (1) in surface and near-surface soils (<0.5 m in depth), 
the shallow subsurface soils (0.5–10.0 m in depth) and in soils at depths greater than 10.0 m; 
(2) among the various soil types related to the glacial history of southern Michigan; and 
(3) among major land use designations, such as residential, commercial, and industrial 
properties. Another important goal of the study was to simply evaluate the background 
concentration of metals in the soil of an urban environment. Sites selected for this study 
included parks, elementary and high schools, community colleges, churches, banks, new 
residential developments as well as older residences, courthouses, town hall, law firms, 
malls, golf courses, vacant property, and industrial properties. As shown in Table 2.4, the 
geology of the Rouge River watershed is sufficiently similar to many other urban areas to 
be considered a model. Consequently, the results of this study have implications for many 
cities, especially Cleveland, Chicago, Saint Louis, Salt Lake City, Seattle, and Los Angeles, 
which are sufficiently similar geologically. Internationally, cities such as London, Paris, 
and Mexico City are also in this category.

The data used in this study were derived from several sources including project files 
compiled by the Michigan Department of Environmental Quality (MDEQ), now the 
Department of Natural Resources and Environment (DNRE), which oversees the investiga-
tion and cleanup of hazardous waste sites in Michigan. Files from more than 3000 known 
or suspected sites of environmental contamination were reviewed at the MDEQ southeast 
Michigan district headquarters. Although soil samples were analyzed for contaminants 
at the vast majority of the 3000 sites, only a few hundred sites met the rigorous standards 
established for inclusion in this study. The methodology used in this study to characterize 
urban metal concentrations in the soil relied on samples collected over a period of 10 years. 
This feature of the study helped average the variability of metal concentrations caused by 
the constantly changing near-surface urban soils versus the more stable subsurface soils.

Each site was carefully evaluated and screened to eliminate obvious data bias. Specific 
sites excluded from the study included those with restricted access (a copper fabricating 
facility) and industrial properties with extremely high concentrations of a particular metal, 
for example, a lead smelter, a chrome-plating operation, and a gun range. Three sites were 
eliminated because the near-surface soil was considered fill material of an unknown age 
and origin. Performing this type of careful evaluation and screening was covered in detail 
in Chapter 4.

This screening resulted in a final dataset of 3786 soil samples analyzed for heavy metals 
at 171 sites. Each of these sites was then classified with respect to land use and designated 
as residential, commercial or industrial. The metals evaluated for this study included anti-
mony, arsenic, barium, beryllium, cadmium, chromium, copper, lead, mercury, nickel, 
selenium, silver, thallium, and zinc. Figure 9.1 shows the location of the 171 sites in the 
study watershed where samples were collected from the three land-use categories.

Table 9.1 shows the total number of sites classified as residential, commercial, or indus-
trial and the number of samples collected from each of the soil units. The total number of 
sites located on the various soil units exceeds 171 because some sites contained more than 
one soil unit, and they were collected from soil borings that may have come from deeper 
soils, which were texturally distinct from the surface soil. Table 9.1 also indicates the per-
centage of sites in each land use and soil unit category.
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FIGURE 9.1
Land use sampling sites within the Rouge River watershed. (From Murray, K. et al., J. Environ. Qual., 33, 163, 
2004. With permission, American Society of Agronomy.)

TABLE 9.1

Site and Sample Location by Land Use Category and Geologic Unit

Number of 
Sites

Percentage of 
Sites

Number of 
Samples

Percentage of 
Samples

Land use category
Residential 28 16.4 847 22.3
Commercial 95 55.5 1634 43.2
Industrial 48 28.1 1305 34.5
Total 171 100.0 3786 100.0

Soil units
Moraine 9 3.8 74 3.9
Outwash 6 2.6 66 3.5
Sandy silty clay 64 27.5 620 32.0
Sand 56 24.0 387 19.8
Silty clay 18 7.7 135 7.0
Upper clay 21 9.0 230 11.8
Lower clay 59 25.4 428 22.1
Total 233 100.0 1940 100.0
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To be consistent with previous work, all results reported by 
Murray et al. (2004) were total recoverable levels of metals. Each 
metal analysis selected for inclusion in this study followed iden-
tical laboratory quality control procedures established by the 
MDNRE and mandated by the State of Michigan under Public 
Act 451, Part 201. The near-surface samples were collected from 
the upper 0.5 m of the surficial soil in the vicinity of the site 
being investigated. Soil collection standards typically require 
the collection of a soil sample at the base of the soil’s A horizon 
using a stainless-steel hand trowel, or a manual or mechani-
cally driven sampler. Subsurface samples were collected at 
depths ranging from 0.5 to 20 m typically during the installa-
tion of groundwater monitoring wells or soil borings used to 
determine the areal and vertical extent of contamination dur-
ing a site investigation. Soil samples were generally collected 
using a 0.6 or 1.2 m-long steel sampler that was hydraulically 
pushed into the ground using a Geoprobe®, or by a steel split-spoon sampler, which was 
pounded into the ground at various depths using a truck-mounted drill rig equipped with 
hollow-stem augers. Subsurface soil samples would have limited exposure to automobile 
emissions and road runoff and should therefore have less of an anthropogenic signature. 
The samples were analyzed using USEPA 6000 or 7000 series methods (USEPA 1983) and 
followed all USEPA protocol (SW 846 Test Methods). Specific analytical methodologies for 
each metal are presented in Table 9.2.

The surficial soils and topographic relief within the study area result from several gla-
cial advances and retreats during the recent geologic past. The resulting glacial drift has 
produced moraines, outwash deposits from braided streams, lake bed plains, and adjacent 
beach deposits. Each of these glacially derived deposits produces a texturally characteristic 
soil type, for example, moraines composed of glacial till are prominent in the northwestern 
part of the watershed and are mixtures of clay, sand, and gravel deposited by ice during 
glacial periods. Due to the unsorted nature of these deposits, they may have locally low per-
meability and moderate porosity where the clay content is high. Physical features associated 
with glacial terrains also include outwash plains, eskers, kames, irregular drainage patterns, 
wetlands, and lakes. Soils associated with many of these features consist of well-drained 
loams and sandy loams, with some areas of poorly drained sandy soils. Erosion potential is 
the highest in this area because of the steep slopes created by the terminal moraines.

Glacial outwash deposits are present in the northeastern portion of the watershed 
and are present between the linear moraine deposits (Farrand 1982, 1988; Rogers 1997a). 
Outwash consists of deposits from flowing meltwater at the margins of glaciers. They 
are generally well-sorted and contain large amounts of sand and gravel, with minor silt 
and clay. Soils are medium textured and moderately well drained and have a moderate 
slope. Beach and fluvial deposits formed along the western perimeter of a former glacial 
lake during the retreat of the Lake Erie lobe. These deposits are found in a northeast-
southwest trending belt in the middle of the watershed. They tend to form very uniform, 
well-drained sandy soils.

Lake beds are the prominent feature in the remainder (southeast part) of the watershed 
(Farrand 1982; Rogers 1997a). These lake beds, characterized by low, gentle slopes consist 
of clay units of lacustrine origin. They are distinguished within the Rouge River water-
shed by the percentage of silt and sand present and are classified as a sandy and silty clay, 

TABLE 9.2

Metal Analytical Methods

Metal EPA Method

Arsenic 7061
Barium 6010
Cadmium 6010
Chromium 6010
Copper 6010
Lead 6010
Mercury 7470
Nickel 6010
Selenium 7740
Silver 6010
Zinc 6010
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a sandy clay and an upper clay. The associated soils are loams or clay loams, which are 
poorly drained. Beneath the lake bed plains lies a diamicton or lower clay layer also histor-
ically described as a ground moraine. For this study, it was assumed that samples collected 
from this lower clay unit, which is not exposed at the surface, represents the natural back-
ground conditions within the watershed. Consequently, the occurrence of metals within 
the lower clay unit is due solely to nonanthropogenic causes. This is a reasonable assump-
tion since the unit is typically 3 m below the surface and isolated from surface activities by 
at least 1.5 m of low-permeability clay (Rogers 1997b; Murray and Rogers 1999). Moreover, 
because groundwater is not known to occur in this lower clay, there is negligible potential 
of metals migrating from anthropogenic sources via groundwater pathways (Rogers 1996; 
Rogers and Murray 1997). The location and distribution of the soil units just described are 
shown in Figure 5. 20, and Figure 5.11 has a geologic cross section showing the distribution 
of the lower clay unit. A series of diagrams (Figure 5.15a through h) depicts the evolution 
of deposition of the glacial deposits within the watershed during the last 14,500 years.

The land use at each sampling location was well documented. Significant changes in 
land use with time, however, may complicate the classification if, for example, redevelop-
ment changed a former industrial site into one zoned for commercial. Thus, in urban areas 
such as Detroit, understanding the history of land use is important, and the changing 
land use patterns present significant challenges in evaluating the occurrence and distri-
bution of metals in near-surface soil relative to land use. Although each soil sample was 
categorized by its current land use classification (residential, commercial, and industrial), 
every attempt was made through the use of aerial photography (black and white, both 
digital and stereo pairs at a scale of 1:24,000 for years 1990, 1995, and 2000) obtained from 
the Southeast Michigan Council of Governments (SEMCOG) to ensure that land use had 
not changed substantially over the 10 year period of this study. In addition, a Phase I 
environmental site assessment (Chapter 4) was conducted at each selected site. The Phase 
I included evaluating and confirming historical land use at least 60 years prior to the date 
of the investigation, and in many locations addressed a period over 100 years. Obviously, 
significant changes in land use would tend to skew results. The inherent variability within 
urban soils resulting from moving, backfilling, covering, and mixing was addressed by 
collecting a spatially dispersed sample set (distributed across the watershed) over the 
period from 1992 to 2002, and using aerial photography to evaluate changes in land use at 
questionable sites.

Due to the differing nature of the various MDEQ investigations, not all samples were 
analyzed for all parameters. Within the sample set, three metals, antimony, beryllium, and 
thallium, were analyzed in less than 10% of the samples collected. Consequently, these 
metals are reported separately in Table 9.3 along with their respective range of detection 
levels. They have also been eliminated from the statistical results presented with the other 
metals as their sample detection limits would have disproportionately skewed the results. 
It is important to note that the range of detection for each of the low-occurrence metals 

TABLE 9.3

Range of Concentration for Low-Occurrence Metals

Metal
Number of 

Samples Analyzed
Range Detected 

(mg/kg)

Antimony 7 3.7–6.1
Beryllium 6 0.5–1.5
Thallium 4 0.45–1.23
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was consistent with the range of detection reported by Shackette and Boergnen (1984). 
A review of the occurrence data suggests that all of these metals are likely the result of 
anthropogenic sources rather than from natural occurrence.

9.3.2 Results

The analytical results for the eleven remaining metals are presented in Tables 9.4 and 9.5. 
Table 9.4 indicates each metal’s horizontal (west-to-east distribution across the six soil 
units within the watershed) and vertical (surface, subsurface, and lower clay) distribution 
across the watershed. Table 9.5 reports each metal’s mean concentration in both surface 
and subsurface soils across each of the three land use categories and is split into separate 
tables for surface soil (Table 9.5a) and subsurface soil (Table 9.5b).

A few trends are apparent from these results. As shown in Table 9.4, surface concen-
trations are generally greater than subsurface and concentrations generally increase in 
a west-to-east direction across the watershed. This latter trend is commensurate with 
a west-to-east increase in urbanization and industrialization. The moraine unit shows 
consistently lower levels of metals than any of the other soil units, and has mean con-
centrations of metals statistically similar to that found in the lower clay layer, which is 
assumed to contain naturally occurring metal concentrations. Although the moraine has 
locally high permeability, it generally contains substantially more clay than either the 
outwash or the sand units. The low concentration of metals present in this unit is thus 
attributed to fewer anthropogenic sources in the western, more rural part of the water-
shed. More interesting, however, is the relatively high concentration of metals found in 
the sand unit. The sand unit varies in thickness from less than a meter to more than 10 m 
and is highly permeable with a hydraulic conductivity ranging from 10−4 to 10−1 cm/s 
(Rogers and Murray 1997). Yet, the sand unit contains statistically higher concentrations 
of metals than either the moraine or outwash units, which are both exposed at the surface 
westward of the sand.

The explanation for this apparent paradox is the location of the sand within the water-
shed. The sand is located in the center of the watershed along the urban fringe. This is an 
area that has undergone rapid urbanization and industrialization over the past 20 years 
and represents the transition between the rural west and the more heavily industrialized 
eastern part of the watershed. Contamination derived from spills, leaking underground 
or above ground tanks can quickly pass through the vadose zone within the sand to reach 
the water table, typically at a depth of no more than 3 m below the ground surface in 
southeast Michigan. Consequently, this part of the watershed has the highest incidence of 
groundwater contamination (Murray and Rogers 1999; Kaufman et al. 2003), and the sand 
unit, despite its lack of clay and organic material contains a higher concentration of the 
metals most often associated with industry: arsenic, barium, cadmium, chromium, cop-
per, nickel, and selenium than even the sandy silty clay unit that is located immediately to 
the west. The pivotal position and characteristics of the sand unit is underscored by metal 
concentrations that are typically 50% less than the metal concentrations found in the two 
easternmost clay-rich units.

The silty clay unit, which is exposed at the surface immediately to the east of the sand 
unit contains the highest arsenic concentrations of all the soil units with its highest con-
centrations present in both surface and subsurface soils in industrial areas. Although arse-
nic concentrations were expected to be uniformly high across the entire watershed, as 
a function of either the weathering of natural arsenic-bearing minerals associated with 
the underlying Marshall Sandstone or from the atmospheric deposition associated with 
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TABLE 9.4

Metal Distribution in the Geologic Units (in mg/kg)a

Westernmost Geologic Units Easternmost Geologic Units

Layer Moraine Outwash
Sandy and 
Silty Clay Sand Silty Clay Clay

Arsenic
Surface 1.9 (1.8), 19 3.6 (3.4), 6 4.6 (1.3), 6 5.5 (6.1), 93 7.9 (6.2), 138 6.5 (7.6), 221
Subsurface NDb ND 12 (2.8), 15 3.1 (3), 65 5.3 (4.6), 142 7.2 (4.2), 59
Lower clay ND 4.1 (none), 1 ND 2.4 (1.92), 6 9.2 (3.2), 30 5.8 (2.1), 63

Barium
Surface 31 (59), 19 36 (53), 6 205 (290), 6 80 (61), 93 122 (226), 90 121 (226), 126
Subsurface ND ND 58 (26), 12 20 (19), 61 66 (3.7), 249 61 (20), 56
Lower clay ND 64 (none), 1 ND 22.5 (8.9), 10 73.8 (5.8), 31 51 (14.8), 63

Cadmium
Surface 0.38 (0.59), 25 0.14 (0.12), 6 0.94 (1.36), 10 0.9 (9.65), 127 3.5 (34.2), 184 3.9 (0.59), 25
Subsurface ND ND 0.5 (0.5), 71 0.4 (0.53), 98 1.0 (3.7), 249 0.94 (1.32), 76
Lower clay ND 0.18 (none), 1 0.57 (0.11), 49 0.2 (0.14), 12 0.28 (18.5),124 0.50 (0.9), 58

Chromium
Surface 6.5 (6.8) [25] 12 (8.6), 6 17 (17.0), 33 30.5 (70), 109 63 (298), 147 52.5 (252), 226
Subsurface ND ND 9.8 (6.2), 72 11 (14.6), 107 21 (26), 252 49 (47.6), 61
Lower clay ND 13 (none), 1 6.6 (1.1), 23 9.7 (6.1), 12 14 (0.24), 93 14.5 (6.1), 63

Copper
Surface 7.5 (9.6), 19 16 (4.0), 4 31 (13), 6 61 (98), 103 85 (234), 143 70 (236), 389
Subsurface ND ND 18 (3.8), 12 10 (16), 73 24 (41), 155 37 (26), 78
Lower clay ND 18 (none), 1 6.6 (1.1), 23 9.8 (5.96), 6 20 (3.9), 28 19.5 (4.74), 63

Lead
Surface 8.8 (13), 37 8.0 (4.7), 16 90 (15), 13 65 (78), 129 108 (335), 337 162 (405),1343
Subsurface ND ND 22 (104), 145 6.3 (11.5), 446 30 (68), 518 58 (142), 202
Lower clay 4.1 (none) [1] 7.9 (2.1), 3 11.3 (10.1), 75 4.1 (none), 1 7.9 (2.1), 3 11.3 (10.1), 75

Mercury
Surface 0.07 (0.01), 11 0.06 (0.04), 6 0.2 (0.05), 5 0.1 (0.25), 92 0.17 (0.27),109 0.27(0.41),122
Subsurface ND ND 0.06 (0.03), 10 0.06 (0.11), 54 0.98 (0.08),102 0.07 (0.09), 60
Lower clay ND 0.1 (none), 1 ND 0.015 (0.002),4 0.1 (0.04), 26 0.09 (0.04), 63

Nickel
Surface 0.09 (0.59), 25 0.14 (0.12), 6 0.94 (1.36), 10 17.5 (260), 54 28 (83), 100 51 (150), 138
Subsurface ND ND 11.5 (7.85), 26 8.4 (16), 49 22.6 (10), 19 20 (2.5), 3
Lower clay ND ND ND ND ND 0.09 (2.2), 8

Selenium
Surface 0.37 (0.125), 11 0.06 (0.22), 8 0.33 (0.45), 5 0.4 (0.35), 92 0.96 (1.46), 99 1.85 (2.9), 119
Subsurface ND ND 0.12 (0.05), 8 0.5 (0.5), 56 0.75 (0.69), 98 1.1 (0.8), 59
Lower clay ND 0.05 (none), 1 ND 0.6 (0.2), 4 0.23 (0.19), 24 0.93 (0.93), 58

Silver
Surface 0.37 (0.125), 11 0.06 (0.22), 8 0.33 (0.45), 5 0.4 (0.35), 92 0.96 (1.46), 99 1.85 (2.9), 119
Subsurface ND ND 0.12 (0.05), 8 0.5 (0.5), 56 0.75 (0.69), 98 1.1 (0.8), 59
Lower clay ND 0.05 (none), 1 ND 0.6 (0.2), 4 0.23 (0.19), 24 0.93 (0.93), 58
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TABLE 9.4 (continued)

Metal Distribution in the Geologic Units (in mg/kg)a

Westernmost Geologic Units Easternmost Geologic Units

Layer Moraine Outwash
Sandy and 
Silty Clay Sand Silty Clay Clay

Zinc
Surface 49 (76), 18 49 (16), 4 138 (112), 6 160 (96), 102 221 (416), 141 251 (439), 251
Subsurface ND ND 42 (79), 15 26 (40), 77 77 (115), 147 84.5 (85), 78
Lower clay ND 42 (none), 1 31.7 (4.52) [2] 31 (22), 8 56 (14.5), 32 36.4 (6.4), 62

a Concentrations are derived from Michigan Department of Environmental Quality (MDEQ) files. The first 
number listed in each cell is the measured concentration in mg/kg; values in parentheses are standard 
deviations; those following the comma are the sample counts.

b ND = no data.

TABLE 9.5

Mean Concentration of Metals in Surface and Subsurface Soils Relative to 
Land Use

Metal

Commercial Residential Industrial

N X Φ N X Φ N X Φ

(a) Surface soil
As 205 5.1 5.5 77 6.3 4 201 7 9
Ba 151 69 66 71 128 135 118 148 222
Cd 234 2.2 1.5 80 1.1 1.1 151 4.5 13
Cr 282 27 83 67 31 52 197 55 159
Cu 205 32 60 82 30 39 377 113 269
Pb 418 93 300 535 160 250 893 150 380
Hg 167 0.2 0.24 58 0.08 0.07 120 0.2 0.3
Ni 151 16 9.8 35 24 29 132 58 150
Se 164 0.6 0.3 57 0.8 0.8 113 1.9 2.2
Ag 152 0.5 0.2 54 0.8 0.5 114 2.3 2.2
Zn 202 130 310 81 120 124 239 257 534

(b) Subsurface soil
As 95 5.6 4.0 78 2.3 4.2 108 7.1 4.2
Ba 90 55 25 70 61 37 82 76 24
Cd 306 0.5 1.5 86 0.4 0.5 102 1.9 2.5
Cr 292 11.6 14 96 25.4 38 104 27 35
Cu 98 20 14 94 26 57 126 14 17
Pb 906 20 60 220 34 77 185 39 72
Hg 88 0.05 0.01 53 0.1 0.8 85 0.08 0.05
Ni 3 36 3 18 11 7 38 14.5 24
Se 90 0.8 0.6 53 0.35 0.2 82 0.9 0.9
Ag 67 0.6 0.4 48 0.5 1.1 72 2.2 4
Zn 94 67 137 98 66 80 15 60 60

Note: N = number of samples; X = Mean (mg/kg); Φ = Standard Deviation.



324	 Urban	Watersheds:	Geology,	Contamination,	and	Sustainable	Development

© 2011 by Taylor & Francis Group, LLC

coal-fired power plants, this was not the case. In fact, relatively modest levels of arsenic 
were present in both surface and subsurface soils across all three land use categories and 
all soils with the exception of the silty clay. The distribution of arsenic within the water-
shed may thus result from localized industrial sources of arsenic and conditions that serve 
to increase its mobility. These conditions include an adequately high concentration, a pH 
greater than 7, and the oxidation state of the arsenic. For example, As [V] is the dominant 
form of arsenic under aerobic conditions found in the near-surface soils. In this oxidized 
state arsenic will strongly bind with soil and sediment, particularly in clay-rich soils. In an 
anaerobic environment, conditions associated with the subsurface clay-rich soils, arsenic 
generally forms insoluble and nonmobile sulfides. However, in soils with a pH greater 
than 7, arsenic tends to bind less strongly to soil particles and becomes more mobile. As 
an example, residential soils in the Delray community of southwest Detroit have arse-
nic concentrations 10 times higher than other locations in southeast Michigan. One likely 
cause of this high arsenic concentration is the neighborhood’s proximity to Zug Island, an 
industrial complex with a long history of steel manufacturing fueled by the burning of 
coal (Figure 9.2) (Peterman and Murray 2010).

The silty clay unit also contains substantially higher levels of barium, cadmium, lead, 
and zinc than any of the other soils units. Because the silty clay is located in the more 
industrialized part of the watershed, the higher concentration of these metals suggests 
anthropogenic sources. This premise is supported by the data presented in Table 9.5, 
which indicates almost uniformly higher metal concentrations in industrial land uses in 
both surface and subsurface soils. Two notable exceptions were the high lead and mercury 
levels present in residential areas in the surface and shallow subsurface soils, respectively. 
Lead in the surface soils in residential areas was present at levels 16 times that found in the 
lower clay layer. The high lead levels are most likely due to deposition of lead dust from 
sources such as lead-based paints in older residences common in urban areas and the for-
mer use of leaded gasoline (Mielke et al. 1983; Mielke et al. 1984; Mielke 1999). Subsurface 
lead concentrations in residential areas are also relatively high, with mean values at more 
than twice the background levels found in the lower clay layer. Mean values of surface lead 
in industrial areas are nearly as high as in residential areas (15.5 times background) with 

FIGURE 9.2
Coal piles ready for combustion near a residential neighborhood in southwest Detroit, MI. (Photo by Kent 
S. Murray.)
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several industrial sites (and surrounding neighborhoods) exhibiting lead concentrations 
hundreds of times the background concentration. In addition, subsurface lead in indus-
trial areas was nearly five times higher than the background level (Figure 9.3), underscor-
ing the impact of industry’s role in contributing to soil lead contamination.

Mercury was present in the near-surface soils in commercial areas at levels four times 
the background level of 0.09 mg/kg present in the lower clay unit. Throughout most of the 
subsurface, mercury concentrations are equivalent to background levels, while mercury 
concentrations at commercial and industrial sites are more than twice the background lev-
els. The high incidence of mercury at industrial sites is probably related to the production 
of chlorine, caustic soda, and hydrogen. It may also be related to former automotive paint 
industries or the production of electrical equipment (Jaagumagi 1993). The high incidence 
of mercury at commercial sites is more problematic and may reflect changing land use in 
an urban area with an industrial base that is more than 100 years old.

Concentrations of copper and zinc at the surface were significantly lower at residential 
and commercial properties compared to industrial properties. This suggests the primary 
sources of copper and zinc were industry related. In addition, concentrations of many 
other heavy metals, such as cadmium, chromium, nickel, selenium, and silver were also 
detected in surface soil at industrial properties at higher concentrations than commercial 
and residential properties. This again suggests the elevated concentrations of these met-
als may have an anthropogenic source, presumably, industrial sites. On the other hand, 
concentrations of barium, mercury, and arsenic did not vary significantly between the 
land use categories; implying that these metals do not have a significant anthropogenic 
source.

Concentrations of heavy metals in the Lower Clay Unit differ only slightly from the 
heavy metal concentrations observed in previous Michigan studies. In fact, most metals 
(arsenic, barium, cadmium, chromium, lead, mercury, nickel, silver, and zinc) were present 
at mean concentrations slightly less than the previous Michigan studies. Only copper and 
selenium were present at mean concentrations greater than those of previous studies; how-
ever, these elevated concentrations would not be considered statistically significant. These 
results support our contention that metal concentrations in the Lower Clay Unit within 
the Rouge River watershed can be reasonably interpreted to represent naturally occurring 
concentrations of heavy metals and confirm their use as background heavy metal concen-
trations for this study.
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FIGURE 9.3
West-to-east concentration (mg/Kg) of lead in surface soil by land use. (From Murray, K. et al., J. Environ. Qual., 
33, 163, 2004. With permission, American Society of Agronomy.)
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Comparing the results of the land use data to background concentrations, it was expected 
that the metals would be the highest within industrial and the lowest for residential areas. 
In surface soils, industrial land use was indeed the highest for each metal, with the mod-
est exception of lead as discussed above, and arsenic in the residential soils of Delray. 
However, instead of residential having the lowest metal concentrations, the commercial 
category had the lowest concentrations for 7 of the 11 metals included in this analysis. The 
exceptions were cadmium, copper, mercury, and zinc. In subsurface soils of commercial 
properties, these four metals plus nickel continued to be present at higher concentrations 
than subsurface soils from residential areas.

A closer look at lead in surface and subsurface soil confirms these general trends. For 
example, in surface soil, mean Pb concentrations differ significantly across the six different 
soil groups and gradually increase in concentration in a west-to-east direction.

This increase is commensurate with an increase in anthropogenic sources of lead, 
including a higher incidence of older homes containing lead-based paint, a higher occur-
rence of residual lead in the soil derived from the former use of leaded gasoline, and a 
higher incidence of industrial sources. The only deviation from this trend was a lower 
level of lead in the sand unit than in the sandy and silty clay unit located to the west of the 
sand. This discrepancy, however, can be explained by the lack of adsorptive characteristics 
relative to the sandy and silty clay unit. As discussed above, the sand unit contains virtu-
ally no clay yet still has mean surface concentrations of lead that are nearly eight times that 
found in the moraine and outwash units that contain on average 20% or more clay. Mean 
lead concentrations at the surface were also significantly different across all land uses, 
with mean lead levels in surface soil derived from residential areas approximately 16 times 
that of the mean lead concentrations found in the lower clay unit. Additionally, mean lead 
concentrations at the surface were significantly different within any one land use category, 
for example, commercial land use, when evaluated across all soil units, suggesting that 
the west-to-east trend is independent of land use and is thus more likely a function of an 
overall increase in urbanization and industrialization.

In the shallow subsurface soils, mean lead concentrations were also significantly differ-
ent across all soil units, with mean lead concentrations in the upper clay, which is exposed 
at the surface in the easternmost part of the watershed, including the City of Detroit, 
nearly twice the level of the mean lead concentration found in the adjacent silty clay unit 
and more than five times the background concentration of lead found in the lower clay 
unit (Table 9.4). The mean lead concentrations at industrial sites in shallow subsurface soils 
were substantially different from the mean lead values in subsurface soil at either com-
mercial or residential sites and were still three times the mean background concentration 
of lead present in the lower clay unit.

9.4  Case Study: Dissolved Metals in Shallow 
Groundwater, Rouge River Watershed

In general, metals have limited mobility in soil and groundwater due to cation exchange or 
sorption onto mineral grains (Fetter 1993; Bedient et al. 1994). However, the concentrations 
of naturally occurring as well as anthropogenically introduced metals in near-surface 
soils, which can then migrate to shallow groundwater, can vary significantly due to physi-
cal and chemical processes operating across geographic regions.
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Within groundwater, the concentrations of heavy metals are most significantly influ-
enced by (1) presence of heavy metals in soil that has come into contact and reacts with 
groundwater and (2) the chemical nature of the groundwater itself (Fetter 1993). Metals 
have increased mobility in groundwater if the groundwater chemistry exhibits a low 
cation-exchange capacity or if they are attached to a mobile colloid (Bedient et al. 1994). 
Conditions that promote metal mobility would, therefore, include a hydrogeologic envi-
ronment that consists of a subsurface saturated environment composed of an acidic, sandy 
soil with low-organic and clay content (Dowdy and Volk 1983).

9.4.1 Study Objectives, Study Area, and Methods

This study (Murray et al. 2006) measured dissolved heavy metal concentrations in shallow 
groundwater within the same region—the Rouge River watershed. The primary objectives 
of this study were (1) to characterize the distribution of heavy metals in groundwater in 
different geologic and land use environments within the watershed, (2) identify the most 
mobile metals and the locations associated with their mobility, (3) determine the amount 
of contamination represented by the measured mean concentrations of heavy metals in 
the shallow groundwater, and (4) assess the potential public health and ecosystem impacts 
from any dissolved metal contamination found. The evaluation of heavy metal mobility 
was enabled through the direct comparison of the mean concentrations of heavy metals 
measured in the soil by the Murray et al. (2004) study and groundwater.

The discharge of near-surface shallow groundwater to the surface waters of the Rouge 
River is significantly influenced by the presence of the lower clay unit, which has effec-
tively limited the vertical migration of groundwater to lower aquifers because (1) it is thick 
(80 m to greater than 300 m thick), (2) vertical groundwater flow in the clay is insignificant, 
(3) the unit completely underlies the watershed, and (4) has a relatively uniform hydrau-
lic conductivity, which has been measured to be less than 1 × 10−7 cm/s (Rogers 1997b). 
Glacial deposits similar to the lower clay unit have also been described as occurring with 
a similar hydraulic conductivity at other locations of northern North America (Freeze and 
Cherry 1979; Keller at al. 1989, 1991). Because of the lower clay unit, near-surface shallow 
groundwater within the watershed has no effective migratory outlet other than surface 
water. Therefore, any dissolved contaminants in shallow groundwater will eventually be 
discharged to the surface waters of the Rouge River and subsequently flow into the Detroit 
River and eventually into the lower Great Lakes.

The most significant hydrogeologic units (other than the lower clay unit) within the 
watershed are the Moraine Unit, Outwash Unit, and the Sand Unit (Figure 5.20). These 
three units significantly influence surface water because they (1) contain a large volume 
of groundwater, (2) account for the majority of the baseflow in the Rouge River, (3) contain 
the majority of tributaries of the river, and (4) are the source of groundwater recharge 
from precipitation and surface water infiltration (Rogers 1997b; Rogers and Murray 1997; 
Murray and Rogers 1999). In addition, these geologic units are also significant because 
shallow groundwater within these geologic units is also used as a source of potable water 
(Mozola 1954, 1969; Rogers 1996), creating a potential pathway for human ingestion of shal-
low groundwater. Inspection of the groundwater flow direction at each site revealed a 
good correspondence with the direction of surface water flow (Figure 6.2).

As with the soil metal study discussed earlier, the data used in the study of dissolved 
metals in the groundwater were also derived primarily from project files compiled by 
the MDEQ. Also, as discussed in Section 9.3, each site selected was carefully evaluated 
and screened to eliminate obvious data bias, including the same sites excluded during 
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the soils metal investigation, i.e., the Cu-fabricating facility, several industrial properties 
with extremely high concentrations of a particular metal, the Pb smelter, several chrome-
plating facilities, and a gun range. In addition, the three sites eliminated previously 
because the near-surface soil was considered fill material of an unknown age and origin 
were also eliminated here. They were not included because the shallow groundwater 
occurring beneath these sites was not believed to be in a naturally occurring geologic 
formation.

This screening resulted in a final dataset of 1140 groundwater samples collected from 
126 sites, with the high sample-to-site ratio helping to ensure the replication of results. The 
selected sites included parks, elementary and high schools, community colleges, churches, 
banks, new residential developments as well as older residences, courthouses, a town hall, 
law firms, malls, golf courses, vacant property, and industrial properties. Samples were 
collected over a period of 10 years from 1990 to 2000, which helped average the variability 
of metal concentrations caused by the constantly changing urban region.

Each of these sites was then classified with respect to land use and designated as resi-
dential, commercial, or industrial. The metals evaluated for this study included As, Ba, Cd, 
Cr, Cu, Pb, Hg, Ni, Se Ag, and Zn. Table 9.6 shows the number and percent of sites within 
the land use categories as well as the distribution of the samples obtained within each 
geologic unit.

Shallow groundwater within the study area flows toward and discharges into the Rouge 
River (Rogers and Murray 1997; Rogers 1997b; Murray and Rogers 1999). Inspection of the 
groundwater flow direction at each site revealed a good correspondence with the direction 
of surface water flow.

Monitoring wells were typically installed using a drilling rig equipped with an 11 cm 
inner-diameter hollow stem auger. Monitoring wells were constructed and sampled 
according to procedures outlined by USEPA (1986, 1990). In the laboratory, analysis of 
the groundwater samples for dissolved metals was accomplished using USEPA 6000 
or 7000 series methods (USEPA 1983) and following all USEPA protocols (SW 846 test 
methods).

TABLE 9.6

Site and Sample Distribution

Number of 
Sites

Percent of 
Sites

Number of 
Samples

Percent of 
Samples

Land use
Commercial 70 56 580 51
Industrial 32 25 438 38
Residential 24 19 122 11
Total 126 100 1140 100

Geologic unit
Outwash 4 3 26 2
Moraine 6 5 17 2
Sandy and Silty Clay 16 13 189 17
Sand 50 39 364 32
Silty Clay 30 24 195 17
Clay 20 16 349 30
Total 126 100 1140 100
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To evaluate the mobility of heavy metals, the ratio of the mean concentrations of each 
metal in groundwater to surface soil was computed. The metal concentrations within 
surface soil were chosen since this is where the highest concentrations occur, and this 
location also accounts for the longest vertical distance metals could migrate before 
reaching groundwater. Although the measurement units of the mean concentrations 
within soil (mg/kg) and groundwater (mg/L) are different, the ratio of mean ground-
water concentration to mean surface soil concentration provides a consistent and unbi-
ased way to compare the amounts of different metals present along this vertical profile. 
These ratios are then ranked to identify the most mobile metals and their associated 
geologic units.

To demonstrate the magnitude of contamination, another ratio is calculated between the 
mean concentration of each metal and the metal’s maximum contaminant level (MCL). 
Because numerous drinking water supply wells exist within the watershed, the presence 
of a specific metal within groundwater is considered significant if its mean concentration 
within a geologic unit or land use category exceeds the current drinking water standard—
the MCL in mg L−1 set by the USEPA (1992, 2003).

9.4.2 Results

Table 9.7 contains the mean concentrations of heavy metals within the vertical soil/
groundwater column for each of the six geologic units of the watershed. The mean 
concentrations of the sites within the three categories of land use are also presented. 
Significant concentrations of metals in groundwater exceeding the MCL are denoted by 
an asterisk.

As shown in Table 9.7, there are 66 total possible combinations of metals and geologic 
units (11 metals * 6 geologic units) within the study area. Subtracting the seven instances 
of missing data leaves 59 combinations. Significant metal concentrations occur in 19 of 
these 59 cases (32%), which suggest groundwater contamination by heavy metals is wide-
spread throughout the watershed. The metals showing significant concentrations within 
the most geologic units are Pb (5), Cd (4), and Cr (4). Mean concentrations for each of these 
metals in the sand exceeds the MCL, with Cr exhibiting the highest mean concentration. 
Copper, Ba, and Zn do not exceed their MCLs within groundwater across any of the geo-
logic units; Ni has no established standard—the 0.1 mg/L standard was remanded in 1995 
(USEPA 2003).

All of the metals tested—with the exception of Se—exhibited the highest mean concen-
trations at industrial sites. In the Murray et al. (2004) soil study, the mean concentration 
of metals generally increased across the watershed in a west-to-east direction. This same 
pattern of increase is also seen with metals dissolved in groundwater (Figure 9.4a and b), 
and with the vertical scale of contamination in Figure 9.4b indicating these metals occur at 
generally higher mean concentrations than those metals graphed in Figure 9.4a. The MCLs 
were exceeded by five metals (As, Cd, Cr, Pb, Hg) at industrial properties by As Cd, Pb, 
and Hg at commercial sites and Cd and Pb at residential locations. Thus, the MCLs were 
exceeded by cadmium and lead within all land use categories.

All of the metals exceeding the MCL within the industrial land use category (As, Cd, 
Cr, Pb, Hg) also exceeded their MCLs within the clay unit. This characteristic illustrates 
the historical urban development pattern of the region, which saw the heaviest con-
centrations of industry located within the older, more urbanized eastern portion of the 
watershed.
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Metal mobility is assessed by computing the ratio between the mean concentrations of 
metals in groundwater and at the soil surface. Columns 1–3 of Table 9.8 show the metals 
with the 10 highest ratios and the geologic unit where this ratio occurs; column 4 will be 
referenced during the discussion on contamination.

High ratios are observed for several metals within the clay and silty clay units (Hg, Se, 
Cr, and As), indicating some vertical mobility does occur for these metals within clay-
rich soils and subsoils. Two of these same metals (Se and Cr) are also mobile within units 
consisting of larger-grained soil particles, which have higher hydraulic conductivities 
(sand, moraine, and outwash). Cadmium also exhibits high ratios within the sand and 
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FIGURE 9.4
West-to-east distribution of heavy metals in groundwater for (a) arsenic, barium, chromium, copper, and 
lead;  (b) mercury, nickel, selenium, silver, and zinc (west is to the left on each graph). (From Murray, K. 
et al.: Dissolved heavy metals in shallow ground water in a southeastern Michigan urban watershed. J. Am. 
Water Resour. Assoc., 2006. 42. 777–792. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission.)
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moraine geologic units. There is generally lower mobility observed for Ag, Ba, Cu, Ni, Pb, 
and Zn.

Referring again to Table 9.8, groundwater contamination is represented by the ratio 
between the mean concentration of the metal and its MCL in column 4. The rank of each 
metal appears in parentheses after the ratio. The two highest contamination ratios and 
ranks belong to Cr in clay and sand, respectively. Other significant rankings exist for Cd 
and Pb in the sand unit, which were ranked fourth and fifth, respectively. Thus, three 
metals had measured mean concentrations which were over 10 times the MCL within a 
geologic unit with high hydraulic conductivity.

These results demonstrate that the groundwater resource within the Rouge River water-
shed is significantly polluted with heavy metals. Most significant are the occurrences of 
elevated concentrations of heavy metals within the sand unit, with the mean concentra-
tions of Cr, Cd, and Pb exceeding the MCL by 22, 12, and 14 times, respectively. The main 
commercial uses of Cr include chrome alloy in chromium metal products and in chrome 
plating, and to a lesser extent as compounds in paints, dyes, explosives, ceramics, glass, 
photography, and paper. The principal use of Cd is as an alloy in electroplating, in Ni-Cd 
batteries, solders, electronic equipment, photographic supplies, glass, ceramics, and plas-
tics (Jaagumagi 1993). The high concentration of Cr and Cd in groundwater confirms the 
principle of increased metal mobility in acidic, sandy soil.

The presence of elevated levels of Pb in groundwater may be due to the industrial mix 
within the watershed. Metal industries use Pb in smelting and electroplating, but the 
single largest use of Pb is in the production of lead acid batteries. Other uses include 
paints, glassware, electronic equipment, plastics, solder, and construction materials. 
Notwithstanding, this result is somewhat surprising, as Pb has a soil retention and 
adsorption capacity higher than any other metal and is generally considered immobile 
in subsurface soil (McLean and Bledsoe 1992). However, the mobility of Pb within south-
east Michigan soils was suggested by Murray et al. (1997) in their study of Pb at an out-
door shooting range. Because of its low MCL, even small amounts of Pb which manage 
to migrate to groundwater can generate a high-measured mean concentration to MCL 
ratio.

TABLE 9.8

Metal Mobility and Contamination Ranking (n = 59)

Metal
Ratio 

(gw-Surface)
Geologic 

Unit
Measured Conc./

MCL (Rank) (mg/L)

Hg 0.126 Clay 17.0 (3)
Se 0.083 Outwash (36)
Se 0.076 Silty clay (18)
Cd 0.067 Sand (5)a

Cr 0.071 Sand (2)
Cr 0.059 Clay (1)
As 0.054 Clay (9)
Hg 0.053 Silty clay (12)
Cd 0.039 Moraine (14)
As 0.029 Silty clay 4.6 (11)

a Missing top 10 places: 4th = Pb in sand @ 14.0; 6th = Cr in 
silty clay @ 8.9; 7th = Pb in silty clay @ 8.0; 8th = Cd in clay 
@ 7.6; 10th = Pb in clay @ 5.3.
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The detection of Cr at such high relative concentrations in groundwater compared to 
other metals in this study indicates that the species of Cr present is likely Cr+6, hexavalent 
chromium. Moreover, Murray et al. (2008) found high levels of Cr+6 in the shallow ground-
water. Hexavalent chromium has far greater mobility in soil and solubility in water than 
other forms of chromium (Fetter 1993). It is also considered the most toxic form of chro-
mium to humans and ecosystems at the higher and lower levels of the food chain (Krishan 
1997; Nussey et al. 2000; Proctor et al. 2002).

Compounding the contamination problem within the sand unit are the physical char-
acteristics of its aquifer and surface drainage. The relatively high hydraulic conductivity 
of the sand unit, coupled with the high density of streams there (see Figure 5.20) creates a 
short residence time for contamination. In the humid microthermal climate of this region, 
the stream system is effluent, meaning groundwater recharges streams through baseflow. 
Thus, any contaminant entering groundwater within the sand unit will flow in the general 
direction of the surface drainage, and would enter a surface stream within a relatively 
short time period due to the high drainage density. For example, using a conservative 
estimate of the hydraulic conductivity for the sand unit from Murray and Rogers (1999) of 
1 * 10−2 cm/s, the groundwater would flow 315 m in 1 year: (0.01 cm/s * 86,400 s/day * 365 
days/year/1000 cm/m = 315 m/year). Given the surface drainage density, there is a good 
likelihood that contamination within the groundwater would reach a stream within a rela-
tively short period of time. Once in the surface water, the flow will carry the contamination 
within hours to the Detroit River and to Lake Erie.

Another significant finding of this study is the presence of elevated concentrations of 
metals (Hg, Se, Cr, and As) within the groundwater of the clay and silty clay geologic units, 
as mobility of metals in clay is generally believed to be very low. Several factors could 
account for this result, including very high concentrations of these metals within the clay 
soil units, cracks within the clay unit which allow for some downward migration of con-
tamination (Murray et al. 1997), and the long duration and continuous deposition of these 
metals within these areas due to the development history of the watershed.

From public health and environmental perspectives, the contamination of the regional 
groundwater along with potential damage to the hydraulically connected Great Lakes eco-
system poses significant challenges for watershed management efforts. Significant numbers 
of residential wells (over 5000) exist within the watershed, and many homeowners do not 
test their water since it is not a legal requirement. Moreover, the testing services provided 
by Michigan’s county public health departments only test for bacteria and anions, such as 
chloride and nitrate. If homeowners want to test their wells for metals, they must pay $10.00 
per metal, and it is doubtful if most homeowners know about this option. There are also a 
large number of public supply (Class II) wells that provide water for over 25 people. Wayne 
County, which comprises over 40% of the Rouge River watershed land area does not test for 
chromium in its Class II wells. Consequently, there may be a need to reevaluate the well-
head protection guidelines communities follow, given the already existing contamination, 
and the ability for metals to reach groundwater through all types of soil.

Surface water may also be directly impacted by metals transported by stormwater run-
off. The presence of some metals at the surface—many of which are sorbed onto small soil 
particles—means that surface water bodies will receive these contaminants when they 
are entrained by overland flow. Wetland vegetation may be capable of removing some 
percentage of the heavy metals; however, most lakes in southeastern Michigan no longer 
have this capability due to development. Since copper and chromium VI are highly toxic 
to fish, this is another concern. The process of stormwater runoff within urban watersheds 
is presented in Chapters 12 and 13.
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9.5 Conclusions

The Murray et al. (2004) study of metals in soil represents an initial effort to character-
ize the metal concentrations in surface and near-surface soils in an urban environment 
in southeast Michigan. The results of this study have (1) demonstrated that metal con-
centrations in an urban environment are the greatest at the surface, (2) characterized a 
directional increase of metal concentrations in a west-to-east trend across the watershed 
commensurate with a general west-to-east increase in urbanization and industrial activ-
ity, and (3) identified lead as the heavy metal with the highest surface concentration with 
mean levels present at more than 16 times background at residential sites and 15.5 times 
greater than background at industrial sites. More importantly, lead concentrations have 
been detected in surface soil at specific industrial sites and adjacent residential neighbor-
hoods at concentrations hundreds of times the level that may occur naturally in the soil. 
Similarly, arsenic concentrations in the Rouge River watershed for certain residential areas 
are 10 times greater than the background concentrations, due most likely to their proxim-
ity to Zug Island.

Heavy metal concentrations beneath the surface (at depths between 0.5 and 10 m), 
although elevated, were in general agreement with those of previous studies conducted 
in Michigan and the United States. Heavy metal concentrations in soils at depths greater 
than 10 m are in complete agreement with previous studies of heavy metal concentrations 
in rural areas of Michigan and the United States. This suggests that soils at depths greater 
than 10 m are generally only affected to a minor extent from anthropogenic heavy metal 
sources if certain conditions are satisfied.

The results of the Murray et al. (2004) soil metals study have important implications for 
land use planning and for future site investigations in any urban area when heavy metal 
contamination is suspected. First, the evaluation of human and ecological risks can be 
achieved by concentrating investigation efforts on heavy metals in the surface soils. The 
results of the study have demonstrated that heavy metal concentrations are the highest at 
the surface and quickly decrease with increasing depth. Therefore, concentrating investi-
gative and remedial efforts at the surface will efficiently identify the most elevated heavy 
metal concentrations derived from anthropogenic sources. Second, innovative regional 
strategies for the cleanup of sites with metal contamination need to be developed. Third, 
the identification of potential hydrologic and ecological impacts of metals in the near-sur-
face zone is essential for the protection of groundwater. Since this study has identified that 
the occurrence of heavy metals in an urban environment is the highest at the surface, the 
results can be integrated into evaluations of interflow, baseflow, increased leaching from 
acid rain, infiltration/inflow to public water supplies, runoff to surface water systems, and 
the potential revegetation capacity at redeveloped sites. Fourth, the mapping of the surface 
geology in urban areas can pinpoint soils particularly sensitive and prone to contamina-
tion. Finally, future studies related to the occurrence of heavy metals in other urban areas 
should consider the effects of historic land use activities and the potential human health 
issues and risks associated with heavy metals in the surface soils.

With respect to dissolved metals in groundwater, results from the 2006 Murray et al. 
study indicate urbanization and its accompanying industrial activities have contributed to 
heavy metal impacts across all land use categories (industrial, commercial, and residen-
tial) and throughout the varied surface geology of the Rouge River watershed. Chromium 
is prevalent at industrial sites, and the high levels of chromium in groundwater strongly 
suggest the chromium is in a hexavalent form—which is much more mobile and soluble 
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than its trivalent form—and has greater potential to damage the environment and impact 
human health. This is especially significant since hexavalent chromium has a high con-
taminant risk factor, which will be examined in great detail in Chapter 10. Significantly 
high contamination ratios were demonstrated by Cr, Cd, and Pb within the watershed’s 
sand unit, but there were also several metals detected at concentrations exceeding their 
MCLs in clay-related soil units, indicating the existence of some mobility within a soil 
medium previously considered virtually immobile for metals.

These findings create considerable environmental concern because of the hydraulic con-
nection between the watershed’s surface waters and the Great Lakes. Moreover, many 
private and public wells use the groundwater within the region for potable water, thus 
creating a potential public health risk.

In the next chapter, a model is developed and applied within an urbanized watershed to 
help predict the risks posed by specific contaminants to soils, groundwater, and air.
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10
Contaminant	Risk	Factors

10.1 Introduction

What are the risks posed by contaminants to humans once they are released? The first step 
to answering this question involves combining the following three factors related to the 
physical chemistry of the contaminant: (1) toxicity or potency, (2) mobility, and (3) persis-
tence. Next, the composite physical chemistry attributes are considered within the context 
of a region’s geological vulnerability. This framework provides a powerful tool for assess-
ing the environmental risk of an urban region, but it fails to consider the known risks of 
release related to specific surface activities. In this chapter, we introduce the concept of 
surface risk, one component of the environmental risk picture within any urban region.

The risks posed by contaminants are not equal. Although it sounds like a paradox, an 
extremely toxic contaminant may not pose as much risk as a moderately toxic contaminant. 
This outcome can occur if the extremely toxic contaminant does not migrate and degrades 
quickly, and the moderately toxic contaminant exhibits higher mobility and lasts for decades 
before degrading. The release location is also a factor in determining risk. If the extremely 
toxic contaminant is released at a certain location and under certain conditions, it may inflict 
significant harm before it degrades. On the other hand, the moderately toxic contaminant 
may have much more opportunity to inflict harm because it lasts longer and is mobile.

Contaminants also behave differently in soil, water, and air. It is logical, therefore, to 
assess contaminant risk as a function of each environmental media. We begin the evalu-
ation process by assessing the probability that a release will occur given certain land use 
criteria. This is a critical step in the evaluation process, because not only must a contami-
nant be present for there to be risk, it must also be released for there to be potential expo-
sure. After examining the potential risks of a release, we will then examine how the media 
releases target and develop contaminant risk factors for groundwater, soil, and air. When 
these factors are combined with surface risk and geological vulnerability, the total envi-
ronmental risk can be estimated.

This is where the predictive power lies, knowledge of the physical attributes of the 
chemicals used combined with the geology of a region and the probability of a release 
occurring. Together, these pieces form the basis of a scientifically grounded environmental 
assessment process that can lead to the successful development or redevelopment of any 
urban region.

10.2 Surface Risk Factor

Surface risk, as employed here, is the probability of any given site contaminating the envi-
ronment given the best available data from public sources. Surface risk evaluations have 
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traditionally used spatially generalized categories of land use to represent various levels 
of risk, such as industrial, commercial, residential, and recreational (Baringer et al. 1990; 
Eckhardt and Stackelberg 1995; Secunda et al. 1998).

The use of general land use categories for vulnerability assessments is problematic 
because of their inadequate spatial resolution, defined as the smallest identifiable element 
in a sequence (Tobler 1988). In urban and urbanizing areas, mixed land uses within small 
areas such as city blocks are common, so the variable risks may be obscured by generaliza-
tions when the capture zones for water supply wells, termed wellhead protection zones, 
are delineated. For example, the 10 year capture zone is the subsurface and surface areas 
from where water (and any contamination it carries) will reach the well over a time period 
of 10 years. Figure 10.1 shows an example capture zone of a water supply well in an urban 
area (Wisconsin Department of Natural Resources 1999). Figure 10.2 shows an example of 
a recharge area in cross section (USGS 1998).

To demonstrate this problem of inadequate spatial resolution, we can consider a water 
well in an area designated as for residential land use as depicted in Figure 10.3 (Kaufman et 
al. 2003). Within this zone of low risk is a single and small industrial establishment engaged 
in metal plating. Metal plating activities exhibit a high incidence rate of soil and groundwa-
ter contamination, but this specific risk is masked by the generalization of the area within 
the capture zone as a lower-risk residential category. This is depicted in Figure 10.3a.

Figure 10.3b illustrates how two adjacent, but different zones create edge effects. At the 
edge, the residential zone becomes exposed to the higher risks associated with industrial 
land, but the sources and amounts of the actual risk from the industrial land near the edge 
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are unknown. Figure 10.3c shows that the use of the Standard Industrial Classification (SIC) 
code or the equivalent for each establishment within a general land use category permits 
a greatly improved parcel-level spatial resolution of the relative risks of contamination.

The SIC code is a four-digit code defined as follows (United States Office of Management 
and Budget 1987)*:

• The first two digits identify a major group, such as agriculture, retail trade, and 
manufacturing.

• The third digit denotes industry groups within each major category, such as agri-
cultural crop production.

• The fourth digit identifies a specific industry code, such as metal plating.

A normalized measure of risk between different establishment types is achieved through 
the use of contamination incident rates (Kaufman 1997). Incidence rates are obtained by

 1. Assigning an SIC code to each source of contamination appearing on a known list 
of contaminated sites. Lists of known contaminated sites are available through 
private companies or are publicly available through either local municipalities 
or state or federal environmental agencies, such as the Michigan Department of 
Environmental Quality (MDEQ 2008).

 2. Obtaining the total number of establishments for each SIC code within the study 
area (United States Bureau of the Census 1997).

 3. Dividing the number of contaminated sites with a specific SIC code by the total 
number of establishments with the same SIC code in the study area.

To scale the scores equivalently to the other risk factors discussed in the following sec-
tions, these rates are multiplied by 10 and converted to scores between 0 and 10. These 
scores are then summed for a circular area encompassing each water well within the study 
area.

Figure 10.4 shows an example surface risk calculation for a brownfield site situated 
above an area where the subsurface geology is composed of sand. The computed risk 
includes only those lighter-shaded establishments contained within the geological unit 
composed of sand, because the bounding geological units (sandy clay, sandy, and silty 
clay) have much lower hydraulic conductivities yielding much lower contaminant migra-
tion potentials.

The legend box on Figure 10.4 shows the SIC and risk scores for three of the many estab-
lishments within the radius (Kaufman et al. 2003). For example, SIC 2822 represents an 
establishment producing synthetic rubber with a risk score of 4.00. This particular risk 
score was calculated by dividing the two SIC 2822 establishments known to be sites of 
contamination by the five SIC 2822 establishments in the region and then multiplying the 
result by 10. The risk scores for the other establishment types shown in Figure 10.4 are 
computed similarly.

* The four-digit SIC codes were replaced by the six-digit North American Industry Classification System 
(NAICS) in 1997. The NAICS was developed to allow for a higher level of comparability in business statistics 
among Mexico, Canada, and the United States. Some governmental agencies still use the SIC code, and the 
authors prefer them because the descriptions are more complete than those provided by the NAICS.
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The circle shown in Figure 10.4 represents the 10 year capture zone of a pumping well 
located in the center of the circle. Circular areas may be effective in modeling wellhead 
protection areas under small regional hydraulic gradients and low groundwater velocities 
(Baringer at al 1990; Camp and Outlaw 1998). In this example, the capture zone was calcu-
lated by using existing data from hydrogeologic investigations conducted near the study 
site, under the assumptions of a pumping rate that induces a hydraulic gradient of 0.1 m/m 
in all directions toward the pumped well, a relatively level water table, and predominately 
horizontal groundwater flow. It is also possible to derive the capture zone if the necessary 
information on gradient, hydraulic conductivity, and effective porosity is obtained at the 
site.

After an appropriate radius is established, an automated procedure for the surface risk 
can be performed. This can be achieved by (1) geocoding a file containing the street 
addresses of public, commercial, and industrial establishments (labeled “Firms” in 
Figure 10.4) each coded by its SIC designation and (2) using the capabilities of a geo-
graphic information system (GIS) to sum the risk scores for each firm within the specified 
radius on a digital map image (Kaufman 2000).

Table 10.1 lists the 10 year capture zones and mean surface risk values for four of the 
most common soil types found in the Rouge River Watershed in southeastern Michigan. 
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FIGURE 10.4
Calculation of surface risk using the risk values computed for specific establishment types within the capture 
radius around a contaminated brownfield site.

TABLE 10.1

Surface Risk Values for the Rouge Watershed

Geologic Unit
10 Year Capture 

Zone (km)
Mean Surface 

Risk Value

Clay 0.03 0.04
Silty clay 0.06 33.70
Sandy silty clay 1.07 0.42
Sand 597.00 343.64
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This watershed is a good example because it is heavily urbanized and includes a broad 
spectrum of geological units including clay, silty clay, sandy silty clay, and sand (Kaufman 
et al. 2003).

The mean surface risk values are highest in the sand for three reasons: (1) there is a high 
density of sites with a propensity for releases of contaminants to occur, (2) the larger cap-
ture zone for sand translates into potentially more sites of contamination than the other 
geological units, and (3) the subsurface geology (i.e., sand) does not significantly impede 
the migration of contaminants.

Industrial location patterns also help to explain other mean surface risk values in this 
watershed. For example, the silty clay unit has a mean surface risk value of 33.7 and the 
sandy silty clay unit has a surface risk value of 0.42, yet the silty clay unit has a 10 year 
capture zone smaller than the sandy silty clay unit. This discrepancy is due to the signifi-
cantly greater number of potential contaminant sources located within the silty clay unit.

The next section examines individual contaminants and their migration potential within 
different subsurface geological environments.

10.3 Groundwater Contaminant Risk Factor

The adverse risk posed to groundwater by the contaminants themselves is often over-
looked or underrepresented (Kaufman et al. 2005; Rogers et al. 2007a). Considering specific 
types of contamination using vulnerability models is important because each contami-
nant has unique physical chemical properties significantly influencing its behavior when 
released into the environment (Chapters 7 and 8).

Contaminant fate and transport evaluations require interdisciplinary analyses 
involving chemical, geological, hydrological, and biological factors (USEPA 1989, 1992). 
Correspondingly, the development of groundwater vulnerability models for specific con-
taminants requires an interdisciplinary process (Rogers et al. 2007a). The critical physical/
chemical attributes influencing contaminant risk are associated with mobility and persis-
tence and include the following factors (USEPA 1989; USEPA 1996a; Wiedemeier et al. 1999; 
USGS 2006; Rogers et al. 2007a):

 1. Solubility
 2. Vapor pressure
 3. Density
 4. Chemical stability
 5. Persistence
 6. Adsorption potential

As noted previously, toxicity is an important factor when examining risk. Mobility and 
persistence are also critically important because these two factors dictate a chemical’s 
ability to migrate from its point of release in the environment to a distant point where 
human exposure may occur, such as a drinking water supply or a surface water body. The 
environmental risk posed by specific contaminants to contaminant groundwater, termed 
Contaminant Risk Factor for Groundwater (CRFGW) can be developed as a function of 
these three factors (Kaufman et al. 2005; Rogers et al. 2007a).
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Contaminants released into the environment only pose a risk to humans if there is a 
completed exposure pathway. In general terms, the CRFGW is expressed in Equation 10.1 
(Kaufman et al. 2005; Rogers et al. 2007a).

 CRF toxicity mobility persistenceGW = × ×  (10.1)

Toxicity values are obtained from the USEPA Integrated Risk Information System (IRIS) 
(2009a). This database is updated weekly, and often more frequently. The toxicity values 
selected should be the most conservative for each exposure pathway—ingestion, dermal 
adsorption, and inhalation. Using the most conservative value is appropriate since expo-
sure to contaminated groundwater can occur in each of these pathways. For instance, der-
mal adsorption can occur during washing, ingestion can occur through drinking, and 
inhalation can occur during showering.

Mobility is derived from Henry’s law constant and the retardation factor shown in 
Equation 10.2 (Kaufman et al. 2005; Rogers et al. 2007a).

 M H R= ( )( )  (10.2)

where
M is the mobility
H is the Henry’s law constant
R is the retardation factor

Henry’s law constant (H) (atm/mol/m3) is a measure of the tendency for substances to 
volatilize, and is very useful in assessing the mobility of specific contaminants because 
solubility affects the volatilization of contaminants into the atmosphere (Sander 1999). It 
is related to vapor pressure (VP) (atm.), molecular weight (MW) (g/mol), and solubility in 
water (Ws) (g/L).

Henry’s law constants can be obtained from several sources including USEPA (1996a); 
Sander (1999); Wiedemeier (1999); Suthersan and Payne (2005); Payne et al. (2008).

The retardation factor is represented by Equation 10.3.

 
R

b Kd= +1 ( )( )ρ
η

 (10.3)

where
R is the retardation factor
ρb is the bulk density of aquifer matrix (g/cm3)
Kd is the distribution coefficient (mL/g)
η is the effective porosity (calculated as a percent value)

The distribution coefficient is calculated using Equation 10.4.

 Kd Foc Koc= ( )( )  (10.4)

where
Kd is the distribution coefficient
Foc is the organic carbon partition coefficient (kg/kg)
Koc is the fraction of total organic carbon in soil (L/kg)
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Values for the organic carbon partition coefficient can be obtained from numerous 
sources including USEPA (1996a), Wiedemeier (1999), USEPA (2002a), Suthersan and 
Payne (2005). To obtain the best representation, values for the fraction of organic carbon 
should be collected in the field. If field collection is not possible, standard values and 
ranges can be obtained from USEPA (1996a), Wiedemeier (1999); USEPA (2002a); Suthersan 
and Payne (2005).

The retardation factor represents the ratio between the rate of groundwater movement 
and the rate of contaminant movement. When the retardation value equals 1, the rate of 
groundwater movement equals the rate of contaminant movement and no retardation is 
expected. A retardation value > 1 indicates groundwater movement is greater than contam-
inant movement, so increasing values indicate greater contaminant retardation (USEPA 
1989, 2009b).

Persistence values are obtained from the literature and expressed as first-order decay 
rates in years (Howard et al. 1991; USEPA 1996a,b, 2000). The first-order decay rates 
selected for each compound represent the most conservative values of the spectrum of 
data available.

Finally, the CRFGW is calculated in Equation 10.5 by multiplying the inverse of the chemi-
cal compound’s toxicity (T), by the inverse of its mobility (M) and its persistence (P).

 
CRF

T M
PGW = × ×1 1

( ) ( )
( )  (10.5)

where
CRFGW is the contaminant risk ractor for groundwater
T is the toxicity
M is the mobility
P is the persistence

The inverse of the toxicity value must be used because the integer values assigned for 
toxicity decrease with increasing carcinogenicity (USEPA 2009a). The inverse of the mobil-
ity values must also be used because the calculated values of retardation decrease with 
increasing mobility.

Here is an example calculation of the CRFGW for a chemical XYZ in a geological unit 
composed of sand:

 
CRF for chemical XYZ

T M
PGW = × ×1 1

( ) ( )
( )

Step 1: Obtain toxicity value:
The toxicity of XYZ chemical was obtained from the literature and has a value of 0.04.

Step 2: Determine the mobility value:
We need the Henry’s law constant and the retardation factor. Let us calculate the retar-

dation factor first. We start with the distribution coefficient (Kd) using Equation 10.4:

 Kd Foc Koc= ( )( )

Foc was obtained through analysis of several soil samples in the study area and was found 
to be 0.0003 kg/kg. Koc for chemical XYZ was obtained from the literature and has a value 
of 58.9 L/kg (USEPA 2002a). We can now calculate the distribution coefficient
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 Kd Foc Koc= = =( )( ) ( . )( . ) .0 0003 58 9 0 017

The remaining values necessary to calculate the retardation value are the bulk density of 
the aquifer material and the effective porosity. The bulk density of the aquifer material 
was obtained through the collection and analysis of soil samples and was 1.7 g/cm3. The 
effective porosity was estimated from literature values to be 25% or 0.25.

All the necessary information has been obtained, and the retardation value of 1.11 is 
calculated using Equation 10.3:

 
XYZchemical retardation R

b Kd= = +1
( )( )ρ

η

 
XYZchemical retardation R= = + =1

1 7 0 017
0 25

1 11
( . )( . )

.
.

Now we can complete the mobility calculation by plugging in the Henry’s law constant (H) 
obtained from the literature into Equation 10.2. The Henry’s law constant for XYZ chemi-
cal is 0.228.

 M = (H) (R)

 M = 0.228 × 1.11 = 0.253

Step 3: Determine the persistence value. The persistence value was obtained from the lit-
erature and is 0.2 years.
Step 4: With toxicity, mobility, and persistence values obtained, the CRFGW is calculated 
using Equation 10.5.

 
CRF for chemical XYZ

T M
PGW = × ×1 1

( ) ( )
( )

 
CRF for chemical XYZGW = × × =1

0 04
1

0 253
0 2 19 76

( . ) ( . )
( . ) .

 CRF for chemical XYZGW =19 76.

Tables 10.2 through 10.4 display the groundwater contaminant risk factors (CRFGW) for 
common VOC LNAPL, VOC DNAPL, and PAH compounds, respectively, in the Rouge 
River watershed (Kaufman et al. 2005; Rogers et al. 2007a). Table 10.5 summarizes those 
values and includes other selected compounds. The values span the four most common 
types of soils found in urban areas of the United States, including clay, silty clay, sandy 
silty clay, and sand. As such, their relative magnitudes can be used as a starting point for 
risk assessments in other urbanized watersheds with similar geological units.

In Table 10.2, the CRFGW values for benzene are greater than other volatile organic com-
pounds (VOCs) within the LNAPL group. This is because benzene exhibits the highest 
combined values of toxicity, mobility, and persistence in groundwater compared to the 
other LNAPL compounds examined.
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Table 10.3 lists the CRFGW for common VOCs from the DNAPL group (Kaufman et al. 
2005; Rogers et al. 2007a).

Examination of the CRFGW for DNAPL compounds indicates they are much greater than 
those of the LNAPL compounds listed in Table 10.2. The comparatively higher CRFGW 
of DNAPLs stems not from their relative toxicity, but from their higher persistence and 
mobility in groundwater compared to the LNAPL compounds (Rogers et al. 2007a).

Table 10.4 lists the CRFGW for common PAHs.
The CRFGW for PAH compounds are significantly lower than the CRFGW for DNAPL and 

LNAPL VOCs. This difference occurs because PAHs strongly sorb to soil particles and are 
much less soluble in water compared to the VOCs examined (Rogers et al. 2007a).

Table 10.5 contains a summary of CRFGW for the LNAPL and DNAPL VOCs, PAHs, and 
includes the CRFGW for total PCBs, the pesticide chlordane, and the heavy metals chro-
mium VI, lead, mercury, and arsenic.

The contaminant with the highest CRFGW is chromium VI, followed by DNAPL VOCs, 
LNAPL VOCs, mercury, and lead, with their CRFGW ranging from 100 to 10,000 times less 
than chromium VI. Contaminants with the lowest CRFGW include chlordane, PAHs, and 
the PCBs having a CRFGW more than a billion times lower than chromium VI.

The distributions of CRFGW are shown in Figure 10.5.
Examination of the CRFGW values in Figure 10.5 reveals a grouping of contaminants 

into three distinct levels. Chlordane, PCBs, and PAHs form the group with low CRFGW; 
lead, mercury, and LNAPLs constitute the moderate range; and Chromium VI and DNAPL 
compounds appear on the top of the figure with the highest CRFGW. Chlordane, PCBs, and 
PAHs are very toxic and persistent contaminants in the environment, but they strongly 

TABLE 10.2

CRFGW for Common VOC LNAPLs

LNAPL Compound Soil Type CRFGW

Benzene Clay 3.64
Silty clay 14.50
Sand silty clay 15.40
Sand 19.40

Toluene Clay 0.63
Silty clay 4.10
Sand silty clay 4.53
Sand 7.53

Ethyl benzene Clay 0.27
Silty clay 2.10
Sand silty clay 2.40
Sand 4.80

Xylenes Clay 1.10
Silty clay 7.80
Sand silty clay 8.10
Sand 13.90

Mean LNAPL CRFGW Clay 1.41
Silty clay 7.12
Sand silty clay 7.60
Sand 11.40
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sorb to soil and are not very soluble in water. As a result, they have very low CRFGW com-
pared to the other contaminants listed.

The middle grouping has moderate CRFGW resulting from a combination of factors 
unique to each contaminant. LNAPLs have moderate mobility and the ability to degrade in 
the environment. Mercury is not very mobile but may become transformed in the environ-
ment to methyl mercury, a change allowing it to be adsorbed by organisms that increases 
its environmental risk. Lead has low solubility in water but is very persistent. Arsenic has 
a much higher CRFGW compared to lead because it is more soluble and toxic.

The group consisting of chromium VI and DNAPL compounds has the highest CRFGW 
values. Some of these values may be more than a million times greater than the contami-
nants in the lowest group. This magnitude of difference occurs because chromium VI 
and DNAPL compounds have relatively high toxicity, mobility, and persistence in the 
environment.

TABLE 10.3

CRFGW for Common VOC DNAPLs

LNAPL Compound Soil Type CRFGW

Tetrachloroethene (PCE) Clay 98.0
Silty clay 601.0
Sand silty clay 657.0
Sand 1048.0

Trichloroethene (TCE) Clay 148.0
Silty clay 933.0
Sand silty clay 1018.0
Sand 1647.0

cis-1,2-Dichloroethene Clay 228.0
Silty clay 702.0
Sand silty clay 730.0
Sand 851.0

trans-1,2-Dichloroethene Clay 131.0
Silty clay 495.0
Sand silty clay 520.0
Sand 647.0

Vinyl chloride Clay 860.0
Silty clay 1911.0
Sand silty clay 1962.0
Sand 2132.0

1,1,1-Trichloroethane (1,1,1-TCA) Clay 2.1
Silty clay 11.0
Sand silty clay 12.0
Sand 17.3

Mean DNAPL CRFGW for degradation 
sequence from PCE to vinyl chloridea 
(Figure 7.4)

Clay 333.0

Silty clay 773.0
Sand silty clay 1091.0
Sand 1274.0

a Represents cumulative risk.
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Another characteristic gleaned from these data is the correspondence between the 
increase in the risk factor for each contaminant and the increase in mean grain size from 
clay to sand. Larger mean grain sizes increase permeability and raise the mobility fac-
tor, especially if a specific contaminant’s physical chemistry has a high relative solubility 
and low sorptive potential. If this relationship is correct, then contaminants with a high 

TABLE 10.4

CRFGW for Select PAHs

PAH Compound Soil Type GWCRF

Naphthalene Clay 0.0004
Silty clay 0.003
Sand silty clay 0.004
Sand 0.01

Chrysene Clay 0.000002
Silty clay 0.00002
Sand silty clay 0.00002
Sand 0.0009

Benzo[b]fluoranthrene Clay <0.00001
Silty clay <0.00001
Sand silty clay <0.00001
Sand <0.00001

Benzo[k]fluoranthrene Clay <0.00001
Silty clay <0.00001
Sand silty clay <0.00001
Sand <0.00001

Phenanthrene Clay 0.00002
Silty clay 0.0002
Sand silty clay 0.0002
Sand 0.0007

Benzo[g,h,i] perylene Clay <0.00001
Silty clay <0.00001
Sand silty clay <0.00001
Sand <0.00001

Benzo(a)pyrene Clay <0.00001
Silty clay <0.00001
Sand silty clay <0.00001
Sand <0.00001

Mean PAH CRFGW Clay 0.0001
Silty clay 0.0008
Sand silty clay 0.001
Sand 0.002

Source: Kaufman, M.M. et al., Water, Air, and Soil Pollut., 
167, 365, 2005; Rogers, D.T. et al., Assessment of 
groundwater contaminant vulnerability in an 
urban watershed in southeast Michigan, USA, in 
Urban Groundwater—Meeting the Challenge, Howard, 
K.W.F. (ed), Taylor & Francis, London, U.K., 2007a, 
129–144.
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TABLE 10.5

Summary of CRFGW for LNAPL and DNAPL VOCs, PAHs, 
Other Select Compounds

Compound Soil Type CRFGW

Mean LNAPL CRFGW Clay 1.41
Silty clay 7.12
Sand silty clay 7.60
Sand 11.40

Mean DNAPL CRFGW for degradation 
sequence from PCE to vinyl chloride

Clay 333.00

Silty clay 773.00
Sand silty clay 1091.00
Sand 1274.00

Mean PAH CRFGW Clay 0.0001
Silty clay 0.0008
Sand silty clay 0.001
Sand 0.002

PCBs Clay 0.00002
Silty clay 0.00026
Sand silty clay 0.0003
Sand 0.0009

Pesticide chlordane Clay 0.0035
Silty clay 0.035
Sand silty clay 0.041
Sand 0.046

Chromium VI Clay 948.00
Silty clay 2080.00
Sand silty clay 2116.00
Sand 2300.00

Lead Clay 0.03
Silty clay 0.30
Sand silty clay 0.34
Sand 1.10

Mercury Clay 1.57
Silty clay 2.52
Sand silty clay 2.77
Sand 3.10

Arsenic Clay 9.88
Silty clay 11.26
Sand silty clay 21.12
Sand 50.25

Source: Kaufman, M.M. et al., Water, Air, and Soil Pollut., 167, 365, 2005; 
Rogers, D.T. et al., Assessment of groundwater contaminant 
vulnerability in an urban watershed in southeast Michigan, 
USA, in Urban Groundwater—Meeting the Challenge, Howard, 
K.W.F. (ed), Taylor & Francis, London, U.K., 2007a, 129–144.
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CRFGW should be detected in groundwater at greater distances from their source than 
contaminants with low CRFGW. Specifically, sites contaminated with chromium VI and 
VOC DNAPLs should exhibit greater contamination extents than sites contaminated by 
the other chemical compounds evaluated.

To test this hypothesis, 83 contaminated sites within the Rouge River watershed and 
127 additional sites located outside the Rouge River watershed were evaluated. The 
Rouge sites were located on different types of geological units, and the external sites 
were located in areas of varied subsurface geology and contaminant type (Kaufman et 
al. 2005). Of the 127 sites located outside the Rouge River watershed, 117 were distributed 
among 32 different states, with the remaining 10 sites located in other countries includ-
ing Canada, Italy, England, France, Belgium, South Africa, and Australia. All 210 sites 
were located in urban areas with varying geology composed of unconsolidated sedi-
ments originating from lacustrine, fluvial, or glacial processes. The critical information 
gathered from each of the 210 sites is described in Table 10.6 (Kaufman et al. 2005; Rogers 
et al. 2007a,b). A summary of the data is listed in Table 10.7 (Kaufman et al. 2005; Rogers 
et al. 2007a,b).

A scan down the rightmost column (average extent from source) of Table 10.7 strongly 
validates the hypothesis: sites contaminated with chromium VI and VOC DNAPLs do 
exhibit greater contamination extents than sites contaminated by the other chemical com-
pounds. The top 4 average extents are 2200 m (eight world sites, chromium in sand), 1012 m 
(eight Rouge watershed sites, DNAPL in sand), 975 m (15 world sites, DNAPL in sand), 
and 625 m (four Rouge watershed sites, DNAPL in moraine). The next ranked average 
extent is almost twice as small (328 m) found in eight LNAPL sand sites within the Rouge 
watershed. Strong empirical evidence indicates a positive association between a chemical’s 
CRFGW and its likelihood to migrate.

Since contamination affects other media such as soil and air, we must also develop 
Contaminant Risk Factors for those media.
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Distribution of CRFGW.
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10.4 Soil Contaminant Risk Factor

In most cases, contaminants released to the ground surface migrate downward through 
the upper soil layers. Over time, they may or may not contaminate groundwater. Therefore, 
evaluating the potential for a chemical to contaminate the soil should also be conducted 
whenever there is a potential for it to contaminate groundwater. Development of the Soil 
Contaminant Risk Factors (CRFSOIL) should be a high priority in urban watersheds because 
it provides an additional piece for characterizing the total risks posed by contaminants in 
the environment.

The migration potential of a contaminant in soil is dependent upon the same physical 
and chemical attributes as those found in groundwater: solubility, vapor pressure, den-
sity, chemical stability, persistence, and adsorption potential. There is also a biological 
interaction between the contaminant and the soil environment to which the chemical is 
released (Schnoor 1996) and, as with the CRFGW, is accounted for within the persistence 
factor.

Given the similarities between the two processes, developing the CRFSOIL requires 
rather simple modifications to the CRFGW equation. The CRFSOIL is calculated by mul-
tiplying the inverse of a chemical’s toxicity (T), by its mobility (M) and persistence (P) 
(Equation 10.6). The change in the equation is reflected in the mobility factor, where it 

TABLE 10.6

Critical Information Obtained from Sites of Environmental Contamination

Category Description

Contaminant General chemical category (e.g., DNAPL)
Type of facility Primary activity at the site (dry cleaning, foundry, etc.)
Geology Composition, stratigraphy, and other information on subsurface units
Remedial technology for 
groundwater

Contaminant abatement method (e.g., air sparging, pump and treat, in situ chemical 
or biological treatment, natural attenuation)

Remedial technology for 
soil

Contaminant abatement method (e.g., excavation, capping, soil vapor extraction, 
institutional controls)

Mass (kg) Total mass of contamination at site
Cost Total cost of investigation and remediation from start to finish
Media remediated Soil, water, or other (e.g., building decontamination, demolition)
Extent (m) Measured extent of contamination in each media affected
Cost/kg Cost of investigation and remediation per kilogram of contaminant
Years of operation Number of years the facility had been in operation
Geologic vulnerability Geologic vulnerability rating (see Table 6.1)
Surface risk factor Average surface risk (Section 10.2 and Table 10.1)
CRFGW CRFGW calculated for each contaminant (see Section 10.3, Equation 10.5)
Soil cost Amount of the total remediation cost attributed to soil
Soil cost/kg Cost per kilogram to remediate soil
Groundwater cost Amount of the total remediation cost attributed to groundwater
Groundwater cost/kg Cost per kilogram to remediate groundwater
Groundwater mass (kg) Mass of groundwater remediated at the site
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TABLE 10.7

Data Summary

Contaminant 
of Concern

Number of 
Sites Soil Type

Number 
of Sites

Geologic 
Setting

Average 
Cost ($/Kg)

Average 
Extent from 
Source (m)

Rouge River watershed data
DNAPL 23 Moraine 4 Glacial 145,000 625

SSCa 3 GLc 3,260 42
SCb 2 GL 1,366 50
Sand 8 GL 116,400 1,012
Clay 6 GL 721 30

LNAPL 27 Moraine 5 Glacial 6,411 270
SSC 4 GL 669 43.5
SC 3 GL 518 45.6
Sand 8 GL 2,627 328
Clay 7 GL 319 38

PAHs 22 Moraine 0 Glacial — —
SSC 2 GL 203 32
SC 7 GL 841 27.4
Sand 5 GL 444 30
Clay 8 GL 964 16.3

Lead 11 Moraine 0 Glacial — —
SSC 2 GL 538 42
SC 3 GL 230 25
Sand 2 GL 442 27
Clay 4 GL 68.7 52.5

Worldwide data
DNAPL 27 Clay 9 Fld, GL, Le 474 40

SC 3 Fl, GL 224 95
Sand 15 Fl, GL, L 98,269 975

LNAPL 27 Clay 10 Fl, GL, L 197.8 35
SC 4 Fl, GL 416 23
SSC 3 GL 700 25
Sand 10 Fl, GL, L 1,255 175

PAHs 26 Clay 10 Fl, GL, L 366 30.5
SC 2 GL 125 22
SSC 3 Fl 340 20
Sand 11 Fl, GL 213 25

Lead 13 Clay 5 Fl, GL, L 190 125
SC 4 Fl, GL, L 930 81
Sand 4 Fl 500 100

Chromium 19 Clay 11 Fl, GL, L 474 40
Sand 8 Fl, GL, L 81,713 2,200

Mercury 3 Clay 1 GL 1,000 10
SC 2 Fl 3,000 75

Chlordane 2 Clay 1 GL 600 10
Sand 1 GL 830 15
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is not necessary to multiply by the inverse because the calculated values increase with 
increasing retardation for soil.

 
CRF for chemical XYZ

T
M PSOIL = × ×1

( )
( ) ( )  (10.6)

where
CRFSOIL is the soil contaminant risk factor
T is the toxicity
M is the mobility
P is the persistence

Here is an example calculation of a CRFSOIL for a chemical XYZ in a geological unit com-
posed of sand:

Step 1: Obtain toxicity value:
The toxicity of XYZ chemical was obtained from the literature and has a value of 0.04.

Step 2: Determine the mobility value:
Calculate the distribution coefficient (Kd) using Equation 10.4:

 Kd Foc Koc= ( )( )

Foc was determined through analysis of several soil samples in the study area and was 
found to be 0.0003 kg/kg. Koc for chemical XYZ was obtained from the literature and has a 
value of 58.9 L/kg (USEPA 2002a). Therefore, we now have enough information to calculate 
the distribution coefficient as follows:

 Kd Foc Koc= = =( )( ) ( . )( . ) .0 0003 58 9 0 017

The remaining values necessary to calculate the retardation value are the bulk density of 
the aquifer material and the effective porosity. The bulk density of the aquifer material 
was obtained through the collection and analysis of soil samples and was 1.7 g/cm3. The 
effective porosity was obtained from literature values and was 25% or 0.25.

TABLE 10.7 (continued)

Data Summary

Contaminant 
of Concern

Number of 
Sites Soil Type

Number 
of Sites

Geologic 
Setting

Average 
Cost ($/Kg)

Average 
Extent from 
Source (m)

PCBs 8 SC 3 Fl 1,200 5
Sand 5 Fl, GL, L 2,053.9 13.75

Arsenic 2 Clay 1 Fl 780 30
Sand 1 GL 960 40

a SSC, sandy and silty clay.
b SC, sandy clay.
c GL, glacial lacustrine.
d Fl, fluvial.
e L, lacustrine.
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All the necessary information has been obtained, and the retardation value of 1.11 is 
calculated using Equation 10.3:

 
XYZchemical retardation R

b Kd= = +1
( )( )ρ

η

 
XYZchemical retardation R= = + =1

1 7 0 017
0 25

1 11
( . )( . )

.
.

Plug in Henry’s law constant (H) obtained from the literature into Equation 10.2; the 
Henry’s law constant for XYZ chemical is 0.228.

 M H R= ( )( )

 M = × =0 228 1 11 0 253. . .

Step 3: Determine the persistence value. The persistence value was obtained from the lit-
erature and is 0.2 years.
Step 4: With toxicity, mobility, and persistence values obtained, the CRFSOIL is calculated 
using Equation 10.6:

 
CRF for chemical XYZ

T
M PSOIL = × ×1

( )
( ) ( )

 
CRF for chemical XYZSOIL = × × =1

0 04
0 253 0 2 1 265

( . )
( . ) ( . ) .

 CRF for chemical XYZSOIL = 1 265.

Contaminant Risk Factors in soil for common LNAPL VOCs in the Rouge River watershed 
are listed in Table 10.8 (Rogers et al. 2007b; Kaufman et al. 2009). As with the CRFGW, the 
values span the four most common types of soils found in urban areas of the United States, 
so their relative magnitudes can be used as a starting point for risk assessments in other 
urbanized watersheds with similar geological units.

As shown in Table 10.8, the values for LNAPL compounds are greatest for soil composed 
of clay, and reflect the tendency of LNAPLs to sorb more strongly to finer grained soils.

Table 10.9 lists the CRFSOIL for common DNAPL VOCs (Kaufman et al. 2009).
The CRFSOIL for DNAPLs are much greater than those of LNAPL compounds listed in 

Table 10.8. Not only are the DNAPL compounds more toxic, but they are also much more 
persistent in the environment than the LNAPL compounds (Kaufman et al. 2009). For 
instance, the LNAPL compound benzene—a very toxic chemical—has a half-life of 0.2 
years, whereas the DNAPL compound tetrachloroethene—also very toxic—has a half-life 
of 18 years because of its sequential degradation to vinyl chloride. If released into the 
environment at the same time, the DNAPL tetrachloroethene would last approximately 90 
times longer than the LNAPL benzene.

Table 10.10 lists the CRFSOIL for common PAHs (Kaufman et al. 2005; Rogers et al. 2007b).
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The CRFSOIL values for PAH compounds are significantly higher than the CRFSOIL for 
LNAPL VOCs, because PAHs strongly sorb to soil particles and are much less soluble in 
water (Kaufman et al. 2009).

Table 10.11 summarizes the CRFSOIL for the LNAPL and DNAPL VOCs, PAHs, and lists 
the CRFSOIL for total PCBs, the pesticide chlordane, and the heavy metals chromium VI, 
lead, mercury, and arsenic (Rogers et al. 2007b; Kaufman et al. 2009).

Contaminants with the highest CRFSOIL are mercury, chlordane, PCBs, arsenic, and 
PAHs, respectively. These contaminants strongly sorb to soil particles and tend not to be 
very soluble in water. DNAPL compounds also have rather elevated CRFSOIL, especially in 
soil composed of clay because they also strongly sorb to fine-grained soils. LNAPL VOCs 
and chromium VI had the lowest CRFSOIL. LNAPL VOCs have rather short half-lives in soil 
and chromium VI does not strongly sorb to soil grains and is rather soluble.

When the data in Table 10.11 are graphed, it becomes clear that the highest CRFSOIL in 
each group occurs in soils composed of clay. Clay soils have the lowest permeability and 
have more surface area available for contaminants with high sorptive potential. Therefore, 
contaminants with low water solubility and high relative sorptive potentials will have 
high CRFSOIL values in clay-rich soils (Figure 10.6).

Figure 10.6 indicates mercury has the highest CRFSOIL and chromium VI has the lowest. 
Chromium VI’s low CRFSOIL results from its high relative water solubility and low sorptive 
potential. On the other hand, mercury has a high sorptive potential and low water solubil-
ity, and checks in with a high CRFSOIL. It should also be noted that for every contaminant 
the CRFSOIL value is the highest in clay, a consequence of this soil texture acting to impede 
the migration of contaminants.

TABLE 10.8

CRFSOIL Values for Common LNAPL VOCs

LNAPL Compound Soil Type CRFSOIL

Benzene Clay 10.00
Silty clay 2.50
Sand silty clay 2.30
Sand 1.90

Toluene Clay 12.76
Silty clay 1.97
Sand silty clay 1.79
Sand 1.07

Ethyl benzene Clay 74.80
Silty clay 9.60
Sand silty clay 8.40
Sand 4.20

Xylenes Clay 23.13
Silty clay 3.43
Sand silty clay 3.10
Sand 1.80

Mean LNAPL CRFSOIL Clay 30.17
Silty clay 4.37
Sand silty clay 3.89
Sand 2.24
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Table 10.12 compares the CRFGW with the CRFSOIL.
From Table 10.12, it is clear that the contaminants exhibiting high soil risk factors (e.g., 

chlordane, mercury, and PCBs) have a low groundwater contaminant risk factor. This 
behavior is primarily attributed to their low mobility. Computing the ratio of the data in 
columns 3 and 4 yields the likelihood of a particular contaminant type contaminating soil 
and/or groundwater. This computation is shown in column 5, and the values range from 
1.0 × 10−9 to 766—a difference in magnitude of more than a billion.

A ratio value of 1.0 in column 5 indicates a particular chemical compound has an equal 
probability of contaminating soil and groundwater; values less than 1.0 indicate a higher 
likelihood of contaminating soil only, and values greater than 1.0 mean the compound 
is more likely to contaminate groundwater. The high mean (arithmetic average) CRFGW/
CRFSOIL ratios of chromium VI and DNAPL clearly suggest these compounds have the 

TABLE 10.9

CRFSOIL Values for Common DNAPL VOCs

LNAPL Compound Soil Type CRFSOIL

Tetrachloroethene (PCE) Clay 3,955.0
Silty clay 647.0
Sand silty clay 591.0
Sand 371.0

Trichloroethene (TCE) Clay 255.0
Silty clay 40.0
Sand silty clay 37.0
Sand 23.0

cis-1,2-Dichloroethene Clay 3,698.0
Silty clay 1,205.0
Sand silty clay 1,159.0
Sand 993.0

trans-1,2-Dichloroethene Clay 491.0
Silty clay 111.0
Sand silty clay 99.0
Sand 87.0

Vinyl chloride Clay 5,727.0
Silty clay 2,575.0
Sand silty clay 2,508.0
Sand 2,308.0

1,1,1-Trichloroethane (1,1,1-TCA) Clay 13.7
Silty clay 2.5
Sand silty clay 2.3
Sand 1.6

Mean DNAPL CRFSOIL for 
degradation sequence from PCE 
to vinyl chloridea (Figure 7.4)

Clay 2,825.0

Silty clay 915.6
Sand silty clay 878.8
Sand 756.4

a Represents cumulative risk.
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highest likelihood of contaminating groundwater, whereas the low mean ratios of PCBs, 
mercury, and chlordane position them as posing the greatest contamination threat to soil. 
This conclusion is supported by the average extents of contamination shown in column 6, 
which were measured using analytical data from hundreds of sites (Kaufman et al. 2005, 
Rogers et al. 2007a; Kaufman et al. 2009). The measured extents of contamination listed 
in the rightmost column represent contaminants at concentrations exceeding the appli-
cable regulatory action level from an identified anthropogenic source. As predicted by the 
computed CRFGW/CRFSOIL ratios, the average extents of contamination were the largest for 
chromium VI and DNAPL compounds.

TABLE 10.10

CRFSOIL Values for Select PAHs

PAH Compound Soil Type CRFSOIL

Naphthalene Clay 11.8
Silty clay 1.24
Sand silty clay 1.06
Sand 0.37

Chrysene Clay 2,407.00
Silty clay 240.00
Sand silty clay 204.00
Sand 61.00

Benzo[b]fluoranthrene Clay 146.00
Silty clay 14.60
Sand silty clay 12.40
Sand 3.70

Benzo[k]fluoranthrene Clay 126.00
Silty clay 12.60
Sand silty clay 10.70
Sand 3.21

Phenanthrene Clay 70.00
Silty clay 7.00
Sand silty clay 5.90
Sand 1.80

Benzo[g,h,i] perylene Clay 1,080.00
Silty clay 108.00
Sand silty clay 91.00
Sand 27.50

Benzo(a)pyrene Clay 797.30
Silty clay 79.70
Sand silty clay 67.50
Sand 20.20

Mean PAH CRFSOIL Clay 662.58
Silty clay 66.16
Sand silty clay 55.23
Sand 16.82

Source: Kaufman, M.M. et al., Environ. Geol., 56, 
1009, 2009.
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CRFSOIL values were significantly higher for each contaminant group where the soil was 
composed of clay, but lowest for each contaminant group in sandy soils. This observation 
is the result of several physical/chemical factors, including

• Density
• Grain size

TABLE 10.11

Summary of CRFSOIL Values for the LNAPL and DNAPL 
VOCs, PAHs, and CRFSOIL for Other Selected Compounds

Compound Soil Type CRFSOIL

Mean LNAPL CRFSOIL Clay 30.17
Silty clay 4.37
Sand silty clay 3.89
Sand 2.24

Mean DNAPL CRFSOIL for degradation 
sequence from PCE to vinyl chloride

Clay 3,408.00

Silty clay 1,116.00
Sand silty clay 1,073.00
Sand 965.00

Mean PAH CRFSOIL Clay 662.58
Silty clay 66.16
Sand silty clay 55.23
Sand 16.82

PCBs Clay 17,992.00
Silty clay 2,800.00
Sand silty clay 2,524.00
Sand 1,457.60

Pesticide chlordane Clay 28,850.00
Silty clay 2,663.00
Sand silty clay 2,215.00
Sand 1,876.00

Chromium VI Clay 10.20
Silty clay 4.00
Sand silty clay 3.50
Sand 3.00

Lead Clay 234.00
Silty clay 11.70
Sand silty clay 9.94
Sand 3.03

Mercury Clay 41,800.00
Silty clay 19,140.00
Sand silty clay 17,600.00
Sand 15,600.00

Arsenic Clay 7,800.00
Silty clay 2,950.00
Sand silty clay 2,850.00
Sand 2,400.00

Source: Kaufman, M.M. et al., Environ. Geol., 56, 1009, 2009.
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• Composition
• Permeability
• pH
• Redox

These factors work to increase the retention capacity of soils composed of clay and decrease 
the capacity in sandy soils. For example, clay soils generally have a higher contaminant 
retention capacity and a much lower permeability than sandy soils. Thus, the CRFSOIL 
reflects a decrease in risk as the mean grain size of soil increases.

10.5 Air Contaminant Risk Factor

Atmospheric contaminants vary dramatically and originate from anthropogenic and 
natural sources. Anthropogenic sources are most prevalent in urban areas and include 
stationary emitters such as manufacturing facilities, power generating plants, dry clean-
ers, and mobile emitters such as automobiles, trucks, buses and airplanes (USEPA 2008). 
Natural sources include particles from volcanic eruptions, biological decay, forest fires, 
and pollen. VOCs are also emitted by plants and trees. As an example of atmospheric 
contaminant variety, consider the VOC isoprene emitted by some tree species (e.g., oaks) 
(Sharkey et al. 2008). Isoprene is carcinogenic to humans if inhaled as a concentrated vapor 
within a closed space (USEPA 2002b), but concentrations in the atmosphere do not reach 
levels of concern.

Contaminants are released into the atmosphere as a gas, particulate matter, or as part of 
a water droplet through sorption or solution (USEPA 2008). Primary contaminants include 
heavy metals, volatile and semivolatile compounds and particulate matter. Secondary 
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TABLE 10.12

Comparison of CRFSOIL to CRFGW

Contaminant 
Type

Geological 
Unit

Groundwater 
Contaminant 
Risk Factora 

(CRFGW)

Soil Contaminant 
Soil Risk Factor 

(CRFSOIL)

Groundwater/
Soil Contaminant 
Risk Factor Ratio 
CRFGW/CRFSOIL

Average Extent of 
Contamination 
from Source (m)

DNAPLb Clay 333 3,408 0.09 30
SCc 773 1,116 0.69 42
SSCd 1,091 1,073 1.01 50
Sand 1,419 965 1.47 1,012
Moraine 1,274 982 1.30 625

LNAPLb Clay 0.08 30.17 0.002 38
SC 0.42 4.37 0.09 43.5
SSC 0.47 3.89 0.12 45.6
Sand 0.72 2.24 0.32 328
Moraine 0.65 2.52 0.25 270

PAHsb Clay 0.0001 576.44 1.7 × 10−7 25
SC 0.0008 57.55 3.7 × 10−6 25
SSC 0.001 48.79 2.0 × 10−5 30
Sand 0.002 12.49 1.6 × 10−4 40
Moraine 0.002 17.47 1.1 × 10−4 40

Lead Clay 0.03 234 1.2 × 10−4 25
SC 0.3 11.7 0.02 25
SSC 0.34 9.94 0.03 25
Sand 1.1 3.03 0.36 30
Moraine 1.0 3.56 0.28 30

Mercury Clay 1.57 41,800 3.70 × 10−5 30
SC 2.52 19,140 1.31 × 10−4 20
SSC 2.77 17,600 1.57 × 10−4 20
Sand 3.10 15,600 1.98 × 10−4 No data
Moraine 2.85 16,328 1.74 × 10−4 No data

Chromium VI Clay 948 10.2 93 40
SC 2,080 4 520 No data
SSC 2,116 3.5 604 No data
Sand 2,300 3.0 766 2,200
Moraine 2,190 3.2 684 No data

Arsenic Clay 9.88 7,800 1.26 × 10−3 30
SC 11.26 2,950 3.81 × 10−3 No data
SSC 21.12 2,850 7.41 × 10−3 No data
Sand 50.25 2,400 2.09 × 10−2 40
Moraine 43.65 2,615 1.66 × 10−3 No data

Chlordane Clay 0.0035 28,850 1.21 × 10−7 25
SC 0.035 2,663 1.31 × 10−5 No data
SSC 0.041 2,215 1.85 × 10−5 No data
Sand 0.046 1,876 2.45 × 10−5 No data
Moraine 0.043 1,950 2.21 × 10−5 25

Total PCBs Clay 0.000026 17,992 1.0 × 10−9 25
SC 0.00026 2,800 9.3 × 10−8 25
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contaminants are formed in the atmosphere through photochemical or chemical reactions 
(USEPA 2008). Many of these contaminants travel between the air, soil, and surface water 
and change states. For example, contaminants initially released into the soil or water may 
volatilize and become airborne. Or in some cases, contaminants airborne in the vapor 
phase may become deposited on the soil and sorb onto a soil particle only to become air-
borne again by wind action.

Given the composition and behavior of air pollutants, developing a model for evaluating 
the contaminant risks to air must address contaminants in the vapor phase and contami-
nants attached to particulate matter. Once airborne, a combination of these seven factors 
control whether there is an adverse effect from an air contaminant (McKone and Enoch 
2002; USEPA 2008):

• Toxicity
• Mobility
• Persistence
• Volume released
• Time period of the release
• Distance to a specific receptor being evaluated
• Wind speed and direction

The last four factors in this list are environmental factors dependent upon site-specific 
criteria, so they are not included in the development of the air contaminant risk factor 
(CRFAIR). These environmental factors are applicable when evaluating the impacts of an 
actual release, as done with the definition of the nature and extent of a contaminant plume 
within soil and groundwater.

Three familiar factors remain (toxicity, mobility, and persistence). In addition, there are 
similarities between the physical and chemical attributes controlling the migration poten-
tial of a contaminant in air, groundwater, and soil including solubility, vapor pressure, 
density, chemical stability, persistence, and adsorption potential (Kaufman et al. 2005; 
USGS 2006; Rogers et al. 2007a). On the basis of these similarities, the environmental risk 

TABLE 10.12 (continued)

Comparison of CRFSOIL to CRFGW

Contaminant 
Type

Geological 
Unit

Groundwater 
Contaminant 
Risk Factora 

(CRFGW)

Soil Contaminant 
Soil Risk Factor 

(CRFSOIL)

Groundwater/
Soil Contaminant 
Risk Factor Ratio 
CRFGW/CRFSOIL

Average Extent of 
Contamination 
from Source (m)

SSC 0.0003 2,524 1.2 × 10−7 25
Sand 0.0009 1,457 6.2 × 10−7 25
Moraine 0.0008 1,548 5.2 × 10−7 25

a Data from Kaufman, M.M. et al. Water, Air, and Soil Pollut., 167, 365–386, 2005.
b Contaminant risk factors listed represent an average value of specific compounds listed in Tables 10.5 and 

10.11.
c SC, sandy clay
d SSC, sandy and silty clay
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posed by specific contaminants to air, termed the Air Contaminant Risk Factor (CRFAIR), 
can be computed by modifying the equations of the CRFGW and CRFSOIL (Kaufman et al. 
2005; Rogers et al. 2007b).

The CRFAIR is expressed in general terms as Equation 10.7 (Kaufman et al. 2005; Rogers 
et al. 2007a).

CRF Toxicity Mobility Persistence MobilityAIR gas gas par= × × +[( ) ( tticulate particulatePersistence× )]   
  (10.7)

Toxicity values are obtained from the USEPA IRIS (2009a). The values selected should 
be the most conservative for each exposure pathway—ingestion, dermal adsorption, and 
inhalation. Using the most conservative value is appropriate since exposure to contami-
nated air can occur in each of these pathways. For instance, dermal adsorption of soil with 
sorbed contaminants can occur during any outdoor activity, ingestion can occur through 
hand to mouth contact and from swallowing, and inhalation can occur through inhala-
tion of contaminants in the gas or particulate matter, especially if the particulate matter 
is very fine.

Mobility for air is represented separately for contaminants in the gas phase and for solid 
particulate matter, and is combined with persistence. This separation is necessary because 
the half-life of many contaminants is significantly different depending on whether the 
contaminant is in the gas phase or solid particulate matter. For instance, xylene has a half-
life of 6 days in the vapor phase, but its half-life is 1 year when present in the particulate 
phase.

To evaluate mobility in the gas phase, Henry’s law constant alone is sufficient because 
a retardation factor is not necessary. The mobility of atmospheric contaminants in the gas 
phase can be expressed as in Equation 10.8.

 M H= ( )  (10.8)

where
M is the mobility
H is the Henry’s law constant

As with the CRFGW and CRFSOIL, Henry’s law constants are derived from Equation 10.2, 
or from the literature including USEPA (1996a); Sander (1999); Wiedemeier (1999); Suthersan 
and Payne (2005); Payne et al. (2008).

The mobility of a contaminant sorbed to particulate matter is represented by 
Equation 10.9.

 
M

SpG
Kocparticulate( ) = ×1

 (10.9)

where
M(particulate) is the mobility of a contaminant sorbed to particulate matter
SpG is the specific gravity
Koc is the partitioning coefficient

Specific gravity is an important determinant of mobility because as the specific gravity 
of a contaminant increases, its buoyancy in the atmosphere decreases. This relationship 
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explains why the inverse of the specific gravity is used. The partitioning coefficient is a 
measure of a contaminant’s tendency to sorb to particulate matter. This factor is important 
because the higher the partitioning coefficient, the higher the likelihood a contaminant 
will attach to particulate matter. For example, a contaminant with a low specific gravity 
and high sorptive potential has the potential to be very mobile in the atmosphere com-
pared to one with a high specific gravity and low sorptive potential.

Values for the partitioning coefficient can be obtained from numerous sources, 
including USEPA (1996a), Wiedemeier (1999), USEPA (2002a), and Suthersan and Payne 
(2005).

Persistence of a contaminant in the air is generally expressed in the gas phase and par-
ticulate phase (McKone and Enoch 2002; USEPA 2008). Persistence times for most organic 
compounds are much less in the gas phase than when they are attached to particulate 
matter.

Finally, the CRFAIR is calculated by multiplying the inverse of the chemical compound’s 
toxicity (T), by mobility (M) and persistence (P) in the gas and particulate phases (Equation 
10.10). Multiplying by the inverse of the mobility value is not necessary.

 
CRF

T
M P M PAIR gas gas particulate particulate= × × + ×1

( )
[( ) ( )]  (10.10)

where
CRFAIR is the soil contaminant risk factor
T is the toxicity
Mgas is the mobility of a contaminant in the gas phase
Pgas is the persistence of a contaminant in the gas phase
Mparticulate is the mobility of a contaminant sorbed to particulate matter
Pparticulate is the persistence of a contaminant sorbed to particulate matter

The inverse of the toxicity value must be used because the integers assigned for toxicity 
values decrease with increasing carcinogenicity (USEPA 2009). The presence of mobility 
and persistence factors for gas and particulates accounts for the significant differences in 
the half-lives depending on whether the contaminant is present as a gas, or if it is sorbed 
onto particulate matter (USEPA 2009).

Using Equation 10.10, an example calculation of the CRFAIR for a Chemical XYZ is 
written as

 
CRF for chemical XYZ

T
M P M PAIR gas gas particulate part= × × + ×1

( )
[( ) ( iiculate )]

Step 1: Obtain toxicity value:
The toxicity of XYZ chemical was obtained from the literature and has a value of 0.04.

Step 2: Determine the mobility and persistence values for the gas phase:
Mobility in the gas phase (Mgas) = Henry’s law constant (H) = 0.228
Persistence in the gas phase (Pgas) = literature value of 4 days

 M Pgas gas( . ) ( ) . .0 228 4 0 228 4 0 912× = × =
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Step 3: Determine the mobility and persistence values for the particulate phase using 
Equation 10.9:

 
Mobility in the particulate phase M

SpG
Kocparticulate( ) = ×1

SpG for Chemical XYZ = 0.88
Koc for Chemical XYZ = 1.92
Therefore

 
Mobility in the particulate phase Mparticulate( )

.
. .= × =1

0 88
1 92 2 188

Persistence in the particulate phase (Pgas) = literature value of 1.0 years

 M Pparticulate particulate( . ) ( . ) . . .2 18 0 2 2 18 1 0 2 18× = × =

Step 4: Determine the CRFair using Equation 10.10:

 
CRF for chemical XYZ

T
M P M PAIR gas gas particulate part= × × + ×1

( )
[( ) ( iiculate )]

 
CRF for chemical XYZAIR = × × + ×1

0 04
0 228 4 2 18 1 0

( . )
[( . ) ( . . )]

 
CRF for chemical XYZAIR = × +1

0 04
0 91 2 18

( . )
[( . ) ( . )]

 CRF for chemical XYZAIR = 77 25.

This sample calculation for CRFAIR demonstrates how the risk posed by the chemical in 
the particulate phase is much greater than the risk posed by the chemical in the gas phase 
(2.18 vs. 0.912). This occurs in most cases because the contaminant is much more persistent 
as a particulate than in the gas phase, and as a result, there is an increased probability of 
exposure with a particulate form of a chemical. This trend is common with most contami-
nants, especially organics.

Table 10.13 displays the CRFAIR values for LNAPLs, DNAPLs, PAHs, selected metals, 
PCBs, and the pesticide chlordane.

As shown in column 2, lead had the lowest contaminant risk factor for air compared to 
any of the contaminants evaluated. The reason is not because lead is less toxic, but because 
lead is not volatile and has the second highest specific gravity of any compound evaluated. 
The specific gravity of lead is 11.34; mercury is the only compound evaluated with a higher 
specific gravity (13.6). Lead is routinely released into the environment from air emission 
sources (USEPA 2008), but most airborne lead is rapidly deposited on the ground surface.

The particulate to gas ratios shown in column 5 are significant because the contaminants 
shown here are commonly found in U.S. urban areas, where particulate matter tends to 
concentrate. With the exception of benzene and mercury, the risk of exposure to contami-
nants in the atmosphere is highest from those contaminants sorbed to particulate matter. 
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TABLE 10.13

Summary of CRFair Values and Exposure Risk Potential

Chemical 
Compound

Contaminant Risk 
Factors for Air 

(CRFair)

Percent of 
Potential 

Exposure Risk 
from Gas Phase

Percent of 
Potential 

Exposure Risk 
from Particulate 

Phase

Approximate Ratio 
of Exposure Risk 
Particulate:Gas

LNAPL compounds
Benzene 36.05 55.69 44.31 4:5
Ethyl benzene 18.18 11.00 89.00 9:1
Toluene 7.75 13.22 86.88 8.5:1.5
Xylenes 18.95 2.07 97.93 97:3

Mean LNAPL 20.23 81.98 318.02
20.49% 79.51% 4:1

DNAPL compounds
PCE 91.09 1.63 98.37 98:2
TCE 9.37 1.05 98.94 99:1
111-TCA 7.71 0.08 99.92 99:1
cis-12-DCE 34.10 0.18 99.82 99:1
Trans -12-DCE 18.90 0.10 99.90 99:1
Vinyl chloride 243.97 8.30 91.70 92:8

Mean DNAPL 67.52 11.34 588.66 98:2
1.89% 98.11%

PAHs
Naphthalene 30.44 0.003 99.997 1,000:1
Chrysene 162.09 0.0003 99.9997 1,000:1
Benzo (b) 
fluoranthene

167.19 0.0004 99.9996 1,000:1

Benzo (k) 
fluoranthene

97.74 0.01 99.99 1,000:1

Phenanthrene 40.40 0.0009 99.9991 1,000:1
Benzo (g,h,i) 
perylene

184.13 0.0002 99.9998 1,000:1

Benzo (a) pyrene 94.59 0.000008 99.999992 100,000:1
Mean PAHs 124.82 0.0148 699.985

0.003% 99.997% 1,000:1

Metals
Arsenic 44.50 3.6 96.4 24:1
Chromium VI 210.25 44.59 55.41 5:4
Mercury 166.33 83.36 16.64 1:5.6
Lead 3.45 12.68 87.32 7:1

Mean metals 106.13 144.23 255.77
36.06% 63.94% 16:9

Mean PCBs 37.02 0.009 99.99 1,000:1
Chlordane 173.02 0.017 99.983 500:1
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This is dramatically demonstrated by PAHs and PCBs—compounds having a mean par-
ticulate to gas ratio of 1000–1. Also displaying impressively large particulate to gas ratios 
are chlordane (500:1) and DNAPL compounds (100:1). If an equal weighting were used 
between the gas phase and particulates, the differential would be much greater. This is 
because the values of persistence in the gas phase used to calculate the CRFAIR values are 
in days and the values of persistence in the particulate phase are in years.

The LNAPL VOCs provide a good example of how the presence of particulate matter can 
transform a short-lived group of chemicals into a significant atmospheric risk. This group 
of compounds includes benzene, toluene, ethyl benzene, and xylenes and is commonly 
referred to as BTEX. They are common components of gasoline and highly volatile, toxic, 
and flammable, but degrade rapidly in the gaseous phase due to photolysis. Their persis-
tence increases significantly when sorbed onto a particle, and this is reflected by their mod-
erate values for CRFAIR in column 2. Without this sorption, these values would be very low.

10.6 Discussion and Implications

Table 10.14 compares the contaminant risk factors for groundwater, soil, and air. DNAPLs 
and chromium VI have the highest potential to contaminate groundwater, mercury, 
PCBs, and chlordane have the highest potential to contaminate and remain in soil or sedi-
ment, and several compounds including LNAPLs and DNAPLs, PCBs, PAHs, chlordane, 
arsenic, chromium VI, and mercury have the potential to contaminate the air, especially 
when attached to particulate matter.

An examination of the DNAPL compounds listed in Tables 10.3, 10.9, and 10.13, reveals 
that the compound vinyl chloride exhibits the highest groundwater, soil, and air contami-
nant risk factors compared to the other DNAPL compounds evaluated. This dubious dis-
tinction occurs because vinyl chloride has the following physical/chemical attributes: (1) it 
is the most toxic DNAPL compound evaluated (USEPA 2009a) and is also the most mobile, 
(2) it is the most soluble DNAPL compound in water compared to the other DNAPL 
compounds evaluated, and (3) it has the highest vapor pressure so it evaporates readily 
(ATSDR 2006b).

Chromium VI is also a compound of special note. It has the highest groundwater and 
air risk factors because of its high toxicity and relatively high solubility in water. Because 

TABLE 10.14

Contaminant Risk Factors for Groundwater, Soil, and Air for Each Contaminant Group

Contaminant Type Groundwater CRF (CRFGW) Soil CRF (CRFSOIL) Air CRF (CRFAIR)

DNAPL 978.00 1,508.00 67.52
LNAPL 0.47 10.16 20.23
PAH 0.001 142.00 124.82
Total PCBs 0.0004 5,264.00 37.00
Chlordane 0.0001 7,501.00 173.00
Arsenic 27.24 3,723.00 44.00
Chromium VI 1,926.00 5.17 210.00
Lead 0.55 52.44 3.45
Mercury 2.56 22,013.00 166.00
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of its high solubility, we would expect chromium VI to have the lowest soil risk factor; and 
it does as a result of its low sorptive potential. Examining the contaminant risk factors for 
many compounds helps explain their fate and transport, especially where contaminants 
are found after being released into the environment (their sinks) and why they have time 
to migrate or degrade after being released. For instance, mercury and PCBs tend to accu-
mulate in river and lake sediments and soil, but are rarely detected in water. When they 
are detected in water, it is at typically low concentrations. This fate and transport is pre-
dicted by the contaminant risk factors scores for mercury and PCBs—they score very high 
for soil, and very low for groundwater (Figure 10.7).

Two more examples of the predictive power of the risk scores are seen with the DNAPL 
compounds and chromium VI in groundwater. As shown in Table 10.7, groundwater con-
taminant plumes for DNAPL compounds and chromium VI are far longer than any of the 
other compounds evaluated. When the CRFGW and the geological vulnerability assessment 
described in Chapter 6 are combined, it results in a synergistic effect. This outcome is 
likely when chromium VI or DNAPLs are released (often continuously over a long dura-
tion) into a vulnerable geological environment (e.g., soils composed of sand with shallow 
groundwater used as a source of potable water). In these cases, significant adverse envi-
ronmental and human health effects may occur (Rogers et al. 2006).

Another view of the data is provided by the pie charts shown in Figure 10.8. For each 
type of contaminant risk factor, certain contaminants favor certain environmental media.

Table 10.15 provides an interpretation of the data presented by the pie charts above, and 
can be used as a summary reference for CRFs by major contaminant groups and com-
pounds of selected interest.

Additional support for the validity of the risk scores would be their ability to explain a 
high amount of the variation in remediation costs, and to also explain a high amount of the 
variation in remedial costs across a wide range of geological environments. When the air, 
groundwater, soil, and surface risk factors are combined, a total risk characterization of a 
chemical’s environmental risks is achieved. Does more risk result in higher remediation cost?

To answer this question, a stepwise regression was used to search for the variables 
that could explain the most variance in remediation costs at 79 sites in an urbanized 
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watershed within a variety of geological environments. Using as input the variables listed 
in Table 10.6, early iterations of the stepwise procedure on the Rouge River watershed data 
set retained extent of contamination and the total risk scores to explain remediation cost. 
Examination of the distribution of the dependent and independent variables indicated 
the data were positively skewed. After a logarithmic transformation, and the multiplica-
tion of the total risk scores by plume length, the River Rouge data set indicates a strong 
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TABLE 10.15

Relative CRF Risk Rankings of Contaminants by Media

Compound CRF GW CRF SOIL CRF AIR

Chromium VI Extremely high Very low Very high
DNAPL High High Moderate
Arsenic Low Very low Moderate
LNAPL Very low Very low Moderate
Mercury Very low Extremely high Very high
Lead Very low Very low Low
PAHs Extremely low Very low Very high
Chlordane Extremely low Very high Very high
PCBs Extremely low Very high Moderate
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correlation between the remediation cost and the total risk given by Equation 10.11 and 
represented by Figure 10.9 (Kaufman et al. 2005).

 Lg risk weight cos t   = +5 107 0 4949. . lg  (10.11)

When Equation 10.11 was tested against 127 sites located worldwide in various geo-
logical environments, there was a very strong correlation between the estimated values 
derived from Equation 10.11 for remediation cost and the actual cost values (r = 90; F = 334.1, 
p < .0001). The results are shown in Figure 10.10. It is reasonable to conclude that total risk 
scores do help explain much of the variation in remediation costs.
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FIGURE 10.9
Regression analysis of remedial cost and CRFGW. (With kind permission from Springer Science+Business Media: 
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For all the sites tested, those contaminated with chromium VI and DNAPL compounds 
located within a geological setting of sand exhibited the highest extent of contamination 
and cost of remediation per kilogram of contaminant recovered.

There still is much work needed on risk scores. Contaminant risk factors of other con-
taminants such as ozone, sulfur dioxide, greenhouse gases, viruses, bacteria, acids and 
bases, and fertilizers have not yet been calculated. The main reasons for this are (1) there 
is a lack of data required to calculate a CRF, (2) some uncertainties exist in assessing risk 
for certain contaminants such as bacteria and carbon dioxide, and (3) the appropriateness 
and scientific justification for the use of weighting factors in calculating CRFs for these 
compounds are still unknown.

10.7 Summary and Conclusion

CRFs for air, groundwater, and soil provide a powerful tool for assessing risks posed by 
contaminants anywhere in the environment. They are derived by combining the three 
physical/chemical attributes of toxicity, mobility, and persistence. CRF analysis has dem-
onstrated why some contaminants prefer certain locations or sinks. For instance, CRF 
analysis has shown why PCBs and mercury prefer soil or sediments instead of being pres-
ent as dissolved constituents in groundwater.

Combining geological vulnerability analysis with CRF analysis can reveal and explain 
potential synergistic effects. Examples of synergy occur when DNAPLs and chromium 
VI are released in a vulnerable geologic setting, such as one with a sandy soil, shallow 
groundwater, and current use as a potable source of water. Under these conditions, the 
potential for adverse human health and ecological impact greatly increases, and is unfor-
tunately often realized. With CRF and geological vulnerability analysis now in hand, these 
situations can be avoided in the future with proper urban planning.

CRF analysis employing the risks posed by surface releases, added to the risk factors for 
groundwater, soil, and air also has predictive power for evaluating and assessing future 
cleanup costs for sites of contamination. This ability has major implications for the rede-
velopment of urban areas, and we explore this in later chapters.
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11
Remediation:	Techniques	and	Cost

11.1 Introduction

Contaminants released into the environment often require cleanup to reduce or eliminate 
the risks posed by their presence. This cleanup, termed remediation, meaning remedy, 
varies widely and depends on many different factors.

More than $100 billion dollars is spent annually investigating and remediating contami-
nated sites in the United States (USEPA 2004). In 2008, the USEPA estimated that there 
were well over 350,000 sites of environmental contamination in the United States requiring 
remediation. Excluded from this count were those sites where remediation is in progress 
or has been completed. In addition, there are an estimated 500,000–1 million abandoned 
industrial facilities or brownfield sites also excluded from USEPA’s list, because a cost esti-
mate to investigate and remediate brownfield sites has not been conducted. Most of these 
abandoned industrial sites are located in urban areas of the United States and concen-
trated within the 29 urban areas listed in Table 2.4. Since these sites possess some degree 
of contamination and will likely require some form of remediation (Rogers et al. 2006), it 
is likely that the environmental costs to investigate and remediate sites of environmental 
contamination in United States will exceed the latest available USEPA estimate of (U.S.) 
$250 billion.

The following sections describe some of the more common remedial technologies for 
soil, groundwater, surface water, sediment, and air. As with any remedial strategy, control-
ling the source of contamination is critical for success, because failure to control the source 
of contamination will result in recontamination. The chapter concludes with a cost analy-
sis of remediating common contaminants in the environment, including many described 
in Chapter 7.

11.2 Remediation Overview

The objective of any remediation project is to prevent, remove, treat, change, destroy, or 
transform the potentially harmful contaminants from the medium or media of concern so 
that any risks posed by the contaminants have been effectively eliminated or reduced to 
an acceptable level (USEPA 2005a). As noted in Chapter 4, there are several different stud-
ies conducted at a site of environmental contamination that enable investigators to acquire 
relevant information and navigate through the required field procedures for achieving the 
desired goal or objective. Even with a given set of checks and balances, however, many 
remedial projects are unsuccessful and must be revised or abandoned in favor of a differ-
ent technological approach.
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The most common cause of remediation failure is the improper characterization of the 
site. Not identifying a source of contamination, underestimating contaminant mass, not 
identifying a complete list of contaminants of concern, executing an incomplete sampling 
plan, or improper sampling techniques and methods can lead to remediation being unsuc-
cessful and result in increased cost, time, and effort to achieve the remedial objective. 
Other causes for remediation failure include technology misapplication and design, envi-
ronmental changes such as a change in groundwater flow direction, sudden change in 
local climatic conditions such as a drought or flood, changes in geochemistry, and addi-
tional releases.

Some of the factors controlling or influencing the extent of the remediation required 
include

• Contaminant or contaminants released
• Concentration
• Nature and extent
• Media impacted (air, surface water, groundwater, soil, sediment)
• Geology
• Hydrogeology
• Hydrology
• Location
• Potential receptors
• Land use
• Future land use
• Climate
• Time necessary to achieve objective(s)
• Results of risk assessment and feasibility study
• Cost

Driven by the need for more effective and less costly cleanup costs, new technologies are 
constantly being developed to remediate contaminated soil and groundwater. Over the 
past several decades, approximately 2000 new remedial technologies for environmental 
contamination have emerged (USEPA 1995, 2007). The impetus for these new technologies 
includes (1) ineffectiveness of early remedial methods, (2) excessive cost of early meth-
ods, and (3) regulatory goals requiring remediation to standard-based levels that in many 
instances were to pristine pre-contaminant or background conditions.

In the mid-1990s, there was a transition from the standard-based remediation cleanup 
goals toward risk-based cleanup goals (ASTM 1995). Remediating a site to risk-based cri-
teria involves calculating site-specific cleanup levels based on the risks posed by the pres-
ence of specific contaminants. This process incorporates (1) the toxicity and nature of each 
contaminant, (2) the site’s geological and hydrogeological setting, (3) fate and transport 
mechanisms, (4) future land use, and (5) analysis of potential receptors. In most cases, 
applying risk-based cleanup goals translated into lower amounts of contaminant remedia-
tion to achieve closure for a specific contaminant at a particular site, and this guideline 
lowered the cost and time required to remediate a site (USEPA 2002).

The overview of the most commonly available remedial technologies begins with a 
description of the methods used to remediate contaminated soil.
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11.3 Common Soil Remediation Technologies

Common soil remediation technologies include (USEPA 2002, 2007; Rogers et al. 2008, 
2009):

• Excavation
• Active and passive bioremediation
• Monitored natural attenuation
• Mechanical soil aeration
• Capping
• Land use restrictions
• Soil vapor extraction (SVE)
• Phytoremediation
• Soil washing
• In situ thermal desorption
• Ex situ thermal desorption or incineration
• Electrokinetics
• Solidification/Stabilization
• Fracturing
• Vitrification
• Chemical oxidation
• Chemical dehalogenation

A brief description of each common soil remediation technology follows.

11.3.1 Soil Excavation

This technique involves the removal of affected soil through excavation and disposal of 
the soil at a licensed landfill (USEPA 2002). It is commonly the first method employed at a 
contaminated site.

Soil excavation is not always cost effective, and in some cases cannot be conducted. These 
situations listed below may result in the selection of a different soil remediation strategy:

• Impacted soil extends to depths too deep to effectively excavate.
• Excavation cannot be conducted because a damaged structure(s) is present, and 

moving it is either too expensive, or may cause unsafe conditions if excavation of 
soil were conducted.

• The volume of soil to be excavated is too large and costly.
• The excavation itself may cause unsafe conditions (i.e., excavating flammable soils).
• Soil contaminants present are of a certain mixture and concentration and require 

special handling, treatment, restrictions, or may be banned from disposal in cer-
tain landfills.
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11.3.2 Active and Passive Bioremediation

Active bioremediation involves the introduction of microorganisms, along with additional 
nutrients into contaminated soil, to allow natural processes to degrade the contaminants 
into harmless substances (USEPA 2001a). Active bioremediation is typically used on soil 
where the existing soil bacteria may have been destroyed or overwhelmed by a contami-
nant spill or where time constraints require a more speedy recovery. Active bioremedia-
tion may also be used to target a specific high boiling point hydrocarbon such as fuel oil, 
or heavy diesel fuel. Passive bioremediation generally relies on the existing soil bacteria. 
This method has often been referred to as landfarming (Figure 11.1), because the contami-
nated soil is spread out to a thickness of no more than a half a meter, and then periodically 
tilled to bring the soil in contact with air (see Section 11.3.4). A summary of a form of active 
bioremediation using treatment cells is found in Murray and Clark (1993) (Figures 11.2 and 
11.3). An unconventional form of passive bioremediation of hydrocarbon contaminated 
soil using treatment galleries was successfully demonstrated by Murray et al. (1997). In 
either active or passive bioremediation, before the microbes can effectively degrade and 
eventually destroy the contaminants, these criteria must be satisfied (USEPA 2001a):

FIGURE 11.1
Example of landfarming in the central valley of California. (Photo by Kent S. Murray.)

FIGURE 11.2
Constructing a treatment cell in San Diego. (Photo by Kent S. Murray.)
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• Contaminants must be biodegradable. Many light nonaqueous phase liquid 
(LNAPL) compounds such polynuclear aromatic hydrocarbons (PAHs) can only 
be degraded through the use of active bioremediation techniques.

• A suitable temperature range exists for the natural processes to begin and sustain 
themselves.

• Nutrients (fertilizers) are present to support microbial growth.
• Enough oxygen is present to assist with the decomposition process.

When these conditions are not satisfied or are not optimal, the microbes do not grow, grow 
slowly, or die. One way to improve unfavorable conditions is to pump air, nutrients, or 
other substances (such as a carbohydrate like molasses) into the impacted soil where the 
microbes have been placed to enhance degradation (Murray and Clark 1993; USEPA 2001a).

11.3.3 Monitored Natural Attenuation

Monitored natural attenuation relies on natural processes to attenuate (render less harm-
less) contaminants in soil. Natural attenuation occurs at most contaminated sites; however, 
favorable conditions must exist to achieve successful remediation in a reasonable amount 
of time (USEPA 2001b). Impacted soil is tested periodically to ensure that the attenuation of 
contaminants is occurring at a satisfactory rate. Natural attenuation of LNAPL compounds 
occurs much more quickly and efficiently than dense nonaqueous phase liquid (DNAPL) 
compounds, which require much more evaluation (USEPA 1998). Figure 11.4 shows an 
example of natural attenuation; a contaminant present in the soil evaporates from the soil 
into the atmosphere where it is destroyed by sunlight through photolysis.

This technique is often used when the source and the majority of the contamination 
have been removed, and it is not practical to use more costly remediation methods to 
remove the remaining residual concentrations (USEPA 2001b).

11.3.4 Mechanical Soil Aeration

Mechanical soil aeration utilizes photolysis to remediate contaminants in near surface soil. 
This technique is most effective when the contaminants of concern have a high relative 
vapor pressure and are degradable by photolysis. The process is essentially similar to the 

FIGURE 11.3
Electronic valves control fresh air circulation in a treatment cell. (Photo by Kent S. Murray.)
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landfarming techniques associated with passive bioremediation and it involves mechani-
cal turning or tilling of the impacted soil so it can more readily evaporate, or induce more 
efficient photolysis through direct exposure to sunlight (USEPA 2007).

11.3.5 Capping

Capping is routinely used at sites where the highest concentrations of contamination have 
been removed or remediated, but an additional level of protection is still required. Sites 
eligible for capping include those contaminated beyond the level adequately addressed 
by monitored natural attenuation, or where natural attenuation is not expected to occur, 
as with many heavy metals. Capping can take several different forms including asphalt, 
concrete, geosynthetic liner, and many others, but must be maintained regardless of the 
material selected. Some caps are constructed using many different layers, which is typical 
for many closed landfills (USEPA 2002, 2003). An example of an engineered multilayer bar-
rier cap is shown in Figure 11.5.

11.3.6 Land Use Restrictions

Land use restrictions are common at many remediated sites of environmental con-
tamination. They are employed to minimize the potential for exposure to low-levels of 

FIGURE 11.4
Example of natural attenuation. (From United States 
Environmental Protection Agency (USEPA), A Citizen’s 
Guide to Monitored Natural Attenuation, EPA 542-F-01-
004, Office of Solid Waste and Emergency Response, 
Washington, DC, 2001b.)
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FIGURE 11.5
Example multilayered cap. (From United States Environmental Protection Agency (USEPA), Evapotranspiration 
Landfill Cover Systems Fact Sheet, EPA 542-F-03-015, Office of Solid Waste and Emergency Response, Washington, 
DC, 2003.)
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contamination or to eliminate a potential exposure pathway. As described in Chapter 
4, they are usually accompanied with some sort of risk evaluation or risk assessment to 
support the conclusion that a land use restriction is sufficient to lower the risk posed by 
the presence of contamination to an acceptable level. Common examples of this prac-
tice include maintaining a site for industrial use, prohibiting the use of groundwater, or 
restricting access to certain areas of a site. For example, the City of Livonia, Michigan, has 
an ordinance restricting the use of groundwater throughout the city limits, primarily due 
to widespread groundwater contamination.

11.3.7 Soil Vapor Extraction

SVE removes soil contaminants as vapors from above the water table. This technology 
is limited to contaminants with the ability to evaporate rather readily, such as volatile 
organic compounds (VOCs). In addition, the geology must be composed of material per-
mitting the movement of air through the zone where the contaminants exist, such as sand 
or gravel. The captured contaminant vapors are removed before the air is discharged into 
the atmosphere (Figure 11.6).

11.3.8 Phytoremediation

Phytoremediation uses plants to remediate contaminated soil. Certain plants can degrade, 
destroy, or transform many types of contaminants (USEPA 1999a):

• Some heavy metals, such as copper
• Pesticides
• Perchlorates
• Certain PAHs

An additional benefit of plant use is realized at some sites where vegetation acts as a 
ground cover and prevents or minimizes the effects of rain erosion, and helps prevent the 
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FIGURE 11.6
Example of an SVE system. (From Federal Remediation Technologies Roundtable, Soil vapor extraction, http://
www.frtr.gov/matrix2/section1/list-of-fig.html (accessed June 24, 2010), 2010.)
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mechanical migration of contaminants. Vegetation can also reduce the amount of water 
migrating through the contaminant zone in the soil, thus decreasing the leaching or dis-
solving of contaminants into deeper soil and eventually to groundwater (Figure 11.7). The 
use of phytoremediation techniques has been limited by the uncertainty regarding the 
collection and disposal of the resulting contaminated vegetative material at the end of 
each growing season.

11.3.9 Soil Washing

Soil washing essentially “scrubs” soil to remove and separate the contaminant from soil 
particles using detergents or other chemicals depending on the type of contaminant, 
concentration, and soil type. Contaminants sorbed to soil particles can be removed or 
separated by a detergent or chemical used to lower the sorptive potential of the contami-
nants. Some heavy metals, fuels, and pesticides can be remediated using this technique 
(Figure 11.8).

11.3.10 In Situ Thermal Treatment

In situ thermal treatment involves injecting a form of heat into subsurface soils to mobilize 
the contaminants for easier recovery. Common heat sources include

• Steam
• Hot air
• Hot water
• Electrical resistance
• Radio frequency
• Thermal conduction
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groundwater
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FIGURE 11.7
Example of phytoremediation. (From United States Environmental Protection Agency (USEPA), Phytoremediation 
Resource Guide, EPA 542-B-99-003, Office of Solid Waste and Emergency Response, Washington, DC, 1999a.)
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An added benefit of thermal technologies occurs when the heat destroys certain contami-
nants. In most cases, the added heat energy acts to evaporate the contaminants, and makes 
collecting the contaminants using SVE much more efficient (Figure 11.9).

11.3.11 Ex Situ Thermal Treatment

Ex situ thermal treatment is similar to in situ thermal treatment with the key distinctions 
being the contaminated soil is excavated and treated thermally at the surface. After treat-
ment, the soil is either returned into the ground or transported to a landfill.

Polluted
soil (sifted)

Clean soil

Scrubbing unit

Water and
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water Treatment

plant

Polluted soil
to second cleanup
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Clean water

FIGURE 11.8
Example of soil washing. (From United States Environmental Protection Agency (USEPA), A Citizen’s Guide to 
Soil Washing, EPA 542-F-01-008, Office of Solid Waste and Emergency Response, Washington, DC, 2001c.)
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FIGURE 11.9
Example of in situ thermal treatment. (From United States Environmental Protection Agency (USEPA), A 
Citizen’s Guide to In Situ Thermal Treatment, EPA 542-F-01-0012, Office of Solid Waste and Emergency Response, 
Washington, DC, 2001d.)
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11.3.12 Electrokinetics

Electrokinetics is a remedial technology used to separate and extract heavy metals and 
other contaminants from saturated and unsaturated soil, sludges, and sediments. It works 
by inducing the migration of contaminants in subsurface soil through an imposed elec-
trical field via electroosmosis. A low voltage current is applied to initiate the migration 
of contaminants. The configuration involves the application of an electrical potential 
between electrode pairs implanted in the ground on each side of a contaminated soil mass 
(Cauwenberghe 1997).

11.3.13 Solidification/Stabilization

Solidification/Stabilization is conducted in situ and ex situ and involves the addition 
or injection of a material, such as concrete or bentonite clay to permanently immobilize 
or entomb the contaminants. This technique does not remove contaminant mass—it is 
designed to eliminate or minimize the potential of the contaminants from migrating and 
potentially causing harm to human health or the environment.

11.3.14 Fracturing

Fracturing involves cracking dense contaminated soils or rock so other remedial tech-
nologies can work more efficiently. The cracks—called fractures—create pathways through 
which contaminants can be more quickly and efficiently removed from the ground. The 
fractures are created by injecting either high pressure water or air into the contaminated 
zone (Figure 11.10).

11.3.15 Vitrification

Vitrification is a form of solidification/stabilization, and uses electrical power to heat 
and transform contaminated subsurface soil into a glass-like substance. This process is 
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FIGURE 11.10
Example of pneumatic fracturing. (From United States Environmental Protection Agency (USEPA), A Citizen’s 
Guide to Fracturing, EPA 542-F-01-0015, Office of Solid Waste and Emergency Response, Washington, DC, 2001e.)
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 accomplished by four rods called electrodes. The electrodes are placed into the contami-
nated soil and an electrical current passed between them results in the melting of inter-
vening soil.

When the electrodes are turned off, the soil cools and vitrifies into a glass-like substance 
that entombs the contaminants. Vitrified soil often has significantly less volume because 
the original grain to grain contacts have been fused together and any porosity of the vitri-
fied material is eliminated (USEPA 2001f).

An example of vitrification is shown in Figure 11.11.

11.3.16 Chemical Oxidation

In chemical oxidation, the addition of an oxidizing agent to contaminated soil results 
in two possible outcomes: (1) the complete destruction of the contaminants or (2) it pro-
duces a source of oxygen capable of inducing more rapid rates of bioremediation as long 
as the correct dosage is used. This technology can be very effective for remediating many 
organic compounds, including some DNAPL compounds, provided the correct dosages 
are applied and the chemicals can be delivered to the location where the contaminants 
reside in the subsurface. Common oxidizing agents include (USEPA 2007):

• Ozone
• Hydrogen peroxide
• Sodium percarbonate
• Sodium permanganate
• Potassium permanganate
• Sodium persulfate

11.3.17 Chemical Dehalogenation

Chemical dehalogenation is a remedial method that removes halogens from contaminants. 
As noted in Chapter 7, halogens are contaminants containing halogen atoms within their 
atomic structure. Halogens include fluorine, chlorine, bromine, and iodine. Common halo-
genated contaminants include several DNAPL VOCs, PCBs and dioxins.

The process of chemical dehalogenation involves the excavation of contaminated soil. The 
soil is sifted and crushed to remove larger objects and enable better remedial treatment. 
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FIGURE 11.11
Example of vitrification. (From United States Environmental Protection Agency (USEPA), A Citizen’s Guide to 
Vitrification, EPA 542-F-01-0015, Office of Solid Waste and Emergency Response, Washington, DC, 2001f.)
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This sifted soil is then mixed with chemical agents and heated in a reactor. During this 
process, a chemical reaction occurs that removes the halogen atom from the molecular 
structure of the contaminant, and depending on the completeness of the reaction, destroys 
or renders the contaminant less harmful.

There are two common types of chemical dehalogenation: glycolate dehalogenation 
and base-catalyzed dehalogenation (USEPA 2001g). Figure 11.12 is an example of glycolate 
dehalogenation.

11.4 Summary of Soil Remediation Technologies

Each soil remediation technology described in Section 11.3 has advantages and disadvan-
tages depending upon the different conditions existing at any given site. Frequently, a 
combination of technologies is used to achieve the objective. At sites where there are wide-
spread impacts with different types of contaminants, rarely if ever, is one technology used 
(USEPA 2007).

Figure 11.13 summarizes the different soil remediation technologies applied at 977 
CERCLA Superfund sites in the United States (USEPA 2007). A total of 53% of the tech-
nologies used ex situ technologies and 47% used in situ technologies. Soil excavation 
was excluded because it was the technique most commonly employed, and it remains 
the most common technology used for remediation of soil. This prevalence exists in part 
because soil excavation is the least costly method when relatively small volumes (less than 
5000 ton) of contaminant are present and accessible. However, in a recent study of metal-
contaminated soil in southeast Michigan, Murray et al. (2004) discovered that the most 
extensive contamination is restricted to the upper 0.5 m of soil, thus making soil excava-
tion not only cost effective, but quite effective at quickly and efficiently removing the soil 
posing the greatest risk to human health. In addition, soil excavation may be the only eco-
nomical technology available, especially when different types of contaminants are present 
(USEPA 2007; Rogers et al. 2009).
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FIGURE 11.12
Example of the glycolate dehalogenation process. (From United States Environmental Protection Agency 
(USEPA), A Citizen’s Guide to Chemical Dehalogenation, EPA 542-F-01-0010, Office of Solid Waste and Emergency 
Response, Washington, DC, 2001g.)
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The three most important controlling factors governing the selection of the most efficient 
soil remediation technologies employed are (1) cost, (2) the geological environment where 
the contaminants reside, and (3) the physical chemistry of the contaminants. Another 
important factor is whether a mixture of different types of contaminants and geology 
exists. If the geology, contaminant type, and distribution are straightforward (e.g., they 
lack synergy), selecting an appropriate soil remedial technology is a simpler task. It is also 
important to evaluate whether the contaminants are classified from a regulatory perspec-
tive as hazardous or nonhazardous because this distinction routinely plays an important 
role in the selection of a remedial technology. For instance, if a contaminated mass of soil 
is classified as hazardous, the disposal cost at a landfill licensed to accept the soil is consid-
erably more than for soil classified as nonhazardous. In this situation, other technologies 
would be considered due to the increased cost of transporting and disposing a hazardous 
waste.

Figure 11.14 shows the relationship between uniform geology, soil remediation technol-
ogy, and hazardous and nonhazardous classification for VOCs (Rogers et al. 2009). As 
indicated by the horizontal dotted line, if the soil volume is less than 5000 tons, soil exca-
vation is the preferred remedial option. When soil volumes are greater than 5000 tons, the 
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FIGURE 11.13
Soil remediation techniques at 978 CERCLA Superfund sites. (From USEPA, Treatment Technologies for Site 
Cleanup: Annual Status Report, 12th edn. EPA-542-R-07-012. Office of Solid Waste and Emergency Response. 
Washington, DC, 2007.)
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probability of other technologies being selected increases primarily due to cost, time, or 
access considerations. As soil grain size increases from left to right, the preferred technolo-
gies change depending on the dominant geology of the site.

11.5 Common Groundwater Remediation Technologies

The first method used to remediate impacted groundwater was called pump and treat. 
Contaminated groundwater was pumped to the surface where it was treated to remove a 
large percentage, or all of the contamination. The treated water was then reinjected into the 
aquifer or discharged to the sanitary sewer system or surface water body. Early treatment 
technologies were adopted from existing methods used for industrial wastewater and 
publicly owned treatment plants. These techniques included solids removal, flocculation, 
bioreactors, activated carbon filtration, disinfection, and reverse osmosis. By the middle to 
late 1980s, it became apparent that pump and treat technologies applied to groundwater 
were very expensive.

Not only was pump and treat expensive, it was not broadly effective. Groundwater 
pump and treat was an effective means to ensure a contaminant plume did not spread 
if it were designed and operated correctly, but it was not cost effective in restoring an 
aquifer’s groundwater to pre-contaminated levels. Since this discovery, several new 
methods termed in situ technologies have been developed. Instead of bringing the con-
taminated water to the surface to be treated, the treatment is delivered where the con-
tamination resides—in the saturated zone. The goal of the in situ technologies was to 
destroy, chemically reduce, or transform the contaminants into harmless compounds 
within the plume of contaminants (USEPA 2007). These new technologies included 
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Selection of VOC soil remediation methods based on geology and volume.
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air sparging, installation of permeable reactive barriers (PRBs), injection of biological 
agents, and injection of chemical reagents.

Please do not bury pump and treat systems yet. Pumping and treating groundwater can 
be effective at removing significant quantities of contaminant mass under certain favor-
able conditions. One potential application of pump and treat is with young and immature 
groundwater plumes. These types of plumes may display only minor amounts of diffu-
sion and their contaminants may not have reached the lower permeable zones (Figure 8.9). 
Here, a focused groundwater pump and treat system could be effective (Payne et al. 2008).

With pump and treat technologies, the method used for contaminant removal from 
groundwater depends on the type of contaminant. For instance, if the contaminants are 
VOCs, the contaminants may be removed by stripping the VOCs from groundwater using 
air in a vessel called an air stripper. Contaminants may also be removed by circulating the 
contaminated groundwater through containers filled with activated carbon. The VOCs in 
groundwater become attached or sorb to the activated carbon and are removed from the 
groundwater (Figure 11.15).

Other common groundwater remediation technologies include (USEPA 2002, 2007):

• In situ soil flushing
• Air sparging
• PRBs
• Injection of biological agents
• Injection of chemical agents
• Monitored natural attenuation
• Institutional controls
• Multiphase extraction
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FIGURE 11.15
Groundwater pump and treat system. (From United States Environmental Protection Agency (USEPA), A 
Citizen’s Guide to Pump and Treat, EPA 542-F-01-0025, Office of Solid Waste and Emergency Response, Washington, 
DC, 2001h.)
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11.5.1 In Situ Soil Flushing

In situ soil flushing represents a modification to the traditional pump and treat system 
and is employed to increase contaminant removal efficiency. With this method, water or 
chemicals are pumped or percolated into saturated soil with the objective of flushing or 
driving the contaminants to a location where they can be removed, usually by a pumping 
well (Figure 11.16).

11.5.2 Air Sparging

Air sparging is an in situ groundwater remediation technology that uses injected air to 
volatize contaminants in groundwater. As the injected air rises through the saturated zone 
and reaches the unsaturated zone, the vapors containing the contaminants are removed 
from the ground using a SVE system (Figure 11.17).
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FIGURE 11.16
Example of in situ soil flushing. (From United States Environmental Protection Agency (USEPA), A Citizen’s 
Guide to Soil Flushing, EPA 542-F-01-0011, Office of Solid Waste and Emergency Response, Washington, DC, 
2001i.)
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FIGURE 11.17
Example air sparging system. (From United States Department of Energy, Remediation Technologies Screening 
Matrix and Reference Guide, Version 4.0, Washington, DC, 2002.)
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11.5.3 Permeable Reactive Barriers

A PRB is a wall or fence-like structure constructed beneath the surface of the ground within 
the saturated zone downgradient of groundwater contamination. The wall is composed of 
chemicals that degrade or destroy the targeted contaminants. PRBs are considered passive 
remedial systems, and generally take a long period of time to achieve remedial objectives 
because they rely on the natural flow of groundwater to pass through the reactive bar-
rier. As contaminated groundwater migrates through the barrier, the contaminants are 
degraded or destroyed (USEPA 2001k) (Figure 11.18).

11.5.4 Injection of Biological Agents

Injection of biological agents employs technology similar to the remediation of contami-
nated soil with microorganisms. The difference lies in the delivery system. Here, instead 
of microorganisms, the injection consists of chemicals used to promote microbial growth. 
The chemicals used include oxygen or other food sources such as molasses or other carbo-
hydrates (USEPA 2007).

11.5.5 Injection of Chemical Agents

Injection of chemical agents is similar to the injection of biological agents, but the objective 
is not to promote microbial growth. The intention is to create or promote a chemical reac-
tion designed to transform or destroy the contaminants. This outcome can be accomplished 
by injecting compounds such as ferrous sulfate, calcium polysulfide, or zero-valent iron 
into groundwater contaminated with chromium VI. When the chromium VI comes into 
contact with any of the three agents it is reduced by a chemical reaction into chromium 
III. Chromium III is much less soluble in groundwater than chromium VI, resulting in the 
removal of chromium VI from groundwater and a lowering of its dissolved concentration 
(USEPA 2007).
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FIGURE 11.18
Example of a PRB. (From United States Environmental Protection Agency (USEPA), A Citizen’s Guide to Soil Vapor 
Extraction and Air Sparging, EPA 542-F-01-006, Office of Solid Waste and Emergency Response, Washington, DC, 
2001k.)
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11.5.6 Monitored Natural Attenuation

Monitored natural attenuation of contaminants in groundwater is similar to their natural 
attenuation in soil. Natural attenuation in groundwater, however, relies upon dilution to 
assist in lowering contaminant concentrations and can be effective with certain types of 
contaminants provided no continuing source of groundwater contamination exists. This 
method also relies on natural physical degradation and natural biodegradation to reduce 
contaminant concentrations (Figure 11.19).

11.5.7 Institutional Controls

Institutional controls are used to remove potential receptor pathways, and include the 
restriction or prohibition of groundwater use in impacted areas. These measures apply at 
locations where groundwater impacts are extensive, or when remediating groundwater is 
not practical or cost prohibitive. Institutional controls often require state and local munici-
pality approval.

11.5.8 Multiphase Extraction

Some sites have high concentrations of contaminants present in the subsurface as pure 
product. In these cases, there is likely more than one contaminant phase present, including 
the vapor phase, dissolved phase, pure product or free phase. The initial effort is focused 
on removing the most contaminant mass as quickly as possible—the free product. Other 
phases in situ can be removed by the same extraction well. This combination provides 
increased efficiency and lowers the cost and time to remove large amounts of contaminant 
mass. The technique involves placing multiple types of extraction pumps into the same 
borehole to extract contaminants present in each phase (Figure 11.20).

11.6 Summary of Groundwater Remediation Technologies

Selecting the appropriate groundwater remediation technology follows a similar process 
as selecting the most appropriate soil remediation technology. The three most important 
factors are (1) cost, (2) the geology and hydrogeology where the contaminants reside, and 
(3) the physical chemistry of the contaminants targeted for remediation. As with soil 
remediation, if a mixture of different types of contaminants is present in groundwater, 
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FIGURE 11.19
Example of natural attenuation of groundwater. (From 
United States Environmental Protection Agency (USEPA), 
A Citizen’s Guide to Monitored Natural Attenuation, EPA 542-
F-01-004, Office of Solid Waste and Emergency Response, 
Washington, DC, 2001b.)
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selecting more than one technology may be required to achieve the remedial objectives. 
With specific contaminants, certain technologies provide more efficient remediation. For 
most urban areas of the United States, Figure 11.21 shows the spectrum of geological con-
ditions and contaminant types where certain remedial technologies are effective (Rogers 
et al. 2009). For instance, air sparging may be an appropriate technology for remediating 
LNAPL VOCs in groundwater if the soil is permeable enough (e.g., sands and gravels); 
however, even the presence of small lenses of fine sand or silt can severely limit the effec-
tiveness of this technique (Peterson et al. 2001; Peterson and Murray 2003). Additionally, 
air sparging is not an appropriate technology for remediating chromium VI because chro-
mium and most other metals do not evaporate.
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FIGURE 11.20
Example of a multiphase extraction well. (From United States Environmental Protection Agency (USEPA), Cost 
and Performance Report for LNAPL Recovery, EPA 542-R-05-016, Office of Solid Waste and Emergency Response, 
Washington, DC, 2005b.)
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Another factor to consider when examining the remediation of groundwater is the 
time required to complete the remediation. Remediating groundwater may require more 
than 20–30 years or more to complete. Factors influencing the time required and also 
likely to impact the cost to remediate groundwater include (USEPA 1999b; Rogers et al. 
2006):

• Geology and hydrogeology: Various types of geology influence the technology 
selected and also dictate the rate of contaminant recovery. For example, low per-
meability aquifers may require longer remediation efforts.

• Contaminant concentration and distribution: Extensive and mature groundwater 
plumes are likely to have contaminants diffused into the lower permeable zones 
within the affected aquifer. In these situations, remediation time may be extended.

• Cleanup goals: Achieving lower residual contaminant concentrations with cleanup 
can require more time.

• Technology selected: PRBs often take longer because they are more passive reme-
dial systems relying heavily on natural groundwater flow to deliver contaminants 
to the remediation area.

• Remedial-system design and maintenance: The rate of cleanup is one important 
factor here, but other factors including structural impediments such as buildings 
and roads must also be considered. In addition, the spacing of extraction or injec-
tion wells may not be optimized due to engineering issues and other uncontrol-
lable circumstances, such as underground infrastructure.

• Whether there are multiple types of contaminants present: Contaminant plumes 
with multiple phases and types of contaminant (e.g., dissolved phase and free 
phase and DNAPS VOCs and metals), may have to be remediated in steps or 
phases and require additional time.

• Location: Urban areas often dictate or limit the technologies available for shorten-
ing the time required for groundwater remediation. For instance, buildings, roads, 
and other structures may lengthen the time required to investigate and conduct 
source control measures. As a result, groundwater remediation is initiated later 
and takes longer to complete.

• Investigative errors and delays: Failure to fully characterize the nature and extent 
of contamination can be disastrous and will result in an ineffective remediation 
attempt.

• Source control: If all the sources of contamination have not been identified and 
abated, remediation of groundwater may be ineffective and fail.

Selected groundwater remedies at Superfund sites are presented in Figure 11.22.
Groundwater pump and treat is the most common remedial method selected for the 

treatment of groundwater at Superfund sites (70% frequency). Other in situ methods, how-
ever, such as air sparging, PRBs, and chemical treatment are now being selected more 
frequently (USEPA 2007). This trend is due to an increase in the efficiency of more innova-
tive technologies and their acceptance by remediation professionals. In addition, many 
groundwater pump and treat systems are expensive and have not achieved cleanup goals 
(USEPA 2007). Figure 11.23 shows a breakdown of other groundwater remediation tech-
nologies that are now being either selected or tested.
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11.7 Sediment Remediation

Remediating contaminated sediment presents difficulties not encountered when remedi-
ating soil. These difficulties include the location of the contamination beneath the surface 
of water bodies and within sensitive ecosystems. Remediating contaminated sediment 
therefore requires careful study and planning.
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FIGURE 11.22
Selected remedies at Superfund sites. (From United States Environmental Protection Agency (USEPA), 
Treatment Technologies for Site Cleanup: Annual Status Report, 12th edn., EPA-542-R-07-012, Office of Solid Waste 
and Emergency Response, Washington, DC, 2007.)
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Common remedial methods for remediating contaminated sediment include (USEPA 
2005b; Sediments Focus Group 2007):

• Source control
• Excavation
• Dredging
• Bioremediation
• Capping
• Natural attenuation
• Institutional control

11.7.1 Source Control

Source control may be more difficult to achieve with contaminated sediments, because the 
contamination may have a distant origin and/or emanate from numerous locations. To 
ensure recontamination does not occur, careful evaluation and study are necessary before 
initiating remedial activities (USEPA 2005c).

11.7.2 Excavation

Excavation of contaminated sediments is usually conducted within floodplains, stream 
and river banks, and beach areas when water does not cover the contaminated materials. 
Access to these areas is relatively easy when they are contaminated and require reme-
diation, and excavation is usually preferred over other technologies if the volume of con-
tamination is manageable. In these cases, the impacted sediments can be removed quickly 
before they become covered with water; otherwise excavation becomes potentially impos-
sible and much more costly (USEPA 2005c).

11.7.3 Dredging

Dredging involves excavating submerged contaminated sediments. Multiple techniques 
and a variety of dredging equipment have been developed to address the array of situa-
tions encountered. Figure 11.24 shows a common dredging technique with an excavator on 
a floating barge (USEPA 2005c).

Dredging submerged sediment often causes contaminated sediment particles to become 
suspended in the water column. This may cause contamination to spread in the downgra-
dient direction of water flow.

To avoid this situation, extreme measures are sometimes conducted (USEPA 2005c; 
Sediments Focus Group 2007):

• Temporarily draining the surface water requiring remediation
• Rerouting the surface water around the affected area in small streams or rivers 

requiring remediation
• Installing sheet pile walls around the affected areas and pumping the water from 

inside the sheet pile wall to provide access to the affected area
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11.7.4 Bioremediation

Bioremediation of contaminated sediments involves the same processes as those used for 
bioremediating soil and groundwater. However, many contaminants often present in sedi-
ments such as PCBs and mercury are not readily remediated using microbes (USEPA 2005c).

11.7.5 Capping

Sometimes, no active remedial method is available to effectively remove all contaminated 
sediment without potentially casing more harm, as occurs with the suspension of sedi-
ments in the water column. In these situations, capping may be preferred. Capping con-
taminated and submerged sediments must be conducted slowly so any disturbance is kept 
to a minimum (USEPA 2005c).

11.7.6 Natural Attenuation

Natural attenuation may be an affective remedial option in the following situations: (1) the 
source(s) have been eliminated, (2) the contaminated sediments are not heavily impacted, 
and (3) other methods will not substantially reduce the risk posed by the presence of the 
contaminated sediments (USEPA 2005c).

11.8 Surface Water Remediation

The preferred approach to remediating surface water has been through the enactment 
of pollution prevention regulations. Since the National Pollutant Elimination System 
(NPDES) was enacted in 1972, significant improvements have been made in improving 
the surface waters of the United States (USEPA 2008a, 2010b). The NPDES process requires 
municipalities and industry to meet specified standards in order to discharge wastewater 
or stormwater to the surface waters of the United States (USEPA 2010b).

FIGURE 11.24
Example of dredging. (From United States Environmental Protection Agency (USEPA), Hudson River PCBs 
Superfund site, http://hunsondredgingdata.com/Monitoring/Water?currentweek=08-16-2002 (accessed June 
26, 2010), 2010a.)
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A significant component of the flows within many surface streams is the discharge from 
wastewater treatment plants (WWTP). An aerial view of a municipal WWTP is shown in 
Figure 11.25.

The level of treatment applied before wastewater is discharged to surface water depends 
on the concentration and types of contaminants present. The spectrum of wastewater 
treatment spans simple methods, such as constructing a settling pond to remove solids 
and suspended particles before treatment, to a very complex multistep process removing 
several contaminants before discharge. Figure 11.26 shows the multistep process used by 
municipal wastewater treatment systems involving the removal of solids and biological 
treatment before the water is discharged.

Surface water
Secondary clarifiers

(settling)Disinfection
Biological treatment

(aeration)
Primary clarifiers

(settling)Inflow

Pretreatment Lab/admin Solids
processing

Solids
processing

storage

Maintenance Outflow pipe to
surface water

FIGURE 11.25
Wastewater treatment plant. (From Portage Lake Water and Sewer Authority, Houghton, Michigan, http://
www.plwsa.org/index/php (accessed June 25, 2010), 2010.)
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FIGURE 11.26
Schematic of a municipal wastewater treatment system. (From City of Springfield Missouri, Northwest Wastewater 
Treatment Plant, http://www.springfieldmo.gov/sanitary/nw_treatment.html (accessed November 27, 2010), 2010.)
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Engineered wetlands or Engineered Natural Systems (ENS) for water treatment is 
another effective method for the remediation of surface water under certain conditions. 
This process involves a combination of natural biological, chemical, and physical processes 
to remediate common surface water contaminants. Constructing an effective ENS requires 
matching the available degradation methods with the contaminant properties at the site, 
with a typical ENS utilizing several different natural methods to destroy contaminants 
including photolysis, bioremediation, phytoremediation, chemical degradation, settling, 
and many others. Figure 11.27 shows a simplified schematic of an ENS.

11.8.1 Spills

Remediating impacted surface water from spills is most effective when a quick response 
confines the release to as small an area as possible. Releases to surface water are most 
often related to petroleum products such as fuels, refined oil, and unrefined or crude 
oil. Common techniques for responding and addressing a surface water fuel or oil spill 
include (NOAA 2010):

• Doing nothing: If there is no possibility the spill will reach shore or sensitive areas 
and natural attenuation will likely remediate the spill through these natural pro-
cesses: photolysis, biodegradation, physical dispersion through wave action and 
surface currents, and dilution.

• Containing the spill with booms and collecting the material with skimmer pumps. 
As noted in Chapter 7, fuels and oil are LNAPL compounds and therefore float. 
Using booms and skimmers can remove significant contaminant mass.

• Using dispersants to break up, spread, and enhance natural degradation. 
Dispersants lower the surface tension of LNAPL compounds and can help reduce 
the environmental impacts.

• Introducing biological agents: Adding biological agents such as carbohydrates 
may hasten degradation of the affected area.

Figures 11.28 and 11.29 show the remedial response activities to a small oil spill on a river. 
Here, containment and cleanup of the spill is accomplished with booms and adsorbent pads.

O2 through plants to
root zone

Planting
substrate

Biological

Influent Physical Chemical

Treated
water

FIGURE 11.27
Simplified ENS for remediation of surface water. (From Eifert, W.H., Simple, Reliable and Cost-Effective Solutions 
for Water Management and Treatment: A Technology Overview with Case Studies, Roux Associates, New York, 2010b, 
p. 15. With permission.)
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As noted in Chapter 3, groundwater often discharges to surface water and accounts 
for much of the baseflow in surface streams. Surface water can therefore become con-
taminated from impacted groundwater discharging to surface water. This event, shown 
in Figure 11.30, is often poorly understood and underestimated as a pollutant source to 
surface water (Murray et al. 1997; Rogers 1997; Rogers and Murray 1997; USEPA 2000).

When pollution originates from dispersed locations as in Figure 11.30, it is referred to 
as nonpoint source pollution (Novotny 2003). Remediation of nonpoint source pollution is 
challenging and can only be effective if

• A monitoring network is established.
• Continuous monitoring is conducted using mass balance techniques to establish 

what fraction of the total contaminant load originated from nonpoint sources.
• The geology and hydrogeology of a region or watershed is well understood. Knowing 

the characteristics of baseflow is critical (e.g., recharge and discharge areas).
• Potential sources of pollution are identified across three dimensions, including 

soil, groundwater, surface water, the atmosphere, and any human activities.

Containment
boom

Adsorbent
pads

FIGURE 11.28
Containment booms and adsorbent pads. (Photo by Daniel T. Rogers.)

Containment
boom

Oil sheen

Adsorbent
pads

No oil sheen

FIGURE 11.29
Oil sheen containment booms and adsorbent pads. (Photo by Daniel T. Rogers.)
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• There is complete identification of the contaminants. Identifying potential con-
taminants will assist with where and how to monitor potential contaminant path-
ways (e.g., shallow groundwater, deep groundwater, air, or sediment).

• Urban factors, including stormwater discharge and modifications to the natural 
geological setting are assessed and measured.

• Historical modifications to the urban environment such as redevelopment and 
landfilling are accounted for.

• Pollution prevention programs and initiatives are created to minimize or elimi-
nate future impacts.

• There is adequate public awareness, and the changes required are convenient to 
implement. A relevant example is the growth of recycling programs due to the 
increased convenience of curbside recycling.

11.9 Air Remediation

As with surface water, the preferred approach to cleaning up polluted air is pollution pre-
vention. When accidental releases occur, they are addressed through emergency response 
actions involving evacuation in the downwind direction, air monitoring, and source con-
trol (e.g., stopping the release).

Releases of air contaminants are regulated under the Clean Air Act administered by the 
USEPA and enforced by state and local agencies. Many states have also enacted their own 
stricter regulations. Air pollution is regulated two ways: (1) through a process requiring 
numerous operations to obtain a permit or (2) through inspection, such as motor vehicle emis-
sion inspections and testing, which confirm emission standards are not exceeded. Emitters 
of air pollution may be regulated by both methods. Industrial operations emitting atmo-
spheric pollutants must obtain a permit, and may be required to install air pollution control 
devices to capture pollutants before they are released to the atmosphere (USEPA 2008b).

Seep
Water table

LNAPL

DNAPL

FIGURE 11.30
Contaminated groundwater migrating toward surface water. (From United States Environmental Protection 
Agency (USEPA), Proceedings of the Ground-Water Surface-Water Interactions Workshop, EPA/542/R-00-007, Office 
of Solid Waste and Emergency Response, Washington, DC, 2000.)
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There are two categories of air pollutant sources: (1) mobile sources, such as automobiles, 
trucks, buses, farm machinery, and airplanes and (2) stationary sources, such as industrial 
facilities, chemical production facilities, pharmaceutical companies, and refineries (USEPA 
2008b). Motor vehicle exhaust accounts for 90% of air contamination (USEPA 2008b); how-
ever, there have been significant improvements in air quality over the last few decades. 
Programs and incentives used to reduce the amount and type of contaminants from motor 
vehicle exhaust include

• Increasing fuel efficiency
• Decreasing the amount of emissions
• Installing air pollution control devices on vehicles (such as catalytic converters)
• Increasing public awareness (e.g., driving less and not refueling during critical 

periods)
• Reformulating fuels (e.g., eliminating the use of lead as an additive)
• Developing more efficient engines
• Requiring inspections and routine maintenance, if necessary (e.g., vehicle emis-

sions inspections)

Stationary sources are divided into two categories: gaseous contaminants and particulate 
matter. Removal of contaminants from the gaseous phase is accomplished through vari-
ous technologies, including (USEPA 2008b):

• Contact condenser
• Surface condenser
• Thermal incinerator
• Catalytic incinerator

Removal of particulates is usually accomplished with the installation of a dust collector 
(also referred to as a baghouse), or by a similar device called a wet scrubber. The process of 
collecting dust (particulates) using a baghouse involves capturing the particulate matter at 
or very near the emission source by placing the source under a vacuum. The particulates 
are captured using a filter before the air stream is exhausted to the atmosphere. Capture 
efficiencies are very high and routinely exceed 95% (USEPA 2008b) Figure 11.31.

11.10 Cost of Remediation

Remediation is costly, and not only in the financial sense. Remediation takes time, patience, 
and scientific understanding. Some of the factors controlling whether remediation is con-
ducted, how it is conducted, and the resulting costs are (Rogers et al. 2006, 2009):

• Geology: Different types of geology can influence the extent of contamination and 
methods of remediation.

• Hydrogeology: The presence of groundwater often plays a significant role in 
assessing risk, migration pathways, and the selection of appropriate technology.
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• Contaminant type: The type of contaminants influences migration pathways, 
mobility, risk, and cleanup targets.

• Nature and extent: Nature and extent of contamination impacts receptor analysis 
and potential routes of exposure and cleanup targets.

• Contaminant mass and concentration: The mass and concentration of contami-
nants and the potential presence of free phase influences remedial technology 
selection.

• Medias to be remediated (e.g., soil, groundwater, surface water, or sediment): Some 
media are more difficult and costly to remediate than others.

• Land use: Residential land typically requires the most stringent cleanup targets.
• Cleanup targets: Contaminant type, location, and potential receptors and expo-

sure pathways exert the most influence over establishing cleanup targets.
• Technology selected: Some technologies may be more costly than others (i.e., 

pumping and treating groundwater vs. natural attenuation).
• Time: Time may influence cost, especially if the release involves actual human 

exposure or migration to a sensitive ecological receptor that requires immediate 
remedial action.

• Legal action: Litigation can delay cleanup efforts and lead to more costly remedia-
tion due to delays and potential disputes over technology types.

To evaluate whether certain contaminants cost more to remediate than others and the 
effects of geology on remediation, 280 remedial actions conducted at sites of environmen-
tal contamination were investigated (Rogers et al. 2006, 2009). A few characteristics of each 
site included
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FIGURE 11.31
Generalized schematic of a dust collector.
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• Of the 280 sites, 246 were located in the United States and 34 were located in other 
countries.

• Sites were located in 34 different states: AL, AK, AR, CA, CO, DE, FL, GA, IL, IN, 
IA, KS, KY, MA, MD, MI, MN, MO, MS, NC, NH, NJ, NV, NY, OH, OK, OR, RI, TN, 
TX, UT, VA, WA, WI.

• International sites were located in 14 countries: Australia, Belgium, Brazil, Canada, 
China, England, France, Germany, Italy, Malaysia, Mexico, Russia, South Africa, 
Ukraine.

• Property size ranged from 1.8 ac to more than 300 ac.
• All were located in urban areas.
• Many of the facilities operated for more than 100 years.
• Operations at most facilities included heavy manufacturing.

The data collected from each site included (Rogers et al. 2006, 2009)

• Contaminant discovery facts
• Estimated date of release
• Release circumstances
• Release operation location
• Source of the release
• Contaminant(s) of concern
• Media(s) impacted
• Media(s) remediated
• Surface and subsurface geology
• Topography
• Surface and subsurface hydrological setting
• Fate and transport analysis
• Analysis of potential receptors
• Remedial technology selected
• Contaminant mass remediated
• Contaminant mass remaining in place
• Timeframe from discovery to remediation
• Cost of investigation
• Cost of remediation
• Projected future cost to closure if not yet achieved
• Project future timeframe to closure if not yet achieved
• Regulatory involvement

Contaminants remediated included Arsenic, Chromium VI, Lead, Mercury, Perchlorate, 
Chlordane, LNAPL VOCs, DNAPL VOCs, PAHs, and PCBs. Several other contaminants were 
detected, but were not at sufficiently high enough concentrations to be the focus or target of 
a remedial action. Some of these contaminants also occur naturally. Concentrations detected, 
however, exceeded background concentrations and were therefore considered anthropogenic. 
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These contaminants included antimony, barium, beryllium, cadmium, copper, manganese, 
nickel, selenium, silver, zinc, phenols, phthalates, other SVOCs, and asbestos.

Of the 280 sites evaluated

• 193% or 69% had soil contamination only.
• 87% or 31% had soil and groundwater contamination.
• 21% or 7% had significant free product.

All the sites were located on unconsolidated sediments consisting of glacial, fluvial, lacus-
trine, alluvial, or marine sediments composed of gravel, sand, silt, clay, or mixtures of 
these materials.

11.10.1 Results

For the contaminant groups, Table 11.1 summarizes their frequencies of detection and 
required remediation, and percent of the total cost. Table 11.2 contains the number of sites 
where each contaminant group was detected, whether groundwater was affected, if free 
product was present, as well as the cost of the remediations. The data in Table 11.1 indicate 
that PAHs were the group of compounds most often detected but were remediated just one-
third of the time, and accounted for only 1% of the total cost. Although PAHs were often 
detected, remediation was not always required, and, when remediation was required, the 
costs were lower than anticipated (Table 11.2). As shown in Tables 11.1 and 11.2, LNAPL 
VOCs had a frequency of remediation equivalent to PAHs, but at a much higher cost. Over 
90% of the cost to remediate LNAPL VOCs was associated with free product.

Tables 11.3 and 11.4 show the number of sites and selected frequency of the remedial 
technologies where soil and groundwater were remediated, respectively. As depicted in 
Table 11.3, excavation of soil was the preferred remedial option, especially when the vol-
ume of soil was less than 5000 tons and there was no impediment to excavation. When 
there was a large volume of impacted soil or excavation impediments existed, SVE was the 
preferred remedial option for VOCs in course-grained soils.

A combination of alternatives including, risk assessment, institutional controls, capping, 
and thermal treatment were the preferred alternatives for large volumes of fine-grained 

TABLE 11.1

Summary of Frequency of Detection, Remediation, and Cost

Contaminant
Frequency of 
Detection (%)

Frequency of 
Remediation (%)

Percent of 
Total Cost

PAHs 83 26.6 1.1
LNAPL VOCs 60 25.9 44.4
DNAPL VOCs 33.4 24.1 37.7
Lead 20 9.0 1.3
PCBs 8.3 5.0 2.5
Chromium VI 10 4.5 10.0
Mercury 4 2.5 1.8
Perchlorate 0.7 0.8 0.3
Arsenic 5.4 0.8 0.8
Chlordane 1.5 0.8 0.1
Total 100 100
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soil or contaminated soil with excavation impediments. The multiple use of remedial tech-
nologies was also selected when groundwater was impacted, especially with Chromium 
VI or DNAPL. As shown in Table 11.4, groundwater pump and treat is not currently a pre-
ferred remedial method. The exception here occurs when there is free product or an incom-
patible overlapping multicompound contaminant plume (e.g., heavy metals and DNAPL). 
In situ chemical treatment is currently the preferred remedial method for chromium VI and 
DNAPL contaminated groundwater (e.g., calcium polysulfide, ferrous sulfate).

TABLE 11.4

Breakdown of Groundwater Remediation

Soil Remediation Technology
Number 
of Sites

Frequency 
Selected (%)

Risk assessment 73 84.1
Institutional controls 63 72.4
In situ chemical treatment 41 47.1
Pump and treat 35 40.2
MNA or NA 31 35.6
Air sparging 8 9.2
Thermal treatment 2 2.4

TABLE 11.2

Site Breakdown by Contaminant Type and Cost

Contaminant
Total Number 

of Sites
Number of 

Groundwater Sites
Number of Free 

Product Sites
Cost (Million 

Dollars)

PAHs 76 8 6 6.4
LNAPL VOCs 72 33 15 253.9
DNAPL VOCs 67 37 0 215.9
Lead 25 0 0 7.4
PCBs 14 0 0 14.6
Chromium VI 12 6 0 57.2
Mercury 7 0 0 10.8
Perchlorate 3 2 0 1.1
Arsenic 2 1 0 4.8
Chlordane 2 0 0 0.2
Total 280 87 21 572.3

TABLE 11.3

Breakdown of Soil Remediation

Soil Remediation Technology
Number 
of Sites

Frequency 
Selected (%)

Excavation 259 93.5
Risk assessment 85 32.8
Institutional controls 70 25.1
SVE 49 17.6
Capping 48 17.2
Thermal treatment 5 1.8
In situ chemical treatment 5 1.8
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Table 11.5 displays the percentages of total cost and mass recovered by the media reme-
diated, and also highlights the cost inefficiency of remediating groundwater. Although 
41% ($238 million) of the total cost was devoted to remediating groundwater, only 2% of 
the total contaminant mass was recovered. This cost disparity highlights the difficulty of 
cost effective remediation once groundwater has become impacted.

Table 11.6 shows the cost to remediate a kilogram of contaminant by soil type. Data 
on arsenic, chlordane, mercury, and perchlorate are not provided due to the lack of an 
adequately sized data set. Figure 11.32 displays these data graphically.

TABLE 11.5

Total Cost and Mass Remediated by Media

Remediated Media or Phase
Percentage 

of Total Cost
Percentage of Total 

Mass Recovered

Soil 24.3 17.6
Groundwater 41.6 2.0
Free product 34.1 80.4
Total 100 100

TABLE 11.6

Cost of Remediating a Kilogram of Contaminant 
by Soil Type

Contaminant Geology
Remedial 

Cost ($/kg)

Chromium VI Clay 1,000
Silty clay 1,500
Sandy and silty clay 1,500
Sand 77,633

DNAPL Clay 721
Silty clay 1,366
Sandy and silty clay 3,263
Sand 66,024

LNAPL Clay 319
Silty clay 518
Sandy and silty clay 778
Sand 527

PCBs Clay 4,700
Silty clay 4,800
Sandy and silty clay 5,500
Sand 5,700

PAHs Clay 922
Silty clay 843
Sandy and silty clay 303
Sand 442

Lead Clay 68
Silty clay 230
Sandy and silty clay 538
Sand 445
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Figure 11.32 shows that remediation costs are highest for DNAPL and Chromium VI. 
The figure also illustrates how contaminants with a high CRFGW released into a vulner-
able geologic environment produce a synergistic effect. The cost of remediating chromium 
VI and DNAPL VOCs in geologically vulnerable areas results in a cost of remediating a 
kilogram of contaminant that is greater than $77,000 and $66,000, respectively. The cost of 
remediating chromium VI and DNAPL VOCs in the soils with lower geological vulner-
ability is over 50 times less.

The cost to remediate a kilogram of PCBs is the third highest for the contaminants evalu-
ated. This elevated cost results from two factors: (1) PCB remediation is heavily regulated 
and requires intensive investigation and review and (2) PCBs are occasionally detected in 
sediments requiring a remedial action.

LNAPL VOCs, lead, and PAHs are not influenced by geology to the extent exhibited by 
chromium VI and DNAPL VOCs. These contaminants do not exhibit a sufficiently high 
mobility or persistence, which results in a lower CRFGW. As a result, these contaminants 
are more cost effective to remediate on a per kilogram basis.

Overall, cost effectiveness in remediating groundwater has improved, but still remains 
high. On average, groundwater is six times more expensive to remediate than soil, and 
this cost differential increases to a factor of 10 when remediating contaminated ground-
water with Chromium VI or DNAPL. The time required for remediation is a key factor 
contributing to the cost differential between soil and groundwater. When only soil was 
contaminated, the average time required to investigate and remediate a site was 2 years; if 
groundwater was contaminated, the same operations took 13 years.

11.11 Summary and Conclusion

This chapter has highlighted the different remedial approaches for cleaning up our air, 
water, and soil. The approaches taken for remediating the air and surface water are heavily 
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Remediation cost per kilogram of contaminant by soil type.
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weighted toward pollution prevention and permitting, and they have been effective at 
significantly reducing the amount of contaminants entering the air and surface waters of 
the United States.

An expanding variety of technologies now exist for remediating soil, water, sediments, 
and air. The most important factor, however, for ensuring a successful remediation effort 
is the proper characterization of the site. Investigators must identify all sources of con-
tamination, produce accurate estimates of contaminant mass, and follow sound sampling 
procedures. Technology alone cannot rescue a poor game plan.

Sites where groundwater is contaminated are six times more expensive to remedi-
ate than those where soil alone is affected. Analysis of a large sample of contaminated 
sites revealed there are very high costs associated with remediating sites where the 
contaminant of concern was chromium VI and DNAPL VOCs. A synergistic effect is 
realized when these contaminants are released in a geologically vulnerable area. The 
remedial cost patterns at sites of environmental contamination also demonstrate the 
importance and predictive power of using Contaminant Risk Factors (CRFs) to assist 
in future sustainable development and redevelopment of urban areas across the United 
States.

Pollution prevention techniques implemented on a watershed-wide and site-specific 
basis are a logical first step toward sustainable development. Consideration of the geology 
and contaminant-specific physical chemistry can help determine what chemicals should 
be used, where they should be used, and how they should be used. In the next chapter, we 
present guidelines for achieving sustainable urban watersheds by building on the scien-
tific foundation of geology and contaminant management.
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12
Urbanization	and	the	Disruption	of	Matter	
and	Energy	Flows	within	Watersheds

12.1 Introduction

The preceding chapters have emphasized that any effort to attain sustainable urban 
watersheds must include a thorough investigation and understanding of the interactions 
between geology and contamination. Since nature does not isolate geology and contami-
nation from other physical processes such as the hydrologic cycle, it is important to investi-
gate the linkages between geology and contamination to other processes occurring within 
urban watersheds. This will help ensure when planning measures are implemented they 
are informed by the broadest foundation of the applicable science.

Watersheds are physical systems, consisting of interconnected components performing 
work over a defined geographic scale. Much of the work watershed systems accomplish 
involves the transport of soil and nutrients by wind and water. The energy required for 
these tasks comes from the sun and goes through numerous conversions. Before human 
activities impacted watersheds, their balances of matter and energy were in dynamic equi-
librium. Occasionally, fluctuations occurred during floods and other disturbances, but, 
over time, the streams within the watersheds returned to a condition where they flowed 
along a gradient reflecting the balance between their erosion, transport, and deposition. 
Over many years, an overhead view of the streams in this balanced state would reveal 
local changes in response to natural fluctuations in sediment load and runoff—but overall 
the channel would maintain its average morphology. A balance between the recharges 
from precipitation and discharges to surface water also kept the aquifer systems in a long-
term balance.

With the advent of large-scale agriculture and urbanization, the flows of matter and 
energy into and within watersheds changed dramatically. Sediment loads into urban 
streams increased significantly as soil was dislodged from construction sites (Wolman and 
Schick 1967), and floods occurred more frequently as urban development created more 
impervious surface and greater volumes of runoff (Klein 1979). Water quality also declined 
from the discharges of factories, urban and agricultural runoff, automobile exhaust, con-
tributions from contaminated groundwater, and atmospheric deposition. The severity of 
pollution in North American streams was symbolized by the Cuyahoga River in Ohio 
catching fire in 1969.

In the United States, the response to these problems of excess flows of matter and energy 
and to the threats caused by pollutants has been significant. Erosion and sedimentation 
controls have been implemented at the state and local levels. Developing property within 
sensitive floodplain zones has become more difficult, and the Clean Water Act passed 
in 1972 created an effective mechanism for controlling pollution discharges from point 
sources. There is, however, a long way to go before our streams and aquifers achieve any-
thing close to the type of balance found in predevelopment landscapes.
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To broaden the scientific foundation necessary for sustainable planning efforts, this 
chapter builds on the basic concepts of watersheds introduced in Chapter 3 by begin-
ning with a description of the structure and function of watersheds. An overview of the 
general impacts of urbanization follows, and the chapter concludes by investigating the 
specific disruptions of matter and energy flows in urban watersheds incurred by these 
human-generated and urban-related processes: (1) water infrastructure and its impacts 
on ecosystems, (2) increased stormwater runoff, (3) accelerated erosion and sedimentation, 
and (4) the creation of excess sensible heat. The information garnered will help steer the 
pollution prevention measures necessary to begin the return to dynamic equilibrium in 
our streams, aquifers, and watersheds.

12.2 Watershed Structure

To identify the components of watershed structure, it is instructive to return to the words 
used by John Wesley Powell when he defined watersheds: “… that area of land, a bounded 
hydrologic system, within which all living things are inextricably linked by their common 
water course…”

Reduced to their basic parts, watersheds are composed of land, water, air, and living 
things. They are, however, not simple things—but complex three-dimensional systems 
(Figure 12.1).

12.2.1 The Atmosphere

Starting at the top of Figure 12.1, the atmosphere initiates the input of water to water-
sheds through precipitation. Once discharged from clouds, precipitation has several travel 
options: (1) continue its direction downward into soil as infiltration, (2) follow the nearest 
downward gradient on the surface and become runoff, or (3) just stop and park on the 
surface of a leaf where it may drip to the ground and follow paths 1 and 2 or evaporate. 
Several factors influence the routing:

• Rainfall intensity (measured in mm/h)
• Rainfall type (drizzle or large drops)

Atmosphere

Surface

Sub-surface

Groundwater
(aquifer)

Watershed
divide

Precipitation

River
mouth

FIGURE 12.1
Three dimensions of a watershed. (From Kentucky, State of Kentucky, Division of Water website. http://www.
water.ky.gov/watersheds (accessed June 3, 2010), 2010.)
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• Presence of antecedent soil moisture
• Amount and type of vegetation present
• Soil type and texture
• Amount of impervious surface

High intensities of rainfall may fall on soils not fully capable of infiltrating the water. If 
the soils are dry and permeable (e.g., larger-grained, such as sandy loam), then infiltration 
rates will be higher. Some clay soils will initially infiltrate water at a high rate, but the rate 
declines rapidly as the clay particles expand and reduce the porosity and permeability. 
Urban soils tend to be compacted (Gregory et al. 2006) and have a generally low-organic 
content that varies by their age. Soils in older urban residential areas tend to have higher 
organic contents than those within newer developments (Scharenbroch et al. 2005). These 
characteristics reduce infiltration and increase runoff. Tree canopies intercept and frag-
ment drops of precipitation and reduce its kinetic energy, lowering their erosive capacities. 
The differences in volume (and mass) between a droplet of drizzle and a large drop from 
a thunderstorm are quite significant:

 

Volume of a sphere 4/3 r  (the 4/3 is a constant and can 
b

3= π
ee dropped for this comparison).

For a droplet of drizzle 0.02 mm in diameter:

 Radius, r 0.01mm, volume r (3.14* 0.01) 0.000031mm.3 3= = = =π

For a larger drop 2.0 mm in diameter:

 Radius 1 mm, volume r (3 14 1  = 3 959144 or 3 1mm3 3= = =. . * . ) . .0 0 0 0π ..

The volume difference is

 30.1/0.000031 = 1,000,000.

With a volume 1 million times greater, the 2.0 mm drop has more mass and more poten-
tial to dislodge soil.

Certain types of trees are very effective at intercepting precipitation, and vegetation can 
reduce runoff significantly. In urban areas, species such as the Brisbane Box tree exhibit 
interception rates as high as 66.5% (Xiao and McPherson 2002). A study in Dayton, Ohio, 
found that a modest increase in the existing tree canopy cover could reduce surface runoff 
by 5% (Sanders 1986).

In urban areas, there is more impervious surface created by roads and rooftops. These 
constructions steer precipitation into a runoff path, rather than one of infiltration, and 
replace the vertical movement of large quantities of water with horizontal movement.

The atmosphere is also a source of contaminants into watersheds. Significant atmo-
spheric deposition of lead and other metals such as arsenic, chromium, and mercury 
occurs over many watersheds and is higher in urban watersheds (Murray et al. 1997; 
Sabin et al. 2006). Acidic precipitation also acts as a contaminant to the surface waters 
and groundwater within watersheds. As a result of the chemical reaction between water 
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vapor and CO2 in the atmosphere, the pH of natural rainfall is slightly acidic at 5.6. Events 
of acidic precipitation with a pH below 4.5 are common (USGS 2010), and pH values of 
3.5 have been recorded in the eastern U.S. and Europe (Menz and Seip 2004). Due to the 
logarithmic measurement scale, these values are 10–100 times more acidic than natural 
precipitation.

The impacts of acidic precipitation on the landscape are significant. Acidic precipitation 
interferes with the ability of vegetation to take up calcium and other soil base cations, has 
led to widespread forest damage (Park et al. 2008), and damages to stream and lake eco-
systems (Keller et al. 2007; Deyton et al. 2009). Groundwater can also be impacted by acidic 
precipitation, since the lower pH precipitation mobilizes many heavy metals in soil and 
increases the risks of their transport into deeper groundwater (Kjoller et al. 2004).

12.2.2 The Surface and Subsurface

The collection and organization of precipitation performed by watersheds is enabled by 
their topography and influenced by the regional climate and geology. In Figure 12.1, the 
higher elevations shown as the watershed divide define the boundary of a surface water-
shed. It is within the “basin” created by the bounding high elevations where all precipi-
tation is collected. Any precipitation falling to the left of the watershed divide shown is 
captured by the adjacent watershed.

Climate and geology interact to produce the drainage density and drainage pattern of a 
watershed. Drainage density refers to the length of all channels within a specified area—
typically a square kilometer; drainage pattern is the arrangement of the stream channels. 
Rivers such as the Nile do not have many tributaries once they flow out of the Ethiopian 
Highlands through the Sahara Desert (Figure 12.2a). In a region with higher precipita-
tion, the Amazon River requires several tributaries with more annual discharge than the 
Mississippi River to collect the water (Figure 12.2b).

Regional geology largely determines the routes taken by flowing surface water. Over 
time, a stream system develops a particular drainage pattern in response to the local 
topography and subsurface geology. Three of the most common drainage patterns (den-
dritic, parallel, and rectangular) illustrate the relationship between geology and drainage 
pattern. In the sedimentary geological environments where many urban watersheds are 
located, the dendritic (treelike) drainage pattern is the most common form (Figure 12.3a). 

(a) (b)

FIGURE 12.2
Comparative drainage densities resulting from climate. (a) Nile. (From NASA/GSFC/LaRC/JPL, MISR Team.) 
(b) Amazon. (From University of Maryland’s Global Land Cover Facility and NASA http://earthobservatory.
nasa.gov/IOTD/view.php?id=7823)
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Here, the subsurface geology has a similar resistance to weathering, and so there is no 
apparent control over the direction the tributaries take. Parallel drainage patterns (Figure 
12.3b) form where there is a pronounced slope to the surface. A parallel pattern also devel-
ops in regions of parallel, elongate landforms where there are outcropping resistant rock 
bands. Tributary streams tend to stretch out in a parallel-like fashion following the slope 
of the surface. A parallel pattern may also indicate the presence of a major fault cutting 
across an area of steeply folded bedrock. The rectangular drainage pattern (Figure 12.3c) is 
found in regions that have undergone faulting. Streams follow the path of least resistance 
and become concentrated in places where exposed rock is the weakest. Movement of the 
surface due to faulting offsets the direction of the stream, causing the tributary streams to 
make shape bends and enter the main stream at high angles (Ritter et al. 2002).

In the subsurface zone of watersheds, aquifers lend form and structure to the land sur-
face above. Different bodies of water such as lakes and wetlands are the representation of 
exposed groundwater in humid environments. In terms of structure, if too much water is 
pumped from an aquifer, the land above it will subside. Land subsidence has occurred in 
urban areas of Texas, California, Colorado, Delaware, and Louisiana (USGS 2000).

12.2.3 Zonation of Surface Watersheds

Watersheds are organized as a nested hierarchy, having smaller basins set inside the next 
larger basin. The Missouri, Ohio, and Arkansas basins, for example, are nested within the 
Mississippi watershed. Stream discharge increases as each basin adds its runoff to the 
next. As a result, the average discharge of most watersheds increases with total drainage 
area (Figure 12.4).

There is also a hierarchy to the stream channels within a drainage network. Streams 
occupying a drainage basin form a hierarchical network of channels that, in humid areas, 
hold increasingly larger volumes of water as one moves toward the mouth of the basin. A 
stream’s order is its rank, or relative position, within the network (Strahler 1952). A first-
order stream is a channel with no tributaries, and channels of this type occur primarily at 
the higher elevations (headwaters) of the watershed. A second-order stream is a channel 
fed by at least two first-order tributaries. The joining of two-second order streams forms 
a third-order stream. Ranking continues until the highest-ordered channel is reached 
(Figure 12.5). First and second-order streams are located in the headwaters and typically 
convey small volumes of water.

Parallel RectangularDendritic

(b) (c)(a)

FIGURE 12.3
Drainage patterns. (a) Dendritic, (b) parallel, (c) rectangular.



422	 Urban	Watersheds:	Geology,	Contamination,	and	Sustainable	Development

© 2011 by Taylor & Francis Group, LLC

Stream orders are important for watershed sustainability, because they indicate loca-
tions where there is a potential mismatch between the naturally evolved stream capacity 
and the higher runoff volumes created by urban development. Lower-order streams are 
also more vulnerable, because they are unable to dilute contaminants.

12.3 Watershed Function

Watersheds exist at the crossroads of Earth’s great environmental spheres: the atmo-
sphere, biosphere, hydrosphere, and lithosphere. Many of the interactions between the 
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FIGURE 12.5
Stream orders (the dashed line demarcates the headwater region). (From Federal Interagency Stream Restoration 
Working Group (FISRWG), Stream corridor restoration—principles, processes and practices, adopted as Part 
653 of the National Engineering Handbook, USDA Natural Resources Conservation Service, http://www.nrcs.
usda.gov/technical/stream.restoration (accessed May 29, 2010), 2001.)

FIGURE 12.4
Nested watersheds. (From Marsh, W.M., Landscape Planning: 
Environmental Applications, 5th edn., New York, John Wiley & 
Sons, 2010.)
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physical systems operating within and between these spheres are present in watersheds. 
For example, when soil erosion occurs after a rainstorm, the hydrologic cycle operating 
within the hydrosphere interacts with the geomorphic system of the lithosphere. A geo-
morphic system is characterized by the removal, transport, and deposition of material by 
wind or water.

The activity of individual systems and their interactions with other systems produces 
work—the application of force over distance. In watersheds, most of the work is accom-
plished by the movement of materials through the motion of fluids (wind and flowing 
water). On sloped terrain, gravitational force also performs some of the work. The work 
produced at the watershed scale can also be thought of as their function. Erosion, there-
fore, is a function of watersheds, as is providing pathways and sinks for nutrients.

Performing work also requires the presence of energy necessary to create a force. Over 
most of the nearly 4.6 billion years of Earth’s history, nature has crafted its energy alloca-
tions in a sustainable way. Humans, however, have introduced extra energy into natural 
systems. This is not surprising, for, unlike animals, humans must produce their means of 
subsistence. The development of large-scale agriculture, manufacturing, and residences 
represents a tremendous amount of energy. It is this extra energy input by humans into 
the watershed system that causes malfunctions (Table 12.1).

Some of the key functions of watersheds are identified at the general level of systems 
interaction shown in Table 12.1. Human inputs and the resulting malfunctions are shown 
in the third column. The list of functions performed by watersheds expands significantly 
if subsystems of the major systems listed in the table are considered. For example, when 
the subsystems of precipitation and runoff interact within the hydrologic system, one of 
the outcomes is infiltration, which has the function of providing soil moisture recharge.

Table 12.1 also demonstrates another general property of systems—feedback. Feedback 
is an outcome of a process within a system that affects the overall function of the system.

Negative feedback results when an output from a process in a system slows down or 
dampens the overall operation of the system. For example, if a surplus of organic matter is 
input into a stream by a storm, more organisms with the purpose of decomposing organic 
matter will come on the scene and work until the original balance is achieved. Barring 

TABLE 12.1

Watershed Functions and Associated Malfunctions from Human Inputs

System Interaction: Outcome/Human Input Function/Malfunction

Climatic Ecologic: formation of biomes Provision of species habitat
Global warming—excess energy in the atmosphere Species extinction

Ecologic Hydrologic: Inputs of nutrients into streams Nutrient transport
Excess nutrients input into streams by wastewater 
discharges

Cultural eutrophication

Hydrologic Tectonic/geomorphic: Formation of drainage 
networks

Movement of water from 
headwaters to mouth

Modification of stream channels (straightening, 
deepening, and widening)

Flooding, unnatural channel 
adjustments leading to more 
artificial channel modifications

Tectonic/
Geomorphic

Climatic: uplift from magma plumes creates more 
precipitation due to a higher elevation of the land 
mass (this occurred with the East African rift)

Erosion, transport, and 
deposition of surface materials 
(rock and debris)

Building on unstable soil Accelerated erosion rates
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additional surplus inputs during this period, the organic surplus is reduced and then fol-
lowed by a decline in the numbers of organic-consuming organisms. The system returns 
to equilibrium. Positive feedback occurs when the outcome of a process within a system 
speeds up or magnifies the system’s activity or work output. Anthropogenic measures 
designed to modify a stream channel often initiate positive feedback. When a dam for 
sediment control is placed in a stream, the downstream segment of the stream becomes 
hungry for sediment. Since a stream’s equilibrium depends largely on the amount of water 
and sediment it transports, the stream hunts for more sediment. Downstream of the dam 
the stream initiates the erosion of its own banks. This outcome sometimes prompts engi-
neers to cover the natural streambanks with concrete. Besides the ecological insult to the 
bankside habitat, this measure reduces the stream’s width, and lower volumes of runoff 
become sufficient to trigger a flood. It can get nastier. Positive feedback may form a loop, 
with each successive iteration producing a more unstable condition. For these reasons, 
identification of the existing and potentially destructive positive feedbacks imparted by 
humans on watersheds is a necessary step for achieving sustainable watersheds. In urban 
watersheds, this is especially challenging because of their complexity and the large quan-
tities of energy and matter humans contribute.

12.4  Urbanization and Watersheds: Disruption 
of Matter and Energy Flows

Urbanization encompasses the processes contributing to urban growth, especially an 
increased number of people coming to the cities to live and the subsequent city expan-
sion through the annexation of surrounding land and adjacent communities (Rugg 1972). 
Globally, the trend toward urbanization is increasing. By 2030, nearly two-thirds of the 
world’s population will live in urban areas (Figure 12.6). In North America, the degree of 
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FIGURE 12.6
World urbanization trends 1950–2030. (From United Nations, World Urbanization Prospects: The 2005 Revision, 
New York, 2006; Haub, C., World Population Data Sheet, Population Reference Bureau, Washington, DC, 2007.)
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population concentration is characterized by urban areas occupying only 2.6% of the total 
land use, but containing 79% of the total population (Lubowski et al. 2006).

The urban concentration of people, industry, commerce, and transport comes with envi-
ronmental costs. Cities are warmer, the soil is poorer, surface waters and aquifers are more 
polluted, and ecosystems are under more stress. Although urbanized land is just one com-
ponent of the mixture of land uses present in urbanized watersheds, the effects or urban-
ization are often felt throughout the entire watershed. If sustainable urbanized watersheds 
are the goal, it is therefore essential to understand the disruption of their matter and 
energy flows induced by urbanization at the watershed scale. To achieve this understand-
ing, examples of significant human impacts within the four environmental spheres (bio-
sphere, hydrosphere, lithosphere, and atmosphere) are investigated.

12.4.1 Water Infrastructure and Ecosystems

Ecosystems enable organisms to exchange energy and matter between themselves and the 
outside environment. Their basic structure consists of organisms arranged vertically by 
trophic level into food chains and food webs (Figure 12.7).

These structures organize the intake of external solar energy, produce food, and return 
energy in the form of respiration to the environment. At the bottom of the food chain are 
the producers, organisms capable of photosynthesis. Matter is transferred upward through 
the trophic levels of the food chain or food web by the addition of body mass. The arrows 
between some of the organisms in the food web signify the interrelationships between 
multiple organisms in an ecosystem. For example, without predators, the population of 
certain species becomes uncontrolled, as was the case when rabbits were introduced in 
Australia.

Cities take in energy from the outside environment, and mediate flows of matter 
and energy within themselves and the surrounding areas. Not surprisingly, there is a 
growing trend in the literature and professional planning practice to treat cities as eco-
systems (Newman and Jennings 2008). In urban areas with intensive land use, ecosys-
tems are affected by human impacts and the results are often observable. There is some 
logic then to classifying the impacts humans make on ecosystems as a useful first step 
toward understanding the depth and breadth of the specific problems confronting urban 
watersheds.

Human impacts on ecosystems can be grouped into six major classes (Odum 1971):

• Reduction
• Fragmentation
• Substitution

Primary producer

Consumers

Food chain Food webTrophic
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Crane
Carp
Algae
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FIGURE 12.7
Food chain and food web.
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• Simplification
• Contamination
• Overgrowth

Reduction is the loss of areal coverage of an ecosystem or community. Fragmentation 
consists of breaking ecosystems into spatially separated units or fragments. Substitution 
occurs when one or more organisms/species are replaced by others. Simplification is 
the reduction in the number of species in an ecosystem or community. Contamination 
is the introduction of harmful substances into an ecosystem, typically anthropocentric-
manufactured chemicals. Overgrowth refers to the importation of excess nutrients into 
an ecosystem.

The necessity to harness water for use by large concentrations of population and to pro-
cess the wastewater produced has input massive quantities of energy and materials into 
urban watersheds. Construction of water infrastructure has changed the course of rivers 
(the Mississippi) and created a false sense of security about flood risk (Hurricane Katrina). 
In addition, the discharge of millions of gallons of effluent by urban wastewater plants into 
streams often constitutes a significant percentage of their total flow.

Due to their scope and permanence, many of the impacts resulting from these activities 
can be readily identified. Here, a matrix is employed to accomplish this task  (Table 12.2).

For the purposes of this analysis, water infrastructure is divided into five human- 
engineered systems: water supply, sanitary sewers, stormwater, overland flow, and 
navigation/flood control. The cells of the matrix contain one impact associated with each 
human-engineered system. Impacts without broad significance are assigned “minimal.”

Water supply. This system includes water treatment facilities and the pipes comprising 
the water distribution network. Also included are the land and infrastructure required 
to accomplish groundwater recharge, such as the conjunctive use system practiced in the 
Los Angeles basin (Faunt 2009). Dams, reservoirs, pipes, and pumps required for interba-
sin water transfers to urban areas are not included. Conventional landfills are included, 
because one of the outputs from the water supply system is a fair quantity of nontoxic lime 
sludge.

Result: Overall, the impacts from this system are minimal, but there must be land set aside 
for treatment facilities. Proper siting of these structures avoids the interruption of habitat 
corridors and the displacement of sensitive ecosystems, such as wetlands. If withdrawals 
for the water supply are made from a local stream, care must be taken not to go beyond a 
20% reduction below bankfull stage. Otherwise, temperatures can rise in the stream and 
disrupt its ecosystem (Poole and Berman 2001). Since warmer water holds less dissolved 
oxygen, many fish adapted to colder water (e.g., trout) and requiring a certain level of oxy-
gen may be threatened if water temperature rises.

Sanitary sewers. Includes wastewater treatment plants and the sanitary sewer pipe network 
delivering sewage to them. Landfills for handling the sludge produced are also included, 
since it is toxic and is disposed in sanitary landfills, incinerated, or processed into biosol-
ids for agricultural applications.

Result: The main threat here is from infiltration/inflow (I & I), which refers to clear water 
from rain and snowmelt improperly draining into the sanitary sewer system. Much of 
the inflow results from cracked pipes, with older urban areas being more prone to leaks. 
During heavy rainstorms, I & I may cause the sanitary sewers to quickly fill with clear 
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rain water that should have been directed to the storm sewer. When too much of this clear 
water mixes with untreated sewage, the volume flowing through the sewer pipes may 
exceed the capacity of the sanitary sewer system pipes. This condition can produce sewer 
overflows into basements or streets.

Stormwater. Consists of storm drains of different types, for example, culverts, field tiles, 
and buried storm sewer pipes. Constructed wetlands and ponds for detention, reten-
tion, or infiltration are included, along with the weirs accompanying some of these 
implementations.

Result: The open components of stormwater control systems (e.g., detention ponds) and 
the untreated discharge from pipes create significant ecosystem impacts. Detention ponds 
consume valuable property and require ongoing maintenance to function properly. Poorly 
timed discharges from detention pond networks have exacerbated local floods (Debo and 
Ruby 1982). Contaminants in stormwater can affect riparian habitat and lead to species 
substitution. Rough fish, such as carp, may replace trout and other species requiring a 

TABLE 12.2

Ecosystem Impacts across Major Engineered Systems in Urban Watersheds

System Impact Water Supply
Sanitary 
Sewers Stormwater

Overland 
Flow

Navigation/
Flood Control

Reduction Loss of land Loss of land Loss of riparian 
habitat

Loss of land Loss of riparian 
habitat

Fragmentation Minimal Minimal Detention 
ponds 
interrupt 
habitat 
corridors for 
terrestrial 
species

Roads create 
habitat 
patches too 
small to 
support some 
species

Streams are 
split by dams; 
sedimentation 
occurs

Substitution Minimal, unless 
withdrawals 
cause stream 
temperature to 
rise

Minimal “Rough fish” 
replace fish 
with higher 
oxygen 
requirements

Loss of 
dissolved 
oxygen in 
streams

Creates access 
problems for 
waterfowl; 
other species 
may move in

Simplification As above with 
substitution

Minimal Decline in 
species 
diversity in 
the receiving 
waters

Decline in 
species 
diversity in 
the receiving 
waters

Dams can block 
fish migrations

Contamination Leaking landfills Infiltration/
Inflow

Delivery of 
heavy metals 
to water 
bodies

Pathogens 
delivered to 
water bodies

Removal of 
bankside 
vegetation can 
allow more 
pollutants to 
enter streams

Overgrowth Minimal Sewer 
overflows 
induce the 
growth of 
macrophytes

Cultural 
eutrophication 
from 
increased 
input of 
phosphorus

Excess 
nitrogen and 
phosphorus 
are carried to 
streams and 
lakes

As above with 
contamination
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higher water quality. Stormwater may also contain high levels of coliform bacteria, oil, and 
grease and particles with adsorbed heavy metals (USEPA 2004).

Overland flow. This item encompasses the ephemeral drainage network created during wet-
weather events. Roads, rooftops, parking lots, and other surfaces acting to intensify the 
drainage network are included.

Result: This system has similar impacts as stormwater. The density and pattern of roads in 
urban areas often creates small patches of habitat incapable of supporting a wide diversity 
of birds (Ortega-Álvarez and MacGregor-Fors 2009).

Navigation/Flood control. Any measure used for channelization applies: locks, straighten-
ing, deepening, or widening as well as dams, reservoirs, dikes, levees, or rip-rap.
Result: Channelization often involves the removal of bankside vegetation, causing 
a litany of environmental and ecosystem impacts to ensue (Brooker 1985). Dams can 
increase erosion and have significant impacts on fish migrations by creating environ-
ments more conducive to nonnative and exotic plant, fish, snail, insect, and animal spe-
cies (WCD 2000).

This analysis demonstrates how a finer delineation of watershed impacts is obtained 
when major systems are decomposed into subsystems. For example, contamination 
emerges as a critical concern, since it spawns several other impacts including substitu-
tion, simplification, reduction, and overgrowth. Navigation and flood control measures 
that straight-jacket streams with concrete also have many negative consequences. There 
are also additional on-site (within the watershed) and external impacts. On-site, the pro-
cess of building infrastructure has ecosystem consequences, because there is accelerated 
erosion when building roads, laying pipe, or constructing buildings. Outside of the water-
shed, the need to supply the electricity for the pumps used for water transfers also cre-
ates impacts. For instance, the California State Water Project is the largest single user of 
energy in California. In the process of delivering water from the San Francisco Bay-Delta 
to Southern California, the project uses 2%–3% of all electricity consumed in the state 
(Cohen et al. 2004). How much coal is burned to support this activity?

12.4.2 Stormwater

Stormwater is nonpoint pollution occurring in urban areas. During wet weather events, 
particles containing contaminants from the soil and road surface are carried overland to 
the nearest water body or released by storm drains downstream. The problem is exacer-
bated by urbanization, which increases the amount of impervious surface (Walesh and 
Videkovich 1978).

Stormwater is best characterized as an interrelated problem of water quantity and water 
quality. From a quantitative perspective, the extra volumes of runoff have two major 
impacts: (1) the creation of impervious surfaces such as concrete and asphalt lowers the 
surfaces’ resistance to flow and increases the competence (ability to carry particles) of 
the flowing stormwater. Surface resistance is incorporated as the roughness coefficient in 
Manning’s equation used to compute the average open-channel flow velocity (Equation 
12.1). As the equation demonstrates, when smooth pavement replaces rough ground, the 
value of the roughness coefficient (n) decreases, and average velocity increases.

 
V

n
R S= 100 2 3 1 2* *  (12.1)
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where
V is the average velocity (m/s)
R is the hydraulic radius (m), defined as A/P, where A is the cross-sectional area of the 

flow and P is the length of the wetted portion of flow boundary (the wetted perimeter)
S is the slope of the water surface (m/m)
n is the roughness coefficient (available from published tables, dimensionless)

(2) the extra volumes of runoff generated can cause local flooding, especially in first-
order streams. Many early studies on stormwater problems reported these events 
(Novotny 2003).

From a qualitative perspective, stormwater is polluted water, and the type of land use 
influences the quality of stormwater (Table 12.3).

Industrial land uses exhibit the highest levels of total suspended solids. Solids are 
responsible for transporting heavy metals in stormwater, and the higher levels of metals 
present at industrial sites confirm this relationship. Fecal coliform levels are highest at 
residential sites, and this is likely the result of animal wastes.

After stormwater traverses a given land use, there is a direct relationship between 
stormwater quantity and the quality of the receiving water body. Figure 12.8 illustrates 
this relationship.

When impervious area increases, runoff volume increases and this leads to a deteriora-
tion of stormwater quality. A decline in the quality of the receiving water body ensues. As 
indicated by the small boxes at the bottom of columns 1 and 2, there is also a relationship 
between stormwater and groundwater. As shown in column 1, when receiving water qual-
ity decreases, there is a decline in groundwater quality. The box at the bottom of column 2 
identifies a relationship between increases in impervious surface and a decline in ground-
water quality. Problems to ecosystems (denoted by “C” on the diagram) result from all of 
the quantitative and qualitative characteristics of stormwater. Reducing stormwater flow 

TABLE 12.3

Land Use and Stormwater Quality

Parametera Residential Commercial Industrial

% Impervious 37.0 83.0 75.0
Temperature (°C) 16.4 16.0 17.9
Total Suspended Solids (mg/L) 49.0 42.0 78.0
Fecal Coliform (mpn/100 ml) 8345.0 4300.0 2500.0
Total Nitrogen Kjeldahl (mg/L)b 1.4 1.6 1.4
Total Phosphorus (mg/L) 0.3 0.22 0.26
Cadmium (μg/L) 0.5 0.89 2.0

Chromium (μg/L) 4.6 6.0 14.0

Lead (μg/L) 12.0 18.0 25.0

Zinc (μg/L) 31.5 59.0 112.0

Source: Pitt, R. et al., The National Stormwater Quality Database (NSQD, version 
1.1), Department of Civil and Environmental Engineering, University 
of Alabama, Tuscaloosa, AL, 2005.

a Sample size varied slightly for some of the parameters. Overall, the average 
sample size for residential was 1050 sites, commercial had 500 sites, and 
industrial 525.

b Kjeldahl nitrogen is the sum of ammonia-nitrogen and organic nitrogen.
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volumes would therefore result in less contamination delivered into streams, wetlands, 
lakes, and seas.

12.4.2.1  Case Study

The experience of one community in the Rouge watershed in southeast Michigan illus-
trates the environmental disruption caused by stormwater and by the first attempts to 
control its impacts.

Novi, Michigan, lies in the northwest section of the Rouge watershed (Figure 12.9).
The northwest section of the watershed is dominated by moraine soils with good drain-

age, but starting in the early 1970s Novi began to have drainage problems when it rained. 
The city had imported clay excavated from the construction of Detroit’s freeways, which 
unlike most freeways in the Unites States were built below the ground. This clay from 
the old lakebeds in the southeastern part of the watershed had poor infiltration capacity 

Urbanization

Population density
increases

Waterborne waste
increases

Stormwater quality
deteriorates

Receiving water
quality

deteriorates

Pollution control
problems

Water demand
rises

Water shortages

Groundwater
recharge declines

Baseflow declines

Building density
increases

Impervious area
increases

Urban climate
changes

Runoff volume
increases

Peak runoff rate
increases

Flood control
problems

Drainage system
modified

C

Flow velocity
increases

Lag time and time
base increase

C

A: Stormwater runoff

A C

1 2

3

4

B C

C: Habitat fragmentation/disturbance
B: Groundwater depletion/contamination

A B C

FIGURE 12.8
Water problems associated with urbanization. The numbers are used to assist with column references in the 
discussion. (Reprinted from Landsc. Urban Plann., 36, Kaufman, M. and Marsh, W., Hydro-ecological implica-
tions of edge cities, 277–290, 1997, with permission from Elsevier.)
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(Rogers 1997). During Novi’s rapid urbanization, when this soil type was combined with 
the creation of impervious surface, the conditions for generating high amounts of runoff 
were created.

The first response in Novi, as in many communities, was to require new developments 
to build on-site detention basins to hold the water and attenuate the peak flows (Figure 
12.10). The goals were to maintain predevelopment streamflows and improve water qual-
ity through the settling of some sediments during the brief detention period.

As development in Novi accelerated during the 1970s, the number of on-site detention 
basins grew. By 1980, there were almost 50 detention storage facilities. Despite this rise 
in detention basin use, stormwater problems continued. Major arterial roads were often 
immersed by stormwater runoff, and the large number of detention basins was becoming 
a maintenance problem. Local associations with no expertise in on-site detention manage-
ment took over the upkeep of the basins after subdivisions were completed. On-site deten-
tion also created an additional expense to developers, a health hazard, and a confiscation 
of developable land (Kaufman 1994).

After a bond issue in 1980 designed to raise money for additional drainage failed, the 
City hired an engineering firm. The firm developed a plan to use 28 regional detention 
basins for holding the excess runoff. At the proposed rate of construction, there would 
have been over 600 on-site detention ponds when the City was fully developed. In an 
urbanized area of 80 km2, this translated into an average of 7.5 ponds/km2. Faced with this 
prospect, residents in 1982 approved the regional detention plan and the flooding stopped.

The timing, placement, and character of human interventions are critical to minimiz-
ing environmental impacts. The use of on-site detention as the first response fragmented 

50 km0

N

Novi

FIGURE 12.9
Novi, Michigan, within the Rouge watershed.

FIGURE 12.10
Detention basin. (Photo by Daniel T. Rogers.)
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the landscape, and the ponds did not have the capacity to hold the extra runoff generated 
by urbanization. Regional detention as the second response provided more storage and 
stopped the floods, but at some cost to the sensitive wetland ecosystems included as part 
of the plan. Neither method captured stormwater before it left its source—the rooftops and 
lawns on individual parcels.

12.4.3 Erosion and Sedimentation

The construction of new roads, buildings, and other infrastructure accompanies urbaniza-
tion. When land is disturbed by construction activity, soil erosion increases dramatically. 
Erosion rates as high as 40,000 times the preconstruction rate have been observed. The 
typical magnitude is between 20 and 40, which equates to a loss of 27–64 tons (30–70 tons) 
of soil per acre per year (Goldman et al. 1986).

Formal laws mandating erosion and sedimentation control exist in many countries. 
Sedimentation is the deposition of eroded material in a sink. In urban streams, where 
erosion rates at nearby construction sites have accelerated erosion, more sedimentation 
occurs (Wolman and Schick 1967). At the federal level in the United States, sediment is 
considered the principal contaminant in the water systems, a point explicitly recognized 
by the Clean Water Act of 1972. Many states have also adopted erosion and sedimentation 
control laws and ordinances. Unfortunately, enforcement of their provisions is not always 
carried out.

In 2000, a study of 30 construction sites in the urbanizing region of east-central Michigan 
found that procedures used to stabilize slopes, stabilize soil, and manage water were not 
sufficient to control soil from leaving the site. Only four of the sites successfully imple-
mented the Best Management Practices recommended by the state and local erosion 
and sedimentation control ordinances (Kaufman 2000). None of the sites studied were 
inspected after rain events, which would have provided the best indication of the efficacy 
of the erosion control measures used. As seen with stormwater management, the timing 
of human interventions and the selection and placement of the proper controls are critical 
to avoiding more damage.

Soils take a beating in urban areas. In part due to the removal of topsoil during con-
struction activity, the top layer of the urban soil horizon may have low organic content 
(Scharenbroch et al. 2005). This lack of organic material inhibits their ability to contain 
certain contaminants and prevent their migration. As noted earlier, urban soils are also 
compacted and as a result exhibit lower infiltration capacities. In addition, they are often 
overfertilized and contribute significant levels of nitrogen and phosphorus to stormwater 
(Stow et al. 2001; Collins et al. 2010).

In some countries, erosion is a catastrophe. Tanzania has reported losses of one-third of 
its Gross Domestic Product from soil erosion (Beyadi 2010). In one major study of soil ero-
sion, it was found that, during the last 40 years, nearly one-third of the world’s arable land 
has been lost by erosion and continues to be lost at a rate of more than 10 million ha/year 
(Pimental et al. 1995). In many countries, soil erosion is similar to high blood pressure—
a silent killer. The geographic scale of erosion and its gradual nature make it difficult to 
observe on a daily basis. Quite often the damage is done before anybody notices.

12.4.4 The Urban Heat Island

An urban heat island (UHI) results from the excess energy input into the atmosphere 
from anthropogenic activities. The primary source of the additional energy comes from 



Urbanization	and	the	Disruption	of	Matter	and	Energy	Flows	within	Watersheds	 433

© 2011 by Taylor & Francis Group, LLC

the replacement of vegetation with structures and pavement, along with some input from 
traffic (Yalcin and Yeteman 2009). Ambient air temperatures rise and create the profile 
across the different types of land uses as shown in Figure 12.11.

One well-documented effect of the UHI is an increase in the magnitude of thunder-
storms over major urban areas (Chagnon 1978). These more intense precipitation events 
exacerbate the “first flush” effect—the rapid removal of the most recently deposited con-
taminants from road surfaces (Deletic 1998). Air quality also suffers. The higher levels of 
particulate matter present in urban areas means contaminants will be airborne longer 
(Chapter 10).

Additional research has revealed other significant impacts, including increased ground-
water temperature (Yalcin and Yeteman 2009) and increased temperatures in surface streams 
as a result of the flow of stormwater over warm urban pavement (Leblanc et al. 1997).

The extent of the UHI is impressive. The lighter areas in Figure 12.12 show the elevated 
air temperatures detected in the heavily urbanized sections of New York City.

Consider this scenario: it is a hot summer day in an industrial city. Within this city 
are hundreds, perhaps thousands of contaminated brownfield sites. Late in the day, an 
intense afternoon thunderstorm occurs and delivers 20 min of hard downpours. The 
drop sizes are large, and they dislodge significant amounts of soil particles onto which 
are adsorbed heavy metals from the brownfield sites. Another cruel injustice occurs: the 
intense thunderstorms affect the area of the city with the highest percentage of impervi-
ous surface, and the volume of runoff generated is massive. Tonnes of contaminated soil 
particles are entrained by the stormwater and delivered into several tributaries within the 
urbanized watershed.

Unfortunately, this is not fiction. At uncapped contaminated sites where there is 
exposed soil, stormwater acts as a catalyst for spreading contamination (Murray et al. 
2004). Eventually, some of the contaminated soil particles may percolate into groundwater, 
especially if acidic precipitation mobilizes them.

12.5 Summary and Conclusion

By examining some of the major environmental impacts specific to urbanized areas and 
their watersheds, we obtain a broader scientific foundation required for the planning efforts 
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FIGURE 12.11
Temperature profile by land use. (From http://eospso.gsfc.nasa.gov/eos_homepage/for_scientists/data_
products/OurChangingPlanet/PDF/Page_299_new.pdf)
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required to create sustainable watersheds. The disruptions of matter and energy created 
by the processes examined in this chapter are interrelated with each other and linked to 
geology and contamination through the flows of water and air and the transport of soil.

Many human engineering inputs are necessary. We cannot have urban areas without 
roads, but we can find ways to design them better and reduce their negative impacts. For 
instance, the use of porous pavement in areas not requiring a high load bearing capacity 
can reduce runoff and increase infiltration. As the examples in this chapter have shown, 
the prerequisites for achieving sustainability are to identify the reducible impacts and 
then select the proper time and location for injecting the appropriate feedback into the 
system. Opting not to produce a contaminant in a production process is one example of 
constructive negative feedback. Locating a production facility that must use contaminants 
in a less vulnerable geologic environment is another.

The next chapter explores the options available for preventing pollution through a vari-
ety of source control methods for point and nonpoint sources.
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13
Pollution	Prevention

13.1 Introduction

It is difficult and costly to remediate a contaminant after it has been released into the envi-
ronment. The contaminant may spread into soil, water, and air and often causes harm to 
the environment before cleanup can occur. These reasons underscore why preventing the 
release of contaminants is a prerequisite for creating a sustainable environment.

Preventing contaminants from entering the environment is called pollution prevention. 
To be successful, this process includes reducing or eliminating waste at the source by 
modifying production processes, promoting the use of nontoxic or less toxic substances, 
implementing conservation techniques, and reusing materials instead of putting them 
into the waste stream (USEPA 2010a).

The legal framework for this pollution prevention effort is embodied in the Pollution 
Prevention Act of 1990 (42 U.S.C. §13101 et seq.), which focused the industry on these mea-
sures (USEPA 1990):

• Pollution should be prevented or stopped at the source whenever feasible.
• Pollution that cannot be prevented should be recycled.
• Pollution that cannot be prevented or recycled should be treated in an environ-

mentally safe manner.
• Releases of pollution into the environment should be conducted only as a last 

resort and should be conducted safely.

Sources of pollution can be designated as point sources or nonpoint sources (USEPA 2003). 
Point source pollution originates from identifiable sources, such as smokestacks or sew-
age outfall pipes. Nonpoint source pollution emanates from diffuse or unknown sources 
and is the leading cause of water pollution in the United States (USEPA 2002). Examples of 
nonpoint source pollution include

• Contaminated groundwater from an unknown source
• Contaminated stormwater runoff originating from parking lots, roads, and lawns
• Air deposition of contaminants and particulates
• Erosion
• Runoff from agricultural areas

The road to sustainability must incorporate effective pollution prevention that yields 
observable results. In the United States, the observation of major pollution events has been 
a catalyst for significant levels of response (Kaufman and Marsh 1995). As a corollary to 
this, observable progress in preventing pollution, we postulate, will provide additional 
incentives to continue those efforts. At the onset and throughout, science must guide the 
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planning process, and the results should be published and open for critical review by 
scientists, professionals, and the public. Other components of this process include (1) max-
imizing resource efficiency, (2) implementing existing and developing technical innova-
tions, (3) minimizing the use of toxic chemicals, and (4) education (USEPA 2009).

This chapter begins with a quick assessment of the recent pollution prevention efforts in 
the United States. Next, a framework developed by the authors for preventing pollution at 
industrial point sources is presented. Since point and nonpoint sources are characterized 
by common transport media and transport processes, portions of this framework are then 
applied to the source reduction efforts for the nonpoint pollution variants of stormwater 
and erosion.

13.2 Pollution Prevention in the United States

The institutional framework for pollution prevention in the United States is embodied 
in the Pollution Prevention Results Task Force (PPRTF) formed in 2003. Membership 
in the Task Force is comprised of representatives from state and local programs, EPA 
Headquarters and Regional Offices, pollution prevention Resource Exchange Centers, and 
the National Pollution Prevention Roundtable. The Task Force was created with the objec-
tive of developing a National Pollution Prevention Results Data System designed to gather 
and aggregate data from the state and local programs (USEPA 2009).

The third and most recent report issued by the PPRTF in 2009 indicates that there were 
substantial reductions of material waste, airborne pollution, and water pollution between 
2004 and 2006. A total of 3,492,661,249 kg (7.7 billion lb) of pollution was prevented from 
entering the environment. Of this total, 2,267,961,850 kg (5 billion lb) came from reduc-
ing materials and waste, 90,718,474 kg (2 billion lb) from reducing air emissions, and 
27,215,542 kg (60 million lb) from reducing water pollution. The total cost savings of these 
pollution prevention efforts are estimated to be $6.4 billion (USEPA 2009). Although idio-
syncrasies of the data prevent the ability to ascertain trends, the quantities represented 
indicate there is significant effort underway in pollution prevention. Perhaps the best indi-
cator of this effort is the steady rise in the number of facilities participating in pollution 
prevention planning: 1100 in 2004; 1900 in 2005; and 2600 in 2006.

These numbers alone, however, do not tell the complete story of pollution prevention—
there are additional quantitative and qualitative considerations. From a quantitative per-
spective, the quantities of pollution reduction must be weighed against the quantities of 
pollution produced. If the annual rates of reduction are consistently surpassing the annual 
rates of pollution released into the environment, then improvements may be indicated. 
Progress, however, depends not only on consistent quantitative reductions but also on 
the qualitative nature of the pollution released, including the types, toxicity, persistence, 
and mobility of contaminants released, and an accounting of the impacts on the geologic, 
ecologic, hydrologic, and atmospheric environments where these contaminants enter. A 
full characterization of progress, therefore, would need to document the changing status 
of ecosystems, receiving water quality (surface water and groundwater), soil conditions, 
and air pollution levels realized through pollution prevention efforts. Moreover, due to 
the human pathways present with many contaminant releases, there would need to be 
evidence of fewer emergency hospital visits and a trend toward less chronic occupational-
related diseases, such as the skin and lung problems associated with the use of chromium.
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It is beyond the scope of this book to carry out this type of analysis. What can be man-
aged here is the presentation of a procedure for pollution prevention that has had success 
with industrial point source applications, and an extension of this procedure to nonpoint 
sources. These experiences can then be applied to help achieve the broader quantitative 
and qualitative goals of pollution prevention outlined above.

13.3  Implementing Pollution Prevention 
Techniques: Industrial Point Sources

Successful implementation of pollution prevention involves careful planning. Within the 
broad array of planning venues and forms (e.g., urban, environmental, strategic, and busi-
ness), there are common threads to the planning process:

• Identification of what you want to do (goals/objectives)
• Collection of data
• Specification of methods for achieving the goals/objectives
• Implementation using the selected methods
• Assessment of the results

The planning process shown here is cyclical. Assessment may lead back to more data 
collection, or if implementation fails with the methods selected, new methods can be 
developed and implemented until success is achieved. Sometimes, the outcome changes 
the entire goal of the project, especially in cases where you bit off more than you could 
chew.

Science should be infused into the planning process wherever appropriate. Accurate 
measurement is a foundation of good science, so to ensure scientific standards for data 
collection are met, the procedures should include a statistically sound specification of the 
sample size. As noted in earlier chapters, the samples should also be collected, transported, 
and analyzed according to existing professional standards and methods.

Another area where science must be incorporated into the execution of a plan is the 
experimental design. Science is fundamentally about identifying and explaining varia-
tion, and the experimental design—which is the assignment of subjects to experimental 
groups—provides the roadmap. Although it may sound obvious, at contaminated sites 
there are two types of locations: contaminated and uncontaminated. Assigning these 
locations into two groups allows investigators to study the similarities and differences 
between them. This separation is how we learned that contamination tends to occur more 
frequently near low points in buildings, which is described in greater detail later in this 
chapter. We then use this knowledge to help design the most effective measures for pollu-
tion prevention—the “where” of intervention.

Successful source control also requires an understanding of the process producing the 
pollution. Processes occur over time, so the specification of where to intervene should be 
accompanied by the proper timing of our pollution prevention efforts—the “when” of 
intervention. If loading docks are areas in a facility more prone to a contaminant release, 
then busy times at these locations require special diligence.
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The initiation of pollution prevention efforts occurs within organizations and represents 
a form of change, or innovation. To succeed it is important to get the science right and the 
innovation must (1) be testable and implementable at small scales, (2) represent an observ-
able improvement over existing conditions, (3) be culturally acceptable (in the corporate/
organizational and social senses), (4) be economically feasible, and (5) be convenient to 
implement. These five conditions characterize successful innovations (Rogers 1995).

What follows is a planning process based on the experiences of implementing a suc-
cessful pollution prevention effort at a major manufacturing company (Rogers et al. 2006). 
This process contains the basic elements of plans, incorporates scientific aspects of the 
geologic environment and contaminant properties, and recognizes the social context for 
implementation.

13.3.1 Step 1: Establishing Objectives and Gathering Background Data

Establishing objectives or goals for pollution prevention provides a baseline for measuring 
success. Making decisions with better information can avoid the specification of arbitrary 
objectives and goals, and this information can be obtained with targeted data collection 
and evaluation. This workflow will help with the attainment of goals and focus on limited 
resources where they will produce maximum benefit. It is recommended these data are 
collected:

• Mass and volumes of each type of solid wastes generated, including
• Solid wastes such as wood and paper products, plastic, metals, glass, etc.
• Regulated solid wastes
• Regulated hazardous wastes

• Mass and volumes of liquid wastes generated, including
• Stormwater volumes and content
• Sanitary discharge volumes
• Industrial wastewater volumes and contents
• Regulated liquid wastes in containers
• Regulated liquid hazardous wastes in containers

• Mass and volumes of air emissions generated, including
• VOC emissions
• Particulate emissions
• Heavy metal emissions
• All other identifiable air emissions

• Energy
• Sources, types, consumption, and rates through time
• Energy loss

• Purchasing habits
• Bulk containers compared to smaller containers and amounts
• Types of containers (e.g., gallon containers vs. spray cans)
• Packaging (plastic vs. cardboard or biodegradable material)
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• Production efficiencies
• Product packaging
• Shipping (rail vs. truck)

Where possible, a mass balance should be calculated to ensure the accuracy of the data. 
Once the data have been collected and evaluated, steps 2 through 4 should be completed 
before firmly establishing goals and objectives for any pollution prevention program.

13.3.2 Step 2: Inventory of Hazardous Substances

The next step performed to develop a pollution prevention plan at any location—whether 
a manufacturing facility or a household—is to inventory and assess hazardous substance 
use. Chapter 7 covered many common contaminants present in urban areas, including 
households. As they are often very close to industrial sites, households can assist with 
any inventory since the average American household stores 3–10 gal of hazardous materi-
als (Smolinske and Kaufman 2007). To inventory chemicals, CAS Registration Numbers 
should be used since many products display either trade names or synonyms. If available, 
material safety data sheets (MSDS) often provide valuable information.

Inspecting the label on chemical containers is required, especially when the container 
is a mixture of chemical products. In these cases, the name of the product is often a trade 
name and is not very helpful in identifying the specific chemicals contained, so inspection 
of the label is the only effective method. An example of a label on a chemical product is 
shown in Figure 13.1.

Chemicals should be inventoried by chemical group, such as VOCs, PAHs, SVOCs, PCBs, 
metals, acid, bases, and whether they are present in gas, liquid, or solid form. Transformers 
containing PCBs should also have appropriate labels as shown in Figure 13.2. After the 

FIGURE 13.2
Chemical labels. (Photo by Daniel T. Rogers.)

FIGURE 13.1
Chemical labels. (Photo by Daniel T. Rogers.)
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hazardous substance inventory has been completed, a map should be created showing the 
following: location of where each hazardous substance enters the property, where the sub-
stances are stored before use, where they are used, and where they are stored after being 
used and before any residuals are discarded. Since many contaminant release locations occur 
from low points in buildings, highlighting pits, sumps, and floor drains on the map can also 
help provide valuable information for pollution prevention efforts (Rogers et al. 2006).

13.3.3 Step 3: Assessing CRFs of Substances Present

The hazardous substances having the highest contaminant risk factors (CRFs) should 
now be evaluated. This evaluation helps to prioritize the pollution prevention efforts. 
Many facilities and households may have more than 100 different hazardous substances. 
Prioritizing is therefore critical to achieve maximum benefit.

As noted in Chapter 10, chromium VI and DNAPL VOCs have the highest CRFs for 
groundwater, with PCBs, mercury, chlordane, and PAHs having the highest CRFs for soil. 
Concentrating pollution prevention efforts on those contaminants with the potential to 
significantly impact groundwater such as chromium VI and DNAPL VOCs will have the 
most long-term benefit; Chapter 14 presents these scenarios.

13.3.4 Step 4: Preliminary Assessment of Geologic Vulnerability

Most urban areas have not been geologically mapped, so the details necessary to accu-
rately evaluate the vulnerability at any location may not be available. The suggestions 
offered here can help determine if any given area presents enough potential risk to war-
rant a more detailed examination, and whether an aggressive pollution prevention initia-
tive should be pursued:

• Source, location, and type of potable water. Contact the local municipality to 
evaluate the source of potable water for the area in question. In addition, inquire 
whether there are any groundwater extraction wells of any type within at least a 
1.6 km (1 mi) radius of the location being evaluated. If any wells exist, request a 
copy of the installation records for further examination.

• Nearest surface water body. Determine where the nearest surface water body is 
located with respect to the location being evaluated. Topographic maps (7.5 min) 
can help with this procedure.

• Stormwater collection and discharge. The local municipality should have informa-
tion about stormwater collection, its treatment, and the discharge locations for the 
area being evaluated.

• General geological conditions. Examining well records could provide valuable 
information on soil type, stratigraphy, and depth to groundwater if they can be 
obtained in the vicinity of the location being evaluated.

If the source of potable water in the area being evaluated is obtained from groundwater 
and extraction wells are nearby, environmental risk should be considered high. In this 
case, the geologic vulnerability rating will likely exceed a score of 50, and pollution pre-
vention efforts should become a top priority (Chapter 6). The other factors listed above will 
likely require examination and evaluation by a qualified professional before an appropri-
ate geologic vulnerability rating can be determined.
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13.3.5 Step 5: Preventing Pollution through ESPM Methods

Pollution prevention can be implemented with a stepwise evaluation process that proceeds 
from the most preventative measure to the least preventative measure. This process is 
referred to as ESPM and consists of the following steps:

• Elimination: Not using potentially harmful chemicals
• Substitution: Using a less potentially harmful chemical instead of a harmful one
• Prevention: Using engineering controls and other measures to minimize the 

potential for a release; employed if eliminating or substituting a potentially harm-
ful chemical is not possible.

• Minimization: Reducing usage of harmful chemicals or a reduction in generated 
wastes through process changes, recycling, or other methods.

After steps 1 through 4 have been completed, a focused and achievable plan for pollution 
prevention can be developed and implemented. Facilities where a synergistic effect could 
be realized between the environment and the contaminant properties should receive the 
highest initial effort. This effort is characterized by aggressive pollution planning initia-
tives for reducing the potential risks (Rogers et al. 2006).

13.3.5.1  Elimination

The most aggressive form of pollution prevention is elimination of hazardous chemical use. 
Where possible, elimination of hazardous substance use is the preferred pollution preven-
tion method because it is the easiest to manage and has the greatest benefit to the environ-
ment. As noted in Chapters 7 and 8: if there is no hazardous chemical use, there is not risk. 
In most cases, total elimination of hazardous chemical use is very rare, so the elimination 
of chemicals should focus on contaminants with high CRFs. For example, chromium VI 
and DNAPL VOCs have high CRFs for groundwater, while PAHs, chlordane, PCBs, and 
mercury have high CRFs in soil.

A crucial step in the process of eliminating hazardous substances is to develop a chemi-
cal ordering procedure. This procedure protects against unauthorized hazardous sub-
stances making their way into operations at the facility without prior knowledge. All 
proposed chemicals or substances should undergo a review process to evaluate whether 
they are acceptable for use.

13.3.5.2  Substitution

The next most aggressive form of pollution prevention is substitution. Substitution involves 
using alternative chemicals with the goal of greatly reducing risk. For instance, if a facility 
uses DNAPL VOCs for cleaning, an effective substitute may be citrus-based cleaners. The 
Solvent Alternatives Guide provides options and guidance for evaluating available chemical 
substitutes for common solvents (USEPA 2010b).

Other alternatives exist for chemical substitution. For instance, mercury-containing 
devices such as switches, thermometers, and monometers can be substituted by digital 
devices. Liquid transformers containing PCBs can be substituted by dry transformers or 
with transformers not containing any detectable concentration of PCBs.
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Other examples of substitution include

• Using paints without VOCs and certain heavy metals
• Using biodegradable oils
• Using paraffin as a lubricant instead of oil

13.3.5.3  Prevention

Prevention of contamination entering the environment can be accomplished through engi-
neering controls. Engineering control methods include release prevention, release detec-
tion, release containment, and release cleanup immediately after a spill.

The following examples (denoted by bullets) highlight some ways activities and opera-
tions can be modified to minimize the potential for the release of hazardous substances to 
the environment:

• Evaluating and eliminating potential points of release. Sumps, pits, trenches, floor 
drains, and chemical storage and usage areas are common points for hazardous 
substance release. Conducting an inventory of these locations and locations of 
chemicals present at a facility will assistance in identifying areas where releases 
may occur.

Figure 13.3 provides an example of a potential release area and illustrates several prac-
tices that should be avoided, including

• Storing liquid wastes in improperly labeled containers. The center drum on 
the left side has a nonhazardous label, yet it is also labeled as containing a 
waste solvent.

• Storing liquid wastes in upside down containers.
• Storing liquid wastes on bare ground.
• Storing liquid wastes outside without a roof to prevent contact with stormwa-

ter and corrosion.
• Storing liquid wastes in drums where the structural integrity has been 

compromised.

Stored on
bare ground

Drums upside
down and not

properly labeled

Bulging top indicates frost
heave or contents under

pressure and drum has been
structurally compromised

FIGURE 13.3
Improper storage of drums containing liquid waste. (Photo by Daniel T. Rogers.)
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• Modifying liquid waste storage areas. Figure 13.4 demonstrates one way to prop-
erly store liquid chemicals and substances prior to disposal. This storage method 
for liquid wastes has multiple and redundant engineered systems to prevent a 
release and contain a release if one does occur. These engineered systems include
• Storing liquid wastes inside and under a roof.
• Coating the floor with epoxy.
• Providing secondary containment if a release were to occur. In this example, 

drip pans are located beneath each outer container.
• Locating the liquid waste storage area at a location without floor drains, sumps, 

trenches, and pits.
• Using redundant storage containment. Sealed drums containing liquid wastes 

are located inside the outer containers pictured in this example.
• Properly labeling the contents and potential hazards.

Figure 13.5 shows an example of an outdoor liquid waste storage area. A roof has been con-
structed and treated with an impervious surface so in the event of an accidental spill, the 
liquid will not migrate beyond the containment structure or through the concrete surface. 
This surface is shown in Figure 13.6.

• Sealing sumps, pits, trenches, floor drains, and liquid storage areas with an imper-
vious surface. In most instances, leaks will occur from structures composed of 
concrete storing or conveying liquid wastes. Leaks can occur from seams, cracks, 
or in some cases from the direct migration of liquid through the concrete sur-
face itself. These surfaces should be sealed to prevent a release to the subsurface. 
Figure 13.7 is an example of a sealed floor drain; Figures 13.4 and 13.6 also repre-
sent sealed liquid storage areas.

• Providing secondary containment. Engineering redundant systems can effectively 
prevent an uncontrolled release to the environment. Figure 13.8a is an example 
of an aboveground storage tank (AST) containing diesel fuel with no secondary 

Spill kit

Epoxy coated
floor

Drip pans

Protective
outer

containers

Proper
labels

No floor drains,
pits, trenches, or

unsealed cracks in
the concrete

surface   

Drums protected inside specially designed outer
containers inside the facility

FIGURE 13.4
Proper storage of drums containing liquid waste. (Photo by Daniel T. Rogers.)
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Surface is sloped
toward the rear to
prevent the flow of

spilled material from
leaving the

containment area

Curb or lip
constructed as a spill
containment measure

FIGURE 13.5
Example of an outdoor drum storage area. (Photo by Daniel T. Rogers.)

FIGURE 13.6
Impervious surface on an outdoor liquid waste storage area. (Photo by Daniel T. Rogers.)

Sealed floor
drain 

Pen for
scale

FIGURE 13.7
Example of a sealed floor drain. (Photo by Daniel T. Rogers.)
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containment in case the tank ruptures. Figure 13.8b is an example where an outer 
tank provides adequate protection if the inner tank fails.

• Spill containment and cleanup. Despite the existence of engineering controls, acci-
dental releases do occur. Therefore, proper response is necessary to prevent the 
uncontrolled release of a hazardous substance and to protect human health and 
the environment. Spill stations outfitted with an assortment of tools, containers, 
personal protective gear, and instructions can ensure that small spills of liquids 
not presenting an immediate threat to human health are addressed quickly and 
safely. These stations should be located near hazardous substances. Figure 13.9 

(a) (b)

No
containment

if a release
occurs  

Outer tank
pictured
here is

protective in
case the

inner tank
fails      

FIGURE 13.8
(a) AST with no containment. (b) AST with containment. (Photo by Daniel T. Rogers.)

Drum
containing
absorbents
and other
materials

Empty drum
available for
spill cleanup

Markings
noting

location of
spill station

Tools to
assist in spill
response and

cleanup

FIGURE 13.9
Example of a spill station. (Photo by Daniel T. Rogers.)
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shows a typical spill station; refer to Figure 13.4 for an example of a spill kit located 
near a liquid waste storage area.

• Education and training. Education and training are critical for the prevention, 
response, and cleanup of spills. These efforts can also prevent the response to a spill 
or accidental release of a hazardous substance when evacuation and immediate 
notification are the necessary courses of action, and qualified emergency person-
nel are required on-site. Figure 13.10 shows a spill response and training exercise.

13.3.5.4  Minimization

Waste minimization involves using less hazardous substances through conservation 
efforts or process changes. The result is a reduction in the amount of wastes requiring 
disposal. In some instances, minimization also includes recycling. For instance, reducing 
the discharge or generation of liquids through process changes, recycling of water, or the 
evaporation/recycling of liquid or solid waste can greatly lower the volumes and mass 
of waste streams. An example of waste minimization is shown in Figure 13.11. Here, the 

Spilled
liquid 

Containment
booms 

Empty drum

Adsorbent
material 

FIGURE 13.10
Spill response and training exercise. (Photo by Daniel T. Rogers.)

Removal of heavy
metals from wastewater

through
reverse osmosis

FIGURE 13.11
Reducing heavy metals in wastewater. (Photo by Daniel T. Rogers.)
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additional treatment of wastewater using reverse osmosis reduces the amount of heavy 
metals in the discharged wastewater.

Recycling of metals, plastic, glass, wood products, and many other materials can greatly 
minimize the amount of solid waste generated and disposed of in a landfill. Often, these 
activities result in significant cost savings. The future in this arena is promising, as the dis-
covery of new options for the beneficial reuse of waste materials parallels the appearance 
of new waste sources (USEPA 2009).

Energy reduction strategies evaluate the energy types consumed and their usage rates 
by location over time. In addition, energy loss and potential recovery/recycling may also 
come into play.

Purchasing habits can greatly assist minimization efforts. When supplies are purchased 
in bulk containers, the number of containers requiring disposal is reduced. It is also possi-
ble to realize reductions in energy usage and air emissions through production efficiencies. 
For instance, switching to more efficient gas turbines in certain production processes may 
save energy, while conducting energy-intensive activities at night when energy demand is 
low can lower air emissions. At off-peak times, power companies are more likely to substi-
tute a nonfossil fuel such as hydroelectric for coal.

Product packaging and transportation methods are also important areas where many 
improvements can be made from an environmental perspective. For instance, using pack-
aging made from biodegradable material instead of plastic can have a significant positive 
impact on the environment. In transportation, the use of rail or barges to transport prod-
ucts consumes much less fossil fuel and reduces air emissions.

13.3.6 Step 6: Assessing Results

Practicing pollution prevention has qualitative and quantitative benefits that can result in 
significant financial gains and cost avoidance. The evidence of quantitative pollution pre-
vention benefits can be found by tracking reductions, especially if data have been collected 
before a pollution prevention program was initiated. Quantitative evaluation is reflected 
by the reductions of USEPA (2009)

• Waste volumes
• Raw materials
• Energy usage

On-site qualitative benefits are realized by USEPA (2009)

• Release avoidance
• Additional protection of human health and the environment
• Lowering regulatory reporting requirements
• Lowering environmental liability

Across an urbanized watershed, qualitative improvements will be seen in ecosystem 
health, receiving water quality (surface water and groundwater), soil conditions, and air 
pollution levels.

Continuous improvement, evaluation, and inspection should be developed as part of 
program assessment, because the lack of an effective pollution prevention program can 
result in significant liability and cost.
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One final note: pollution prevention represents an innovation within an organizational 
context. With this in mind, the key “in-house” actions for achieving environmental project 
objectives, realizing cost savings, and reducing environmental risk are (1) establish easily 
identifiable objectives with the involvement of senior management, (2) perform an effec-
tive accounting of cost savings and tracking of other related benefits, and (3) communicate 
the results across all levels of the organization. In addition, it is beneficial to have compli-
ance personnel trained in environmental science, with these personnel positioned at a 
high level within the organization (Rogers et al. 2006).

13.3.7 Financial Incentives for Industrial Pollution Prevention

The major financial incentives for implementing pollution prevention at most industrial 
facilities are the direct and indirect cost savings realized from a successful program. Direct 
costs savings accrue from reducing the amounts of solid waste generated and water con-
sumed. Indirect cost savings occur when the long-term liabilities associated with proper 
waste disposal at a licensed facility are lowered because the amount of waste decreases. 
Other long-term liability reductions such as savings on litigation costs and reduced con-
taminant releases can also significantly reduce the costs associated with cleanup. Finally, 
waste reduction often reduces the amount of regulatory reporting requirements, and this 
outcome can significantly cut costs.

Implementation of an effective pollution prevention plan at any manufacturing facility 
requires the commitment, input, and cooperation of every employee. Representatives from 
purchasing, production, maintenance, human resources, and environmental departments 
must work together in close cooperation to identify, implement, and measure every aspect 
of a pollution prevention program. Tracking progress is necessary to sustain a program 
and create more involvement with its execution and outcomes. Many pollution prevention 
programs fail because they do not fully quantify their benefits.

13.4  Implementing Pollution Prevention Techniques for 
Nonpoint Sources in Urbanized Watersheds

Stormwater and erosion are related, as both involve the transport of materials by fluids. 
Stormwater originates from precipitation and is the polluted overland flow of water in 
urban areas. As precipitation flows over roads, rooftops, parking lots, construction sites, 
and lawns, it becomes contaminated with oil and grease, pesticides, litter, and pollutants 
from vehicles. The EPA estimates that over 10 trillion gallons of untreated stormwater 
make their way into U.S. surface waters each year (USEPA 2004). Dense urbanization exac-
erbates the problem, since the amount of pollution present in stormwater runoff is corre-
lated with the amount of impervious cover (Schueler 1994). As noted in Chapter 12, erosion 
in urban watersheds is accelerated by disturbing the soil, mainly through construction 
activities. The dislodged soil particles are transported by water (stormwater) into storm 
drains, where they make their way to a receiving water body.

The Clean Water Act (CWA) of 1972 gave the USEPA the authority to regulate point 
source discharges through the National Pollution Discharge Elimination System (NPDES) 
program. In 1987, a survey of the nation’s waters indicated point source control alone was 
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not sufficient to achieve the “fishable and swimmable” goal of the CWA because non-
point sources, especially agricultural and urban runoff, were contributing substantial 
amounts of pollution (Humenik et al. 1987). Also in 1987, the USEPA initiated the NPDES 
Stormwater program, requiring municipalities with separate storm sewer systems located 
in incorporated areas with populations of 100,000 or more to obtain NPDES permits for 
stormwater discharges (USEPA 1996). In 1999, Phase II of this program was extended to 
smaller municipalities and required permit holders to implement post-construction storm-
water management programs using best management practices (BMPs) in new development 
and redevelopment (emphasis by the authors). Examples of BMPs for stormwater management 
include education, road salt management, street cleaning, and erosion control measures, 
such as silt fences and covering exposed soil.

Since the overland flow of water in urban areas (stormwater) forms the transport com-
ponent of erosion, stormwater becomes the focal point of pollution prevention methods. 
The goal here is not to develop a list of stormwater BMPs; the EPA has a “menu of BMPs” 
designed to help communities with their implementation of the Phase II stormwater rules 
(USEPA 2010c). Instead, our focus is that given the limitations of the Phase II Stormwater 
controls (they only apply to new development or redevelopment), how can we achieve 
effective pollution prevention methods for stormwater in older urban areas?

To help answer this question, we now apply the pollution prevention framework used 
for point source control to nonpoint sources.

13.4.1 Applying the Source Control Framework to Nonpoint Sources

13.4.1.1  Step 1: Establishing Objectives and Gathering Background Data

Objectives for nonpoint pollution control will vary according to specific watershed condi-
tions and needs. To place this effort on a firm foundation and to obtain the best informa-
tion, the following general objectives are recommended:

• Integrate nonpoint pollution control fully with watershed management/watershed resto-
ration efforts. There is a growing movement to implement nonstructural source 
control measures for stormwater (e.g., bioretention, swales, porous pavement) —
collectively referred to as “low-impact development”. Unfortunately, the adoption 
of these procedures at larger scales across watersheds is being hampered by (1) 
uncertainties in performance and cost, (2) insufficient engineering standards and 
guidelines, (3) fragmented responsibilities, (4) lack of institutional capacity, (5) lack 
of legislative mandate, (6) lack of funding and effective market incentives, and 
(7) resistance to change (Roy et al. 2008). Integration of these efforts with water-
shed-wide initiatives can help overcome some of these obstacles and increase their 
extent of implementation.

• Manage the land to achieve better water quality. Most watershed surface areas are 
95% land, so proper land management is necessary to improve water quality. For 
example, a study of 27 water suppliers conducted by the Trust for Public Land and 
the American Water Works Association in 2002 found that the more forest cover in 
a watershed, the lower the treatment costs. According to the study, for every 10% 
increase in forest cover in the source area, treatment and chemical costs decreased 
approximately 20%, up to about 60% forest cover. Approximately 50%–55% of the 
variation in treatment costs was explained by the percent of forest cover in the 
source area (Ernst et al. 2004).
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• Integrate quantity and quality. Reducing stormwater quantity will improve the qual-
ity of receiving waters.

• Recognize the linkages between and within point and nonpoint sources, and optimize 
the control measures based on these linkages. Point and nonpoint sources are linked 
through surface runoff, groundwater flow, and particulate transport. For example, 
using phytoremediation at brownfield sites provides vegetative cover and mini-
mizes erosion and surface runoff.

• Opt for nonstructural (low-cost and nonpermanent) controls first. Many urban areas 
built expensive and permanent combined sewer overflow (CSO) control basins 
(e.g., the Rouge watershed) before adequately characterizing the potential of run-
off reduction from nonstructural controls within the watershed (Kaufman and 
Marsh 1995).

• Try to maximize the vertical movement of nonpolluted or minimally degraded water. Many 
stormwater strategies advocate moving stormwater vertically, but this action can 
degrade groundwater and ultimately surface waters if the water is highly contam-
inated. Locations for infiltration should be chosen and prepared carefully so they 
have adequate organic content to assist with biodegradation and the adsorption of 
organics and heavy metals.

• Pay close attention to erosion control in the headwaters region of the watershed. The high-
est energy gradients are in the first-order stream segments found in the headwaters, 
so lowering erosion here lowers the kinetic energy of the stream and minimizes 
channel erosion. Reducing the erosion capacity of the streams will reduce the 
deposition of materials downstream, and also in the lakes and impoundments 
functioning as settling basins.

To support the general objectives above, the following data can be collected and generated:

• Current measures of water quality at several locations throughout the watershed. 
Universities and watershed organizations often conduct regular stream sampling 
and benthic monitoring, so check with them first. Benthic monitoring collects sam-
ples of materials dislodged from stream beds and assesses the species diversity. 
The presence of certain insects, for instance stoneflies, may indicate high water 
quality. Remember to also collect samples from wells within the watershed. This 
sampling is often free, with collection vials provided by the County Public Health 
Department. At a minimum, the parameters tested for in streams and ground-
water should include total suspended solids, pH, dissolved oxygen, temperature, 
phosphorus, nitrate, and fecal coliform.

• A stream order map for the watershed. As noted earlier, lower-order streams are more 
vulnerable to contamination, so identifying their locations can assist with priori-
tizing source control efforts. Some universities have done this already.

• Hydrographs for all gauged streams within the watershed. A hydrograph is a plot of 
discharge (Q) over a specified time interval (Figure 13.12). These are available in 
different time increments (day, month, and year) from the U.S. Geological Survey. 
Hydrographs will help characterize the flood patterns within the watershed. Flood 
waters often carry massive amounts of contamination, so knowing where floods 
occur more frequently can help direct efforts to minimize stormwater runoff, 
which contributes large volumes of water to streams during wet-weather events.
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• Aerial photographs of the watershed taken during “leaf on” conditions. Try to get the 
most recent images available. The Natural Resource Conservation Service has 
aerial imagery for many urban areas. Land cover and tree patterns can assist 
with strategies to provide more interception storage and more infiltration capac-
ity. Knowing the locations of brownfields and their proximity to surface water 
and groundwater recharge zones is also important for minimizing the impacts of 
contaminated runoff. In addition, aerial photos can identify locations along urban 
streams where public access is limited. In heavily urbanized watersheds, rail lines 
and industrial facilities often block access to the water. If the properties are aban-
doned, these areas can be restored to improve access.

• A map of current water drainage infrastructure. Many communities have digital maps 
of their sanitary and storm sewer lines, surface drains, and the locations of deten-
tion basins and access structures. These maps can help you identify where runoff 
volumes are large and natural drainage patterns have been altered.

• A map showing the locations of brownfields in the watershed, and the results of the soil 
and groundwater testing from these sites. The brownfield map can help identify areas 
where there are potential storage areas for stormwater runoff and for increasing 
the local density of vegetation. Soil and groundwater data can be used to charac-
terize the extent and pattern of contamination, and the erosion potential at these 
abandoned sites.

13.4.1.2  Step 2: Inventory of Hazardous Substances

With point sources, reading product labels was the important activity. For nonpoint 
sources, determining the locations within the watershed where hazardous substances may 
be released and transported by erosion and stormwater is the essential action. During wet 
weather, lawns release nitrogen, phosphorus, and pesticide residues; feedlots contribute 
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Daily hydrograph for a stream in Kansas, United States. (http://waterdata.usgs.gov/ks/nwis/uv?)
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bacteria; parking lot runoff has oil, metals, and antifreeze; construction sites release soil; 
and industrial facilities may have on hand barrels of hazardous material capable of being 
swept away in a flood. It is important to know the locations of the hazardous substances 
and their relationship to the ephemeral drainage network capable of transporting their 
releases. For example, some erosion may reach a catch basin 30 m (100 ft.) away, yet in other 
cases the eroded material will never make it to a storm drain because it reaches a natural 
depression first. Aerial photos and topographic maps can help identify potential routes of 
overland flow; field checking, however, is required for verification. In addition, dye testing 
is often used to help identify infiltration/inflow of precipitation into sewers and to reveal 
the paths of stormwater and wastewater. During this process, nontoxic dyed water is intro-
duced into roof drain leaders, driveway drains, or area drains. In some instances, dyed 
water is injected into the ground around foundations to check for the illegal connection 
of foundation drains. After introducing the dyed water, the downstream sanitary sewer 
access structure is checked for its presence to ascertain the path.

13.4.1.3  Step 3: Assessing CRFs of Substances Present

The locations where the highest CRFs are present should now be evaluated to help with 
the prioritization of the pollution prevention efforts. The results of the water sampling 
should guide the selection of locations. For example, if aquatic ecosystems have already 
been damaged and the groundwater samples produce high levels of chromium, this con-
taminant needs to be addressed as a priority.

13.4.1.4  Step 4: Preliminary Assessment of Geologic Vulnerability

The vulnerability of soils to the discharge of stormwater also needs to be considered. Some 
suggestions for assessing the soil vulnerability in an urbanized watershed include

• Do not rely upon the county soil surveys—use them for general orientation to 
the soils in the watershed. Urban soils are highly disturbed, and frequently the 
soil surveys do not capture their variation because the survey may be 10–20 years 
old.

• Instead, conduct a soil sampling program that enables a correlation between soil 
type, infiltration rates, and routes of overland flow during wet-weather events. The 
objective is to reveal those locations in the watershed where larger-grained vul-
nerable soils and less-vulnerable fine-grained soils exist. Use the soil data avail-
able from environmental site investigations to help determine the locations for 
additional sampling (Chapter 4). Once the sites for sampling have been selected, 
compare their locations to the major pathways of overland flow in the watershed, 
such as steep unvegetated slopes, large parking lots, and major streets. Then 
sample those sites within or along the drainage paths. At the sampled sites, use 
an infiltrometer to measure the infiltration capacity of the soil and have the soil 
samples analyzed for type, texture, and organic content by the local agricultural 
extensions of the nearest state university.

• Delineate floodplains and other areas where groundwater levels are likely to be 
closer to the surface. Try to avoid the placement of infiltration activities in these 
zones and concentrate on areas where the depth to groundwater is higher, thus giv-
ing more time for organisms and structures in the soil to reduce the contamination.
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• If groundwater is used as a source of potable water in the area being considered 
for enhanced infiltration, and extraction wells are nearby, environmental risk 
should be considered high.

13.4.1.5  Step 5: Preventing Pollution through ESPM Methods

13.4.1.5.1 Elimination

Elimination of stormwater and erosion are impossible since they are triggered by natural 
processes. From the perspective of creating a sustainable watershed, elimination translates 
into reducing the amounts of stormwater volume and eroded material transported, as well 
as lowering the use of contaminants entrained by stormwater. These actions must obtain 
results that work toward returning streams to a state of dynamic equilibrium, reducing 
the sedimentation within lakes and reservoirs, and preserving soil for future generations.

Stormwater management in older urban areas presents special problems. House lots and 
vegetated spaces are typically smaller, downspout discharges are often routed directly 
onto paved surfaces (e.g., driveways), and sidewalks add to the amount of impervious sur-
face. Compounding the problem is the presence of CSOs. A CSO occurs when the capacity 
of a pipe carrying sanitary and storm flows (a combined sewer) is exceeded and a special 
sewer, called an interceptor, is used to transport the untreated overflow to the nearest 
water body. Over 45 million people in 746 U.S. communities within 32 states are affected 
by CSOs. EPA estimates that about 850 billion gallons of untreated wastewater and storm 
water are released as CSOs each year in the United States (USEPA 2004).

In urban areas, overland flow originates from impervious surfaces, such as rooftops and 
roads, and sloped residential lots. The size of these areas is frequently small—often less 
than 0.10 ha (1/4 ac) —with flows greatly influenced by the micro-topography. For instance, 
at various locations, stormwater and sediment sinks exist with the micro-topography of a 
watershed; certain soils may infiltrate the entire storm volume, surface depressions store 
and infiltrate runoff, and locally dense vegetation canopies can intercept as much as 30% 
of the incoming precipitation (Cape et al. 1991).

The incorporation of micro-topography in the urban landscape has immense practical 
significance for preventing stormwater pollution. If the capabilities of the local micro-
topography are exploited to store and/or redirect stormwater, large volumes of stormwater 
in urban areas can be kept out of the human-built drainage network. Since 95% of the total 
flow volume within combined sewers is stormwater, source reduction applied to storm-
water management can help developed urban areas avoid substantial investment costs in 
structural stormwater management infrastructure (e.g., regional detention basins to con-
tain CSOs, or sewer separation) (Kaufman 1999). In addition, reducing the volume of water 
treated results in substantial savings for communities and their residents.

Table 13.1 shows the water balance of an urban parcel (e.g., house, business, or industrial 
site) during a precipitation event. Inflows, outflows, and storage components of the water 
balance are routed through the four spheres of the geosphere (atmosphere, biosphere, 
hydrosphere, lithosphere) at a small geographic scale (0.1–0.3 ha). The micro-topographic 
elements of the landscape affecting the pathways of water are identified in the third col-
umn. For instance, precipitation moves along two paths: the first path is from the atmo-
sphere to the biosphere, where vegetation affects the flows, and the second path is from the 
atmosphere to the lithosphere, where soil and pavement influence the flows.

Strategies to reduce stormwater runoff volumes must include the modification of those 
landscape features capable of rerouting stormwater back to its natural downward path. 
Structural (engineering-based) approaches to this problem result in building more pipe 
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capacity, or providing basins for storage. An earth science approach looks at the scale of 
the processes generating the runoff, the source location and direction of the flows, and the 
landscape components affecting the transmission system at the relevant scales.

In Table 13.2, opportunities for stormwater storage or diversion at the micro-topographic 
scale are shown for each landscape feature influencing stormwater flows. The objective 
is to maximize storage at the site closest to the origin of runoff. At the micro-topographic 
scale of the house lot or single parcel, this translates into keeping stormwater on the lot 
and out of the storm sewers (Kaufman 1999). This is accomplished by directing water 
downward, instead of horizontally.

As Table 13.2 shows, increasing interception and infiltration and minimizing overland 
flow from impervious surfaces form the core components of a stormwater retrofitting strat-
egy in developed urban areas. Increasing the organic content of soils (by topfilling with 
humus and cutting with a mulching mower), using available storage in surface depres-
sions, and the use of swales can provide large amounts of infiltration if the lot layout per-
mits their construction.

Flat roofs (such as those on parking lots) converted into vegetated green roof systems 
can reduce stormwater volumes and delay its release, and also help reduce the urban heat 
island effect. One study showed that green roofs not only reduced the amount of storm-
water runoff, but they also extended its duration over a period of time beyond the actual 
rain event (van Woert et al. 2005). In another study, rain and roof runoff data collected 
from seven rains during October and November 2002 showed that the green roofs delayed 
the start of runoff by an average of 5.7 h. The green roofs retained an average of 45% of 
the rain from the seven storms evaluated and delayed the peak runoff by 2 h. Roof tem-
perature data collected between April 2002 and February 2003 showed that the green roof 

TABLE 13.1

Urban Parcel Water Balance during Precipitationa

Component Paths Micro-Topography

Inflows
Precipitation Atmosphere → biosphere Vegetation soil, pavement (driveways, 

sidewalks, and road surfaces)
Atmosphere → lithosphere

Runoff Lithosphere → lithosphere Soil, grass surfaces, pavement, roofs, 
gutters

Outflows
Runoff Lithosphere → lithosphere 

→ hydrosphere
Soil, grass surfaces, pavement, storm 
sewers

Evaporation Lithosphere → atmosphere Ground surface
Evapotranspiration Biosphere → atmosphere Vegetation

Storage
Interception Atmosphere → biosphere Vegetation
Infiltration Atmosphere → lithosphere 

→ hydrosphereb

Soil, vadose zone water

Surface depression storage Atmosphere → lithosphere Ground surface

a Including the road frontage.
b Interflow.
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maximum surface temperatures averaged 6°C higher in the winter and more than 19°C 
lower in the summer (DeNardo et al. 2005).

Downspout diversion provides excellent potential for stormwater flow reduction in 
highly urbanized communities lacking available space for large-scale detention facilities. 
In the Beecher Water District, a highly urbanized area near Flint, Michigan, a downspout 
diversion program was implemented from 1996 to 1997. Here, downspouts were connected 
to footing drains and into sanitary sewer pipes, resulting in frequent sanitary sewer pipe 
overflows during wet weather. Downspout diversion contributed to a reduction of over 
35% in the mean flow volumes within the sanitary sewer collection network and reduced 
overtime costs associated with overflow maintenance (Kaufman and Wurtz 1997). A simi-
lar reduction of 35% was also achieved in Dearborn, Michigan (Montrief, pers. com. 2010). 
In Portland, Oregon, the Downspout Disconnection Program has disconnected 50,000 
downspouts, and these disconnections are removing more than 1 billion gallons of storm-
water annually from the combined sewer system (City of Portland 2010). Where down-
spouts are already disconnected, many can be rerouted to prevent direct discharge onto 
paved surfaces.

The construction of large-scale CSO basins in several areas (e.g., Boston, Atlanta, Detroit) 
represents a major investment (Figure 13.13). Using source control to keep stormwater out 
of the sewer pipes before constructing these basins—as Portland has done—may help 
reduce infrastructure costs.

It may not be practical or affordable to convert driveways and sidewalks to porous pave-
ment. There are, however, opportunities for some conversions whenever homeowners and 
commercial establishments repave their driveways and parking lots.

13.4.1.5.1.1 Elimination of Pollutants As with point sources, the elimination of chemicals 
should focus on contaminants with high CRFs. Many lake associations ban the use of 

TABLE 13.2

Opportunities for Stormwater Storage and Diversion at the Micro-Topographic Scale

Microscale 
Landscape Feature Opportunities for Storage/Diversion

Branches Certain tree canopy shapes (such as beech) act to funnel water downward to zones 
containing more permeable soil near the main root zone (Mosley 1982)

Leaves Conifers have generally higher interception capacity (Cape et al. 1991)
Soil Increasing the organic content of soil increases its water retention capacity (Hudson 1994)
Median strips Concave or flat median strips can increase stormwater storage
Surface depressions Downspouts can be routed to slight depressions to increase infiltration, instead of 

discharging to paved surfaces. These areas can also delay stormwater from entering the 
pipe network

Root buttresses Roots from larger trees and shrubs create friable soil more capable of infiltrating water 
(Bartens et al. 2008)

Flat rooftops Can become storage areas with the addition of vegetation or rooftop cisterns
Swales Store overland flow and prevent entry into street drains
Downspouts Should be disconnected from footing drains and routed to cisterns or natural depression 

storage areas for infiltration or use as graywater; “in-line” storage bins can store up to 
100 gal per downspout

Driveways Use porous pavement to reduce runoff
Sidewalks Use porous pavement
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fertilizers and pesticides due to concerns over cultural eutrophication. It would be good 
practice if every homeowner considering the use of a timed fertilization program offered 
by “lawn care experts” would conduct an inexpensive soil sample to assess the level of 
nutrients already present in the soil. Most lawns do not need four to six fertilization/
herbicide applications per season.

Heavy metals are a major concern in the near-surface soils and groundwater of urban 
areas (Murray et al. 2006). Eliminating the use of lead in paints and chromium in some 
industrial applications will help lower their presence in stormwater runoff. Some elimina-
tion of metals from stormwater can also be achieved by protecting the soil from erosion in 
areas where metal contamination is high.

13.4.1.5.2 Substitution

Contaminants released into stormwater by lawns can be significantly reduced through 
better lawn management. Most state universities have agricultural extension services, and 
these organizations offer excellent advice on how to reduce the amount of fertilizer used 
and identify the least environmentally offensive types.

Road salt is a significant contaminant of surface waters and groundwater. A survey of 
23 springs in the Greater Toronto Area of southern Ontario recorded chloride contamina-
tion levels, resulting from the winter application of road deicing salt, ranging from <2 
to >1200 mg L−1 (Williams et al. 2000). In another study, runoff from the application of 
road salts as a deicer led to the widespread contamination of groundwater and effectively 
changed the chemistry of the Rouge River due to groundwater discharge to this surface 
water body (Xun and Murray 2002). Many communities, especially those with lakes pres-
ent, substitute sand for road salt.

13.4.1.5.3 Prevention

Soil stabilization—especially at construction sites—can help prevent erosion and the 
transport of contaminated soil by stormwater. One activity not used enough for prevent-
ing soil erosion is the inspection of erosion control measures after rainstorms. Another 
frequent problem is the failure of communities to require the collection of soil samples for 
textural analysis before development occurs at a site (Kaufman 2000). Basic information 

FIGURE 13.13
Construction of a deep-shaft combined sewer basin. (Photo by Kent S. Murray.)
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about soil type and texture can help direct specific erosion control measures. For example, 
the performance of certain geotextiles varies due to the difference in the characteristics of 
suspended solids associated with different soils (Barrett et al. 1998).

Special consideration should also be given to road placement in developing areas and 
wellhead protection. Roads should be designed so as to not join partial areas of runoff, and 
stormwater runoff should be considered when creating protection zones around wells.

13.4.1.5.4 Minimization

Since homes store an average of 3–10 gal of hazardous waste, all of the substitution recom-
mendations made in the point source section apply here as well. Recycling paper, plas-
tic, and metal cans is also an effective way to reduce inputs of undesired substances into 
streams. In addition, individual households can advance pollution minimization through 
the purchase of environmentally friendly products and packaging, increasing their effi-
ciencies of energy and water use, and selecting less polluting transportation forms such as 
carpooling and mass transit.

13.4.1.6  Step 6: Assessing Results

Efforts to reduce erosion and stormwater runoff can be evaluated on several levels. 
Visually, improvements across the watershed will be seen in ecosystem health, receiv-
ing water quality (surface water and groundwater), and soil conditions. Hydrologically, 
there would be a lower frequency of floods and a less “flashy” stream response, that is, a 
slowing down of the relatively short time required to reach peak runoff typical of urban 
watersheds. Testing of the stormwater runoff would reveal consistently lower amounts 
of suspended solids, nitrogen, phosphorus, heavy metals, bacteria, and other contam-
inants responsible for degrading water quality. Groundwater quality would improve 
based on systematic well testing, and baseflow rates would increase as more water was 
infiltrated. The increased baseflow would also help to keep stream channels at higher 
levels throughout the year and make aquatic ecosystems less vulnerable to the effects of 
higher water temperatures.

The results of any sampling/monitoring efforts undertaken to reduce erosion and storm-
water within watersheds should be published. This helps educate the public about these 
efforts and may increase public involvement. It also makes the organizations conducting 
the work more accountable.

13.5 Summary and Conclusion

Pollution prevention benefits everyone, especially the environment. By evaluating the 
processes generating waste, the types of wastes generated, identifying specific chemicals 
used, calculating CRFs, and evaluating geologic vulnerability, an effective and efficient 
pollution prevention program can be developed. This program maximizes the protec-
tion of human health and the environment and can result in significant financial benefits, 
future cost avoidance, and liability reduction.

Point sources and nonpoint sources share similar characteristics, specifically their trans-
port media and transport processes. This common ground allows for the application of a 
successful point source prevention framework to nonpoint sources.
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The next chapter presents six case studies that demonstrate the costs resulting from not 
having the correct information to develop an effective pollution prevention program. The 
outcome in some cases is damaging for the environment and costly for all involved.
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14
Case	Studies:	Successful	and	Unsuccessful	
Redevelopment	of	Contaminated	Sites

14.1 Introduction

There are several reasons for the selection of the six case studies presented in this chapter. 
The primary reason is to provide students, professionals, organizations, policy makers, and 
concerned individuals with real-world examples of the interactions between geology and 
contamination at the site scale. Reviewing these cases illustrates why the effective applica-
tion of sound science in the form of geologic theory and practice and the knowledge of 
contaminant characteristics are critical to successful site planning and future pollution pre-
vention efforts. Moreover, the lessons outlined here and throughout this book can be suc-
cessfully applied to future urban planning projects within the framework of a watershed 
approach at broader geographic scales. Since land represents 90%–95% of the surface area of 
urban watersheds, achieving sustainability requires effective land use planning at the sites 
within the watershed coupled with measures designed to prevent pollution from those sites.

Another important reason behind the selection of these case studies is their representa-
tiveness—they capture significant amounts of variation in terms of urban geology and con-
tamination. What they have in common is their location within heavily urbanized areas of 
the United States, and all were, or are, brownfield sites occupied by light or heavy manufac-
turing activities. In addition, all are located near large surface water bodies or rivers. Their 
variability is expressed by their size, length of operation, geological environment, and con-
taminants of concern (COC). In terms of size, they range from less than 1 ha (2 ac) to more 
than 114 ha (250 ac). Operational histories range from less than 35 years to nearly 250 years. 
The geology beneath each site consists of unconsolidated sedimentary deposits encompass-
ing thicknesses from less than 15 m (50 ft) to more than 305 m (1000 ft), with origins from gla-
cial, alluvial, fluvial, and lacustrine geological processes. Their COC represent a broad array 
including Light Nonaqueous Phase Liquids (LNAPLs), Dense Nonaqueous Phase Liquids 
(DNAPLs), Volatile Organic Compounds (VOCs), Polycyclic or Polynuclear Aromatic 
Hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), SVOCs, and several heavy metals 
(arsenic, cadmium, copper, chromium VI, lead, manganese, nickel, and mercury).

Each study has been rigorously performed and is a matter of public record (Rogers et al. 
2006). The lessons learned are summarized at the end of each case study.

14.2 Case Study 1: Michigan

Case Study 1 is located in an urban area in Michigan (MDNRE 2010). It is an idle brownfield 
site. According to available records, it was first developed as a furniture manufacturing 
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facility in the late 1800s and evolved into a foundry manufacturing parts for the automo-
bile industry in the early 1900s.

The history of chemical use was significant throughout the operational history at the 
facility, specifically

• LNAPL and DNAPL VOCs for cleaning, painting, staining, and varnishing
• PAHs in paint, lubricating, and machining
• Heavy metals from paints
• PCBs in electrical equipment and capacitors
• Heavy metals from foundry operations

Table 14.1 lists some basic information concerning the site including its size, years of opera-
tion, COC, dominant subsurface geology, depth to groundwater, and whether groundwa-
ter is present in an aquifer. Figure 14.1 shows the urban setting of the site.

TABLE 14.1

Site Characteristics of Case Study 1

Characteristic Site Information

Location Michigan
Years of operation More than 100 years
Size of property 5 ac
Geologic setting Glacial and lacustrine sediments
Soil type and 
stratigraphy

Interbedded medium to fine sand from the surface to a depth of 
approximately 27 m (90 ft) where a clay deposit is encountered

Contaminants detected DNAPL and LNAPL VOCs, PAHs, Pb, Mn, PCBs
COC in groundwater DNAPL VOCs, Mn, and PAHs
Depth to groundwater 4.6 m (15 ft)
Highest CRFGW ranking 1274 DNAPL VOCs
Highest CRFSOIL 
ranking

1457 PCBs

Geovulnerability 
ranking

78

.

Case
Study 1

N

FIGURE 14.1
Aerial image of Michigan site showing urban setting.
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Operations at the facility ceased in 2001 and the buildings were demolished in 2007. 
Figure 14.2 shows pre- and post-demolition aerials of the site.

Buildings were demolished to

• Lower carrying cost.
• Minimize trespass liabilities.
• Assist in evaluating potential sources of contamination. There had been more than 

10 expansions conducted during facility history. Historical engineering drawings 
indicated numerous potential sources and many were not available for inspec-
tion. These sources included former pits, sumps, floor drains, tanks, and chemical 
storage areas. The historical map shown in Figure 14.3 was one of the many older 
maps consulted that aided with the assessment of the site by identifying potential 
sources of leaks and spills.

• Lower investigation cost by providing unobstructed access to all potential areas 
of concern (AOCs).

• Minimize the potential of not properly investigating all potential contaminant 
sources.

A Phase I environmental site assessment (Phase I ESA) was conducted and identified more 
than 20 recognized environmental conditions (RECs). Figure 14.4 depicts the identified 
RECs, and when this map is compared with the historical map of Figure 14.3 it demon-
strates a concentration of RECs along the building fringes—locations frequently used for 
sumps, pits, and trenches.

A Phase II subsurface investigation confirmed the presence of contamination. COC 
included manganese in soil and groundwater, PAHs in soil and PAH-free product float-
ing on top of groundwater, and DNAPL VOCs in soil and groundwater. Subsequent 
Phase II investigations confirmed the presence of a significant DNAPL VOC groundwa-
ter plume. However, the results of the Phase II also indicated the presence of multiple 
DNAPL VOC plumes, with at least one of the groundwater plumes originating from an 
upgradient source. This finding indicated a broader regional assessment of groundwater 
and potential sources must be conducted—a task made easier by an accurate geologic 
map. Figure 14.5 shows the available geologic map for the area near the site.

Site
boundary

Site
boundary

Post-demolitionPre-demolition

FIGURE 14.2
Pre- and post-demolition site maps (=site boundary).
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The areas under and immediately adjacent to the site have not been mapped at all, and 
the areas mapped do not provide information on the stratigraphy or identify appropriate 
geological units. This lack of a basic geologic map increases the difficulty of environmen-
tal investigations. As we noted in Chapter 2, urban geology is often not considered as 
appealing as the national parks, but is complex and fundamental to understanding the 
physical context for contamination events. Without this foundation, a proper assessment 
of vulnerability cannot be made, leading to poor decisions resulting in the location of 
facilities posing risks to the subsurface and surface environments in highly vulnerable 
areas—as is the case here.

For decades, this site has been located in a geologically vulnerable area with signifi-
cant historical use of chemical compounds and a high groundwater contaminant risk 
factor. This combination resulted in a large contaminant plume affecting a potable aqui-
fer, rendering its water off limits to not only the affected area—but to the general region. 
Unfortunately, this event is not an isolated occurrence at this location. Several contami-
nant plumes were identified from multiple sources during investigative activities, and as 
depicted in Figure 14.5, they are migrating toward a surface water body. As we know from 
Chapter 3, this phenomenon commonly occurs and, if not addressed, could eventually 
contribute to the deterioration of surface water quality. Figure 14.6 shows a planimetric 
(overhead) view of the DNAPL VOC contaminant plumes.

Aquifers are 3D in nature and represent a stack of related structural units. Understanding 
their vertical structure and the relationships between the units are critical to managing the 
resource. New mapping techniques have been developed at much higher resolutions with 
the ability to manipulate horizontal and vertical exaggeration. These capabilities enable 

Oil storage shed

Waste storage area
(outdoors)

Raw material
storage (outdoors)

Machine shop

30 m0

Site property
boundary

Information obtained from facility
engineering layout diagram dated

1920 

Adjacent
facility

Adjacent facility

N

FIGURE 14.3
Historical map of site from 1920.
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vertical relationships to be emphasized without any negative impact on the generally 
understood shape of the surface in question. Figure 14.7 shows high-resolution aquifer 
profiling—a 3D cross section of the site and adjacent areas depicting at least three DNAPL 
contaminant plumes.

The 3D map and graph combination shown in Figure 14.7 provides additional informa-
tion relevant to the remediation effort, including the relative subsurface distributions of 
the pollutants and their respective concentrations.

After reviewing the data and maps, it was determined that the cost of investigation and 
remediation would be extensive and could not be accurately measured. Timely restoration 
of the affected aquifer is unlikely because

• The contaminants are migrating along the bottom of the aquifer. DNAPL com-
pounds are slightly denser than water and when present at a sufficient concen-
tration may sink through the water column as they migrate by advection in the 
downgradient direction of groundwater flow. The location of contaminants at the 
bottom of the aquifer renders remedial methods more difficult and costly.

• The COC are DNAPL VOCs, and these substances do not degrade quickly. 
According to historical chemical usage records, DNAPL VOCs have not been 
used in more than 25 years. Since the highest concentrations detected were more 
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FIGURE 14.6
(See color insert.) Surface map showing contaminant plumes.
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than 305 m (1000 ft) downgradient from any suspected source, it confirmed the 
degradation rate was extremely slow. Therefore, natural attenuation alone will 
likely not be effective.

• Not all contaminant sources have been identified, removed, and abated. Several 
potential upgradient sources have been identified, but, until they have been 
fully investigated and removed, groundwater remediation cannot be effectively 
implemented.

• Remedial technologies will be effective at reducing contaminant mass but will not 
achieve timely and cost-effective restoration. One goal would be to reduce con-
taminant mass sufficiently so there is no detectable deterioration when the con-
taminant plumes reach surface water.

The lessons learned from this case study include

• Geologic maps are essential to all remediation efforts. In areas where there are 
synergistic effects between vulnerable geology and chemicals with high contami-
nant risk factors, geologic maps can help with the determination of contaminant 
extents.

• Low points within and near buildings such as concrete sumps, pits, trenches, and 
floor drains are potential sources of contamination.

• The fate and migration of DNAPL VOCs in a vulnerable geologic environment can 
present difficult challenges for remediation efforts.

• Because of surface and groundwater interaction, different geographic scales of 
analysis—e.g., the site scale and watershed scale—must be considered to achieve 
an accurate depiction of the contamination risks.

• Geologic forensic techniques and 3D mapping such as high-resolution aquifer 
profiling can help provide a complete and comprehensive evaluation of the site 
history, potential source evaluation, and knowledge of contaminant fate and 
transport.

• Three-dimensional maps depict the extent of contamination in an easy-to-under-
stand and communicable format.

Proposed high resolution
aquifer profiling locations
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FIGURE 14.7
(See color insert.) Three-dimensional view of DNAPL VOC contaminant plumes.
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14.3 Case Study 2: Illinois

Case Study 2 is located in an urban area in Illinois (IEPA 2010). It is an idle brownfield site. 
According to available records, it was first developed as a chrome plating facility in the 
late 1960s and operated until 2003. Table 14.2 lists some basic information about the site.

The chemical primarily used at the facility was the heavy metal chromium VI. Secondary 
chemicals used included mercury and lead. For cleaning, small amounts of solvents con-
sisting of an LNAPL mixture were used; however most of the cleaning conducted at this 
facility consisted of a caustic dip tank and bath.

The facility was demolished after operations ceased. Demolition of the structure pro-
vided access to the subsurface for sampling, lower carrying cost, and reduced the potential 
trespass liabilities. A Phase I ESA was conducted and identified five RECs, all associated 
with the use and storage of chromium VI and LNAPL VOCs. Subsequent Phase II investi-
gations revealed concentrations of chromium that greatly exceeded the applicable regula-
tory criteria. In subsurface soil, there were very high concentrations (>10,000 ppm), and in 
perched groundwater the levels were greater than 440 ppm.

To estimate the nature and extent of the contaminant mass, more than 75 soil borings 
were drilled, over 20 shallow monitoring wells were installed, and nearly 500 samples 
of soil and groundwater were collected and analyzed. The estimated mass of chromium 
VI exceeded 13,000 lb. During the course of this extensive investigation, other contami-
nants were detected including LNAPL VOCs, lead, and mercury, but only chromium VI 
required a remedial action. The majority of the releases originated from a concrete sump 
and trench located inside the facility.

Figures 14.8 and 14.9 show the location of the site before and after it was demolished, 
respectively.

Figure 14.10 shows a 3D cross section of the site and adjacent areas depicting the extent 
of chromium VI impacts exceeding the applicable regulatory limit of 420 ppm. Figure 14.11 
offers a different perspective of the extent of chromium VI and includes the locations of 
the contaminant sources.

Inspection of the 3D maps shown in Figures 14.10 and 14.11 offers some insights into 
the behavior of contaminants when they lack synergy with the geologic environment. 
Although the site exhibited significant levels of chromium VI in soil, the vertical extent of 

TABLE 14.2

Site Characteristics of Case Study 2

Characteristic Site Information

Location Illinois
Years of operation Approximately 35 years
Size of property Less than 2 ac
Geologic setting Lacustrine sediments
Soil type and stratigraphy Clay interbedded with some fine silt layers
Contaminants detected LNAPL VOCs, mercury, lead, and CrVI
COC CrVI
Depth to groundwater Groundwater present along building footings
Highest CRFGW ranking CrVI 2080
Highest CRFSOIL ranking CrVI 10.2
Geovulnerability ranking 13
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FIGURE 14.10
(See color insert.) Cross section showing soil boring locations and extent and magnitude of CrVI impacts 
(darker color indicates higher concentration).

FIGURE 14.9
Illinois site after demolition.

FIGURE 14.8
Illinois site before demolition.
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the chromium plumes shown in Figure 14.10 is about 3 m (10 ft), indicating the chromium 
VI did not migrate significantly downward. This lack of migration occurred because the 
site is not within a geologically vulnerable area; it is located in an area of thick lacustrine 
deposits composed of clay. Since there is little or no groundwater present in this subsur-
face zone, a synergistic effect was not realized.

During the development of the site, a large amount of fill material was placed beneath 
the building, paved areas, and along building footings. The fill material consisted of sand 
and gravel that subsequently became water saturated and aided in spreading the con-
tamination once released. Contamination did not extend to depths greater than 5 m (15 ft) 
beneath the surface of the ground (Figure 14.10) and traveled approximately 15 m (50 ft) 
beyond the release points shown in Figure 14.11.

Although the groundwater present at the site was anthropogenic in origin, it took a net-
work of monitoring wells to arrive at this conclusion. As with Case Study 1, no detailed 
urban geologic map had been prepared for the urban region containing the site. By pro-
viding information concerning the distribution, stratigraphy, and hydrology of the shal-
low unconsolidated sediments, the urban geologic map would have reduced monitoring 
well-drilling costs.

The cost of remediation exceeded $1 million, with the lack of any completed contaminant 
pathways and a geologic environment consisting of clay helping to keep the costs down. 
Because the contamination was shallow and the buildings were demolished, excavation 

Legend
Sample locations Scale (m)

0 4 12 28 44Vertical scale is exaggerated by a factor of 4

FIGURE 14.11
(See color insert.) Three-dimensional map view showing soil boring locations, source areas, extent and 
 magnitude of on-site and off-site CrVI impacts (darker color indicates higher concentration).
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was very economical and became the primary remedial technology. Soils with lower con-
taminant concentrations were treated with an application of ferrous sulfate—a chemical 
reactant—to immobilize and change the valance state of the chromium VI to chromium 
III. Chromium III is much less soluble in water, is not nearly as mobile as chromium VI, is 
not a recognized carcinogen, and is much less damaging to plants and animals.

The lessons learned from this case study include

• Geologic maps are essential to all remediation efforts. In areas where there are no 
synergistic effects between the geologic environment and chemicals with high 
contaminant risk factors, geologic maps can help reduce monitoring well-drilling 
costs.

• Low points in and around buildings can act as conduits of contamination.
• Anthropogenic disturbance (i.e., backfilling building foundations and footings 

with porous materials) can enhance contaminant migration.
• Three-dimensional maps depict the extent of contamination in an easy-to-under-

stand and communicable format.
• This site is underlain by thick lacustrine clay. The low vertical extent of large 

amounts of the highly mobile chromium VI suggests there is limited migration 
potential in this geologic environment.

• There can be successful and cost-effective remediation when contamination occurs 
in a favorable geological setting.

14.4 Case Study 3: Indiana

Case Study 3 is located in an urban area in Indiana (IDEM 2005). It became a brownfield 
site when it was shut down after more than 100 years of operation. According to available 
records, it was first developed as a foundry in the late 1800s. Table 14.3 lists some basic 
information concerning the site.

TABLE 14.3

Site Characteristics of Case Study 3 Located in Indiana

Characteristic Site Information

Location Indiana
Years of operation More than 100 years
Size of property 40 ac
Geologic setting Lacustrine and fluvial sediments
Soil type and stratigraphy Clay interbedded with some fine silt and sand layers
Contaminants detected LNAPL VOCs, lead, PCBs, and PAHs
COC Lead and PCBs
Depth to groundwater Less than 1.5 m (5 ft) beneath the surface of the ground
Highest CRFGW ranking Benzene 19.4
Highest CRFSOIL ranking PCBs 2524
Geovulnerability ranking 71
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Figure 14.12 shows the location of the site within a heavily urbanized area of mixed land 
use. Heavy industry dominates the areas to the north and west of the site and residential 
land use dominates the areas east and south. A shipping canal flowing north to a larger 
surface water body borders the site along the western property boundary. The geology of 
the site is dominated by lacustrine deposits of interbedded clay, silt, sand, and dune depos-
its. Depths of unconsolidated deposits are believed to be greater than 15 m (50 ft). Detailed 
geologic mapping in three dimensions has not been conducted for the region. The direc-
tion of groundwater flow is west northwest toward the ship canal.

Figure 14.13 is a lower-altitude aerial photograph showing the facilities on-site. 
Please note the presence of the transformer area at the right-center of the photograph. 
Until their ban in 1979, PCBs were widely used as a fire retardant and insulator in the 

Site location
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FIGURE 14.12
Aerial photograph showing the location and surrounding region of the Indiana site.
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FIGURE 14.13
Facilities on-site.
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manufacture of transformers and capacitors due to their ability to withstand exceptionally 
high temperatures.

Investigation of this site began with a Phase I ESA that identified 25 RECs and 15 AOCs. 
Three Phase II subsurface investigations were conducted to find and define the nature and 
extent of contamination at the site. Investigative actions included drilling more than 80 soil 
borings, installing temporary groundwater monitoring wells, and collecting and analyz-
ing more than 100 samples for selected compounds including DNAPL and LNAPL VOCs, 
PAHs, SVOCs, PCBs, and heavy metals (As, Ba, Cd, Cr, Cu, Pb, Hg, Mg, Mn, Se, Ag, and 
Zn). Figure 14.14 shows the locations of the RECs and AOCs.

This site is located in a geologically vulnerable area of shallow groundwater hydrauli-
cally connected and very close to a large surface water body (vulnerability rating = 71). 
Luckily, a synergistic effect between a high-risk chemical released into a geologically 
vulnerable area did not occur because this site did not use significant amounts of chemi-
cals. As a result, the extent of contamination did not extend more than 6 m (20 ft) beyond 
release points and did not extend to depths greater than 1 m beneath the ground sur-
face. A geologic map would have helped predict this outcome, improved the soil and 
groundwater sampling protocols, and would have also saved significant time and finan-
cial resources.

Of the several contaminants detected in soil, the only areas requiring remediation were 
one impacted with PCBs and another impacted with lead. The area impacted with PCBs 
was located near the transformer area (Figure 14.13). The area impacted with lead was 
located beneath the facility’s water tower painted with a lead-based paint removed by 
weathering (Figure 14.13). Contaminants were detected in the shallow groundwater, but 
not at levels requiring further action. The remedial option selected was excavation of 
impacted soil. Excavation was selected since both impacted locations were accessible and 
the contamination was shallow and restricted to the upper 1 m of soil. Remediation was 
completed within 1 week. The total cost of investigation and remediation of this site was 
$400,000 and was completed in 1 year from initiation of the Phase I ESA to closure by the 
regulatory agency.

The lessons learned from this case study include

• Geologic maps are essential to all remediation efforts. In areas of vulnerable geol-
ogy and chemicals with low groundwater risk factors, geologic maps provide 
valuable information that help guide investigative and remedial efforts.

• Applying urban investigative and geologic forensic techniques such as compre-
hensive site history and knowledge of contaminant fate and transport help to 
increase the effectiveness of the remediation effort.

• A characterization of the fate and transport of lead and PCBs. Lead and PCBs had 
been released at this facility and did not impact groundwater even though ground-
water was shallow (within 1 m of the surface). These substances also did not migrate 
a significant distance laterally because of the nature of the compounds (high soil 
contaminant risk factor) and the absence of anthropogenic pathways or disturbance.

• There is a lack of synergy at sites between chemicals and the geologic environ-
ment where chemicals with a high risk to groundwater were not used significantly 
during the operational history of the facilities.

• Successful and cost-effective remediation is possible when no high-risk chemicals 
are present. Modest environmental impacts and timely remediation can also be 
achieved.
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14.5 Case Study 4: Wisconsin

Case Study 4 is located in an urban area in Wisconsin (WDNR 2003). It became a 
brownfield site when the plant was shut down after more than 80 years of operation. 
According to available records, it was first developed as a heavy manufacturing facility 
in the 1920s. Table 14.4 lists some basic information concerning the site, and Figure 14.15 
shows the site.

This site is located in a geologically vulnerable area of moderate magnitude (vulnerabil-
ity rating = 55). Shallow groundwater is very near and hydraulically connected to a large 
surface water body via anthropogenic means (storms sewers). No detailed urban geologic 
map has been prepared for the region.

Investigation of this site began with a Phase I ESA that identified 25 recognized envi-
ronmental concerns and 15 locations of less significant concern. Three Phase II subsurface 
investigations were conducted to find and define the nature and extent of contamination at 
the site. Operations included drilling more than 300 soil borings, installing more than 100 
groundwater monitoring wells, and collecting and analyzing more than 1000 samples for 

TABLE 14.4

Site Characteristics of Case Study 1 Located in Wisconsin

Characteristic Site Information

Location Wisconsin
Years of operation More than 100 years
Size of property 40 ac
Geologic setting Lacustrine and fluvial sediments
Soil type and stratigraphy Clay interbedded with some fine silt and sand layers
Contaminants detected LNAPL and DNAPL VOCs, PCBs, PAHs, arsenic, lead, 

cadmium, and copper
COC for soil LNAPL and DNAPL VOCs, PAHs, SVOCs, PCBs, and lead
COC for groundwater DNAPL VOCs
Depth to groundwater Less than 1.5 m beneath the surface of the ground
Highest CRFGW ranking DNAPL VOCs 1274
Highest CRFSOIL ranking PCBs 1457
Geovulnerability ranking 55

Residential propertiesPark

Case study 4 site

Cemetery and then large lake

N

FIGURE 14.15
Site map of Case Study 4.
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selected compounds that included DNAPL and LNAPL VOCs, PAHs, SVOCs, PCBs, and 
heavy metals (As, Ba, Cd, Cr, Cu, Pb, Hg, Se, Ag, and Zn).

Several contaminants were detected in soil, including LNAPL and DNAPL VOCs; PAHs; 
SVOCs; PCBs; and the heavy metals arsenic, cadmium, lead, and copper. Contaminants 
detected in groundwater included DNAPL VOCs and low levels of LNAPL VOCs. 
Contaminants requiring remediation included LNAPL and DNAPL VOCs, PAHs, SVOCs, 
PCBs, lead and cadmium in soil and DNAPL VOCs in groundwater. Figure 14.16 shows 
the location of soil borings and monitoring wells and the extent of contaminant impacts 
requiring remediation.

The geology of the site was dominated by a thin sand layer that became thinner toward 
the southern portion of the site. The thickness of the sand was less than 3 m in the northern 
portion and only 1 m thick in the southern portion. Beneath the sand was a thick sequence 
of clay more than 18 m (60 ft) thick and believed to be a glacial lodgment till deposit. The 
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FIGURE 14.16
(See color insert.) Extent of impacts at Case Study 4.
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sand deposit originated from beach and reworked beach deposits from fluvial processes. 
Groundwater was encountered at depths of less than 1.5 m (5 ft) across the site. Figure 14.17 
is a west to east geologic cross section of the site showing the location and relative thick-
ness of the geologic layers and the proximity of the site to the large surface water body.

Storm sewers and building foundations significantly influenced groundwater flow 
across the site. The leakage of groundwater into the storm sewers at several locations pro-
vided an anthropogenic pathway for contaminants in groundwater and resulted in the 
discharge of contaminants into a large surface water body located less than 1 km (0.6 mile) 
away. On a more positive note, the building foundations effectively prevented the develop-
ment of large groundwater contaminant plumes because they extended only to the base of 
the sand, where further downward migration was prevented by the basal clay.

Sources of contamination included sumps, pits, trenches, floor drains, and outdoor stor-
age of waste chemicals; many of these are identified in Figure 14.16. The remedial method 
selected for soil was excavation since the contamination was accessible after demolition 
and did not extend to depths greater than 3 m. Since the impacts were shallow due to 
the anthropogenic influences just mentioned, excavation and pumping were used for the 
remediation of groundwater.

The ultimate disposition of the site was influenced by its location within a residential 
urban area and its proximity to a large surface water body. Continued use as an indus-
trial site was not feasible because of the site’s residential location and lack of appropriate 
highway access, so the surface structures were demolished and a portion of the site was 
converted into a city park. Demolition had the effects of

• Speeding redevelopment.
• Lowering carrying cost.
• Minimizing trespass liabilities.
• Assisting in identifying and evaluating potential sources of contamination. There 

had been more than 25 expansions conducted during facility history. Historical 
engineering drawings indicated numerous potential historical sources of contam-
ination, and many were not available for inspection. These included former pits, 
sumps, floor drains, tanks, and chemical storage areas.

• Lowering remediation cost by providing unobstructed access to all potential AOCs.
• Minimizing the potential for missing—or not properly investigating—all poten-

tial contaminant sources.
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Figures 14.18 and 14.19, respectively, show aerial and ground-level views of the site after 
demolition of the buildings.

This site did experience some synergistic effect between the moderate vulnerability 
of the geologic environment and the use of high-risk chemicals. Damage was limited by 
the leakage of groundwater into the storm sewers, the lack of significant groundwater 
volumes, and building foundations inhibiting groundwater flow. These anthropogenic 
influences prevented a larger environmental impact commensurate with the risks present. 
Despite this good fortune, investigation and remedial costs were expensive—the project 
lasted 12 years after conducting the Phase I ESA, with expenditures totaling $9.3 million,

The lessons learned from this case study include

• Geologic maps are essential to all remediation efforts. In areas where there is high 
anthropogenic disturbance, geologic maps can help investigators distinguish 
between natural and artificial drainage patterns.

FIGURE 14.18
Photograph after site demolition.
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FIGURE 14.19
Aerial photograph after site demolition and remediation.
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• The application of effective urban investigative and geologic forensic techniques 
such as conducting a comprehensive site history and the knowledge of contami-
nant fate and transport can identify potential anthropogenic effects at a site.

• Anthropogenic influences may reduce the synergistic effects resulting from cer-
tain combinations of geology and high-risk chemicals. This effect is apparent 
where groundwater is shallow, in short supply, and the constructed infrastructure 
works to prevent the downward movement of the contamination (e.g., storm sew-
ers and building foundations).

• Anthropogenic infrastructure can influence migration pathways, complicating 
environmental investigative and remedial efforts.

• The fate and migration of lead, PCBs, PAHs, and SVOCs released into a geologic 
environment of shallow groundwater indicates these compounds did not migrate 
a significant distance laterally. Their relative immobility arises from the nature of 
the compounds—they have a high soil contaminant risk factor.

• Outdoor storage areas offer potential sites for contaminant release.
• Low points in and around buildings can act as effective conduits of contamina-

tion; sources of contamination were sumps, trenches, and floor drains.
• Successful redevelopment of a damaged site is possible. Here, a city park and con-

version to other land uses is in progress.

14.6 Case Study 5: California

Case Study 5 is located in an urban area in California (DTSC 2006). It became a brownfield 
site when shut down after 36 years of operation. According to available records, it was first 
developed as a chrome plating facility in 1966 and operated until 1999. Table 14.5 lists some 
basic information concerning the site.

TABLE 14.5

Site Characteristics of Case Study 1 Located in California

Characteristic Site Information

Location California
Years of operation 36 years
Size of property 2 ac
Geologic setting Alluvial and fluvial sediments
Soil type and stratigraphy Sand interbedded with some fine silt and clay 

layers.
Contaminants detected Chromium VI, lead, cadmium, nickel, and mercury
COC for soil Lead, mercury, cadmium, and chromium VI
COC for groundwater Chromium VI
Depth to groundwater Approximately 21 m (70 ft) beneath the surface of 

the ground
Highest CRFGW ranking 2300 chromium VI
Highest CRFSOIL ranking Mercury 15,600
Geovulnerability ranking 63
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Investigation at this site began with an assessment of a subsurface sump used to temporar-
ily store waste plating fluids. Results of soil samples collected near the sump indicated the 
presence of chromium VI at elevated levels, and this finding triggered further investigation. 
Subsequent Phase II investigations revealed groundwater had been impacted at a depth of 21 m 
(70 ft) beneath the ground surface, and an additional chromium VI source was located upgra-
dient and adjacent to the facility. This establishment was also performing chrome plating.

Several phases of investigation had been conducted to evaluate other potential sources of 
contamination and whether other contaminants were present. Contaminants detected in 
soil included cadmium, chromium VI, lead, mercury, and nickel. Contaminants detected 
in groundwater from site operations were restricted to chromium VI. The chromium VI 
contamination in groundwater extends more than 3.2 km (2 mi) downgradient from the 
source. Figure 14.20 shows the location of soil borings and monitoring wells and the pre-
liminary extent of contaminant impacts requiring remediation.

The geology of the site consists of an interbedding of sand, silt, and small clay lenses 
of groundwater encountered at a depth of approximately 21 m beneath the surface. 
Groundwater is present in a complex network of aquifers that are used as a potable source 
of water. The aquifers are also used to store billions of gallons of water for potential future 
use. Groundwater beneath the site is flowing west toward a river located less than 4 km 
(2.5 mi) from the site.

With its vulnerability rating of 65, this site is prone to groundwater contamination. As 
demonstrated here, even though groundwater exists at a relatively deeper depth than the 
other sites, contaminants can easily impact deep groundwater under favorable conditions 
and reach surface water discharge locations far downgradient. Figure 14.22 shows the 
interpolated chromium VI groundwater plume from this site reaching the riverbed over 
3.2 km (2 mi) away. If a geologic map for this urban area existed, it would have simplified 
the interpolation of the contaminant plume.

The technologies selected to remediate soil were excavation of the near-surface soil 
and in situ chemical treatment of subsurface soil. Excavation of surface soil was selected 
because in situ chemical treatment and other technologies were not feasible due to the 
presence of multiple heavy metals requiring remediation. In situ treatment was selected 
for subsurface soil at depths between 6.7 m (22 ft) and 21 m (70 ft) because chromium VI 
was the only contaminant requiring remediation. The in situ treatment of the deeper soil 
consisted of injecting a chemical reactant (ferrous sulfate) that reduced the chromium VI 
to chromium III. This chemical reaction immobilized the chromium so it could no longer 
migrate and impact groundwater. Figure 14.21 shows a geologic cross section of this site 
and the areas selected for soil excavation and in situ chemical treatment.

Since the remedial alternative selected for the shallow soil was soil excavation, demolition 
of the building was necessary to gain unobstructed access to impacted areas. Demolition 
of the building and removal of the footings had the following added benefits:

• Enhanced redevelopment potential
• Lowered carrying cost
• Minimized trespass liabilities
• Assisted in confirmation of contaminant sources
• Lowered overall remediation cost by providing unobstructed access to all poten-

tial AOCs
• Minimized the potential for missing—or not properly investigating—all potential 

contaminant sources
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The selected technology for groundwater remediation was to pump and treat ground-
water within seven discrete zones using calcium polysulfide. The treated groundwater 
was reinjected to create a circulation pattern within each of the seven treatment zones. 
Each treatment zone was located along the longitudinal axis of the contaminant plume at 
approximate intervals ranging from 500 to 1000 m. The spacing was contingent upon con-
taminant concentrations (i.e., higher concentrations earned a tighter spacing) and access 
to the subsurface. Care was taken to ensure that the location of aboveground treatment 
equipment was placed in areas that created minimal disturbance and maintained security.

This site exhibited a synergistic effect between a geologically vulnerable area and a 
chemical with a high groundwater contaminant risk factor. When groundwater is affected, 
costs soar; this is borne out by the more than $25 million it took to remediate this site’s soil 
and groundwater.

The lessons learned from this case study include

• Geologic maps are essential to all remediation efforts. In areas where there is high 
geologic vulnerability and highly mobile contaminants, the synergistic effects 
produced by their interaction can be better predicted by knowing the aquifer 
structure and subsurface flow patterns.

• Application of effective urban investigative techniques such as collecting ground-
water samples using a cone penetrometer (CPT) method in easements and aquifer 
profiling assists with the investigation and remedial efforts.

• Contamination occurring at sites where there is vulnerable geology and high-risk 
contaminants is likely to exhibit synergistic effects, and be costly to remediate.

Case study 5 site
Adjacent contaminated siteFormer

contaminant
source (sump)

Treatment
injection points 

Area treated using
in situ injection of

a chemical reactant

Zone of saturation

Water table

West

Former chrome plating tanks East

Direction of groundwater flow

Excavated to 0.5 m
Excavated to 1.5 m
Excavated to 7.0 m
Treatment zone

Legend

Silty sand
Silt/clay
Sand
Gravel

FIGURE 14.21
Geologic cross section and areas selected for soil excavation and in situ treatment.
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• The fate and transport of chromium VI at this site indicates it is more mobile than 
other heavy metals in the environment. Lead, nickel, cadmium, and mercury were 
also released at this site, but only chromium VI was mobile enough to contaminate 
groundwater.

• A low building location—in this case a sump—was the source of the contamination.
• Successful remediation is possible using a simple and established method (exca-

vation) and an innovative method (in situ chemical treatment for deeper soil and 
groundwater).

14.7 Case Study 6: New Jersey

Case Study 6 is located in an urban area in New Jersey (NJDEP 2010). It became a brownfield 
site when shut down after a long operational history that began in 1760. Approximately 
23 ha (50 ac) of the 114 ha (250 ac) site were used for industrial operations and were foundry 
related. The remaining 91 ha (200 ac) were used for other purposes such as agriculture, 
trucking, landfilling, and a shooting range or were forested. Table 14.6 lists some basic 
information concerning the site, and Figure 14.22 shows an aerial photograph of the site 
taken in 2006.

Investigation of this site began with a Phase I ESA that identified more than 200 RECs. 
Several Phase II subsurface investigations were conducted to find and define the nature 
and extent of contamination at the site. These activities included drilling more than 300 
soil borings, installing groundwater monitoring wells, and collecting and analyzing 
more than 1000 samples of soil, groundwater, and sediment for selected compounds that 
included DNAPL and LNAPL VOCs, PAHs, SVOCs, PCBs, and heavy metals (As, Ba, Cd, 
Cr, Cu, Pb, Hg, Se, Ag, and Zn).

Several contaminants were detected in soil, including LNAPL and DNAPL VOCs, PAHs, 
SVOCs, PCBs, and heavy metals (arsenic, cadmium, lead, and mercury). Contaminants 

TABLE 14.6

New Jersey Site Characteristics

Characteristic Site Information

Location New Jersey
Years of operation Nearly 250 years
Size of property Over 250 ac
Geologic setting Fluvial sediments
Soil type and stratigraphy Silt and fine-grained sand interbedded with clay
Contaminants detected LNAPL and DNAPL VOCs, PCBs, PAHs, arsenic, 

cadmium, chromium III, lead, and mercury
COC PCBs, PAHs, lead, and mercury
Depth to groundwater Less than 1.5 m beneath the surface of the ground
Highest CRFGW ranking Mercury 3.1
Highest CRFSOIL ranking Mercury 15,600
Geovulnerability ranking 67
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detected in groundwater included low levels of LNAPL VOCs, PAHs, and SVOCs, with 
none requiring remediation except for several areas with PAH-free product. Contaminants 
requiring remediation in soil included PAHs, PCBs, lead, and mercury.

Figure 14.23 shows most of the RECs are associated with the foundry located along the 
river on the west-northwest portion of the site. Within and near the foundry, the sources of 
contamination included sumps, pits, trenches, floor drains, and outdoor storage of waste 
materials where accidental spills had occurred.

FIGURE 14.22
Urban setting of New Jersey site.
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Location of RECs for the foundry portion of the site.
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The geology of the site was dominated by fluvial sediments composed of interbed-
ded sands, silts, and clays to depths greater than 15 m (50 ft) below the ground surface. 
Groundwater is encountered within 1.5 m (5 ft) of the surface at most locations near the 
river and less than 6 m (20 ft) at locations furthest from the river. The direction of ground-
water flow is generally west toward the river. The absence of a detailed geological map of 
unconsolidated sediments for this urban region increased the difficulty of characterizing 
the subsurface flow patterns.

This case study demonstrates the behavior of contaminants with low groundwa-
ter contamination risk factors. Despite its location within a geologically vulnerable 
area (vulnerability rating = 67), a synergistic effect between the geologic environment 
and contamination did not occur. Even though shallow groundwater was present 
and the contaminants did not have far to migrate to impact a surface water body, the 
relative immobility of the contaminants released prevented their migration into the 
groundwater.

The remedial method selected for soil was excavation since the contamination was 
accessible after demolition and did not extend to depths greater than a meter. The reme-
dial methods selected for groundwater were removal of PAH-free product and monitored 
natural attenuation (MNA).

For nonfoundry areas of the site, cleanup of near-surface soil was required in the area 
located along the east side where a former shooting range was located. Here, shallow soils 
were impacted with lead. Other areas required a deed restriction and institutional controls 
including nondisturbance of certain areas (areas previously used as landfill areas) and 
maintaining a direct contact barrier such as asphalt pavement.

This case study was costly, because of the size of the site and its nearly 250 year duration 
of industrial operations. The precise total cost of investigation and remediation have not 
been determined because environmental work at the site is incomplete.

The lessons learned from this case study include

• Geologic maps are essential to all remediation efforts. In areas where there is high 
geologic vulnerability and relatively immobile contaminants, the potential for 
synergistic effects produced by their interaction can be better predicted by know-
ing the subsurface flow patterns.

• There are benefits to “front loading” the investigation by applying effective urban 
investigative and geologic forensic techniques. In this case, a very thorough Phase 
I ESA consisting of a comprehensive historical review set the stage for a detailed 
Phase II subsurface investigation that resulted in the demolition of buildings and 
provided access to the subsurface. These actions ensured the site was adequately 
characterized.

• If a contaminant has a low groundwater risk factor, it suggests there will not be any 
synergistic effects between it and a vulnerable geologic environment. Examples 
of this are provided by the fate and migration of PAHs, PCBs, SVOCs, arsenic, 
lead, cadmium, and mercury. All of these contaminants were present, but none 
required groundwater remediation.

• Low areas on sites are often sources of contamination. Here the foundry portion 
contained sumps, pits, trenches, tanks, and floor drains.

• Outdoor storage areas offer potential sites for contaminant release.
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• Successful remediation is possible using a simple and established method (exca-
vation) for soil, accompanied by capping, deed restrictions, institutional controls, 
and pumping of free product.

• After effective remediation and scientifically informed planning, heavily contam-
inated sites can eventually turn into productive land uses.

14.8 Summary and Conclusion

This chapter presented several case studies designed to illustrate some of the principles 
that can form the scientific and scientifically informed planning foundations to attain sus-
tainable urban watersheds. These principles include

• A detailed urban geological map is required to comprehensively assess a dam-
aged site and facilitate efforts for its remediation and redevelopment.

• Geology in urban settings is dominated by unconsolidated sedimentary deposits, 
and these deposits are complex.

• Major urban areas are located near large surface water bodies, and the hydrologic 
and hydraulic connections between them often dictates the extent and severity of 
the contamination.

• Common contaminants exist at many large urban industrial sites, and they have 
similar storage methods outdoors, and common indoor or near-building release 
points (e.g., sumps, tanks, trenches, floor drains, and pits). This knowledge can 
assist source control efforts.

• Contaminant migration is closely related to the risk factors for soil and groundwa-
ter. Immobile contaminants released into vulnerable geologic environments may 
not create a synergistic effect because they have high soil risk factors and therefore 
do not reach groundwater. Mobile contaminants with low soil risk factors tend to 
exhibit high groundwater risk factors; they will migrate in vulnerable geologic 
environments and create a synergistic effect.

• Anthropogenic influences, e.g., sewer systems, can change the migration path-
ways for contaminants. A rigorous site investigation is required to determine if 
the anthropogenic affects will impede contamination or enhance it.

• Urban investigation and geologic forensic techniques are useful and necessary 
components of most, if not all, site investigations. Three-dimensional maps com-
municate information clearly and effectively.

• Remedial technologies vary and must be matched to the remediation effort based 
on the specific characteristics of the site. One size does not fit all here.

• The cost of environmental cleanup varies proportionately with synergistic effects 
and is often increased by the presence of shallow groundwater.

• Redevelopment alternatives must rely on the science used for remediation to guide 
the proper selection of land uses.

Many of these concepts are dramatically apparent when comparing and contrasting the 
case studies. The following are just a few important examples:
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• Case Studies 1 (Michigan), 3 (Indiana), and 6 (New Jersey) were all foundries. All 
are located in areas with vulnerable geology, but only the site that used significant 
amounts of DNAPL VOCs (Michigan) experienced a synergistic effect between 
vulnerable geology and a chemical with a high contaminant risk factor. It is rea-
sonable to conclude that the high contaminant risk factor for groundwater of 
DNAPL VOCs contributed to the synergistic effect.

• Case Studies 2 (Illinois) and 5 (California) are located in areas of different geo-
logical vulnerability, but both had chromium VI as the contaminant of concern. 
The masses of chromium VI released were nearly the same and occurred over a 
similar span of time (less than 40 years). The Illinois site is located in a much less 
geologically vulnerable area (rating of 13) compared to the California site (rating 
of 63). The synergistic effect occurred because the California site was located in a 
vulnerable geological environment.

• Case Study 4 (Wisconsin) provides an example of how anthropogenic influence 
represented by the presence of storm sewers and building foundations greatly 
influences groundwater and contaminant migration.

• Case studies 1, 2, 4, 5, and 6 demonstrate the value provided by structure demoli-
tion. This measure enables unobstructed access to the subsurface and assists with 
site investigation and remediation.

• Damaged sites can be effectively redeveloped into different land uses (Case stud-
ies 4 and 6).

• Case studies 1, 2, 3, 4, and 6 highlighted low areas being the sources of contamina-
tion, that is, sumps, pits, trenches, floor drains, and tanks. Outdoor storage areas 
are also identified as contaminant sources. Identification of these sources provides 
a basis for instituting pollution prevention initiatives, especially at those locations 
where a synergistic effect may occur.

• Remediation of soil at each of the case studies relied on soil excavation as part of 
the remedial process. Other remedial efforts included a variety of technologies, 
and in most cases a combination of options was required to successfully achieve 
remedial goals.

• The presence of synergistic effects is a key determinant of cost. In the six cases pre-
sented, the costs of investigation ranged from $400,000 to more than $25 million. 
The case studies costing the most (Michigan and California) are located where 
synergistic effects were present, and those costing the least (Indiana and Illinois) 
were located where a synergistic effect was not present.

The cases in Michigan and California (Case Study 1 and 5) were unsuccessful because the 
synergistic effects at these sites: (a) were extensive and created investigative and reme-
dial work that exhausted available financial resources, (b) will require decades to be fully 
remediated, and (c) required time-consuming involvement from several different public 
and private entities. By contrast, the case studies in Illinois, Indiana, Wisconsin, and New 
Jersey (Case Study 2, 3, 4, and 6) were successful mainly because the full synergistic effect 
was not realized, and this kept the investigation, remediation, and subsequent redevelop-
ment of these sites more manageable.

We now use the outcomes from these studies, and from the thousands not described 
here, to investigate ways to attain sustainable development within urban watersheds.
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15
Science-Based	Landscape	Planning	
in	Urban	Watersheds

15.1 Introduction

Science and planning have much in common. Science is the process allowing us to link 
isolated facts into coherent and comprehensive understandings of the natural world. 
Planning is the process of developing a sequence of action steps to achieve a specific goal 
or set of goals. Besides the common ground they share as processes, there is overlap in 
their approach to achieving outcomes. Science attempts to predict outcomes by under-
standing natural processes, which requires observation, data collection, experimentation, 
measurement, and validation. After scientific inquiry has validated the outcome of a pro-
cess, humans can design technology to take advantage of the properties that might benefit 
our needs to provide shelter, travel, and create. For example, through the efforts of sci-
ence, we know water will boil at 100°C and generate steam, which occupies a much larger 
volume than liquid water. Steam turbines were then designed to take advantage of this 
property of fluid expansion to generate electricity.

The practice of planning tries to influence outcomes by minimizing undesired events, 
and in doing so often involves some of the same actions used by science: observation, data 
collection, measurement, and the consideration of alternatives—a form of experimenta-
tion. Consider a busy intersection without traffic lights, where the undesired event is the 
occurrence of accidents. Observing the traffic at the intersection, collecting traffic count 
data, and analyzing their patterns would start the planning process to develop a new 
outcome. Two of the alternatives for minimizing the undesirable events and producing a 
better outcome might include traffic lights or stop signs.

The relationship between science and planning goes even deeper, because science can-
not be performed without some measure of planning. In fact, science embodies planning, 
by using a sequence of action steps to achieve a specific goal. Does planning embody sci-
ence? To answer this, we need to move beyond the rhetorical and get specific.

Our concern is with contaminated urban watersheds and the sequence of actions needed 
to return them to sustainability. The planning concepts most relevant to this effort are 
urban planning/land use planning, watershed planning/management, and landscape/
environmental planning. As noted in Chapter 12, there is a growing trend in the litera-
ture to treat urban areas as ecosystems, and a well-established linkage between planning 
and science exists in the literature of watershed management (Viessman and Welty 1985; 
Naiman 1992; NRC 1999; Loucks and van Beek 2005), and landscape/environmental plan-
ning (Ortolano 1984; Lein 2003; Marsh 2010). Literature demonstrating the relationships 
between geology and land use planning has also developed (Rogers 1992, 1996, 1997, 2002; 
Rogers and Murray 1997; Murray and Rogers 1999; Gerber and Howard 2002; Kaufman 
et al. 2003; Lerner 2003; Murray et al. 2004; Lamelas et al. 2007; Rogers et al. 2007).
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As noted repeatedly since Chapter 2, and demonstrated with the case studies in Chapters 
6, 10, and 14, the failure to incorporate geology into land use decisions and employ geo-
logic mapping have contributed to mismatches between human activities and the land. 
This chapter begins by investigating why the incorporation of science from the academic/
professional literature and professional practice into the community land use planning 
process is lagging. Our investigation includes an evaluation of the land use planning pro-
cess in the United States to determine whether it is structured to accommodate science, 
and if not, what can be changed to accomplish its inclusion. The primary focus here is on 
geology, but includes other sciences. Next the concept of science-based landscape plan-
ning is defined, and applied to parcel-level sites, because at this geographic scale most of 
the important land use decisions are made. The chapter concludes with an overview of 
watershed management.

15.2 The Science–Policy Gap

The science–policy gap can be defined as “not doing what we know.” In the United States, 
this gap was born and nurtured by many factors, including the reshuffling of educational 
priorities, public attitudes bred of ignorance, the differing scientific and legal concep-
tions of truth, and resistance to change by organized groups. With respect to education, 
after Sputnik was launched in 1957, the United States responded with a massive effort to 
upgrade math and science in the schools by passing the National Defense Education Act 
(Harris and Miller 2005). This level of interest and investment in science education, how-
ever, has not been sustained (Trohler 2010).

The repositioning of science in the educational curriculum may be a factor contributing 
to the public’s ignorance about science. For instance, in a 1994 poll, almost one in ten U.S. 
citizens indicated they thought the moon landings were faked (Pollack 2003). As for the 
difference between the scientific and legal conceptions of truth, in science, only falsehoods, 
not truths, can be proven, so there exists some degree of uncertainty. It is this uncertainty 
that drives scientists to keep searching for better explanations of phenomena. In law, truth 
is conceived as existing “beyond a reasonable doubt.” This conceptual difference partly 
explains why our legislation is sometimes slow to incorporate science—lawmakers want 
to see a smoking gun.

Resistance to change on the part of organized lobbies also fuels the science–policy gap. 
One example here is the resistance of the tobacco industry to antismoking legislation, 
despite overwhelming scientific evidence that smoking is detrimental to people’s health. 
With other issues, however, the reasons behind the gap are cloudier. In the 1980s, science 
demonstrated the damages from nonpoint pollution to the nation’s waterways (Humenik 
et al. 1987), but as of 2010 no national legislation exists for controlling agricultural runoff. 
Is this simply a case where the agricultural lobby stuck their money into the pockets of 
Congresspersons? Or, are there other considerations, such as the cost of implementing the 
program, and the financial burden these regulations may impose on small farmers? Could 
those two concerns be a smokescreen for the agricultural lobby to accomplish its objec-
tives? Are there legislators involved who believe the moon landings were faked? Clearly, 
there are many factors contributing to the science–policy gap. The concern here is to find 
ways to minimize its impact so “what we know” can be applied more efficiently in the 
effort to create sustainable urban watersheds.
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Fulfilling the objective of minimizing the science–policy gap in urbanized watersheds 
begins at the community level. This geographic scale is where the rubber really hits the 
road, because the designations, allocations, and arrangements of land uses are made here. 
Reviewing the land development planning process at the community level can help deter-
mine whether there are opportunities to narrow the science–policy gap.

15.2.1 Land Development at the Community Level

The land development process differs across regions, states, and communities but, like the 
planning process, has some common threads. Here is a summary of the key steps:

• Rough plan. A developer presents to the community what he/she wants to do with 
the property. This presentation is usually in the form of a conceptual diagram 
prepared by an architect or engineer. While acquiring the property, the developer 
would have completed due diligence for environmental contamination—usually 
a Phase I investigation.

• Compatibility review by the community. Professionals serving the community (e.g., 
planners and city managers) review the proposal to determine if it meshes with 
its stated goals embodied in its Master Plan. Additional review is conducted to 
assess compatibility with zoning regulations (e.g., structure height, parking provi-
sions, traffic considerations, adherence to local architectural guidelines, and over-
all development density). There may be other ordinances developers must comply 
with, such as those for historic preservation, wetland protection, tree protection, 
soil and sedimentation control, and stormwater management. The results of these 
reviews are fed back to the developer, who must now develop a detailed site plan.

• Site plan submission. The developer produces a detailed site plan of the proposed 
development. Local regulations vary, but most communities require the prepara-
tion of several maps to show a plan (overhead) view of the entire development 
within the surveyed property boundaries, existing and proposed utilities, exist-
ing drainage and proposed stormwater management procedures, proposed land-
scaping, and a facade view of the structure(s).

• Agency site plan review. The detailed site plan is now passed on to relevant govern-
ment agencies and community departments to help ensure proper site develop-
ment, for example, the county road commission, the public works/engineering 
department, and the planning department (or planning consultant). The historic 
district commission may review site plans in some communities, and larger-scale 
projects may be reviewed at the state level by the environmental agency to assess 
environmental impacts. If federal funds are involved, there may be additional 
reviews by federal officials.

• Public comment/Planning Commission review. Many communities have a planning 
commission, whose task is to review site plans and provide a public forum for 
input about proposed projects. This is where a disgruntled neighbor can stop con-
struction of the garage you want to build. At this public meeting, the planning 
department or planning consultant will answer questions about the proposed 
development from the audience and members of the Planning Commission—
an elected body of laypersons from the community. If the proposal is approved 
by the Planning Commission, the developer has the green light to proceed with 
construction.
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• Issuance of building permit. The developer can begin construction and will have to 
submit to local building code inspection as the project progresses. If an erosion 
control ordinance is present, the site may be inspected by the local enforcing agent 
for compliance.

This sequence of steps appears to be a logical approach to land development. You have 
generalists from the public who might catch problems the professionals miss during their 
review of the site plan. If problems arise with the proposed plan, they can be fixed by the 
developer provided there is not too much of a financial or scheduling burden. Substantial 
consideration also seems to exist for environmental concerns, like stormwater manage-
ment and erosion.

There is, however, a problem of geographic scale with this approach. If the proposed 
development is a subdivision, the overall environmental performance of the individual 
parcels has already been largely compromised by how the original tract of land was 
divided.

Most subdivision land developed in the United States is based on the density principle. 
The specific lot sizes and the overall size of the entire site are predetermined. As a result, a 
spatial form is imposed on the landscape before development proceeds. A 20 ha site “plat” 
map may specify 20 single-family residential structures on lots from 0.1 to 0.2 ha. The 
developer gets an architect, and a site plan is developed conforming to these constraints. 
Any land area left over can be dedicated to greenspace, trails, parks, or detention storage, 
depending upon the local zoning regulations.

The problem with this approach is that it specifies what the land should hold based 
solely on local community goals (e.g., “low-density development”), rather than first iden-
tifying the actual physical capabilities of the landscape to support specific uses. Instead, 
we leap before we look, as homes are sited in flood-prone areas, native topsoil is removed 
indiscriminately (and often sold back to the homeowner after being adulterated to “fill”), 
and homes are constructed and oriented in a way that fails to maximize their energy-sav-
ing potential. These practices reflect an inefficient land use planning process and generate 
a haphazard development pattern.

In the United States, suburban sprawl has been the dominant pattern of metropolitan 
growth in the last 50 years (Downs 1998). Sprawl refers to a pattern of urban and metro-
politan growth that reflects low-density, auto-dependent, and exclusionary new develop-
ment on the fringe of settled areas often surrounding a deteriorating city (Squires 2002). 
Within many of the urbanized watersheds of the United States, a large percentage of their 
land area consists of suburbs comprised largely of subdivision-style developments. For 
instance, the heavily urbanized Rouge River watershed in southeast Michigan has an area 
of 1134 km2, with the city of Detroit occupying only 370 km2.

15.2.2 Narrowing the Science–Policy Gap

To narrow the science–policy gap, a thorough physical planning process should precede 
the specification of development density on parcels scheduled for subdivision. The capa-
bilities of the landscape should dictate the uses, density, and arrangement of the built 
environment, with a comprehensive physical planning process conducted to assess and 
map the geologic environment, map (and sample) the soils, inventory and analyze vegeta-
tion, slope, drainage, and sun angles, and perform a groundwater vulnerability study. 
Geographic information system (GIS) overlay techniques can be used to manage and ana-
lyze the data, with field checks used to verify the GIS results. The objective is to identify 
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those areas not suitable for development and those areas best suited to specific uses and 
certain development densities. In this process, the specification of density comes last.

Significant opportunities to reduce the science–policy gap also exist within the steps of 
the land development process outlined above. These opportunities include the elimination 
of ordinance cloning and the participation of environmental scientists during the reviews.

Local zoning and subdivision ordinances—some in place since the National and State 
Planning Enabling Acts of the 1920s—were updated to reflect environmental concerns 
(Hagman 1975). By the mid-1980s, most municipalities had adopted ordinances related to 
soil erosion and floodplains, and many were in the process of implementing ordinances 
for wetland protection, recycling, and stormwater management (Kaufman et al. 2002).

The differing origins of local environment-related ordinances and their application raise 
several questions. For instance, who developed them? How did they come to exist and 
evolve over time in a particular place—for example, what sort of environment and prob-
lems did the authors address? Are the ordinances equally suited to local physical condi-
tions in other places, places far from and different from the places for which the authors 
designed them? Finally, if an ordinance is unsuited to local physical conditions, what are 
the environmental consequences?

In a review of the ordinances of the 1778 villages, townships, and cities (minor civil divi-
sions [MCDs]) of Michigan, Kaufman et al. (2002) found that many MCDs had developed 
their own ordinances, others had cloned or copied ordinances, such as those regulating 
subdivisions, stormwater, wetlands, and floodplains/coastlines from other communities, 
while other MCDs had adopted (copied) these ordinances from higher levels of govern-
ment “by reference” (MCL 2000).

Ordinance cloning or copying by reference can be environmentally detrimental because 
the process often ignores significant differences in local environmental settings and their 
physical processes and systems. For instance, there are profound differences in soil, topog-
raphy, and surface drainage patterns between the flat, clayey lake plains of the Saginaw 
Valley in east-central Michigan and the hilly, morainic terrain of the Traverse Bay region 
in the northwest part of the lower peninsula, yet subdivision ordinances and stormwater 
infrastructure are the same in both (Kaufman et al. 2002). Figure 15.1 shows the different 
landscapes of a lake plain and moraine.

In this case, the practice of cloning or copying by reference may increase the discharge 
of stormwater to nearby streams and result in local flooding. Additionally, the specifica-
tion of a predefined density requirement, without considering the local environmental 
conditions such as soil infiltration capacity, may lead to the overbuilding of drainage infra-
structure. From an economic efficiency perspective, the extra infrastructure is a wasted 

FIGURE 15.1
Lake plain and moraine. (Photo by Daniel T. Rogers.)
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capital expenditure, which is especially critical given the current fiscal conditions of many 
communities.

Moreover, the development of in-house environmental ordinances is no guarantee of 
their satisfactory performance. Many communities use attorneys and urban planners to 
develop their own ordinances, yet these professionals have little or no training in environ-
mental science. In Michigan, there have been numerous indications of substantial envi-
ronmental damage resulting from the improper application of environmental ordinances 
(Kaufman and Marsh 1997; Kaufman 2000).

Including environmental scientists during the review process is another logical way 
to narrow the science–policy gap. Kaufman (1995) found that communities with more 
“green staff” exhibited a better response to stormwater management. Since any landscape 
being considered for development had its origins in geological processes, it makes sense 
to include a geologist to help guide the human use of landscapes. Physical geographers, 
ecologists, and hydrologists would also provide meaningful input to the land planning 
process.

15.3 Science-Based Landscape Planning

Science-based landscape planning is defined as “understanding the physical processes 
inherent to a natural landscape’s formation and its long-term sustainability, and trans-
forming selected components of these processes into planning principles and actions to 
preserve or enhance the cultural landscape.” Natural landscapes are formed by the inter-
actions within and between the physical systems comprising the four spheres of the geo-
sphere: atmosphere, biosphere, hydrosphere, and lithosphere (e.g., the runoff system of 
the hydrosphere eroding soil and rock of the lithosphere). These types of landscapes are 
not planar or confined to the surface, but also contain the land below and the atmosphere 
above contributing to their formation and change. A cultural landscape is the product of 
human interaction with the natural landscape, with culture acting as the agent and the 
natural area as the medium (Sauer 1963). In effect, this interaction defines a land use sys-
tem, such as urban.

Two primary objectives of science-based landscape planning are (1) to follow a scientific 
framework using scientific inquiry and analysis and (2) to produce results that can be 
directly incorporated into planning decisions. To accomplish these objectives, the follow-
ing procedural sequence is employed:

• Define how a specific landscape forms and changes.
• Specify how it is spatially structured.
• Analyze the flows of matter and energy into and at the site under consideration.
• Identify the factors that stabilize this landscape, and how human activity can 

destabilize it.
• Implement the human activities in a way (e.g., the spatial arrangement of land 

uses and structures) that does not exceed the capability of the landscape to sustain 
itself. For example, on some landscapes, the clustering of buildings is preferable; 
on others, nothing should be constructed.
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This general approach is adopted from Marsh (2010). Landscape formation processes are 
complex, and this reality creates the need for rigorous investigation, or the inputs of matter 
and energy from humans will render landscapes unsustainable.

15.3.1 How Landscapes Form and Change

Natural landscapes result from Earth’s crust being hammered from below and above. From 
below, tectonic plate motion (Chapter 2) provides the tremendous force necessary to create 
and modify natural landscapes. At broad geographic scales including global, continental, 
and regional, various forms of tectonic activity (e.g., orogeny and volcanism) have created 
mountain ranges, ridges, valleys, trenches, and mixed terrains called mélange (Table 15.1).

After uplift, the crust is hammered by the forces of water and wind. Now, other forma-
tive processes of the landscape including waves, wind, glaciers, and runoff fed by over-
land flow, streamflow, soil water, and groundwater get their shot.

15.3.2 The Special Role of Water in Landscape Change

Even in glacial environments and sand deserts, the landscape is influenced heavily by 
running water. Flowing water is responsible for more landscape change than all other 
processes combined (Marsh 2010). As noted in previous chapters, special attention to water 
flows in all media and directions must be given during site investigations, and this prin-
ciple holds true for any study of landscapes at larger geographic scales.

The properties of water account for its prominent role in landscape change. Water is 
heavy and relatively viscous, two properties allowing it to function as an efficient agent of 
erosion. Water also expands when frozen by 9%, and this increase in volume helps it break 
apart rock and soil. Most of the depositional processes creating sedimentary environments 
involve water, and these form the physical framework for urban watersheds. In addition to 
these properties, water exists everywhere on earth, although in varying quantities.

As noted in Chapter 12, human modifications of water resources have also had a pro-
found impact on urban watersheds. Two of the major environmental impacts in urban 

TABLE 15.1

Landforms Associated with Different Plate Boundaries

Plate Boundary Type Associated Landforms

Convergent
Ocean to ocean Trench, accretionary wedge, forearc basin, magmatic mountains
Ocean to continental Trench, mélange, magmatic mountains
Continent to continent Fold mountains

Divergent
Ocean Mid-oceanic ridges
Continental Rift valleys, shield volcanoes

Transform
Ocean Ridges
Continental Varies, depends on the erosion processes operating on each 

side of the boundary
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watersheds—stormwater and erosion—are connected by the flows of water, and land sub-
sidence related to groundwater withdrawal has become an issue in some urban areas.

15.3.3 The Dimensions of Landscape

The formative processes of landscapes proceed within a three-tiered geometry (Marsh 
2010). In the vertical direction are the atmosphere, surface, and lithosphere. The atmo-
sphere contributes water from precipitation and wind as a result of pressure differentials. 
Wind velocities near the ground are dampened by friction, but between altitudes of 7.5 
and 15 m (25–50 ft) they increase significantly. This increase can influence the erosion and 
particle transport capacity, as is seen with smokestacks.

The surface component of the vertical profile ranges from the top of tree canopies to the 
bottoms of root systems. Here, flows of water, soil, and rock shape and reshape the features 
of the landscape. Vegetation stabilizes the soil, intercepts precipitation, provides habitat 
for organisms, and produces oxygen for the atmosphere and organic matter returned to 
the soil. At the lowest level of the vertical extent, below the plant roots to the bedrock, are 
the aquifers which, in humid regions, accept inflows from precipitation and discharge to 
surface waters.

Horizontally, landscapes exhibit a length and width. This extent determines their geo-
graphic scale, which is defined through the observation and/or measurement of events 
and processes. Table 15.2 shows the different scales associated with a small sample of 
landscape events and processes.

The ordering of scales in Table 15.2 represents a hierarchy through which different pro-
cesses operate (perform work). For example, wind operates at all scales from the global to 
the micro. We may also see the effects of plate tectonics at the local or microscale in the 
form of a hillslope, or shattered or folded rock sequences.

15.3.4 Site and Situation

For the individual land parcels within watersheds, most of the matter and energy exchanges 
originate “off-site.” Site refers to a fixed place, and situation represents the outlying places 
related to the site (Figure 15.2). For example, a land parcel (the shaded rectangle) and its 

TABLE 15.2

Common Associative Scales for Selected Landscape Processes

Scale Association Examples

Global Entire earth Plate tectonics, global warming
Continental Entire continents, significant areas of multiple 

continents, such as Eurasia
Orogeny (mountain building), glaciations

Regional Small parts of continents, several nations, one or 
more states within countries, large watersheds

Climate and weather, environmental 
hazards (earthquakes, floods, hurricanes)

Local Urban metropolitan areas, neighborhoods, several 
small farms, small watersheds, subwatersheds

Photochemical smog, stormwater runoff, 
groundwater, and surface water pollution

Microscale Areas under 0.4 ha in size Microclimates, edge effectsa

a Edge effects are located at the margins of physical entities, such as forests. Different processes occur at the edge 
(usually a very small area) because this location creates different relationships with other surrounding pro-
cesses. For instance, the trees located at the forest edge receive more sunlight and usually exhibit larger 
canopies.
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encompassing watershed (the dashed-line outer boundary) exhibit a site and situation rela-
tionship. The bidirectional arrow indicates there are flows of matter and energy to and 
from the site.

What are some of these flows? From the vertical perspective, the atmosphere may deliver 
precipitation from the watershed area and beyond onto the parcel. At the surface level, 
eroded material washed down a hillslope in the headwaters region of the stream may be 
deposited in a sink located within the parcel. Below the surface, contaminated ground-
water from outside the parcel may migrate to surface water within the parcel. Thus, the 
site (e.g., parcel, city, and watershed) is an intersection of matter and energy flows, where 
the different processes initiating and sustaining the flows interact (Figure 15.3). With land 
parcels, the major share of the flows originates from off-site, and the different widths of the 
arrows indicate the relative flow contributions of situation and site.

Although sites have readily identifiable geographic scales (e.g., a bounded city or a parcel 
of property), situational geographic scales often vary. For instance, the precipitation deliv-
ered to a site may have been acidified hundreds of kilometers away, while the eroded soil 
deposited on the site originated from the adjacent parcel. Accounting for these different 
situational scales allows the investigator to identify and characterize the materials and 
energy reaching the site and is essential to understanding the interactions on the current 
landscape.

15.3.5 On-Site Interactions and Thresholds

The list of landscape elements shown interacting at the site in Figure 15.3 is generalized. At 
a finer level of distinction, water includes precipitation, interflow, baseflow, surface runoff, 
streamflow, soil moisture, water vapor, and interception storage. What changes will occur 
to all of these water forms and flows when a new structure is built on a hillslope? Now 
the interactions must include a consideration of soil type (composition and texture), soil 

FIGURE 15.2
Site and situation.
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FIGURE 15.3
Inflows and interactions at a parcel-scale site.
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water, vegetation, slope, precipitation, and interflow. In addition, these interactions need 
to be considered within the context of the existing amounts of shear strength and shear 
stress present on the slope, and the likely changes to these variables incurred by building 
the structure. In complex situations like this one, a matrix is a useful way to organize the 
interactions to help identify the data required for subsequent field and bench analyses 
(Table 15.3).

The landscape elements are arranged in the same sequence down the rows and across 
the columns. The “X” in a cell indicates no interaction, since an element does not interact 
with itself. We will use two interactions to demonstrate the procedure, which has four 
steps: (1) list an interaction, (2) identify the scientific principles governing the interaction, 
(3) specify the data required for collection, and (4) repeat until all interactions have been 
covered. Some data items listed for collection may be repeated, since different interactions 
may warrant a different sampling strategy.

15.3.5.1  Interaction 1: Soil Type with Soil Water

Principles: The amount of organic content influences the amount of moisture a soil is capa-
ble of holding. Soil pore space size varies by soil texture (clay, silt, and sand). Infiltration 
rates vary by soil type.

Data required: Soil profile, soil texture, soil organic content, soil infiltration rate (all sam-
pled at different locations on the slope).

15.3.5.2  Interaction 2: Soil Type with Vegetation

Principles: Slope stability depends on the balance between the shear stress and shear 
strength forces present. Examples of shear stress forces include gravity, frost heaving, and 
water. Water adds weight to a soil by replacing air within the pore spaces, and the added 
mass makes soil more prone to downward movement. Vegetation is a cohesive force on 
slopes, and the soil type is one factor determining the types of vegetation present. Roots 
of vegetation may increase the porosity of near-surface soil and increase the infiltration 
capacity. Vegetation contributes organic matter to the soil, the roots help stabilize soil, and 
it can intercept precipitation on slopes.

Data required: Soil organic content (sampled by vegetation clusters), root depth mea-
surements, root density measurements taken at several locations on the slope. Soil type 
and texture samples should be collected at locations at and near the proposed structure 
location. A full list of the species of vegetation present and their distributions at the site. 

TABLE 15.3

Matrix Showing Complex Interactions at a Site

Landscape Element Soil Type Soil Water Vegetation Slope Precipitation Interflow

Soil type X
Soil water X
Vegetation X
Slope X
Precipitation X
Interflow X

Context: Placement of a structure on a hillslope.
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Vegetation canopy measurements (aerial photos can help here) to determine where vegeta-
tion removal will create the most slope instability, and where plantings can have the most 
stabilizing impact.

This short example demonstrates there is a significant amount of data to collect and sci-
ence to know—even without considering the proposed activity. Besides sloped terrain—
which we might expect to become unstable with development—other seemingly stable 
landscapes can be destabilized by human activity if the human activity causes a threshold 
present to be exceeded. For instance, wetlands can only withstand a certain amount of 
inundation before they become damaged. Seed banks found in freshwater wetlands play 
a critical role in the maintenance of many of their plant communities (Leck 1989), and 
their disturbance by floods can decrease seedling emergence (Peterson and Baldwin 2004). 
Therefore, the possibility of damaging seed banks in the wetlands of urban wetlands must 
be considered when routing stormwater flows.

15.4 Watershed Management

As demonstrated, significant reduction of environmental impacts at the parcel scale can 
be achieved with science-based landscape planning. Individual parcels, however, are situ-
ated within watersheds of larger geographic extent, and there are also many opportunities 
at this broader scale to apply science-based landscape planning methods. Before these 
efforts are attempted, there are fundamental differences between parcels and watersheds 
that must be considered when applying a science-based planning approach to watersheds. 
Some of the major differences include

• Geographic scale. Landscape processes operating a certain way at one scale may 
not mimic their behavior at another. Runoff provides an example. Since most indi-
vidual parcels do not contain a stream segment, overland flow is the dominant 
form of runoff on the parcel. Across watersheds, however, streamflow transports 
the most surface water in a drainage network.

• Landforms. Watersheds contain entire landforms, and their distribution results in 
a highly varied terrain over large distances. For example, urbanized watersheds 
in sedimentary environments exhibit a wide range of landforms and land cover 
types, e.g., kames, eskers, moraines, valleys, lakes, deltas, wetlands, and forests. 
Parcels may exhibit significant topographic variations over a small distance, but 
typically do not contain a diverse set of landforms and land cover types. It is safe 
to assume most homeowners and factories do not have river deltas and valleys on 
their property.

• Land use. Urban watersheds contain a wide range of land uses, including agricul-
tural, industrial, commercial, and residential. Due to zoning regulations, a singu-
lar land use almost always exists at the parcel level, and where multiple uses do 
exist (e.g., operating a business out of one’s home) a zoning variance is required. 
Some urban planning strategies, such as “New Urbanism” (Duany et al. 2000) and 
“Smart Growth” (ICMA/USEPA 2010), advocate mixing land uses within neigh-
borhoods to preserve the character of older cities—but the mixing occurs at scales 
larger than a single parcel.
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• Environmental impacts. As a function of their larger extent, watersheds exhibit a 
wider variety of impacts than parcels.

• Land tenure and institutional controls. Most individual parcels are privately owned, 
but a mixture of public and private ownership exists across watersheds. The exis-
tence of hundreds, possibly thousands, of private owners having different out-
looks, and with access to streams and lakes, complicates the development of a 
consistent management plan for water resources.

• Levels of awareness and education. Differences in awareness and education result 
largely from the scale differences. It is simply much easier to know the character-
istics of an individual parcel than an entire watershed.

Despite these differences, the general processes of landscape formation, spatial structure 
and dynamics, stability, and human impacts also operate at the watershed scale and can 
be addressed by a scientific-based planning approach. A history of growth, pollution, 
and attempts to control water flow has created an array of environmental impacts within 
urbanized watersheds: buried tributaries, streambanks lined with concrete, combined 
sewer overflows (CSOs), degraded aquatic habitats, and soil and groundwater contamina-
tion (Figure 15.4). It will require a comprehensive approach and mammoth effort to rectify 
these problems. Specifying the details of this process is beyond the scope of this book. 
What can be accomplished here is to introduce a definition of the process of watershed 
management, outline its primary stages and components, and specify how the science in 
this book can be applied within this framework.

Watershed management is the minimization of the human impacts within and between 
different land use systems, with the objective of achieving a sustainable landscape. As 
bounded landscapes, watersheds are three-dimensional and receive inputs from outside 
their boundaries. They have formative processes, undergo constant change, and within 
urbanized watersheds, the cultural landscape often displays the outcomes of environmen-
tal impacts initiated and sustained by anthropogenic activities.

One apparent paradox of watershed management is the focus on land. To achieve a sus-
tainable watershed, the land has to be properly managed, and since most watershed sur-
face areas are 90%–95% land, this imperative is justified. The practical question is: How can 
science-based planning begin to put urbanized watersheds on the path to sustainability? 
The final chapter will answer this question.

FIGURE 15.4
Channelized portion of an urban river. 
(Photo by Kent S. Murray.)
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15.5 Summary and Conclusion

Science and planning are cut from similar cloths, with both performing some of the same 
steps during their implementation. Yet, there is a science–policy gap existing in the United 
States that has prevented a full application of scientific knowledge and methods to land 
planning problems at different geographic scales. The reasons for this gap are complex, 
although opportunities exist during the land planning process to narrow it.

At the parcel-level scale, the specification of density through the uniform subdivision 
of a large land parcel often precedes the physical analysis of the landscape. This process 
compromises the ability to account for micro-scale landscape processes. Since a large per-
centage of the land in U.S. urbanized watersheds consists of subdivisions, ending this 
practice and instituting an analysis first, density last approach provides one opportunity 
to narrow the science–policy gap. Ending the practice of ordinance cloning and employing 
environmental scientists during the land development process are other ways to reduce 
this gap.

A science-based landscape planning approach, carried out at the parcel scale, provides 
additional potential to narrow the science–policy gap. Because of the site and situation 
relationships within watersheds, and the legal framework for land development in the 
United States, successful planning at the parcel scale is a prerequisite to effective water-
shed management.
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16
Attaining	Sustainable	Urban	Watersheds

16.1 Introduction

Geological investigations combine scientific observation, analysis, and interpretation. 
A by-product of these efforts is a very valuable tool—the geologic map. In many urban 
areas, these maps are not of sufficient detail or absent, or if available, are underutilized or 
ignored. This often leads to land development without sufficient knowledge of its hydro-
geology, soils, and surface water features, and a diminished ability to foresee the poten-
tial vulnerabilities of the very ground where structures are erected and human activities 
occur. This is analogous to taking a trip without a road map—you often get lost.

Once this land has been developed, we assault it with chemicals used in manufacturing, 
herbicides and pesticides applied across vast tracts used for agriculture, fertilizers sprayed 
or spread on our lawns, and particulates and greenhouse gases emitted from our vehicles. 
Many of these substances are harmful to humans and the environment and interact with 
the geologic setting into which they are released. These events sound ominous, but with 
our knowledge about the properties of these substances we can determine the risks they 
pose based on their toxicity, mobility, and persistence. These risk assessments yield valu-
able knowledge about the potential environmental outcomes when chemicals are released 
into soil, groundwater, and air.

If we want to reduce this widespread contamination, we need to work fast because 
the worldwide rate of urbanization continues to accelerate. Urbanized watersheds have 
become the focal point for the excess matter and energy produced by the growing horde 
of humans. Rather than accommodating to nature, humans have tried to control it. As a 
result, the urban landscape is damaged and needing repair. Remnants of old factories dot 
the landscape, groundwater is contaminated or depleted, and any act of precipitation trig-
gers more water pollution.

So now that we are saddled with this mess, everyone is talking about sustainability. 
Sustainable urban watersheds might be achieved if we could all get along and stopped 
emitting pollution—but how do we get there, given the mishmash of existing institutional 
arrangements for managing land, water, and development, and the reality that science-
based planning is not performed at the watershed scale? The Rouge River watershed and 
its Rouge River National Wet Weather Demonstration Project (United States Environmental 
Protection Agency Grants #XP995743-01, -02, -03, -04, -05, -06, -07, and C-264000-01) is an 
example of an attempt to rectify a legacy of neglect and damage caused by 100 years of 
urbanization and industrialization. However, here again, the focus is on engineering a 
solution to the problem as opposed to reducing the source of the impacts. In this case, 
hundreds of millions of dollars have been spent to curb discharges of wastewater from 
combined sewer overflows during wet-weather events. Although the goal of the project is 
admirable, combined sewer overflows represent a single point source of contamination to 
the Rouge River, and all point sources combined represent only 20%–25% of the pollution 
problems facing the river.
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An old Chinese proverb says a journey of a thousand miles begins with a single step. 
This chapter defines that first step. It begins with an overview of the concepts of sus-
tainability and sustainable development and uses them to develop a framework for 
undertaking urban watershed management. Next, the principles learned from geological 
investigations, contaminant properties, risk assessments, and science-based planning are 
applied within this framework. The chapter concludes by demonstrating ways to link this 
first step of watershed management with the broader tasks necessary for achieving sus-
tainable urban watersheds.

16.2 Sustainability and Sustainable Development

There is no standard definition for sustainability, and as a result the concept is open to 
many interpretations (Bell and Morse 2008). The working definition of sustainability used 
so far in this book was based on a few general principles adopted from Lynam and Herdt 
(1989) and Fresco and Kroonenberg (1992): (1) human activities do not inflict excessive 
levels of damage upon the environment, (2) society needs to allow the environment to 
repair itself from prior damages, and (3) these efforts will help return physical systems to 
dynamic equilibrium.

The term sustainable development originated in a 1987 report issued by the U.N. World 
Commission on Environment and Development: “development that meets the needs of the 
present without compromising the ability of future generations to meet their own needs” 
(WECD 1987). This definition is economic based and requires modification to accommodate 
the environmental imperatives for attaining sustainable urban watersheds. Specifically, 
in urban watersheds, sustainable development encompasses those activities designed to 
achieve and maintain dynamic equilibrium within the major physical systems perform-
ing their work in the atmosphere, biosphere, hydrosphere, and lithosphere. A sustainable 
urban watershed would have swimmable streams, swimmable lakes, a stable and region-
ally appropriate diversity of plant and animal populations, rehabilitated brownfields that 
do not pose a risk to groundwater and surface water, the absence of an urban heat island, 
and the absence of any identifiable linkages between its water, soil, and air qualities and 
the occurrence of disease in plants, animals, or humans. This is a highly idealized concept 
that in reality probably can never be accomplished because of the high financial cost neces-
sary to achieve these goals. However, there is no reason not to do everything in our power, 
and within our financial capability, to shoot toward some compromise between the situa-
tion we face today and the idealized watershed.

16.3 A Framework for Beginning Urban Watershed Management

Land is the primary surface component of watersheds, and land-based anthropocentric 
activities are the major source of water contamination. In addition, urbanized water-
sheds exhibit a diversity of land uses and landscapes with ensuing high levels of envi-
ronmental damage often present. Given these characteristics and challenges, the first 
step of watershed management must accomplish the following tasks: (1) prevent further 



Attaining	Sustainable	Urban	Watersheds	 507

© 2011 by Taylor & Francis Group, LLC

land contamination and degradation, (2) preserve those land areas that are undamaged 
or minimally damaged, and (3) remediate and rehabilitate degraded brownfields to the 
fullest extent possible. These three tasks can be thought of as principles forming the basic 
framework for the first step of urban watershed management. Based on the definitions of 
sustainability and sustainable development, attainment of these tasks represents sustain-
able development activity.

Our definition of watershed management also views individual watersheds as sites and 
recognizes that impacts occur within and between multiple watersheds (Chapter 15). This 
reality means there are processes operating at geographic scales beyond those of a single 
watershed that may influence its ability to achieve sustainability. The framework devel-
oped here is upwardly compatible with the comprehensive watershed management effort 
required at the geographic scales of the watershed and beyond.

16.3.1 Prevent Further Land Contamination and Degradation

A sustainable outcome in urbanized watersheds is not possible without significantly pre-
venting further land contamination and land degradation. Source control is the most effec-
tive strategy of pollution prevention in terms of cost and it has the highest environmental 
efficiency (Rogers et al. 2006). Source control strategies should take advantage of opportu-
nities to integrate point and nonpoint source control measures. The identification of these 
locations is assisted by geology and the products of geological investigations.

Some of the integrated source control opportunities provided by the outcomes of geo-
logical investigations include

• Geological maps. These maps show the location of surface water, groundwater, and 
their flow paths. They can be used to identify areas in the watershed where poten-
tial point source releases and nonpoint source transport mechanisms (overland 
water flow and wind) overlap. These locations can then be prioritized for source 
control measures based on the contaminant risk factors (CRF) scores of the con-
taminants and the relative abilities of the geological environmental and the non-
point transport mechanism to disperse them.

Three-dimensional geologic maps show the relationships between groundwater and 
surface water. The locations of discharge points between groundwater and surface water 
can help with the design of a contamination monitoring network. This information pro-
vides feedback on the efficacy of source control efforts, which is necessary for their opti-
mization. These maps also identify locations where contamination may migrate outside 
of the watershed. For example, in the Rouge River watershed, the presence of a lower clay 
layer effectively routes groundwater horizontally into the Great Lakes (Figure 5.11).

• Geologic vulnerability maps. These maps indicate where stormwater flows may 
intersect groundwater recharge zones. As a source control measure, groundwater 
vulnerability assessment should be incorporated into every site planning process.

• Stratigraphic columns and cross-sectional maps. These outputs characterize the depo-
sitional history of the watershed and the resulting landforms. Of particular impor-
tance to source control efforts is the ability to evaluate the natural landscape’s 
capability to store water and minimize stormwater runoff. This information also 
provides important parts of the science necessary to perform the sequence of steps 
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employed for science-based landscape planning (Section 15.3), including the flows 
of matter and energy onto specific sites, and landscape stability assessment.

• Unconformities. Geologic maps can highlight unconformities which may serve as 
preferred natural pathways for the migration of contaminants.

• Anthropogenic disturbance. These outputs often identify human-induced pathways 
for contaminant migration.

• Soil characterization. The soil samples taken at environmental investigations can 
characterize the soils within the watershed and update the county soil survey 
maps. This information can be used to implement terrain-specific erosion control 
measures and reduce the loss of soil and the accompanying transport of heavy 
metals into aquifers and streams.

• Groundwater flow, recharge zones, and contaminants. Combining the outcomes from 
geological investigations and geologic maps permits the identification of ground-
water flow paths and recharge zones near high levels of contaminants in soil. This 
information can assist wellhead protection efforts within the watershed through 
the determination of appropriate capture zones computed from the hydraulic con-
ductivities of the aquifer.

In addition to the opportunities for source control produced from parcel-scale geological 
investigations, there is the potential to apply integrated source control measures to atmo-
spheric processes such as precipitation and sensible heat transfers at the watershed scale:

• Sample the precipitation and develop a map of the pH distributions throughout the 
watershed. Without cooperation across watershed boundaries, it will be impos-
sible to restore the pH to natural levels (pH = 5.6). Nevertheless, knowing the 
pH distribution can identify areas where lower-pH precipitation may mobilize 
heavy metals in soil and release them to groundwater. Once identified, the risks 
of metals migrating to groundwater in these areas can be reduced by adding 
vegetation to increase interception and raising the organic content of the soils.

• Develop a micro-climate classification map for the entire watershed with the objective of 
ameliorating the effects of heavy thunderstorms. Begin by identifying those areas emit-
ting excessive amounts of sensible heat. Follow this with a tree pattern analysis 
using aerial photos and ground surveys. Trees should not be planted until a cer-
tified arborist and a geologist have been consulted to optimize new tree plant-
ing locations. Those areas selected should have soil suited to native species and 
an ability to intercept significant precipitation. Other considerations include the 
potential to increase infiltration rates and the placement of trees at locations where 
they do not become conduits for contamination released at the surface. Certain 
trees such as willows can evapotranspirate large amounts of water per day (Minor 
2009), and this capability reduces ambient air temperatures. Wherever possible, 
the sensible heat management strategies—such as green roofs—should be linked 
to stormwater management efforts.

• Get vertical with stormwater management. Figure 16.1 shows the paths of stormwater 
in an urbanized watershed.

The arrows between the paths indicate the primary direction for the water flow. With 
the exception of the vertical roof to downspout flow, the remaining components transfer 
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water to the next component in the chain horizontally. Although precipitation reaching the 
ground surface can go in three possible directions (up with evaporation, down with infil-
tration, and horizontally with surface runoff), the human-use system has heavily favored 
the horizontal flow path. This routing bypasses the soil as a flow path and groundwa-
ter recharge declines. Instead, stormwater is delivered rapidly to the nearest water body 
where it discharges its load of contaminants.

Source control intervention for stormwater must occur before contaminants reach the 
environment. Since intervention in the atmosphere is impossible, the appropriate location 
occurs at the individual land parcel, for once water has left a lot it becomes part of the 
human-engineered horizontal transmission system. As discussed in Chapter 13, discon-
necting downspouts is an example of source control intervention at the parcel scale. The 
significance of when to intervene with source control is illustrated by Figures 16.2 and 16.3.

Figure 16.2 shows the grid pattern typical of most urban areas. In Figure 16.3, this 
human-engineered pattern of development and drainage infrastructure is overlaid on 
the dendritic drainage patterns characteristic of the sedimentary environments found in 
many large urban watersheds. The result is a maze of water pathways that develops dur-
ing wet weather, and these routes differ considerably from the natural paths, serving to 
increase the volume, velocity, and contamination of stormwater (Figure 12.8).

Source control for stormwater routes downspout flow vertically toward its natural path 
into the soil. In highly developed urban watersheds, this redirection of the flows mini-
mizes the mismatch between human infrastructure and natural drainage patterns. The 

FIGURE 16.3
Overlay of infrastructure on dendritic drainage pat-
tern (density reduced).

FIGURE 16.2
Grid pattern of streets, with storm sewer location 
shown as a dashed line.

Roof Downspout Driveway Road surface Curbs

Storm sewer pipes Outfall (local water body)

FIGURE 16.1
Paths of stormwater in an urbanized watershed.
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circle in Figure 16.4 indicates the step in the flow sequence where human intervention can 
achieve negative feedback and help return the runoff system to equilibrium.

Retrofitting developed urban areas for stormwater source control follows a key principle 
of science-based landscape planning—do not do anything until you evaluate the capabil-
ity of the landscape. Even in developed areas, there is substantial capability to store water 
before building additional infrastructure. Many of the general source control measures 
and micro-topographic opportunities for stormwater management were presented for this 
type of landscape in Chapter 13.

Vertical routing of stormwater also provides a new opportunity to design engineering 
approaches that use this water as an asset, instead of treating it as something to trans-
port away quickly. The major residential uses of water are for toilet flushing and lawn 
watering—two uses not requiring municipally treated potable water. A combination 
of cisterns, rain barrels, low-cost filters, and simple plumbing modifications can make 
downspout water available for these uses.

• Link performance standards to source control. Performance standards specify an 
environmental condition that must be met to achieve a broader set of goals, such 
as reducing pollution. For example, one performance standard found in many 
municipalities is “post-development runoff must not exceed pre-development 
runoff.” When planning at the site scale, proposed developments lying within 
zones of high water retention capacity should not be allowed to sacrifice this 
capability. Information from geologic investigations can identify these locations. 
Instead of building infrastructure such as detention ponds to meet a performance 
standard, the natural capacity of the landscape to hold water can be preserved. 
This approach is a win-win situation for environment preservation and economic 
development, which often conflict. Developers, instead of having to dedicate valu-
able property to detention storage, can take advantage of the landscape’s capacity 
to store water and not use valuable real estate for stormwater control. Residents of 
the development then do not have to worry about maintaining the ponds, which 
are prone to sedimentation. The environment wins because detention ponds rep-
resent an end of the pipe treatment that disrupts the local hydrology by moving 
water out of its natural path.

16.3.2 Preserve Undamaged and Minimally Damaged Land

Any attempt to attain a sustainable urban watershed should capitalize on the assets avail-
able. If what humans have done to the land creates the most contamination in urbanized 
watersheds—then what we have not done to the land in these locations must become part 
of the solution. Land that is undamaged or minimally damaged is an asset, because it 
can provide a starting point for overcoming human impacts on stream channels, aquifers, 
and watershed ecosystems. Properly applying this principle requires a thorough knowl-
edge of how specific landscapes were formed and how they were subsequently altered by 

Roof Downspout Driveway Road surface Curbs

Storm sewer pipes Outfall (local water body)

FIGURE 16.4
Source control for urban stormwater on the land parcel (circled).
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humans. Conducting geological investigations, employing contaminant risk factors, and 
following a science-based landscape planning approach provide this knowledge.

Geological investigations (Chapter 4) can determine whether a landscape is damaged, 
and whether the source of the damage was from natural or anthropocentric origins. The 
inspections and data collected during Phase I and Phase II Environmental Site Assessments  
(ESAs) will detect the presence of human impacts, residual chemicals and their types, and 
the extent of their damage. Geologic maps (Chapter 5) can be used to establish the loca-
tions and cause of original landforms, and reconstruct the flows of water into, out of, and 
within the landscape. Since water is a key determinant of landscape change, this informa-
tion will help indicate the extent of human modification. Information collated from these 
sources provides one of the pieces necessary to assess the degree of land degradation.

The next piece is provided by the contaminant risk factors developed for chemicals in 
soil, groundwater, and air. If chemicals are present at a site, the CRFs for each chemical 
detected can be evaluated to assess their toxicity and persistence. When this information 
is combined with the landforms and water flow information, the fate and transport of the 
contaminant can be determined (Chapters 8 and 9).

Completing the assessment of a landscape’s condition is a science-based planning pro-
cess (Chapter 15). An infrastructure evaluation can be used to characterize the types and 
levels of human modifications and assess their likelihood of destabilizing the landscape. 
During this process, investigators should be conscious of the potential for synergy between 
anthropocentric impacts and contaminant fate and transport. For example, if there are 
stormwater detention ponds present, these structures may serve as sinks for highly con-
taminated stormwater with the potential to contaminant groundwater and surface water.

Within urbanized watersheds, undamaged and relatively undamaged land may exist at 
some unexpected locations. In a study of brownfields in southwestern Detroit, Murray et 
al. (2008) found that 22 of the 87 properties (25%) were not contaminated, and another 35% 
were only minimally impacted. These properties are therefore available for redevelopment 
or may be employed for environmental purposes such as groundwater recharge, stormwa-
ter detention, and increasing the amount of tree canopy coverage.

Inputs of contaminants from adjacent and distant watersheds through acid rain and 
wind deposition prevent urban watersheds from being pristine. Nevertheless, large tracts 
of land may still possess a large share of their original capability to support sustainable 
development. Preservation of land as an activity thus includes the broader role of main-
taining the natural landscape functions across the atmosphere, biosphere, lithosphere, and 
hydrosphere.

The asset-based approach presented here is derived from the main principles embod-
ied in asset-based community planning (Kretzmann and McKnight 1993) and the water-
shed restoration strategy called Rapid Biotic and Ecosystem Response (Doppelt et al. 1993). 
Asset-based planning was developed as a way to rehabilitate damaged communities by 
using the assets present, rather than relying upon outside assistance and becoming “client 
neighborhoods.” A community’s main asset is its people—who have specific knowledge 
and skills to bring about positive change (Kretzmann and McKnight 1993).

In rapid biotic and emergency response (RBER), the initial efforts of watershed restora-
tion do not focus on the most damaged areas. Instead, relatively undamaged areas are tar-
geted first because they possess the ability to serve as locations for reestablishing habitat 
corridors, providing habitats and refugia, and rebuilding species diversity (Doppelt et al. 
1993).

There is always some risk involved with taking principles from one discipline and 
applying them to another. The application of the evolutionary principle of “survival of the 
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fittest” to sociology is one example (social Darwinism). Here, a spurious correlation was 
used to justify discriminatory immigration legislation in the early 1900s (Hofstadter 1944). 
Although the pitfalls of cross-disciplinary applications of principles are perhaps easier 
to recognize, considerable care must also be taken when principles are applied within 
scientific disciplines. For example, island biogeographic theory (MacArthur and Wilson 
1967) can greatly assist in understanding the effects of habitat fragmentation. It does not, 
however, address other factors that can significantly influence which birds reside in a frag-
ment. For example, an abundant presence of nest-robbing species could prevent certain 
invaders from establishing themselves (Ehrlich et al. 1988). The lesson here is that any 
principle should not be applied unless the specific processes involved at the relevant geo-
graphic scales are thoroughly understood.

16.3.3 Remediate and Rehabilitate Degraded Brownfields

If considered within the context of a mass balance—when the amount of contamination 
coming into a watershed exceeds the amount of contaminants being removed from the 
watershed—no progress toward sustainability can be made. The qualitative aspects of the 
contamination also need to be considered. Persistent and highly toxic contaminants affect-
ing a small area may be causing more environmental damage than a less persistent and 
less toxic contaminant spread over a wider area. These scenarios underscore the impor-
tance and challenges related to brownfield remediation and rehabilitation in urbanized 
watersheds.

Geologic maps (Chapter 5) and vulnerability maps (Chapter 6) are the best places to start 
the process of brownfield remediation and rehabilitation. When combined with the CRFs 
of the chemicals at the site (Chapter 10), these tools can provide the information necessary 
to select the sites with the most potential for synergy between the contaminants and the 
geologic environment, and help prioritize the locations selected for rehabilitation. Besides 
the environmental aspects, other factors such as commercial marketing guidelines, finan-
cial incentives, regional infrastructure and labor resources, and local community accep-
tance will also affect the prioritization process (Thomas 2002).

Brownfield remediation and rehabilitation efforts are aided by thorough investigative 
and geologic forensic techniques (Chapter 5). A comprehensive Phase I ESA consisting of a 
comprehensive historical review can set the stage for a detailed Phase II subsurface inves-
tigation and result in an adequate characterization of the site. Once the site characteristics 
are known to their fullest extent, the selection of the remediation technology can be made 
(Chapter 11).

As demonstrated by the case studies in Chapter 14, the possibility exists to remediate 
and rehabilitate some brownfield sites to a nonpolluting and socially productive status. 
Redevelopment alternatives must rely on the science used for remediation to guide the 
proper selection of land uses. As part of the landscape, brownfields exert an influence on 
its environmental and social functions. If planned and restored properly, brownfield sites 
with large areas of undisturbed habitat may complement parks and natural reserves in the 
effort to increase the survival of wildlife populations and the establishment of recreational 
activities (Lafortezza et al. 2004). In addition, brownfields in urbanized areas have the 
potential to serve as important locations for stormwater management, sensible heat reduc-
tion, and groundwater recharge.

These opportunities for brownfield reuse are available in the highly industrialized 
city of Flint, Michigan, within the Flint River watershed. Here, brownfields comprise a 
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significant portion of the landscape, with over 7000 potential brownfields occupying 19% 
of the total land area (Figure 16.5).

Through the use of a geographic information system (GIS), the spatial correspondence 
between brownfields and geological layers of information can be derived (Chapter 5). For 
example, an overlay of contaminated brownfield locations on recharge zones for regional 
aquifers would indicate locations where aquifer vulnerability was higher. Taking this logic 
to the next level, the map producing this overlay could be combined with another layer of 
surface streams to show areas where streams might receive contaminated groundwater. 
This small sample out of a potentially larger set of bad outcomes associated with con-
taminated brownfields reinforces the need to address them as part of a first step toward 
sustainable watersheds.

Potential brownfields in the city of Flint

Mt. Morris Twp

Flint Twp

Flint Twp

Mundy Twp Grand Blanc Twp

Burton

Flint

Genesee Twp

Legend

Sources:
Michigan Center for Geographic Information

Potential brownfield
Freeway
Municipality

N

FIGURE 16.5
Brownfields may cover a significant portion of the urban area (Flint, Michigan). (Courtesy of Center for Applied 
Environmental Research, University of Michigan-Flint, Flint, MI, 2010.)
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16.4 Linking the First Step to the Big Picture

This beginning framework for attaining sustainable watersheds is like an open electrical 
plug—it still needs an outlet to complete the circuit. The larger picture (or outlet) is repre-
sented by the status of watershed management in the United States, so before completing 
the circuit, it makes sense to appraise the current state of affairs.

A large quantity of academic literature exists along with a large reservoir of technical 
documents detailing professional watershed management experiences. A few key themes 
emerge:

• Watersheds are landscape units defined by topographic boundaries; they contain 
multiple political units with formal boundaries not coincident with the watershed 
boundaries. As a result, communities with control over their land use decisions 
act primarily in their narrowly bounded self-interest and do not plan for the ben-
efit of the entire watershed.

• There is not enough attention paid to or money spent for implementing nonstruc-
tural changes within watersheds. Most of the water management is performed 
by federally and locally contracted engineers who implement predominantly 
structural controls. Many of these structural controls, especially channelization 
measures (Chapter 12), create a variety of problems for attaining sustainable 
watersheds.

• Land and water management are separated in the United States. At the federal 
level, the National Resource Conservation Service, Bureau of Land Management, 
and the U.S. Forest Service (among others) manage public lands, while the Federal 
Energy Regulatory Commission, the Bureau of Reclamation, and the Army Corps 
of Engineers manage water resources (among others). Many states also have dis-
tinct agencies for addressing land and water issues. This separation impedes the 
progress of watershed management efforts by increasing bureaucracy.

• Response to environmental problems in the United States is reactive, rather than 
proactive. As a result, it takes a major disaster to catalyze change, such as the Santa 
Barbara, California oil spill, which helped provide the impetus for passing the 
National Environmental Policy Act of 1969 (Hedgpeth 1973).

• There is an urgent need for public education about all aspects of watershed 
management.

It would be easy to prescribe treatment for these problems. For instance, the boundary 
mismatch between watersheds and political units could be addressed by creating a gov-
ernance system at the geographic scale of the watershed to implement watershed man-
agement priorities. This measure, however, would likely meet widespread resistance. For 
example, Section 208 of the Clean Water Act during the late 1970s and into the 1980s pro-
moted voluntary regional land use planning efforts for improving water quality. Though 
voluntary, local communities reacted negatively to the “command and control” efforts by 
the federal government to impose land use decisions. These planning efforts were usually 
housed within regional councils of government, and most failed. Communities were eager 
to assume local control of their land use decisions (Malone 1990; Kaufman 2000).

Instead of specifying what needs to be done with respect to these broad watershed man-
agement issues, our approach is to focus on what can be done now with the beginning 
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framework proposed here. Research presented so far in this book has made it clear that 
science—especially geology—has not been used to its full potential in urban watershed 
management, and without a full tank of science, attaining sustainable urban watersheds 
is not possible.

Our conclusion is that the best way to overcome this deficit and capitalize on the ben-
efits generated along the way is to start at the individual parcel scale. It is at the parcel 
scale where geologic investigations occur, data are generated to characterize the geological 
environment, the major agent of landscape change—water—is given a full inventory, risk 
factors for chemicals are computed and applied, synergy between contaminant properties 
and the geological environment is evaluated, and point source controls are implemented. 
At the parcel scale is also where science-based landscape planning can most effectively 
prevent further environmental damage to land being considered for new development or 
redevelopment. In this strategy, contaminated sites are also an asset: the data they produce 
from environmental investigations benefits science-based landscape planning at uncon-
taminated sites and can help reduce their releases of stormwater, lower erosion rates, and 
protect soil, groundwater, and air through source control.

Linkages between the beginning framework presented here and the broader watershed-
wide management themes are shown in Figure 16.6. Each linkage represents a way to trans-
fer the outputs from the parcel level efforts upward to the watershed scale. Underlying this 
approach is the hypothesis that what is learned at the parcel level functions as a catalyst 
for ameliorating the environmental concerns at the watershed scale, and also provides 
the basis to begin aligning the out-of-whack institutional arrangements present. This pro-
cess is modeled by depicting the five major themes characterizing the status of watershed 
management at two geographic scales. The center of the diagram identifies the linkages 
between the themes at the parcel and watershed scales. Discussion of Figure 16.6 begins 
with the boxes in the top row and proceeds downward.

16.4.1 Boundaries

The linkage preserves community control of land use decisions, but requires science-based 
site and watershed-scale planning (Chapter 15). The new institutional arrangement used 
to enable the linkage is the inclusion of watershed councils in the site plan review pro-
cess. The most common criticism of community “home rule” is that this practice focuses 
communities’ land use decisions within their own borders while ignoring the potential 
watershed-wide implications. Since a bad site plan has environmental implications for the 
entire watershed, a good site plan can help prevent further contamination and protect 
undamaged land. The use of a watershed-level institutional form to review site plans ele-
vates the consideration of their outcomes to the scale of the entire watershed. Communities 
still retain some level of control over their land use decisions, but site plans would now 
promote the sustainable development of the entire watershed. The use of a formal water-
shed body with administrative powers might also facilitate inter-watershed collaboration 
on cross-boundary environmental issues, such as acid rain.

16.4.2 Structural and Nonstructural Controls

Geologic and vulnerability maps depict many of the physical processes that form land-
scapes, and these maps show the flows and location of surface water and groundwater 
(Chapters 5 and 6). Information gathered from environmental site investigations includes 
soil and water samples and the locations of low points in buildings where contaminant 



516	 Urban	Watersheds:	Geology,	Contamination,	and	Sustainable	Development

© 2011 by Taylor & Francis Group, LLC

releases are more likely to occur (Chapters 6 and 14). Together, this body of information 
can help characterize areas under consideration for development, and also be used to 
locate common source and nonpoint source locations (16.3.1). To help increase the use of 
nonstructural controls at the watershed scale, science-based parcel-scale site plan imple-
mentations with nonstructural controls can be included as part of Clean Water Act Section 
319 watershed planning grants.

16.4.3 Land and Water Management

More efficient and effective land preservation is achieved when land and water manage-
ment are combined. The information provided by geologic and vulnerability maps per-
mits relatively easy land and water management at the parcel scale, where the property is 
usually owned by one party and there is little red tape. Mimicking this decision-making 
process at broader scales means limiting the number of land and water management 
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Joint land and water
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proactive elements,
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FIGURE 16.6
Linkage between themes at the parcel and watershed scales.
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“players.” Clarity of purpose is one way to streamline the management of land and water. 
One way to attain a clear purpose is to use an asset-based approach that views brown-
fields as potentially functional landscape components, and relies on remediation science 
to determine the ultimate use of the parcel. For instance, information produced during site 
remediation may indicate that some sites are best suited for stormwater management and 
others for new buildings. These recommendations may clash with market-driven perspec-
tives about the reuse of a particular contaminated site. The overriding objective, however, 
is to strive for sustainability.

16.4.4 Proactive and Reactive Response

At the parcel scale, the very use of the site planning process to evaluate the potential uses 
is a proactive response. However, there needs to be more emphasis on source control, as 
each site should be viewed as a making a small contribution to the overall sustainability 
of the watershed. Site plan review at the watershed level and science-based planning 
can encourage and initiate proactive responses, but measurable successes are needed to 
sustain them. Since each site potentially contributes sediment, stormwater, and contami-
nants to the watershed’s groundwater and streams, the conditions before and after the 
development can be measured. Although it would not be feasible to monitor every site, 
subcatchments can be monitored where multiple projects have been implemented. As 
the results are evaluated, the efficacy of the best management practices used within each 
catchment can be compared. The most effective methods can be applied to the appropri-
ate micro-topography in other parts of the watershed. Subsequent monitoring determines 
the success of these efforts, and continual improvement will help sustain a proactive 
approach.

Involving more environmental geologists at the parcel-scale planning process will help 
close the science-policy gap and facilitate the transition to a more proactive response at 
the watershed level. This shift will occur in part because geologists understand that pro-
cesses of groundwater contamination, stormwater pollution, and erosion operate at dif-
ferent geographic scales, and they will be able to help educate others about the need for a 
comprehensive approach.

16.4.5 Lack of Education

Education must be ongoing and consistent, and not limited to specific watershed manage-
ment events, such as river cleanups. The lessons from the successful antismoking and 
antidrunk driving educational campaigns in the United States demonstrate the value of 
using these two attributes. In Florida, the Legacy “Truth” antismoking campaign helped 
cut the teen smoking rate substantially between 2001 and 2002 (Niederdeppe et al. 2004). 
Sustained efforts by various groups have also brought about reductions in traffic accidents 
related to drunk driving. For example, deaths related to drunk driving between 1982 and 
2004 dropped from 59.6%–39.5% (Yi et al. 2006). These campaigns did not limit their mes-
sage to specific locations associated with the behaviors—they were seen everywhere. To 
become successful, watershed education has to become elevated to this level. The public 
must know what is happening with respect to watershed management. Monitoring results 
should be published in local newspapers and made available on prominent websites. 
Watershed education should be incorporated into K-12 education. The site planning pro-
cess also offers an opportunity to educate developers, land owners, and the community 
about watersheds during site plan reviews.
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16.5 Summary and Conclusion

Sustainable outcomes in urbanized watersheds are not possible without significantly pre-
venting further land contamination and land degradation. Knowing how the land was 
formed and how it functions as a landscape is critical to managing it properly, and this 
principle underscores the value of geology and geological investigations in watershed 
management. Managing the land properly will help reduce the pollution loads trans-
ported by eroded sediment and stormwater, and protect drinking water supplies in sur-
face water and aquifers.

The effective use of science alone cannot attain sustainable urban watersheds. 
Comprehensive watershed management and the attainment of sustainable watersheds 
also depend on the success of institutional reform. The mismatches between landscape 
process and institutional forms will have to be resolved, and all levels of government, the 
private sector, and the public will need to share a common vision.

Despite the daunting challenges, we must begin the journey. The framework presented 
here is general and the details still need to be worked out. For instance, who comprises 
the “watershed group” and what are their roles? Answers to these questions must emerge 
through negotiations and hard work. The value of this framework lies in its specification of 
ways to use scientifically acquired data to enable science-based landscape planning at dif-
ferent geographic scales. This is the first step to achieving sustainable urban watersheds.
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Glossary

Abiotic degradation: degradation of a substance by processes not involving microorgan-
isms or fungi.

Acid: any substance that when dissolved in water increases the concentration of the hydro-
gen ion H+ and lowers the pH of the solution.

Acid rain: precipitation with a pH of less than 7, resulting in large part from the reaction 
between sulfur dioxide and water vapor in the atmosphere that produces sulfuric 
acid.

Acute response: characterized as a single high dose with rapid onset and disappearance 
of symptoms.

Absorption: a process by which a particle of gas or liquid enters a substance.
Adsorption: the adhesion of molecules of gas, liquid, or dissolved solids to a surface.
Advection: bulk transport of a liquid.
Adverse health effect: a change in body function or cell structure potentially leading to 

disease or health problems.
Aeolian deposits: sediments deposited by wind action. Also known as eolian deposits.
Air sparging: a groundwater remedial method that involves using injected air to volatil-

ize contaminants in groundwater. As the injected air rises through the saturated 
zone and reaches the unsaturated zone, the vapors containing the contaminants 
are removed from the ground using a soil-vapor extraction system.

Alluvial fan: sedimentary deposit formed when a fast-flowing stream in steep terrain 
suddenly slows where the slope decreases; this declining velocity results in the 
deposition of sediments due to energy loss.

Amines: a group of organic compounds that contain nitrogen and are basic.
Angle of repose: the steepest angle a cohensionless slope can maintain without losing its 

stability.
Angular unconformity: an unconformity where horizontal strata or layers of sedimen-

tary rock are deposited on tilted and eroded strata.
Anisotropic: high variability of a specific geologic feature when measured in different 

directions.
Anthropogenic: effects, processes, or materials derived from human activities.
Anthrosphere: human-built or developed world.
Annular seal: material of low hydraulic conductivity placed above a well screen to min-

imize the potential for the vertical migration of substances into the well. Also 
referred to as bentonite seal.

Aquifer: a mappable geologic unit composed of water-saturated porous media capable of 
storing and transmitting significant quantities of water under ordinary conditions.

Aquifer system: more than one generally interconnected aquifer at a given location.
Aroclor: mixture of PCB compounds distinguished by a four-digit numbering system that 

denotes characteristics of composition.
Artesian well: a well drilled through impermeable strata into strata receiving water from 

a higher elevation; this overburden of water creates pressure to force the water in 
the aquifer to flow upward.

Artificial groundwater recharge: artificially increasing the amount of water entering an 
aquifer.
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Asthenosphere: upper portion of the mantle.
Asbestos: a name applied to a group of six different fibrous minerals including amosite, 

chrysotile, crocidolite, and the fibrous forms of tremolite, actinolite, and 
anthophyllite.

Atomic mass: the mass of an atom. Also referred to as atomic weight.
Atomic weight: the mass of an atom. Also referred to as atomic mass.
Bacteria: single-celled organisms.
Bar sediments: fluvial deposits along a river or stream bank, especially along the inside 

portions of a river or stream channel bend.
Bar-top sediments: sediments deposited on top of bar sediments; typically formed in shal-

low water regions in channels and abandoned channels. Also termed channel-top 
sediments.

Base: any substance that when dissolved in water increases the concentration of the 
hydroxide ion OH− and raises the pH of the solution.

Baseflow: groundwater seepage into a stream channel.
Base-neutral-acid compounds: a group of organic compounds much less volatile than 

VOCs. Also referred to as semi-volatile organic compounds.
Basic: a compound with a pH over 7.
Bedding: the layering of sediments as they are formed and deposited—also referred to as 

stratification.
Bedrock: the continuous solid rock of the continental crust.
Bentonite seal: material of low hydraulic conductivity placed above a well screen to min-

imize the potential for the vertical migration of substances into the well. Also 
referred to as annular seal.

Benzene ring: A hexagonal ring arrangement found in benzene and other aromatic com-
pounds, consisting of six carbon atoms with alternating single and double bonds 
between them. In derivatives of benzene, each carbon atom is bonded to a hydro-
gen atom or to other atoms or groups of atoms.

Bioaccumulation: contaminant accumulation in the body of an organism at a concentra-
tion greater than what is generally defined as background or naturally occurring.

Bioremediation: involves the introduction of microorganisms to a contaminated medium 
in an effort to allow natural processes to degrade the contaminants into harmless 
substances.

Biotic degradation: degradation of a substance by microorganisms or fungi.
Bioturbation: disturbance of sedimentary strata by living organisms such as plants and 

worms.
Biphenyl: organic compound composed of two benzene rings.
Boring: a hole in Earth drilled for collecting geological, chemical, physical, or other desired 

information about the subsurface.
Boring log: a written record of pertinent information concerning a boring.
Brownfield: an abandoned, idled, or underutilized industrial or commercial facility.
Cancer: when cells in the body become abnormal and grow or multiply out of control.
Capillary fringe: subsurface layer where groundwater seeps up from the water table by 

capillary action to fill pore spaces.
Capping: a remedial method where a barrier is placed over a contaminated area.
Capture zone: the areal extent where groundwater will be captured by a pumping well.
Carbon cycle: exchanges of carbon from reservoir to reservoir (e.g., oceans to atmosphere) 

by various chemical, physical, geological, and biological processes.
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Carbon dioxide: CO2, a common air pollutant and greenhouse gas. Anthropogenically 
produced through the combustion of fossil fuels.

Carbon monoxide: CO, a common pollutant toxic to humans and animal life. 
Anthropogenically produced through the combustion of fossil fuels.

Casing: a hollow tube placed inside a borehole providing access to the subsurface.
Cave: a natural feature beneath the surface formed by groundwater dissolving away the 

rock.
Cavern: an enlarged void or cavity caused by the dissolution of rock by a fluid.
Cementation: the precipitation of minerals at grain to grain contacts and within the pore 

spaces of sedimentary deposits; after this process is completed a sedimentary 
deposit becomes a sedimentary rock.

Channelization: flood control/navigation efforts for a stream or river involving methods 
used to change the channel geometry.

Channel-top sediments: sediments deposited on top of bar sediments; formed in shal-
low water regions of channels and abandoned channels. Also termed bar-top 
sediments.

Chemical: a substance with a specific atomic composition.
Chemical dehalogenation: a remedial method performed to remove halogens from 

contaminants.
Chemical oxidation: the loss of electrons.
Chemical reduction: the addition of electrons.
Chert: a sedimentary rock composed of silica (SiO2); it may form from microscopic organ-

isms secreting silica shells around their bodies or as a secondary precipitant.
Chlorinated solvents: a group of organic solvents containing one or more chlorine atoms 

within their atomic structure.
Chronic response: a stimulus lingering for a period of time after exposure to a chemical.
Clastic: consisting of fragments of rock.
Clay: a clastic sediment with a particle size of less than 1/256 of a mm (4 μm), or fine-

grained minerals of hydrous aluminum-silicate composition.
Combined sewer overflow: when the wastewater volume in a combined sewer system 

exceeds the capacity of the sewer system or treatment plant; the excess wastewater 
is discharged directly to nearby streams, rivers, or other water bodies.

Compaction: the rearrangement of individual grains in a sedimentary deposit; a more 
tightly packed sediment forms with the mass staying the same and the volume 
decreases.

Completion evaluation study: a study conducted to confirm the remediation of contami-
nation has been adequate.

Cone of depression: the three-dimensional shape of water withdrawal from a well.
Confined aquifer: a permeable geologic unit or strata bounded above and below by rela-

tively impervious geologic material and containing water at a pressure greater 
than atmospheric pressure.

Confining unit: a layer of rock or unconsolidated sediment retarding the movement of 
water in and out of an aquifer and possessing a very low hydraulic conductivity.

Congener: refers to a specific PCB chemical family.
Conjunctive use: the planned and interchangeable use of groundwater and surface water.
Consistency: the relative ease an unconsolidated material can be deformed.
Contaminant: human introduction into the environment of substances harmful to human 

health or ecosystems. Also referred to as pollutant.
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Contamination: the introduction of harmful substances into an ecosystem; typically 
anthropocentric-manufactured chemicals.

Contaminant fate and transport: a description of what happens to a contaminant after it 
has been released into the environment.

Contaminant risk factor: a method to calculate the potential risk of a contaminant in air, 
soil, or water by combining the elements of toxicity, mobility, and persistence.

Contaminant risk factor for groundwater: the environmental risk posed by specific con-
taminants to contaminant groundwater.

Continental drift: theory originally proposed by Alfred Wegener in 1912 that the conti-
nental land masses are not stationary and move.

Convection: vertical advection of air, water, or other fluids as a result of thermal differences.
Covalent bond: a form of chemical bonding characterized by sharing pairs of electrons 

between atoms.
Cross-bedding: sets of bedded sediments at different, on lapping, and inclined angles.
Cross-dating: technique used to help understand sedimentary environments and the pro-

cesses leading to the origin of their sediments. Also referred to as facies analysis.
Cultural eutrophication: when anthropogenic activities such as fertilization or sewage 

discharges bring excess nutrients into water bodies.
Cultural landscape: the product of human interaction with the natural landscape, with 

culture acting as the agent, and the natural area as the medium.
Cyanide: any chemical compound containing the cyano group consisting of a carbon atom 

triple-bonded to a nitrogen atom.
Darcy’s law: describes the flow of a fluid through a porous medium.
Debris flow: the rapid downslope plastic flow of a mass of regolith or debris. Commonly 

creates an apron-like or tongue-like area at its terminus with a very irregular 
surface.

Delta deposits: sedimentary strata originating through the deposition at the mouth of a 
river or stream discharging into a large body of water such as a lake or ocean.

Dense nonaqueous phase liquids: organic compounds that do not readily mix or dissolve 
in water and are heavier than water.

Desiccation cracks: formed when a fine-grained deposit (most often clay size particles) 
undergoes drying and is subsequently buried, preserving the feature. Also 
referred to as mudcracks.

Diagenesis: any chemical, physical, or biological change a sediment undergoes following 
its initial deposition.

Diffusion: the movement of a chemical from an area of higher concentration to an area 
of lower concentration due to the random motion of the chemical molecules. Also 
referred to as molecular diffusion.

Dioxins: a diverse set of halogenated substances; includes other compounds called furans.
Dip: the angle a geologic deposit, feature, or structure is tilted relative to the horizontal 

plane.
Disconformity: a type of unconformity existing between parallel layers of sedimentary 

rocks.
Dispersion: the tendency for contaminants to spread out from the path normally expected 

from advective flow. Also referred to as hydrodynamic dispersion.
Dissolve: to cause a substance to pass into solution.
Dolostone: a sedimentary rock composed of magnesium-calcium carbonate (CaMg[CO3]2) 

and associated with a marine-type environment.
Dredging: a sediment remedial method where submerged material is excavated.
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Drumlins: elongated hills composed of glacial till that are much steeper on one side than 
the other. The steeper slope of a drumlin indicates the direction of ice movement.

Ecosystem: a self-regulating association of living plants, animals, and their nonliving 
physical and chemical environments.

Eddies: turbulent swirls in a fluid.
Edge effects: processes located at the margins of physical entities, such as the receipt of 

more light at the edge of forests.
Effective porosity: that portion of interconnected pore space permitting groundwater 

flow through a geologic strata. Also termed specific yield.
Effluent stream: occurs where groundwater flows into a stream. Also referred to as gain-

ing stream.
Electrokinetics: a remedial method applied to heavy metals. Involves the imposition of an 

electrical field via electroosmosis designed to induce migration of heavy metals to 
a desired location where they are removed or encapsulated.

Elimination: a pollution prevention term used to describe the removal or storage of a cer-
tain hazardous substance.

End moraine: a moraine formed at the end of a glacier or at a location where the glacier 
had been stagnant during a retreating or regressive phase.

Environment: a broad term encompassing all living and nonliving things on Earth or 
at smaller geographic scales. The environment encompasses the natural world 
existing within the atmosphere, hydrosphere, lithosphere, and biosphere, and also 
includes the built or developed world.

Environmental concern: a condition or situation not presenting an obvious threat to human 
health or the environment; typically not the subject of an enforcement action.

Environmental impact statement: a study to identify and evaluate the positive and nega-
tive biophysical, social, and other environmental effects that a proposed develop-
ment action may have on the environment.

Environmental risk: the probability of an event resulting in an adverse impact on the 
environment or humans.

Environmental risk assessment: a qualitative or quantitative assessment or investiga-
tion of the risks posed by the presence of contamination to human health or the 
environment.

Eolian deposits: sediments deposited by wind action. Also known as aeolian deposits.
Erosion: a complex group of related processes where rock is broken down physically and 

chemically and its products removed.
Esker: glacial sedimentary feature formed beneath glaciers within ice-walled tunnels of 

outwash that typically deposit coarse-grained gravel sediments in an irregular 
pattern.

ESPM: pollution prevention implemented with a stepwise evaluation process that pro-
ceeds from the most preventative measure to the least preventative measure; 
e = elimination, s = substitution, p = prevention, m = minimization.

Esters: a group of chemical compounds containing a modified carboxylic acid group; the 
acidic hydrogen atom has been replaced by a different organic functional group.

Eutrophication: the natural process of enrichment of surface waters with plant nutrients.
Evaporite: a sedimentary deposit formed by the evaporation of water.
Experimental design: the assignment of subjects to experimental groups.
Ex situ thermal treatment: a remedial method involving the excavation of contaminated 

soil and a subsequent thermal treatment at the surface in an effort to either destroy 
or transform the contaminant into a harmless substance.
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Facies: characteristics of a rock or sediment mass that reflect its depositional environment.
Facies analysis: technique used to help understand sedimentary environments and the 

processes leading to the origin of their sediments. Also referred to as cross-dating.
Feasibility study: an evaluation of the potential remediation methods after the nature and 

extent of contamination have been determined.
Feedback: an outcome of a process within a system affecting the overall function of the 

system.
Fertilizers: chemical compounds designed to promote plant growth when applied.
Fick’s law of diffusion: a relationship stating the flux of a diffusing species is propor-

tional to the concentration gradient.
Filter pack: granular material placed around the circumference of a well screen designed 

to prevent suspended fine-grained sediments from entering a well.
Flaser bedding: interbedded and alternating fine and coarser-grained layers of sediment.
Floodplain deposits: sedimentary strata deposited within the floodplain of a river.
Flowing artesian well: water level of a well drilled into a confined aquifer that rises above 

the ground surface and flows.
Fluvial deposits: sediments deposited by a river.
Flux density: the mass of a chemical transported across an imaginary surface of unit area 

per unit of time.
Fossil: the remains of a once-living organism preserved in rock or sediment.
Fracturing: a remedial action involving cracking dense contaminated soil or rock so other 

remedial methods can work more efficiently.
Fragmentation: the division of ecosystems into spatially separated units or fragments.
Gaining stream: occurs where groundwater flows into a stream. Also referred to as efflu-

ent stream.
Geographic scale: areal extent defined through the observation and/or measurement of 

events and processes.
Geographic information system (GIS): computer software with the capability to input, 

display, analyze, and output spatial data.
Geologic formation: a fundamental unit of lithostratigraphy consisting of geologic strata 

with similar features in lithology, origin, or other criteria.
Geologic vulnerability: the natural properties of geologic materials acting to increase or 

decrease their potential exposure risk to a contaminant.
Geology: the science dedicated to the study of the history, structure, and composition of 

Earth.
Geomorphic system: the removal, transport, and deposition of material by wind or water.
Geophysical investigation: a type of subsurface investigation employing any number of 

geophysical techniques to gather geologic information in a certain area.
Glacial deposits: sedimentary strata originating from the direct or indirect action of 

glaciers.
Glacial lacustrine: material ranging from fine clay to sand derived from glaciers and 

deposited in glacial lakes mainly by glacial meltwater; many deposits are inter-
bedded or laminated.

Glacial lake: a lake formed between the glacial front and an end moraine.
Glacial till: sedimentary material deposited directly from glacial ice.
Glacial outwash: glacial sedimentary deposits formed by the action of glacial meltwater 

transporting the material away from the glacial front.
Gravel: clastic sediment with a size greater than 2 mm.
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Greenhouse gases: gases in the atmosphere capable of absorbing and emitting radiation 
within the thermal infrared range.

Ground moraine: a moraine deposit formed under the ice between lateral moraines. 
Ground moraine deposits may also be termed lodgment tills.

Groundwater: water beneath the surface of the ground present in pore space, fractures, or 
void spaces.

Groundwater recharge: a hydrologic process where water migrates downward from the 
surface and recharges groundwater.

Gypsum: a sulfate mineral (CaSO4 · 2H2O); an evaporite deposit.
Half-life: the average amount of time required to degrade half or 50% of a specific con-

taminant population.
Half reaction: the loss or gain of an electron.
Halite: a mineral composed of sodium chloride (NaCl); an evaporite deposit.
Halogens: a group of elements composed of fluorine (F), chlorine (Cl), Bromine (Br), and 

Iodine (I).
Halogenated volatile organic compounds: a group of organic compounds with a halogen 

atom as part of its atomic structure.
Henry’s law: a measure of the tendency for substances to volatilize.
Hepatotoxin: a chemical posing a risk of liver damage.
Herbicide: a chemical compound used to kill unwanted plants.
Heterogeneity: highly variable and poorly sorted geologic materials.
Hexavalent chromium: the metallic element chromium in its positive-6 valence (hexava-

lent) state; all compounds containing Cr(VI) are potential occupational carcinogens.
High resolution aquifer profiling: a technique of groundwater sampling and analysis 

using multiple parameters capable of creating a detailed three-dimensional depic-
tion of the inner dynamics of groundwater contaminant plumes.

Homogeneity: well-sorted geologic materials of low variability.
Humid microthermal climate: continental climate characterized by strong seasonal varia-

tions and highly variable weather with ample precipitation throughout the year.
Hydraulic conductivity: the ability of saturated geologic media to conduct water under an 

induced hydraulic or pressure gradient.
Hydraulic gradient: the rate of pressure or elevation change between two or more ground-

water monitoring points over the length of the flow path. Also referred to as 
hydraulic head.

Hydraulic head: the rate of pressure or elevation change between two or more groundwa-
ter monitoring points over the length of the flow path. Also referred to as hydrau-
lic gradient.

Hydrodynamic dispersion: the tendency for contaminants to spread out from the path 
normally expected from advective flow. Also referred to as dispersion.

Hydrograph: a plot of stream discharge over a specified time interval.
Hydrologic cycle: the solar-initiated and gravity-sustained renewable flow of water 

between five major reservoirs: the oceans, atmosphere, ice caps, surface water, and 
groundwater.

Hydrolysis: cleavage of a molecule into two parts by the addition of a molecule of water.
Hygroscopic water: water tightly held onto soil particles through adsorption and not 

available for flow.
Igneous rocks: rocks formed by the solidification of molten material either beneath Earth’s 

surface (termed plutonic igneous rocks) or at the surface (termed volcanic igneous 
rocks).
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Influent stream: when a stream loses water to groundwater. Also referred to as losing 
stream.

In situ soil flushing: a groundwater remedial method that pumps or percolates water 
or chemicals into the ground. The objective is to flush or drive the contaminants 
present in the saturated soil to a location where they can be removed, typically by 
a pumping well.

In situ thermal treatment: a remedial method for soil that injects a form of heat into the 
affected area in an effort to mobilize the contaminants so they can be more easily 
removed.

Isomer: chemicals with the same molecular formula but a different molecular structure.
Isopotential level: an imaginary surface representing the static level groundwater would 

rise to. Also referred to as potentiometric surface, pressure level, and piezometric 
surface.

Isotropic: low variability of a specific geologic feature when measured in different 
directions.

Kame: a glacial sedimentary deposit formed as an ice contact feature by glacial meltwater; 
consists of a conical-shaped mass of course-grained sand and gravel with little or 
no fine-grained material.

Karst topography: a landscape created by groundwater slowly dissolving sedimentary 
rock such as limestone.

Kettle: a glacial sedimentary feature consisting of a depression formed when portions of 
ice from a glacial front become partially or wholly buried with glacial outwash.

Lacustrine deposits: sedimentary strata deposited in lakes.
Laminae: very thinly bedded sedimentary layers.
Land use restrictions: a remedial method of placing restrictions on land use to protect 

human health and environment so any contamination left in place is not disturbed.
Latency period: the duration of time without an observable effect following exposure to 

a chemical.
Lateral moraine: a moraine formed on the sides of glaciers.
LD50: dose of a substance that is lethal to 50% of the test subjects.
Light nonaqueous phase liquids: organic compounds that do not readily mix or dissolve 

in water and are lighter that water.
Limestone: a sedimentary rock composed of calcium carbonate (CaCO3) and formed pre-

dominantly in marine environments from the accumulation of shells, shell frag-
ments, or from the direct precipitation from water (usually seawater).

Lithification: a complex process where unconsolidated geologic materials become rock 
mainly through compaction and cementation.

Lodgment till: a moraine deposit formed under the ice between lateral moraines. Lodgment 
till deposits may also be termed ground moraines.

Longshore current: movement of water along a shoreline caused by waves crashing along 
a beach at an angle.

Losing stream: when a stream loses water to groundwater. Also referred to as influent 
stream.

Lowest-observed-adverse-effect level: the lowest tested dose of a chemical or substance 
causing a harmful or adverse health effect. Also referred to as threshold effect 
value.

Mass wasting: the movement of rock or soil downslope by gravity without the aid of mov-
ing water, glaciers, or wind.
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Maximum contaminant level: the maximum allowable amount of a contaminant in 
drinking water.

Mesothelioma: a type of cancer attributed to asbestos exposure.
Mechanical soil aeration: a remedial method using photolysis to remediate soil at or near 

the surface of the ground; typically includes a periodic tilling or mixing of soil.
Metamorphic rocks: formed by applying extreme temperature and pressure to existing 

rocks that rearrange their structure and mineralogy to create a new rock.
Mineral: a naturally occurring solid formed through geological processes having a char-

acteristic chemical composition, highly ordered atomic structure, and specific 
physical properties.

Minimization: pollution prevention term used to describe a reduction in use of harmful 
chemicals or production of waste through process changes, recycling, or other 
methods.

Mobility: a measure of a substance’s potential to migrate in the environment.
Molecular attraction: a force pulling molecules together.
Molecular diffusion: the movement of a chemical from an area of higher concentration 

to an area of lower concentration due to the random motion of the chemical mol-
ecules. Also referred to as diffusion.

Molecular mass: the sum of the atomic weights of all the atoms in a molecule. Also referred 
to as molecular weight.

Molecular weight: the sum of the atomic weights of all the atoms in a molecule. Also 
referred to as molecular mass.

Monitored natural attenuation: a remedial method relying on natural processes to clean 
up the contaminated medium.

Monitoring well: a device inserted into the subsurface that penetrates the groundwater 
surface for the purposes of collecting hydrologic, chemical, or other information 
with respect to groundwater. Also referred to as a piezometer.

Moraine deposits: sedimentary glacial deposits formed by the deposition of material from 
a glacier and often exposed after the glacier has receded.

Mudcracks: formed when a fine-grained deposit (most often clay size particles) undergoes 
drying and is subsequently buried, preserving the feature. Also referred to as 
desiccation cracks.

Mudflow: the rapid downslope movement of a plastic and almost fluid mass of regolith 
or debris.

Multiphase extraction: a groundwater remedial method designed to remove contami-
nants present in more than one phase or state (i.e., dissolved phase and free phase).

Mutagen: a chemical capable of causing genetic changes which could affect future 
generations.

Natural landscape: earth surface formations resulting from the interactions within and 
between the physical systems comprising the four spheres of the geosphere: atmo-
sphere, biosphere, hydrosphere, and lithosphere.

Natural resource: air, land, water, fish, biota, wildlife, groundwater, rock, soil, aquifers, 
ice, or other identifiable entities on Earth considered a resource and occurring 
naturally.

Natural resource damage assessment: a study evaluating damages or injuries to the 
environment.

Negative feedback: when an output from a process in a system slows down or dampens 
the overall operation of the system.
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Nonconformity: an unconformity where horizontal strata or layers of sedimentary rock 
overlie igneous or metamorphic crystalline rock.

Nonpoint source pollution: pollution from a diffuse or unknown source.
Organochlorines: an organic compound containing at least one covalently bonded chlo-

rine atom.
Overgrowth: the importation of excess nutrients into an ecosystem.
Oxbow lake: a U-shaped body of water formed when a river meander is cut off from the 

main body of water flow due to erosion.
Oxidant: an atom donating an electron.
Ozone: O3, a gas present in the upper and lower atmosphere. Ozone in the upper atmo-

sphere absorbs ultraviolet radiation produced by the sun and is beneficial. In the 
lower atmosphere, ozone is considered a pollutant and is a major component of 
smog.

Parasite: an organism living on or within a different organism or host at the expense of 
the host organism.

Particulate matter: complex mixture of very small particles and liquid droplets emitted 
into the atmosphere. Also referred to as particle pollution.

Particle pollution: complex mixture of very small particles and liquid droplets emitted 
into the atmosphere. Also referred to as particulate matter.

Pebble: clastic sediment and a subset grouping of gravel with a size range from 4 to 64 mm.
Permeability: a measure of a geologic material’s ability to be penetrated by water.
Permeable reactive barrier: a groundwater remedial method involving installation of a 

wall or fence-like structure constructed beneath the surface of the ground within 
the saturated zone downgradient of the contamination. The wall is composed of 
chemicals that degrade or destroy the contaminants of concern.

Persistence: a measure of a substance’s ability to remain in the environment before being 
degraded, transformed, or destroyed.

Pest: living organisms occurring where they are not wanted or causing damage to crops, 
humans, or animals.

Pesticide: a chemical compound with the function of preventing, destroying, repelling, or 
mitigating any pest.

Phase I environmental site assessment: a qualitative study of the current environmental 
condition of a property or site.

Phase II investigation: quantitative investigation conducted at a property or site after a 
Phase I environmental site assessment. The objective is to confirm or refute the pres-
ence of contamination, or define the nature and extent of known contamination.

Phenol: a group of organic compounds composed of one or more hydroxyl groups attached 
to a carbon atom in a benzene ring.

Photochemical degradation: a chemical reaction where a substance is broken down or 
degraded by photons. Commonly occurs in the presence of sunlight. Also referred 
to as photodegradation or photolysis.

Photochemical smog: a form of air pollution formed through a reaction of air contami-
nants and sunlight.

Photodegradation: a chemical reaction where a substance is broken down or degraded by 
photons. Commonly occurs in the presence of sunlight. Also referred to as pho-
tolysis or photochemical degradation.

Photolysis: a chemical reaction where a substance is broken down or degraded by pho-
tons. Commonly occurs in the presence of sunlight. Also referred to as photodeg-
radation or photochemical degradation.
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Phreatic surface: the top of the zone of saturation. Also referred to as water table.
Phreatic zone: the region within the subsurface where all available pore space is saturated 

with water. Also termed zone of saturation.
Phthalate: a group of approximately 25 organic compounds consisting of esters of phthalic 

acid.
Phytoremediation: removal of contaminants using plants.
Piezometer: a device inserted into the subsurface that penetrates the groundwater surface 

for purposes of collecting hydrologic, chemical, or other information with respect 
to groundwater. Also referred to as monitoring well.

Piezometric surface: an imaginary surface representing the static level groundwater 
would rise. Also referred to as potentiometric surface, isopotential level, and pres-
sure level.

Plate tectonics: scientific theory describing the large scale motion of Earth’s lithospheric 
plates.

Plasticity: a property of soil or rock allowing it to be deformed beyond the point of recov-
ery without cracking or exhibiting appreciable change in volume.

Point source pollution: pollution originating from an identifiable source such as an 
exhaust pipe or smokestack.

Polarity: directional charge.
Pollution: the human introduction into the environment of substances harmful to human 

health or ecosystems. Also referred to as contamination.
Pollution prevention: preventing contaminants from entering the environment by reduc-

ing or eliminating waste at the source. Methods include modifying production 
processes, promoting the use of nontoxic or less toxic substances, implementing 
conservation techniques, and reusing materials rather than putting them into a 
waste stream.

Polychlorinated biphenyl: a group of synthetically produced chemicals with 1–10 chlo-
rine atoms attached to a biphenyl.

Polycyclic aromatic hydrocarbons: a group of more than 100 organic compounds with 
multiple benzene rings. Also referred to as polynuclear aromatic hydrocarbons.

Polynuclear aromatic hydrocarbons: a group of more than 100 organic compounds with 
multiple benzene rings. Also referred to as polycyclic aromatic hydrocarbons.

Porosity: the volume of open space within sediment, usually expressed as a percent.
Positive feedback: when the outcome of a process within a system speeds up or magnifies 

the system’s activity or work output.
Potable water: water used for any human purpose.
Potency: the degree to which a substance or agent can cause harm to an organism when 

exposed. Also referred to as toxicity.
Potentiometric surface: an imaginary surface representing the static level groundwater 

would rise to. Also referred to as piezometric surface, isopotential level, and pres-
sure level.

Precambrian: referring to the earliest period of geological time, between about 4600 and 
543 million years ago, from when Earth was formed until the first simple forms of 
life appeared.

Pressure level: an imaginary surface representing the static level groundwater would 
rise. Also referred to as potentiometric surface, isopotential level, and piezometric 
surface.

Prevention: minimizing the potential of contaminants entering the environment, usually 
through engineering controls.
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Principle of cross-cutting relationships: when a layer of sediment is cut by faulting, or 
the intrusion of an igneous dike or sill; the sedimentary layer is older than the 
event or feature cutting the layer.

Principle of faunal and floral succession: explains the relationship between biological 
evolution and sedimentary deposits.

Principle of original horizontality: sediments formed from sedimentary processes are 
generally deposited as horizontal sheets.

Principle of superposition: defines the depositional sequence of undeformed strata of 
rock or sediment—what is youngest is on top.

Principle of uniformity: the external and internal processes on and within Earth observed 
today have been operating unchanged and, at the same approximate rates, for a 
very long period of time throughout most of Earth’s history.

Property: a parcel of land with a specific and unique legal description.
Pump and treat: a groundwater remedial method involving the extraction of groundwater 

by pumping it from the ground and treating the contaminated groundwater at the 
surface.

Radioactive decay: a spontaneous loss of energy through the emission of ionizing par-
ticles and radiation by an unstable atomic nucleus.

Rain drop prints: small circular impressions formed from raindrops hitting the soft sur-
face of an exposed sediment; subsequent burial preserves the feature.

Receptor: the organism or ecological habitat where exposure to a substance or agent may 
occur.

Recognized environmental condition: the presence or likely presence of any hazardous 
substance or petroleum product on a property or site under conditions that may 
materially affect or threaten the environmental condition of the property or site, 
human health or the environment.

Reductant: an atom receiving an electron.
Reduction: the loss of areal coverage of an ecosystem or community.
Regolith: weathered rock devoid of organic material.
Regressive sedimentary sequence: sediment with vertically increasing coarser grains; 

commonly indicates decreasing water depths and increasing energy.
Remediation: meaning “remedy”—the process of cleaning up or reducing the risks posed 

by the presence of contamination.
Remedial action: a step or steps undertaken to remedy or lower the risks posed to human 

health or the environment by the presence of contamination at a property or site.
Remedial action plan: a description of the steps to be undertaken to remedy or lower the 

risks posed by the presence of contamination at a property or site to human health 
or the environment.

Remedial investigation: a comprehensive qualitative and quantitative environmental 
investigation conducted at large and complex contaminated properties or sites.

Retardation: the slowing of the migration of contaminants.
Ripple marks: small dune-like deposits whose long axes are perpendicular to the air or 

water current where they formed.
Risk assessment: a procedure used to evaluate whether there is an unacceptable risk 

posed to humans or the environment from natural events, human activity, or spe-
cific substances.

Rock: a solid object composed of minerals.
Rockfall or debris fall: the rapid descent of a rock mass vertically from a cliff, or by leaps 

down a very steep slope.
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Rockslide or debris slide: rapid, sliding descent of a rock mass down a slope.
Routes of exposure: the path chemicals and substances enter the human body; includes 

inhalation, ingestion, and dermal absorption.
Sand: clastic sediment of a size between 1/16 and 2 mm.
Science-based landscape planning: the process of understanding the physical processes 

inherent to a natural landscape’s formation and its long-term sustainability, and 
transforming selected components of these processes into planning principles and 
actions to preserve or enhance the cultural landscape.

Screen: a perforated pipe placed at the bottom of a well allowing water to seep into the 
well from an aquifer or saturated medium.

Secondary porosity: porosity formed within a geological medium after the material has 
been deposited.

Sediment: settled matter at the bottom of a liquid.
Sedimentary deposits: the accumulation of natural materials and sediments formed at or 

near the surface of Earth at ordinary temperatures and pressures.
Sedimentary rocks: rocks formed by the mechanical weathering or erosion of preexisting 

rock or from dissolved material precipitating from solution.
Sedimentation: the deposition of eroded material in a sink.
Semi-volatile organic compounds: a group of organic compounds much less volatile than 

VOCs. Also referred to as base-neutral-acid compounds.
Silt: a clastic sediment with a size range between 1/16 and 1/256 of a mm.
Simplification: the reduction in the number of species in an ecosystem or community.
Sink: location of deposition.
Sink hole: a rounded depression of the ground formed when a cave in the subsurface 

collapses.
Site: a parcel of land including one or more than one property or easement; a specific 

location.
Situation: the outlying places related to a site.
Slump: the downward slipping of a coherent body of rock or regolith along a curved sur-

face or rupture.
Soil: the top layer of Earth’s surface consisting of rock and mineral particles mixed with 

organic matter.
Soil creep: slow movement of a soil slope.
Soil excavation: a remedial method involving the removal of contaminated soil and its 

disposal at an offsite location, typically a regulated landfill.
Soil vapor extraction: a remedial method that removes contaminants from soil in the form 

of vapors.
Soil washing: a remedial method that “scrubs” soil to remove and separate the contami-

nant from the soil using detergents or a variety of chemicals depending in the 
type of contaminant, concentration, and soil type.

Solidification: a remedial method involving the addition and mixing of a substance 
designed to immobilize or entomb contamination. Also referred to as stabilization.

Solubility: a measured property of a solid, liquid, or gaseous chemical substance termed a 
solute to dissolve in a liquid solvent to form a homogeneous solution.

Solute: a solid, liquid, or gaseous chemical substance dissolved in anther substance.
Solvent: a solid, liquid, or gaseous chemical substance that dissolves another substance.
Sorption: refers to the action of both absorption and adsorption.
Sorting: the spatial arrangement of particles during their transport and deposition by size.
Source control: abating contamination at its source.
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Spatial resolution: the smallest identifiable element in a sequence.
Speciation: a process over time where one species evolves into a different species, or one 

species diverges to become two or more species.
Specific heat capacity: a measure of the heat energy required to increase the temperature 

of a unit quantity of a substance by a unit of temperature.
Specific retention: the volume of water retained after a saturated geologic material has 

been drained under the force of gravity.
Specific yield: that portion of interconnected pore space permitting groundwater flow 

through a geologic strata. Also termed effective porosity.
Sprawl: haphazard pattern of urbanization affecting large metropolitan areas; creates 

more automobile dependence and longer commutes to work.
Spreading basin: a form of artificial groundwater recharge where water is spread over a 

large surface area composed of permeable material and permitted to seep into the 
ground and migrate into an aquifer below.

Stabilization: a remedial method involving the addition and mixing of a substance 
designed to immobilize or entomb contamination. Also referred to as solidification.

Stormwater: nonpoint pollution in urban areas initiated by wet-weather events.
Strata: layers of rock or sediment having internally consistent characteristics distinguish-

ing them from contiguous layers.
Stratigraphic column: a vertical chronological succession of geologic units or formations 

specific to a given location.
Stratification: the layering of sediments as they are formed and deposited; also referred 

to as bedding.
Stratigraphy: the study of rock layers or unconsolidated sediment and strata; particularly 

their ages, composition, and relationship with other layers.
Strike: the attitude or trend of a particular deposit of geologic material.
Sulfur dioxide: SO2; occurs naturally through volcanic eruptions and anthropogenically 

through the combustion of fossil fuels and some industrial processes. Sulfur diox-
ide is a pollutant and a component of smog.

Substitution: a pollution prevention term used to describe the use of a less toxic or poten-
tially harmful substance instead of a more toxic or harmful substance; in ecology, 
when one or more organisms/species are replaced by others.

Surface risk: the probability any given site will contaminate the environment given the 
best available data from public sources.

Surface water: water at the surface of Earth.
Sustainability: human activities that do not inflict excessive levels of damage upon 

the environment; the environment is given adequate time to repair itself from 
prior damages; and, these efforts will help return physical systems to dynamic 
equilibrium.

Sustainable development: in urban watersheds this concept encompasses those activi-
ties designed to achieve and maintain dynamic equilibrium within and between 
the major physical systems performing their work in the atmosphere, biosphere, 
hydrosphere, and lithosphere.

Teratogen: a chemical capable of causing an adverse effect on a developing fetus.
Threshold: in landscapes, the point at which instability occurs.
Threshold effect value: the lowest tested dose of a chemical or substance causing a harm-

ful or adverse health effect. Also referred to as lowest-observed-adverse-effect 
level.

Total porosity: the sum of effective porosity and specific retention.
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Toxicity: the degree to which a substance or agent can cause harm to an organism when 
exposed. Also referred to as potency.

Trace fossil: preserved evidence in rock or sediment that a living organism was present 
(i.e., foot prints, burrows, feeding marks, etc.).

Transgressive sedimentary sequence: sediment with vertically increasing finer grains, 
commonly indicates increasing water depths and decreasing energy.

Transmissivity: a measure of the amount of water horizontally transmissible through a 
unit width by the full saturated thickness of an aquifer under a unit of hydraulic 
gradient per unit of time.

Transition zone: a diffuse boundary in the saturated subsurface where freshwater and 
saline water mix. Also referred to as zone of dispersion.

Trihalomethanes: a group of volatile organic compounds where three of the four atoms of 
methane are replaced by halogen atoms.

Trophic level: the position an organism occupies in a food chain.
Turbulent diffusion: random and chaotic mixing of a liquid.
Type section: a location where a particular stratigraphic column is considered complete or 

representative of a given geologic formation or unit.
Unconfined aquifer: a saturated geologic material where the surface of the saturated layer 

is equal to atmospheric pressure.
Unconformity: a buried erosional surface separating two rock masses or sedimentary 

strata of different ages; indicates sediment deposition was not continuous.
Unsaturated zone: that portion of Earth between the surface and the water table or zone 

of saturation. Also referred to as the vadose zone.
Urban geologic map: geologic map of an urban area.
Urban heat island: higher urban temperatures resulting from the excess energy input 

into the atmosphere from anthropogenic activities. The primary source of the 
additional energy comes from the replacement of vegetation with structures and 
pavement.

Urbanization: the processes contributing to urban growth; specifically, an increased 
number of people coming to the cities to live, and the subsequent city expansion 
through the annexation of surrounding land and adjacent communities.

Vadose zone: that portion of Earth between the surface and the water table or zone of 
saturation. Also referred to as the unsaturated zone.

Vapor pressure: the pressure of a vapor in thermodynamic equilibrium with its condensed 
phases in a closed container.

Varve: stratification formed from the seasonal fluctuation in clastic, biological, or chemical 
laying of sediment.

Virus: a subcellular agent capable of replicating itself inside the cells of another organism.
Vitrification: a form of solidification using electrical power to transform contaminated 

subsurface soil into a glass-like substance.
Volatile organic compounds: organic compounds tending to volatilize or evaporate read-

ily under normal atmospheric pressure and temperature.
Volatilization: conversion into a vapor or gas without chemical change.
Vug: small- to medium-sized cavity inside a rock.
Watershed: the extent of land drained by a given water feature, such as a river system, 

lake, swamp, estuary, reservoir, wetland, bay, sea, or ocean.
Watershed management: the minimization of the human impacts within and between 

different land use systems, with the objective of achieving a sustainable landscape.
Water table: the top of the zone of saturation. Also referred to as phreatic surface.
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Weathering: a destructive process breaking down rocks and minerals through exposure 
to atmospheric agents such as air, wind, water, and ice.

Wellhead protection zone: the capture zone for a protected water supply well.
Wetland: lands where water saturation is the dominant factor determining the nature of 

soil development and the types of plant and animal communities living in the soil 
and on its surface.

Zone of dispersion: a diffuse boundary in the saturated subsurface where freshwater and 
saline water mix. Also referred to as transition zone.

Zone of saturation: the region within the subsurface where all available pore space is 
saturated with water. Also termed phreatic zone.
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