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Preface & 
Acknowledgments

Th is book is a result of a project begun in 2009 by educators at the Paleontological 
Research Institution (PRI) in Ithaca, New York, in collaboration with several 
programs at Cornell University, especially Cornell Cooperative Extension. Th is eff ort 
has had as its main goal providing for the general public, especially in New York State, 
summaries of the best science available on the major aspects of the geology of the 
Marcellus Shale, and the complex environmental issues surrounding the extraction 
of natural gas from it. 

Pursuing a major public educational outreach eff ort on a controversial topic like 
the Marcellus is in some ways familiar to PRI staff , in that we have a long history 
of addressing other sometimes-contentious issues, such as evolution and climate 
change, under sometimes-challenging circumstances.1 In the case of these topics, 
however, there is little or no signifi cant scientifi c controversy about the major points, 
for example, whether evolution is true or whether global warming is happening and 
is largely a result of human activities. In the case of gas extraction in the Marcellus 
Shale, in contrast, there are still signifi cant gaps in basic knowledge and signifi cant 
legitimate disagreements over interpretation of what data do exist. We have therefore 
occasionally found ourselves in the unfamiliar position of being publicly criticized by 
individuals highly respected in their respective academic specialties (on both sides of 
the issue) for not taking their particular position, of being told by potential funders 
that our educational eff orts could only receive fi nancial support if we declared in 
advance our commitment to their point of view, and even of being judged right or 
wrong based on the perceived positions of previous supporters of our institution.2

Within this context, PRI early on laid out what we hoped would be a clear statement 
of intent, which has informed the writing of this book:

PRI provides educational outreach on topics related to • 
drilling for natural gas in the Marcellus Shale. Th e goal 
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of these outreach eff orts is to help provide evidence-
based information on the origin of natural resources, 
their distribution, their exploration and removal, and 
the environmental impacts of this activity over time and 
geographic scales, both small and large. An important 
component of this outreach is contrasting local and global 
costs and benefi ts of shale gas drilling with other sources 
of energy imported to or developed in the region. PRI 
recognizes that drilling in New York State might begin 
soon, necessitating more and better scientifi c information 
about natural gas drilling for citizens and municipal 
offi  cials.

More generally, the PRI outreach program is intended • 
to improve science literacy, especially about the Earth. 
Creating a sustainable society involves making complex 
choices among energy options and environmental 
protection. All energy resources have impacts that are 
both local and global, both short-term and long-term. 
PRI outreach seeks to improve public understanding of 
these contrasts, because such understanding is necessary 
for making eff ective decisions now and in the future.  

PRI does take public positions relating to the use and • 
teaching of good science. PRI does not, however, take 
public positions for or against specifi c policies that relate 
to the environment, land use, the economy, or natural 
resources. Th is does not mean that PRI is agnostic about 
these topics, but that our role is to present the best science 
information possible, to help citizens and policy makers 
make well-informed decisions.3

Our partners in the Marcellus Shale project have been Cornell Cooperative Extension 
(http://cce.cornell.edu/EnergyClimateChange/NaturalGasDev/Pages/default.
aspx), Cornell University’s Water Resource Institute (http://wri.eas.cornell.edu/), 
and Cornell University’s Department of Earth and Atmospheric Sciences. We are 
especially grateful to Rod Howe of Cooperative Extension for originally inviting us 
to partner on educational outreach connected to the Marcellus, and for his support 
and encouragement throughout the past four years.

For discussion, advice, and/or information that informed the writing and thinking 
that became this book, we are very grateful to Cornell colleagues Larry Brown, Lou 
Derry, Bob Howarth, Rod Howe, Tony Ingraff ea, John Jaquet, Terry Jordan, Natalie 
Mahawold, Susan Riha, and Rich Stedman. Rick Allmendinger, Art Bogan, Dan 
Graf, Katie Keranen, and Brian Rahm also contributed timely information. We 
are especially thankful to the following individuals for reading and off ering helpful 
comments on all or part of previous drafts of this manuscript: David Allard, Rick 
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Allmendinger, Richard Beal, Adam Blair, Martin Casstevens, Larry Cathles, Lou 
Derry, Cliff  Froelich, Gayle Gleason, Chuck Greene, Will Hackett, Bryce Hand, Joe 
Henderson, Bob Howarth, Tony Ingraff ea, Terry Jordan, Bill Kappel, David Kay, 
Won-Young Kim, Katrina Korfmacher, John Mason, Connor O’Laughlin, Jeff  Over, 
Brian Rahm, Bob Raynolds, Erich Schramm, Bruce Selleck, Cathelijne Stoof, Chuck 
Ver Straetten, Jennifer Tegan, Jeff  Tester, Tom Wilbur, and several individuals who 
wish to remain anonymous. We did not take all of their many suggestions, and are 
completely responsible for the fi nal result.

Our sincere thanks are also due to Rick Allmendinger, Jim Houghton, Linda Ivany, 
Yukta Sagar, Joe Henderson, Sally Vann, and Alex Wall for help with illustrations, to 
Sally Vann for last-minute research help, and to Paula Mikkelsen for her timely and 
always-excellent help with editing and production.

PRI’s Marcellus Shale outreach eff orts have been supported by a joint research and 
extension program funded by the Cornell University Agricultural Experiment Station 
(Hatch funds) and Cornell Cooperative Extension (Smith-Lever funds) received 
from the National Institutes for Food and Agriculture (NIFA), U.S. Department 
of Agriculture, and by grants from the National Science Foundation (NSF GEO-
1016359 and 1035078). Any opinions, fi ndings, conclusions, or recommendations 
expressed here are those of the authors and do not necessarily refl ect the views of 
either the U.S. Department of Agriculture or the National Science Foundation.

-Th e Authors, Ithaca, New York, August 2013
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Introduction

It is a common observation that the world has changed, that we today live in a very 
diff erent world from the one in which our grandparents or parents, or even we, were 
born. What’s usually meant by such statements, however, is the world of human 
culture and society. Th e “natural” world, by contrast, seems relatively constant, 
the epitome of stability. Yet this is no longer the case. Whatever one’s political, 
economic, or social views, it is no longer reasonable to deny that the Earth’s land, air, 
water, and life have been signifi cantly altered by human activity. Th e Anthropocene 
is a name recently proposed by Earth scientists for the time interval since humanity 
became such a powerful force of change.1 Th e term is usually assigned to start at the 
beginning of the Industrial Revolution, approximately 200 years ago.

Although any interval might seem historically signifi cant as one is living through 
it, it’s hard not to conclude that history will look back upon the early 21st century 
as a pivotal moment, at which the recognition and understanding of humanity’s 
impacts on the Earth led to a global debate about what, if anything, should be done 
to change course. History will, of course, know whether humanity took steps that 
measurably slowed the rate of human impact, or it did not, and stuck to "business as 
usual," in which case accelerated environmental change led to a transformed planet, 
with major consequences for humans and other life. 

Global environmental change is obviously not the only pressing concern for 
humanity right now. We are worried about how we will feed and otherwise provide 
for a population that will likely grow by at least 2 billion over the next 30–40 years. 
All of these people will want many of the things that most Americans take for 
granted, including reasonable levels of security, freedom, justice, prosperity, and the 
expectation that their children will have a better future. All of this takes resources, 
most importantly clean air, clean water, food, and energy. Solving the challenges 
of global environmental change must happen at the same time that we try to solve 
these other pressing social, political, and economic challenges. Solving one without 
solving the other will not work, at least not for very long.

Into this maelstrom has recently been thrust a means to extract vastly more fossil 
fuels than were forecasted even a decade ago, namely the extraction of natural 
gas and oil by a combination of two existing technologies—horizontal drilling and 
hydraulic fracturing (together often referred to as “high-volume hydraulic fracturing” 
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(HVHF), or shortened to “hydrofracking” or just “fracking.”2 Organic-rich rocks 
the world over are now being reconsidered for their potential to contain pore spaces 
fi lled with fossil fuels that never escaped into the sort of underground reservoirs of 
the sort that have been tapped through conventional wells for more than 150 years. 

On the surface, this might sound to some like good news. More energy—and, for 
Americans, more domestic energy—seems like a gift. Yet, beneath the surface, concern 
over local environmental impacts of unconventional drilling, particularly around 
freshwater, has led to public protests in almost every area where such drilling has 
occurred or might occur in the future. Some have also decried the global implications 
for increasing greenhouse gases associated with fossil fuels and the potential 
implications for climate change: lower prices and increased availability pushes off  
pressure for use of alternative energies. Still others suggest that the best way forward 
environmentally is to look case-by-case for the least harmful way of developing 
and distributing energy at massive scales; for example, if we categorically reject 
unconventional drilling in all circumstances, we could unintentionally promote even 
worse options (e.g., involving coal and petroleum) that are often the status quo. And 
there are yet others who maintain that most claims regarding environmental harm 
from unconventional drilling have been exaggerated or are unfounded.

Th is book reviews the major science and technology issues around exploitation of a 
major shale gas deposit, the Marcellus Shale, which underlies primarily Pennsylvania 
and parts of Ohio, New York State, and West Virginia. Although our focus here 
is the Marcellus Shale, especially from the perspective of New York State (where, 
as of this writing [September 2013], high-volume hydraulic fracturing has not yet 
begun), many of the general issues apply to other areas with unconventional shale 
gas drilling.
 
Th is book got its start when it became apparent to us that there was a great deal 
of talk about shale gas and its potential environmental impacts, but little in the 
way of detailed and accurate scientifi c information, written with a general public 
audience in mind.3 As educators at a natural history museum, we saw our role as a 
combination of obligation and opportunity: an obligation to explicate those aspects 
of Marcellus Shale gas development related to Earth and environmental science—
such as why natural gas is found where it is, how it is extracted by high-volume, 
high-pressure hydraulic fracturing, and what the environmental impacts are and 
might be going forward—and an opportunity to increase general interest and literacy 
about both local and regional geology, and energy resources and their environmental 
impacts. We therefore produced a series of online publications—Th e Marcellus 
Papers—that tried to briefl y cover these topics, and we also participated in dozens of 
public presentations and teacher-training events on the same.4 We did not (and do 
not here) address the many other areas of concern (such as socioeconomic impacts 
and policy and regulatory issues, to name but a few).5

Th e science topics alone constitute an enormous range of issues across several 
large, expanding, and evolving fi elds, so we have approached our task—and this 
book—with considerable humility. We are not specialists in natural gas geology or 
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engineering. We do, however, know something about Earth science education and 
communicating complex scientifi c issues to the public, and we have tried to apply 
this expertise to summarizing the current state of the science. Th is is not the same 
thing, however, as saying that we can report unambiguous or certain answers. One 
of the few things that is clear about the science of the Marcellus Shale is that the 
collective knowledge about both the geology and the environmental consequences of 
gas extraction in this, and other similar geological units, are inadequate, and that—
despite numerous statements to the contrary—scientifi c consensus on a number of 
major points remains elusive. In several senses, therefore, this book should be seen as 
no more than a starting point for those interested in any aspect of this topic. 

Most of all, we hope that this book will focus attention on one of the most important 
and most misunderstood aspects of all science: How it is that we come to say that 
we “know” something about the world? When is the evidence suffi  cient to support a 
particular level of confi dence in an answer? How long should we remain “uncertain” 
about a conclusion? Consideration of such questions is always a useful exercise for 
any scientifi c discussion; it is absolutely essential for a topic with the economic, 
social, political, and environmental consequences that this one has.

In revising and expanding our earlier work for this book, we have tried for a 
compromise between readability and adequate detail and documentation. We have 
tried where possible to cite what we judge to be authoritative and reliable sources 
and/or evidence for the statements that we present, which in many cases has proven 
surprisingly diffi  cult. We hope and believe that the endnotes and list of references at 
the end of the book will be among its most useful features. Th is book does not give 
policy or regulatory recommendations, but reviews the sort of scientifi c information 
and analysis that one might reasonably expect would be considered in making such 
decisions; readers will surely draw their own conclusions about what they think is 
the best course of action given this information, which is as it should be. Science isn’t 
policy, but it should surely inform policy.

It will likely not surprise many readers who have followed the public debate about 
the Marcellus that we have found it diffi  cult to produce this book amid the intense 
atmosphere of passion and acrimony that has marked this issue, especially in New 
York State, over the past several years. We have persisted because we fi rmly believe 
that (mostly) objective science is possible, even on highly controversial subjects, and 
should be recognized, supported, and consulted, regardless of the din. 

For if indeed we now live in a new geological epoch—on an Earth that we ourselves 
have changed in such fundamental ways—then the importance of increased 
understanding of the world around us has never been greater. Science can tell us 
something about how the world is; it cannot tell us what to do as we live in that 
world. Th at is up to the even more complex and ambiguous arts of politics and 
decision-making. 



Figure 1.1. Th e Marcellus Shale in Seneca County, New York. Th e scientist in the 
foreground is approximately 6 feet (1.8 meters) tall. 
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Chapter 1

The Geologic History 
of the Marcellus 
Shale

Th e story of the Marcellus Shale begins during an interval of time that geologists call 
the Devonian Period, which lasted from approximately 419 million to 359 million 
years ago. Th e Devonian is sometimes known as the “Age of Fishes” because all 
major evolutionary groups of fi sh were present during this time, but it was also a 
signifi cant period for the evolution of land plants and animals. Forests fi rst arose 
during this period, as land plants began to extensively colonize continents. Land 
plants created new ecosystems in which insects and other terrestrial arthropods 
established themselves, and the fi rst land-living backboned animals evolved. 

Marine ecosystems were diff erent than they are today (Figure 1.2). Among marine 
invertebrates, brachiopods, bryozoans, trilobites, crinoids, and coral were the 
dominant groups. Global temperatures and sea level were higher than they are today, 
and the continents were largely covered by shallow, epicontinental seas, formed when 
the ocean fl ooded parts of the land. Th ese are generally shallow compared to ocean 
basins. Th ere are fewer today, but examples include the North Sea, South China 
Sea, and Hudson Bay. Th e bulk of continental land masses sat south of the equator, 
including most of what would become the eastern part of North America. At the 
bottom of this sea, which covered what is now the northeastern U.S., layers of mud 
accumulated. Th ese layers were in turn buried under others, and compacted into 
rock. Th ese layers became what today we call the Marcellus Shale.

Geology of the 
Marcellus Shale
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Figure 1.2. Artist’s reconstruction of a typical Middle Devonian shallow sea environment, with crinoids 
(far left), trilobites and brachiopods (center), horn corals (right), and a nautiloid cephalopod (above). 

Th e Marcellus Shale underlies more than 95,000 square miles (246,000 square 
kilometers) in parts of New York, Pennsylvania, West Virginia, Ohio, and in minor 
parts of New Jersey, Maryland, Virginia, Kentucky, and Tennessee (Figure 1.3). It 
takes its name from the town of Marcellus, New York, one of the locations where 
surface outcrops of the layers were fi rst described by geologists. Th e Marcellus Shale 
is the bottom part of a thicker set of rocks known as the Hamilton Group (Figure 
1.4), which accumulated during the middle part of the Devonian Period, between 
approximately 393 and 383 million years ago. Th e Marcellus is itself subdivided into 
diff erent layers, including the Union Springs, Cherry Valley, and Oatka Creek.1 Th is 
chapter provides an introductory look at the formation and subsequent geologic 
history of the Marcellus Shale. 

From mud to rock

Approximately 390 million years ago, the area that is now the eastern United States 
lay south of the equator, and was largely under water (Figure 1.5).2 It was part of 
an epicontinental sea that stretched for tens of thousands of square miles. On the 
northeastern shore of this sea, near what is now Albany, New York, tectonic forces 
were moving a small island chain westward, compressing the landscape to form 
what geologists call the Acadian mountain range. Th ese same forces also caused the 
continental crust to bend downward, forming a depression, or basin, on the western 
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Figure 1.3. Th e Appalachian Basin 
(horizontal shading) and the distribution 
of the Marcellus Shale in the subsurface 
(diagonal shading). 

Figure 1.4. (A) Geological time scale, with Devonian Period shaded. (B) Block diagram showing the 
major units of sedimentary rock that accumulated in central New York State between approximately 500 
million and 360 million years ago. Shales that contain signifi cant amounts of natural gas are marked in 
black. (C) Detailed stratigraphy of the Hamilton Group, including the Marcellus Shale.
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Epicontinental Sea where the 
Marcellus Shale was deposited

Acadian Mountains

Figure 1.5. A paleogeographic map, showing what North America might have looked like during the 
middle part of the Devonian Period, approximately 390 million years ago. Th e curved line represents the 
Equator. Lighter-colored areas on the continental interior represent shallow epicontinental seas. 

margin of the mountains. Th e deepest part of the sea was located in the eastern 
part of the basin, near the mountains, gradually becoming shallower to the west. 
Th e young Acadian mountains experienced intense erosional forces, and the eroded 
sediment was carried into the sea to the west. Phytoplankton and other organisms 
inhabited the surface waters of the sea. When they died and sank to the bottom, they 
mixed with the sediment that fl owed in from the mountain erosion. Th e sediment 
and organic material that would become the Marcellus Shale was probably deposited 
over 2 to 4 million years.

Th e non-organic components of the Marcellus sediment were mostly fi ne-grained 
clay and silt, which together constitute what geologists call “mud.” Sedimentary 
rock that forms from mud is called shale. When the mud originally accumulated, 
it contained lots of pores between the sediment grants. As the mud was compacted 
under the weight of additional layers of sediment, however, the sedimentary particles 
became reoriented so that they fi t more snugly together, with very small pore spaces 
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between grains and little or no connections between those spaces. Th e result was a 
rock with very low permeability. 

For much of the time that the Marcellus Shale was being deposited, oxygen levels in 
the water near the sea fl oor were very low. Th is was probably because during a period 
of sea level rise, the deeper parts of the basin experienced poor water circulation from 
outside the basin and a lack of seasonal vertical mixing in the tropical setting.3 An 
increase in phosphorus and nitrogen (from erosion from the land) stimulated the 
growth of primary producers in the water. As these populations of producers grew, 
died, and sank to the sea fl oor, they contributed to both the reduction in oxygen 
and the accumulation of organic matter.4 Due to these low levels of oxygen, sea-
fl oor dwelling organisms, like trilobites and brachiopods, could not survive well. 
Th e Marcellus Shale is therefore fossil-poor compared to the rock layers above it. 
Th ere are occasional layers in the Marcellus containing small fossils similar to what 
might be found in other parts of the Hamilton Group (Figure 1.6), evidence that 
some life forms were adapted to the somewhat stressful bottom conditions, and even 
some short spans of time when a broad variety of fossils can be found, indicating 
occasionally more hospitable conditions with more oxygen. Th e vast majority of 
the organic material in the Marcellus thus came not from large bottom-dwelling 
animals, but from tiny planktonic organisms living near the sea surface.

Figure 1.6. Fossil brachiopods from the Oatka Creek Shale (left, top and bottom) and the Union Springs 
Shale (right). See Figure Credits for further details.
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Over time, more sediment was carried into the basin, burying the Marcellus deposits. 
Water circulation in the sea also improved, creating a more oxygen-rich environment 
where decomposition could occur and where trilobites, coral, and other larger 
animals could live. Th e Marcellus Shale and the gray shales and siltstones that lie 
above it make up the Hamilton. Th e rest of the Hamilton Group is famously fossil-
rich and has been studied by paleontologists for more than a century. 

Where did the gas come from?

Th e combination of increased organic input and lack of oxygen in bottom waters was 
crucial to the accumulation of abundant organic matter that would eventually give 
rise to natural gas in the Marcellus Shale. Organic matter decomposes very slowly 
when oxygen is very low.4 Th e organic matter that sank to the bottom of the sea 
mixed with the sediment, and as the basin continued to fi ll over time, this mixture 
was buried. Th e undecomposed organic matter, when subjected to the heat and 
pressure of burial and tectonic forces, eventually was transformed into natural gas.

During this process, the complex carbon-containing molecules in the organic matter 
were cracked, or broken down into simpler, lighter molecules containing only carbon 
and hydrogen atoms. Th ese are called hydrocarbons. Methane (CH4) is the simplest 
type of hydrocarbon molecule, with only a single carbon atom, surrounded by four 
hydrogen atoms. Other hydrocarbons, such as ethane, propane, and butane, contain 
two, three, and four carbon atoms, and six, eight, and ten hydrogen atoms, respectively. 
Petroleum (“oil”) is a mix of heavier hydrocarbons, meaning hydrocarbons with more 
carbon atoms. Both oil and gas can be formed by the cracking of organic matter 
from heat and pressure underground. Oil is usually formed at shallower depths and 
lower temperatures, whereas natural gas is formed at higher temperatures and deeper 
in the crust (Figure 1.7).

Th e geological history of the Marcellus Shale helps explain many of its characteristics 
(as we will discuss further in Chapter 2). For example, to the east, where the Marcellus 
is buried relatively deeply, the natural gas found is almost pure methane. In the 
western part of the formation, other kinds of hydrocarbons can be found in addition 
to methane. Parts of the Marcellus along its eastern margin (generally in its thickest 
regions) are called overmature, meaning that the gas has started to be burned off  by 
the heat and pressure.

Because of its high organic carbon content (referred to as total organic carbon or 
TOC), the Marcellus Shale is usually dark gray to black in color, in contrast to the 
light gray limestone below it. Shales of the Hamilton Group above it range from 
light to dark gray in color. Th e Marcellus Shale is the only part of the Hamilton 
Group to produce commercial quantities of natural gas.

Th e varying gas content of the Marcellus is also connected to its geological history. 
Th e most gas-rich portions of the Marcellus are the older Union Springs shale and 
the younger Oatka Creek shale (see Figure 1.4). Between these layers of shale is the 
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Figure 1.7. Diagram showing how 
the formation of oil and gas depend 
on temperature and pressure. Kerogen 
is a rubbery organic material, made 
of a mixture of organic chemical 
compounds. It is the product of the 
initial stages of the alteration of once-
living organic material as it is buried 
and becomes compressed and heated. 

Cherry Valley limestone, which represents a time when oxygen levels (and bottom 
life) in the basin increased.  Th e organic matter in the limestone decomposed before 
it could be buried and turned to natural gas. Th e current organic richness in the 
Marcellus Shale is a result of the balance between the rate of planktonic organisms 
and sediment settling to the bottom, and the rate of decomposition of the organic 
matter. 

Th e TOC of portions of the Marcellus Shale is higher than most rocks—from 1% to 
17% by weight.6 Th e same sea-level rise associated with low oxygen levels also shifted 
the shoreline to the east; sediment eroding from the Acadian mountains didn’t travel 
as far west into the basin and so did not dilute the concentration of organic matter. 
Th e Marcellus as a whole is thicker in the east (roughly 250 feet or 76 meters) than 
it is in the west (roughly 50 feet or 15 meters), because of this pattern of sediment 
input. Somewhere between the eastern part of the basin where sediment input was 
high, and the western part of the basin, which had little sediment input but also 
had more oxygen-rich water, is a zone in which the preserved TOC is greatest. In 
the lowest layer of the Marcellus—the Union Springs shale—that zone is farther 
east than it is in the highest rocks—the Oatka Creek shale. Th us the combination 
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of subsurface conditions (heat and pressure) and the amount of organic material 
trapped in the shale during deposition dictates the quantity of natural gas present in 
the rock today.

Natural fractures in the Marcellus

People fi rst discovered natural gas when they encountered it seeping naturally out of 
the rock, and such seeps still occur today (Figure 1.8). Natural gas, however, generally 
has a hard time escaping from shale. Th is is because shale is not very permeable—that 
is, gases and fl uids do not move easily through it—unless it is fractured. Th e Marcellus 
Shale is a naturally fractured rock because of the combination of the quantity of 
organic matter trapped within it and the historical tectonic activity that occurred in 
eastern North America. Th e conversion from organic material to natural gas created 
pressure in the fl uids trapped in the rocks, which helped to create natural fractures 
in the rock, called joints.7 Th ese joints were further propagated by the collision of 
plates during a mountain-building event that began around 350 million years ago, 
which geologists call the Alleghanian Orogeny. Th is combination of forces created 
and spread the majority of the joints in the Marcellus Shale. Because the joints were 
formed from the same processes, most of the joints in the Marcellus Shale occur in 
“sets” that run in only two directions (Figure 1.9); one east-northeast and one north-
northwest. 

Figure 1.8. Flame from a natural gas seep under a waterfall at Chestnut Ridge County Park, Erie County, 
New York.
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Figure 1.9. Aerial view of the creek near Taughannock Falls north of Ithaca, New York. Note the joint 
pattern in the rocks. Th e two joint sets intersect at roughly 90˚, creating a pattern of repeating “corners” 
in the rock. Above these surface joints, the overlying rock has eroded away, but beneath Earth’s surface, the 
joints are planar cracks that exist within the rock mass. Th is same jointing pattern is exhibited at depth in 
the Marcellus Shale. 

Th ese naturally-occurring fractures in the Marcellus Shale are not homogeneous. For 
example, some geologists suggest that the lower part of the Marcellus—the Union 
Springs shale—which has higher TOC and larger quantities of pyrite than the rest 
of the Marcellus, could have more jointing. It would thus have a higher natural 
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interconnection of fractures through which gas can move, creating a higher natural 
gas yield. Because the eastern part of the Marcellus Shale has been subjected to 
greater tectonic forces, jointing could be more abundant in the east. On the other 

Figure 1.10. (A) Surface of central New York State (north at right, south at left), showing how the 
Marcellus Shale layer (the irregular light-colored band across the land surface near the northern edge of 
the Finger Lakes) outcrops at the surface. Th e Marcellus can also be seen in a south-to-north cross section, 
tilting slightly toward the south and thus progressively further beneath the surface toward Pennsylvania. 
Th e tilt is exaggerated; the actual tilt is no more than 10 degrees. Other layers shown in the cross section 
are drawn for heuristic purposes. (B) Th e Marcellus Shale in New York is beneath the surface in most of the 
southern tier and is exposed near Buff alo, Rochester, and Syracuse. Contour intervals on this map indicate 
the depth of the Marcellus Shale below the surface.  
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Figure 1.11. Between the beginning of 2000 and the end of 2012, shale gas production grew from less than 
2% of U.S. dry gas production to more than 40%. Over that time, the Marcellus Shale became the largest 
producing shale gas play in the country, providing almost 12% of U.S. dry gas production. 

hand, thinner layers within the formation are generally more fractured than thicker 
layers, and the Marcellus is thinner in the west than it is in the east, so jointing could 
be more prevalent in the western portion of the Marcellus Shale.8 
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Geography of the Marcellus Shale 

Th e Marcellus Shale is the lowest (oldest) unit of the Hamilton Group (Figure 1.4). 
Beneath it lies the Onondaga Limestone, and above it lies the Skaneateles Formation 
and the rest of the Hamilton Group. Th e rock layers below central New York tilt 
gently southward, and so the Marcellus Shale is deeper underground to the south and 
shallower to the north, which is why it outcrops at the surface to the north but not 
the south (Figure 1.10). Of the states underlain by the Marcellus Shale (Figure 1.3), 
Pennsylvania, Ohio, West Virginia, and New York contain economically recoverable 
natural gas.  Th e Appalachian Basin is the geological term that describes the entire 
area covered by shallow sea and sediments in which the Marcellus Shale and other 
rock layers formed. 

How much gas is there in the Marcellus?

Estimates of the amount of natural gas in the Marcellus have been rising for the last 
30 years. Before the late 1980s, geologists estimated that the Marcellus contained 
around 5 trillion cubic feet (tcf ) of natural gas. In 1988, that estimate was increased 
to 26.5 tcf, and in 2008, revised further to 50 tcf.  From there, still higher numbers 
were put forward, reaching as high as 516 tcf. More recently, the U.S. Geological 
Survey and the U.S. Department of Energy (Energy Information Agency, EIA) 
have estimated that the Marcellus contains between 85 and 141 tcf of recoverable 
natural gas.9 For perspective, total U.S. consumption of natural gas in 2012 was 
approimately 25.5 tcf.10 Th e actual production of natural gas from the Marcellus 
Shale is presently the largest among shale gas basins in the U.S., producing over 2 
tcf/year (Figure 1.11), primarily from Pennsylvania.
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Chapter 1 Summary

The Marcellus Shale was deposited approximately • 
390 million years ago in a warm, shallow sea with 
little bottom oxygen. Organic matter accumulated on 
the sea fl oor as microscopic organisms that lived near 
the surface of the water died and were buried. Over 
time and with great heat and pressure, the organic 
matter was transformed into natural gas, which is 
now the object of extraction efforts. 

Tectonic activity created natural fractures (joints) in • 
the Marcellus Shale. These occur in sets, and allow 
gas to fl ow through an otherwise impermeable rock. 
Current natural gas development in the Marcellus 
creates very large numbers of additional, closely 
spaced fractures to increase gas fl ow.

Today, gas-bearing portions of the Marcellus Shale • 
underlie parts of Pennsylvania, New York, West 
Virginia, and Ohio. The Marcellus contains a very 
large amount of recoverable natural gas, although 
the exact amount remains unknown. 



Figure 2.1. A waste container on a drill pad being fi lled with drill cuttings—fi nely ground rock pieces 
removed from the well bore during drilling—near Towanda, Pennsylvania.  
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Chapter 2

Why The Geology 
Matters

Th e geological history of the Marcellus Shale matters because properties of the 
sediment that was deposited on the bottom of the shallow sea 390 million years ago 
and intervening events in Earth history have determined the current properties of the 
rocks. Th ese properties aff ect both how natural gas is extracted from the Marcellus 
and the potential environmental risks resulting from that extraction. 

For example, the surface waters of the Marcellus Sea were well-oxygenated and 
richly populated by algae and other plankton, but if the deeper waters had not been 
oxygen-defi cient, the organic matter that settled to the bottom of the sea would 
have decomposed. Without the heat and pressure provided by the combination of 
mountain building and the pressure of the overlying sediment eroded from mountains 
and deposited on top of Marcellus sediment, the undecomposed organic matter 
would not have become natural gas. Without the subsequent tectonic pressure, the 
joint sets that drillers exploit to extract that gas would not exist. Similarly, the nature 
of the sediments aff ects what naturally-occurring chemicals they contain, as well as 
how the rocks are treated by drillers, and therefore the environmental consequences 
of that treatment.

Th is chapter will discuss the implications of the geological history of the Marcellus 
Shale for both natural gas exploitation and environmental issues connected with that 
exploitation. 

Why The Geology 
Matters
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Geology makes the Marcellus 
“unconventional”

Recall from Chapter 1 that the Marcellus Shale is a sedimentary rock made of the 
clay, silt, and organic matter that was deposited in a shallow sea. Th e small, closely 
packed nature of the sediments of the Marcellus Shale have contributed to its ability 
to hold onto organic matter and prevent it from being washed away or oxidized by 
water moving through the sediments. Th is is why natural gas usually forms in such 
fi ne-grained sediments. Th e grain size of shale, however, means that there is little 
opportunity for the natural gas to move through the rock. Such a rock is said to have 
low permeability, or to be a tight shale.1 Although gas frequently forms in such shales, 
it is relatively diffi  cult to extract natural gas from them, compared to more permeable 
rocks, because the gas cannot be easily drawn through the rock to collecting points. 

As discussed in further detail in Chapter 3, in conventional exploitation of natural gas, 
the gas originates in a rock that is high in organic material, which is then subjected 
to the appropriate degrees of heat and pressure—like the Marcellus Shale. Th is is 
called a source rock. If geological conditions are right, over millions of years, some 
of this gas can then migrate—for example, through natural cracks or fractures—to 
another adjacent layer of rock with greater permeability. Because gas can move more 
easily through such a rock, it is easier to extract it, by drilling a well into the reservoir 
and releasing or pumping out the gas. If the gas does not migrate into an accessible 
reservoir, however, it cannot usually be extracted using conventional drilling 
technology. In the case of the Marcellus Shale, although some  gas has migrated to 
other layers, huge amounts of gas remain trapped in the rock itself. Th is gas cannot 
be extracted by the techniques commonly used in more porous gas reservoirs, and 
unconventional methods are therefore required.2

Shale gas, such as is contained in the Marcellus, is not the only source of fossil fuel 
considered to be unconventional. Oil forms in shales as well as gas. Lower, although 
still substantial, amounts of heat and pressure will transform organic matter into 
oil, which is comprised of larger hydrocarbons, while higher amounts of heat and 
pressure transform organic matter into natural gas, formed of smaller molecules. Oil-
bearing shales (oil shales) are, like gas shales, an unconventional petroleum source. 
Tar sands are another kind of unconventional fossil fuel resource, consisting of very 
thick, viscous oil found in loosely consolidated sandstone. Natural gas can also be 
found in association with coal in the form of coal bed methane (discussed further in 
Chapter 6). Th e common feature of all of these unconventional fossil fuel sources is 
that their extraction requires unconventional methods, discussed in Chapter 3. 

Recall from Chapter 1 that tectonic and other geological forces cause a network 
of fractures, or joints, to form naturally in the Marcellus Shale. Th e shale is most 
permeable along this network of fractures, and they contribute to extraction of 
natural gas from the rock. Th e purpose of creating additional, artifi cial fractures in 
the shale is to increase permeability still further. To do this most effi  ciently, drillers 
try to connect the well with as many of the existing natural fractures as possible by 
drilling in particular directions that intersect the most of these natural fractures.3
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Naturally occurring radioactive material 
(NORM) 

Radioactivity is present throughout all Earth systems, although the degree of 
radioactivity varies greatly among diff erent materials. Organic-rich shales are naturally 
occurring radioactive material (NORM), containing relatively high concentrations 
of certain radionuclides. Under natural conditions, such shales are exposed at the 
surface primarily in relatively small outcrops of Marcellus, which would release 
correspondingly small amounts of radioactivity to the environment. In the process 
of drilling, however, larger quantities of shale can be brought to the surface via drill 
cuttings, which are the fragments of rock displaced from a well during drilling (Figure 
2.1), and also in wastewater from a well.

Radioactivity is caused by the spontaneous decay of unstable atoms. Atoms are 
comprised of a nucleus, formed from protons and neutrons, surrounded by electrons. 
A chemical element is defi ned by the number of protons in the nucleus; for instance, 
hydrogen has one proton, helium has two protons, and carbon has six. Th e number 
of neutrons present in a nucleus determines the isotope. Some isotopes are called 
radioisotopes because they are unstable, meaning they spontaneously decay, or break 
down into other elements. When radioisotopes decay, they emit particles and energy, 
which is radioactivity. Th e new particles that are left after radioactive decay occurs 
are called the daughter products of the original or parent element. NORM contains 
naturally occurring unstable isotopes, which emit radiation when they decay. 

Radiation is a health concern because the particles and energy released can damage 
molecules inside the body. We are exposed to radiation all the time, but at higher 
levels of chronic exposure, radiation can cause cell damage and lead to cancer or other 
serious conditions. Death can occur at extremely high levels of acute exposure.  

NORM and the Marcellus Shale 

All rock contains some radioactive material, but the concentrations of isotopes vary 
in diff erent types of rock. Organic-rich black shales, such as the Marcellus Shale, 
often contain levels of the radioisotopes uranium-238 (238U), uranium-235 (235U), 
potassium-40 (40K), and thorium-232 (232Th ) that are higher than the concentrations 
found in less organic-rich gray shales, sandstone, or limestone (Figure 2.2A). Th is is 
because in low oxygen conditions 238U and 235U precipitate out of solution and bond 
to organic matter derived from the organisms that died and settled to the bottom 
of the sea in which the Marcellus Shale was deposited.4 40K occurs commonly in the 
mineral feldspar and also in numerous clay minerals. 232Th  preferentially bonds to 
clays, which compose much of the sediment on the sea fl oor.5 Th ese elements and 
their daughter products are thus abundant in the Marcellus and remain bound to its 
clay and organic matter.

Geologists actually use these higher radioactivity readings to identify, map, and 
measure the thickness of organic-rich shales when they drill test wells (Figure 2.2B).6 
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Such radioactivity can be measured with sensitive equipment at outcrops or a detector 
can be lowered into a well.  

Th e daughter products of 40K (argon-40 or 40Ar, and calcium-40 or 40Ca) are stable 
isotopes, and not radioactive. 238U, however, decays to radium-226 (226Ra) and 232Th  
decays to radium-228 (228Ra), and both of these daughter products are soluble in 
water and radioactive. Uranium and thorium, on the other hand, are generally 
insoluble, and more likely to adhere to rock and soil than to be carried along in fl uids, 
both naturally occurring and human-made. 

Th e New York State Department of Environmental Conservation (NYSDEC), for 
example, considers 226Ra to be the primary radioisotope of concern in shale-gas 
drilling.7 When it enters an organism’s body, radium is processed in a way that is 
very similar to how calcium is processed. Th is causes the radium to accumulate in 
the body. Th is bioaccumulation is especially common in mineralized tissues within 
organisms, such as the shells of clams, which are made of calcium carbonate, and 
the bones of vertebrates (such as fi sh and humans), which are made of calcium 
phosphate. Th e radium atoms accumulated in these tissues will continue to emit 
radiation from within the body as the radium decays.8

Box 2.1. Units of Radioactivity

Radioactivity is measured in different ways. One unit of the 
amount of radioactivity emitted by a substance is the curie, 
which describes the number of decay events per second 
in a substance. The higher the number, the more decay 
events per second, and the more radioactive the substance. 
The unit used most often in reports cited in this book is the 
picocurie per gram (pCi/g) or picocurie per liter (pCi/L), which 
describes the amount of radioactivity per unit of weight of a 
solid (e.g., rock) or unit of volume of liquid (e.g., wastewater).9 
A second commonly used unit is the rem, which expresses 
the biological effect of an absorbed dose of gamma radiation. 
Some of the reports discussed here use milirems (mrem) per 
unit time. A higher value of mrem per unit time means that 
there is a larger effect of radiation on an exposed person. 
Federal and State regulations allow up to 100 mrem/year 
radiation dose to members of the general public from the 
licensed use of radiation-producing equipment or radioactive 
materials. This level is adopted as a conservative limit, and is 
many times below levels demonstrated to cause measurable 
harmful effects. 
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Figure 2.2. (A) A composite gamma-ray log for the Marcellus Shale and overlying Hamilton Group rock 
layers (in Pennsylvania, all of the Hamilton above the Marcellus is sometimes called the Mahantango 
Formation). Th e intensity of gamma rays is a measure of the uranium content of the sediment. (B) A 
Geiger counter being applied to an outcrop of Union Springs Shale. Th e level of radioactivity is suffi  ciently 
low that the geiger counter only registers it as noticeably diff erent from background level if the detector is 
held very close to the rock.  

Radon-222 (222Rn) is a daughter product of the decay of 226Ra. 222Rn is a gas and 
is itself radioactive. It can accumulate in closed spaces, like basements of buildings, 
and is the second leading cause of lung cancer, after cigarette smoke, in the U.S. 
It is a concern in some areas where houses are built on bedrock with abundant 
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uranium-238.10 Radon-222 can also accumulate in enclosed spaces in association 
with gas drilling, for example, near stored drill cuttings and wastewater. It can also 
be present in the natural gas itself. 

Drilling activities can concentrate NORM radionuclides in wastewater and scale, 
because the radioisotopes 226Ra and 228Ra are water soluble. Cuttings pile up black 
shale, although radionuclides are not necessarily concentrated relative to Marcellus 
Shale in natural surface outcrops.11

Cuttings

When wells are drilled, rock is displaced and brought to the surface in small pieces 
called cuttings (Figure 2.1). Th e vertical portion of the well will contain cuttings 
from all of the various formations between the surface and the Marcellus Shale 
(which would be more than 3,000 feet or 915 meters; see Figure 1.10B) below the 
surface for much of the area likely to be drilled in New York State). Th e horizontal 
portion of the well (see Chapter 3) will pass through the Marcellus Shale for at least 
several thousand feet, and all of the rock displaced from this portion will be from 
the Marcellus Shale. NYSDEC estimates that there will be approximately 40% more 
cuttings generated from a horizontal well than from a vertical well.12 Th e actual 
amount is, of course, dependent upon the length of the horizontal portion of the 
well bore. Because the Marcellus Shale is on average 20–25 times more radioactive 
than the rock in surrounding formations, horizontal wells will on average produce 
more radioactive cuttings than non-horizontal wells through the same rock layers.13 

NYSDEC has tentatively concluded that Marcellus drill cuttings will not pose 
a signifi cant risk to human health.14 Proposed New York drilling regulations 
nevertheless include a requirement that cuttings be stored on the well pad either in 
a closed loop tank system, in which the cuttings are held in containers at all times, or 
in a pit lined to prevent the cuttings from spreading into the underlying soil or off  
of the well site. If drilling was done without drilling mud (i.e., by compressed air or 
lubricated only with water; see Chapter 3), then cuttings can be disposed of onsite. 
If drilling mud was used, then cuttings would be required to  be disposed of in a 
municipal solid waste facility.15 Critics of the NYSDEC assessment have expressed 
concern that even if it is not higher than “background,” the radioactivity in cuttings 
could still be released into the soil surrounding the well pad or solid waste facility, 
potentially leading to contamination of future crops grown on this land or of wildlife 
in the years after natural gas development.16 NORM containing radionuclides that 
have been concentrated, however, such as in wastewater and scale, would present 
more risk than NORM as the original rock (such as in cuttings).

Wastewater

Wastewater that comes out of the well in the fi rst few days after hydrofracking is 
similar in composition to the fl uid used to fracture the well (see Chapter 3). After 
this initial period of fl owback, the water that the well produces, called produced water 
(also referred to as production brine or simply brine), becomes saltier and includes 
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more of the chemicals found in the Marcellus Shale pore fl uids. Experts diff er as to 
how much pore water is in the Marcellus formation. Whether it is formation water 
or altered fracturing fl uid, the result is the same—more dissolved metals and salts are 
present. Produced water can continue to fl ow out of the well at low levels for the 
entire life of the well, and radionuclide levels in this brine are high. Radioactivity from 
radium in produced water from Marcellus wells in New York and Pennsylvania has 
been reported to be 2,460 pCi/L. Th is is almost double the radium radioactivity in 
produced water from other formations in the Appalachian Basin. New York radium 
radioactivity was higher, at 5,490 pCi/L.Th is is many times the levels allowed by 
the Environmental Protection Agency (EPA) in either drinking water or industrial 
effl  uent.17

Th e risk posed to human health by radionuclides in Marcellus wastewater depends 
upon how much is released into the surrounding environment. Radionuclides 
that have not precipitated out of fl owback fl uid and produced water, but remains 
dissolved, can be released into soil and ground- or surface waters in the event of a 
leak or spill. Because radium bioaccumulates, it can aff ect humans not only through 
drinking water, but also through plants and animals used for human consumption. 
Sometimes brine from other rock formations is spread on roads for ice control during 
the winter and dust control during the summer. Due to the potentially high radium 
levels, NYSDEC proposes not to allow this practice with Marcellus wastewater until 
more is known about radionuclide content in brines. For more information on 
wastewater disposal practices, see Chapter 4.

Scale

Scale is a mineral deposit (mostly calcium carbonate) that precipitates out of water 
and adheres to the inside of pipes, heaters, and other drilling equipment (Figure 
2.3). Th e minerals in scale accumulate certain radionuclides. Radium, for example, 
can react with barium sulfate in scale to precipitate out of the produced water and 
adhere to equipment. Th ere are no available data on the radionuclide concentrations 
in scale from the Marcellus Shale; however, measurements of scale from 10 gas wells 
from other rock formations across New York show maximum 226Ra concentrations 
of 11 pCi/g and 228Ra concentrations of 3.8 pCi/g, with average concentrations of 
1.46 and 0.64 pCi/g.18 NYSDEC is recommending that pipes and equipment be 
monitored periodically for radiation associated with scale, to protect workers from 
excessive radiation exposure and to ensure proper disposal of scale.

Volatile organic compounds

Volatile organic compounds (VOCs) are relatively light hydrocarbons that readily 
evaporate under normal conditions. Th ey can be toxic to humans and sometimes 
persist in drinking water.19 Four of these compounds—benzene, toluene, ethylbenzene, 
and xylene (collectively referred to as BTEX compounds)—are of particular concern 
in Marcellus Shale drilling. Th ese VOCs are found in the produced water that comes 
to the surface after hydrofracking.  
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BTEX compounds represent threats to human health. Benzene is a known carcinogen, 
and also causes numerous other health problems. For this reason, the EPA has 
determined that there should be no benzene at all in drinking water, although its 
accepted maximum level is 5 parts per billion (ppb). Benzene naturally occurs in 
petroleum, gasoline, and tobacco smoke and is used in the production of plastics and 
synthetic fabrics. Toluene, ethylbenzene, and xylene are not suspected carcinogens, 
but prolonged exposure above the levels set by the EPA has been shown to cause liver, 
kidney, and nervous system damage.20 

Total dissolved solids 

Large quantities of salts, typically measured as total dissolved solids (TDS), are found 
in Marcellus Shale wastewater.21 Th ese salts are solids dissolved in water that a 
normal household fi lter cannot remove. Th ey break apart; for example, table salt 
(NaCl) breaks down into sodium ions (Na+) and clorine ions (Cl-) when dissolved 
in water.  

Seawater has approximately 35,000 parts per million (ppm) TDS, and drinking 
(potable) water is defi ned as having less than 1,000 ppm TDS, although the EPA 
recommends a maximum concentration of 500 ppm TDS.22 Measured levels of TDS 
detected in fl owback water from Marcellus wells in Pennsylvania and West Virginia 

Figure 2.3. Scale, typically in the form of calcium carbonate, can build up in drilling pipes, reducing 
drilling effi  ciency and accumulating certain naturally occurring radionuclides.
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are much higher than those of seawater. One study found a median concentration of 
93,200 ppm, another of approximately 157,000 ppm.23 Maximum TDS levels from 
these wells can be even higher. Th e TDS concentration in produced water, and with 
it the radioactivity, increases over the lifetime of the well.24

Although contact with radionuclide-free salts is not directly associated with negative 
human health eff ects, changes in environmental TDS concentrations can cause harm 
to aquatic organisms, especially plants and invertebrate animals such as mollusks 
and insects. High TDS can also cause buildup of scale, damaging well casings, 
clogging fractures, and causing NORM to build up in pipes and equipment. As with 
BTEX and NORM, the high TDS concentration makes it important that Marcellus 
wastewater is disposed of in ways that involve minimal release to the environment. 

Induced seismicity 

An earthquake (seismic activity) is generated by a sudden movement in the outer 
layer or crust of the Earth, which releases stress that has built up over time due to 
tectonic forces (see Chapter 1). Th is movement most often occurs along pre-existing 
faults, which are fractures in the crust of the Earth. Th is, in turn, releases energy 
that is transmitted by vibrations, known as seismic waves. Th ese seismic waves 
move through and along the surface of the Earth. Th e San Andreas Fault System in 
California is a well-known example of a group of faults along which movement often 
occurs, triggering earthquakes. Like the San Andreas, most active fault systems are 
located along the boundaries of the plates that make up the crust and upper mantle 
of the Earth. 

Th e strength of an earthquake is determined by the amount of energy released by 
the movement along the fault. Large earthquakes result in ground shaking and 
movement that can be felt for thousands of miles from the epicenter, the point on 
the Earth’s surface directly above the earthquake’s origin. Small earthquakes are 
signifi cantly more common, but are almost never felt, even by the residents living 
close to epicenters of the earthquakes. Th ese can only be detected by sensitive 
equipment. Th e relative size of an earthquake has been historically measured by the 
Richter scale, which expresses the magnitude of an earthquake relative to the size of 
the recorded seismic waves that travel through the Earth from the epicenter.25 Th e 
Richter scale is logarithmic, which means that a 1-unit increase in magnitude on the 
scale corresponds to a 10-fold increase in the size of the recorded wave.26

New York is far from the current boundaries of the North American plate, but has 
been near plate boundaries repeatedly during the geological past. As a result, it has 
a series of fault systems of diff erent ages. Some of these fault systems, like the one 
underlying the Appalachian Mountains, contain individual faults that can extend for 
hundreds of miles (Figure 2.4). Th e densest concentration of faults is on the eastern 
side of the Appalachian Basin (and eastern margin of the Marcellus Shale). Relatively 
inactive today, many of these faults originated during the continental plate collisions 
that formed the supercontinent Pangea approximately 300 million years ago.
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Induced seismicity refers to earthquakes triggered by human activity (Figure 2.5). 
Natural earthquakes occur when two bodies of rock slip suddenly past one another 
along an existing fracture, or a new fracture is generated by crustal movements. 
Induced seismicity frequently involves adding lubrication to, or changing the 
stresses on,  old locations of movement beneath the ground. Th is can be thought 
of as “reactivating” a location that had formed naturally but in a case of induced 
seismicity, the sudden energy release would be the result of human actions.

Th ere have been three instances in which seismic events have been confi dently linked 
to hydrofracking in shale. One occurred in Blackpool, England, in 2011, one in 
Oklahoma in 2011, and the other in northeastern British Columbia in 2009–2011. 
All three of these events appear to have been caused by the sort of “high-volume” 
hydrofracking associated with horizontal drilling in gas shales such as the Marcellus. 
Most of these events were smaller than magnitude 3.0; the largest was magnitude 
3.8.27 To date, there is no instance of a seismic event in New York State or Pennsylvania 
having been credibly inferred as a result of hydrofracking for natural gas.

What does this mean for the potential for induced seismicity associated with HVHF 
in the Marcellus Shale? Very small natural earthquakes occur frequently in New York 
and Pennsylvania, with only a few of them being large enough to be felt. It is clear 

Figure 2.4. Th e location of active and inactive faults within New York State. Lines denote the location 
of faults, usually found beneath the surface. Note the high concentration of faults near the eastern state 
boundary. 
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that minor earthquakes could be caused by HVHF, but it appears that the risk of 
such events in the Marcellus is small.

Injection wells (Figure 2.6) make use of deep geological formations, sometimes 
depleted oil and gas wells, to store large quantities of gases or liquids underground.28 
Th ey are one of the ways currently being used to dispose of wastewater from shale 
gas drilling from the Marcellus Shale and other formations. Th e most important 
objective of an injection well is that the fl uid will stay in the formation into which 
it is being injected, without migrating to other formations. Proponents of injection 
wells claim that if they are properly sited and executed, underground injection 
wells are currently the only disposal option that completely prevents wastewater 
from entering surface and groundwater. Th ere is, however, considerable evidence 
that injection wells carry signifi cant seismic risks; more about injection wells can be 
found in Chapter 4.

Injection wells involve pumping billions of gallons of fl uid into rock formations, 
thousands of times more than hydraulically fractured wells for natural gas extraction. 
High pressures are sustained for weeks at a time for fl uid injection, as opposed to 
hours or days for hydraulic fracturing. High pressure is sustained so that the well can 
be used over years to dispose of the fl uids. Th is is potentially hazardous, however, 
because it means that injection wells have a greater potential to cause induced 
seismicity (see above). For example, earthquake swarms—large numbers of very small 
earthquakes in a restricted geographic area—were caused in central New York as a 
result of injection wells in Avoca, New York (Steuben County) in 2001 and Dale, 
New York (Wyoming County) in 1970.29

Figure 2.5. Schematic cross section through the Earth’s crust, showing the potential connection between 
injection wastewater wells and induced seismicity. Th e arrows point to the locations of injection wells, and 
the other lines show production gas wells. Th e dots show the location of earthquakes. 
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Figure 2.6. Schematic diagram (not to scale) of an injection well, of the type used for the disposal of 
wastewater from HVHF operations in deep geological formations. Injections wells are typically many 
thousands of feet deep in rock that is hundreds of millions of years old. Disposal in injection wells is thought 
to be permanent. 
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More recently, seismic activity has been seen in other parts of the country as a result 
of injection wells. Alabama, Arkansas, California, Colorado, Illinois, Louisiana, 
Mississippi, Nebraska, Nevada, New Mexico, Ohio, Oklahoma, and Texas have all 
experienced detectable seismic events in connection with injection wells.30 A study in 
Texas correlated the occurrence of numerous small earthquakes between 2009 and 
2011 with certain injection wells used for fl uid disposal from the Barnett Shale.31 

Numerous small earthquakes near Youngstown, Ohio, were linked to an injection 
well there, which has since been shut down.32 A magnitude 5.7 earthquake in 
Arkansas in 2011 was linked to a nearby injection well. Most injection wells operate 
without seismic incidents, but small earthquakes are a potential consequence of a 
well that is improperly sited or used. Inadequate information about nearby fault 
systems or underground stresses, for example, could result in an injection well that 
causes swarms of small earthquakes. 

Chapter 2 Summary

The geological history of the Marcellus Shale has • 
signifi cant impacts on the natural gas drilling process 
and environmental issues associated with gas drilling 
today.

The Marcellus Shale is considered an unconventional • 
natural gas resource because the gas is distributed 
throughout the shale instead of migrating into porous 
rocks and being trapped under impermeable rock 
layers, and thus gas can be extracted through 
conventional drilling approaches. The Marcellus 
Shale has low porosity and permeability. 

Because of its history as an ancient ocean, the • 
Marcellus Shale contains naturally occurring 
radionuclides and is thus considered naturally 
occurring radioactive material (NORM). It also 
contains high levels of salts (total dissolved solids, 
TDS), and volatile organic compounds (VOCs), 
some of which can threaten human health and the 
environment at certain exposures.  

Earthquakes can be induced by subsurface disposal • 
of drilling wastewater, although most scientifi c studies 
have concluded that HVHF itself is unlikely to cause 
signifi cant seismic events. 



Figure 3.1. A Marcellus Shale drilling rig outside Towanda, Pennsylvania. A drilling rig stays on site for 
only the duration of the drilling of the well or wells, and can be assembled or disassembled in the course of 
a few days. Th e drilling operation itself lasts several weeks for each well; several wells could be drilled on 
the same well pad, so the duration that a drilling rig stays on site can vary.
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Chapter 3

Drilling Technology: 
Getting Energy from 
Shale

Methods for extracting and utilizing natural gas have varied greatly over the past 
200 years, and continue to evolve today. Indeed, it is the recent combination of two 
existing technologies that led to the dramatic expansion of activity in the Marcellus 
and other similar rock layers, in the northeastern U.S. and around the world. In 
this chapter, we will briefl y outline the history of gas development in New York, as 
well as the history of the technologies (horizontal drilling and hydrofracking) that 
have recently been combined to access the gas in the Marcellus Shale. We then give 
a more detailed overview of the current processes of developing a Marcellus well by 
high-volume hydraulic fracturing. 

 
A short history of natural gas development in 
New York

Th e fi rst recorded human knowledge of natural gas in New York was a seep in what 
is now Ontario County, which Native Americans showed to French explorers in 
the 1660s.  A century and a half later, in 1825, a gunsmith named William Aaron 
Hart dug a hole attempting to increase the fl ow of gas from another natural seep 

The Technology 
of Shale Gas 
Extraction
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in Fredonia, New York. Th at hole, dug to 27 feet (8.3 meters) with shovels, then 
drilled to 70 feet (21 meters), is credited with being the world’s fi rst natural gas well.
New York was the site of a number of other natural gas “fi rsts.” As early as the late 
1820s, Fredonia’s streetlights were powered by natural gas. In 1857, Preston Barmor 
induced artifi cial fractures in rock to speed the fl ow of gas for the fi rst time, using 
not water but a canister of gunpowder. Th e Fredonia Gas and Light Company—the 
fi rst natural gas company in the U.S.—was formed in 1858. New York also saw the 
world’s fi rst natural gas pipeline in 1870. Made of pine logs and iron, it stretched 
25 miles (40 kilometers) from Bloomfi eld to Rochester. In 1916, the nation’s fi rst 
natural gas storage facility was created from a depleted gas fi eld south of Buff alo.1

Th roughout the 1800s and early 1900s, most of the natural gas was used relatively 
close to where it was produced due to limited transportation technology. After World 
War II, an extensive national pipeline system to transport natural gas was developed, 
and by the 1960s, thousands of miles of pipeline had been built across the U.S. With 
the development of pipelines, natural gas began to be used in ways with which we are 
familiar today—from home heating and appliances to manufacturing and electricity 
generation. 

Th ousands of natural gas wells have been drilled into various formations in New 
York since the early 1800s.Th ese wells have tapped gas in both geologically older 
formations—such as the Trenton-Black River from the Ordovician and the Silurian-
aged Medina Sandstone—and younger formations, such as the Geneseo and 
Middlesex shales from the Upper Devonian (Figure 1.4). After depletion of the 
relatively shallow gas discovered in the 1800s and early 1900s, deeper wells were 
drilled into reservoirs of gas in sandstones like the Oriskany. By the 1940s, New 
York State gas production was insuffi  cient to meet local demand. A resurgence of 
natural gas production in New York occurred in the 1970s and 1980s, however, 
when hydrofracking in vertical wells came into widespread use.2

New York’s gas production places it roughly nineteenth among the states that produce 
natural gas. It is fi fteenth in the density of gas wells per square mile, with about one 
well every 8 square miles (21 square kilometers). (Th is number is misleading, because 
most of the wells are clustered in the southern and western parts of the state; see 
Figure 3.2.) West Virginia and Pennsylvania have the highest gas well densities in 
the U.S., at just over two wells per square mile, and just less than one well per square 
mile, respectively.

Despite all of this production, wells in New York produced less than 3% of the 
gas consumed in the state.3 In 2011, New York was the the fi fth largest consumer 
of natural gas in the country behind Texas, California, Louisiana, and Florida. Per 
capita it ranks 29th. New York’s natural gas consumption is split into approximately 
equal thirds among residential use, commercial and industrial use, and electric power 
generation.4
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Conventional vs unconventional natural gas 
drilling

As mentioned in Chapter 2, conventional natural gas extraction is the combination 
of processes used in most wells over the past century to extract natural gas from 
spaces within rocks where natural gas has accumulated, after migrating underground 
from a source rock. Such porous rocks containing natural gas are called reservoirs. 
Conventional drilling techniques require geologists to locate such reservoirs, and 
then drill vertically into them to extract the gas. Once these underground “pockets” 
of gas have been located and drilled into, the gas inside them fl ows or is pumped into 
the well and to the surface to be collected.

Unconventional natural gas drilling, at least as this term is usually used with respect 
to the Marcellus Shale, is a combination of technologies used to extract natural gas 
from settings in which conventional drilling does not work. Th is combination of 
technologies is technically referred to as slickwater horizontal high-volume hydraulic 
fracturing (HVHF), usually shortened to hydrofracking, or just fracking. Natural gas 
that remains distributed throughout its source rock, such as in the Marcellus Shale, 
rather than collecting in subterranean pockets, is an example of an unconventional 
natural gas resource. Extracting natural gas from this sort of rock requires additional 
surface area contact between the well and the source rock, which is provided by 

Figure 3.2. Gas production in New York is clustered in the southern and southwestern parts of the state. 
2010 gas production in New York State by town (mcf ), overlain on the Marcellus gas play and the few 
currently producing (conventional) Marcellus wells.
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drilling horizontal wells along the layer of rock, parallel to bedding. It also requires 
the creation of abundant pathways for the natural gas to fl ow out of the source rock 
and into the well, which is done by hydrofracking.

 

History of directional drilling & 
hydrofracking

Directional drilling is used in both conventional and unconventional natural gas 
drilling operations. It has long been used in the oil and gas industry when it is 
diffi  cult or impossible to set up drilling operations directly above a reservoir, such 
as in an urban area. Directional drilling is the drilling of a well at anything other 
than a 90-degree angle relative to the surface. One version of directional drilling—
horizontal drilling—starts with a vertical well bore (the hole the well makes under 
the surface), which is then angled until it is oriented horizontally (Figure 3.3B). 
From there, the well can be drilled horizontally underground for thousands of feet. 
Horizontal drilling can provide access to reservoirs that are too thin or compacted 
to be accessed with conventional vertical wells. Th e fi rst horizontal well was drilled 
into the Antrim Shale in Michigan in 1988, and this technology was fi rst used in 
New York in 1989.5

Fracturing source rock to increase gas well production also has a long history. 
Beginning in the 1860s, the explosive nitroglycerin was used, sometimes illegally, to 
fracture rocks in shallow wells. Th e fi rst commercial use of hydraulic fracturing—using 
water or other fl uid to fracture rocks by hydrostatic pressure—occurred in 1947, and 
the fi rst successful commercial use was in 1949 in Oklahoma and Texas.6 A variety of 
diff erent fl uids have been used in hydrofracking over the years, including plain water, 
acid, water and acid combined, gasoline, and even napalm and other gelled fossil 
fuels.7 Water is currently the main fracture fl uid in Marcellus wells in Pennsylvania, 
West Virginia, and Ohio, and would likely be in New York as well. Hydrofracking 
was fi rst combined commercially with horizontal drilling in the Barnett Shale in 
Texas in the late 1990s. Th is technique came to the Marcellus Shale in 2004 with the 
hydrofracking of a well in Washington County, Pennsylvania.8

Differences between hvhf 
and conventional drilling 

Slickwater horizontal high-volume hydraulic fracturing diff ers from the methods of 
gas drilling that have previously occurred in New York in several important ways:

Recall that for horizontal drilling, the well bore is drilled vertically, then turns to travel 
horizontally through the target formation (the rock from which gas is being extracted; 
Figure 3.3B). Th e portion of the well that is drilled horizontally is called a lateral. 
Th e lateral allows the well to come into contact with, and therefore fracture, a larger 
amount of the formation. Th is is especially important in thinner rock layers, like 
the Marcellus Shale. Because they tend to be longer, horizontal hydrofracked wells 
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Figure 3.3. A conventional vertical well (A), and an unconventional horizontal well (B). Horizontal 
drilling allows the well to come into contact with more of the target formation than vertical drilling. Not 
to scale.

require far more water than it takes to hydrofrack a vertical well—millions of gallons 
compared to tens or hundreds of thousands of gallons; high-volume hydrofracking 
refers to this large volume of water that is needed. Th e term slickwater refers to the 
addition of chemicals to the well (Table 3.1), to reduce the friction of the fl uid 
relative to the well bore and the internal friction of the fl uid itself, decreasing the 
amount of energy required at the surface to create enough pressure to fracture the 
shale thousands of feet underground. 

Th e amount of water and chemicals used in a horizontal well that is hydrofracked 
is greatly increased (by up to 100-fold) over vertical wells that are hydraulically 
fractured. Vertical wells typically use 20,000–80,000 gallons of water for hydraulic 
fracturing, and New York State regulations state that any well fractured with more 
than 300,000 gallons of water is considered a “high-volume” well.9 Horizontal 
Marcellus wells in Pennsylvania use 3–5 million gallons of water per well, with a 
2011 average of 4.3 million gallons.10

A B
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Vertical well operations also diff er from horizontal well drilling operations in 
geographic scale. Th e well pad for a typical vertical well is smaller than a horizontal 
well pad—a fraction of an acre up to approximately 3 acres (1.2 hectares) compared 
to 3–6 acres (1.2–2.4 hectares). Th e diff erence is a result of the need for on-site 
storage for equipment and fl uid for hydrofracked wells.

Why the sudden interest in the Marcellus? 

As mentioned above, horizontal drilling combined with the combination of chemicals 
used to do slickwater hydraulic fracturing was successfully used to develop a gas 
shale in Texas called the Barnett Shale starting in the late 1990s. Th ese technological 
developments made it possible for natural gas companies to extract natural gas 

Table 3.1. Chemicals used in hydraulic fracturing.11

Chemical Purpose Common Additive(s)

Acids Clear the wellbore of excess cement, 
make the formation rock easier to 
break

Hydrochloric acid (HCl), 3% 
to 28% concentrations

Gels Increase fracturing fl uid viscosity, 
allowing it to hold more proppant to 
deliver to the fractures

Guar gum

Cross-linkers Maintain fracture fl uid viscosity at high 
heat and pressure found at depth

Sodium pervorate and acetic 
anhydride

Breakers Break the links created by the gels and 
the cross-linkers so that the proppant 
stays in the fractures and more fl uid 
comes back out of the well

Peroxydisulfates

Friction reducers Reduce the internal friction of the fl uid 
to reduce the amount of pressure that 
needs to be exerted at the surface to 
fracture the well

Heavy naptha

Surfactants Reduce the surface tension of the fl uid 
and increase the amount of water that 
comes back out of the well

Methanol

Corrosion inhibitors Reduce the damage to steel casing 
and other equipment that would be 
caused by acid

N,n-dimethylforamide

Biocides Prevent growth of bacteria and other 
microorganisms in the well bore and 
fractures

Gluteraldehyde, bleach, DA-
ZOMET, and 2,2,-dibromo3-
nitrilopropionamide

Clay stabilizers 
(salts)

Prevent clay in the formation from 
swelling when the fracture fl uid is 
added

Potassium chloride (KCl)

pH adjusters Keep the pH of the fl uid within the cor-
rect range for all of these chemicals to 
react as needed

Sodium or potassium 
carbonate
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from other tight shales like the Marcellus on a commercial scale. Th is technology, 
combined with high natural gas prices and increased estimates of available natural 
gas in the Marcellus Shale (see Figure 1.10), led to the rapid development of the 
Marcellus Shale in Pennsylvania starting in 2005.

Th e Marcellus Shale is also located very close to major population centers, in an area 
of the country that had a pipeline system already in place. Th ese two factors reduce 
the cost of getting gas from the well to the customer. 

Pennsylvania overlies a larger amount of Marcellus Shale than any other state, and 
the vast majority of the fairway (the region regarded as most commercially viable for 
gas extraction) is under Pennsylvania. Natural gas companies and land speculators 
therefore focused most of their early eff ort on Pennsylvania.  Th e fi rst few years of 
drilling saw rapid growth of well development. In 2007, 112 Marcellus wells were 
drilled in Pennsylvania. In 2008, 324 wells were drilled, in 2009 807, in 2010 1,575, 
and in 2011 1,937.12 In 2012, the number of unconventional wells in Pennsylvania 
declined to 1,365.13 Smaller numbers of wells have been drilled in other states. 
As of 2012, there have been 14 wells drilled into the Marcellus Shale in Ohio, all 
concentrated in the easternmost portion of the state.14 In West Virginia, there were 
282 producing horizontal Marcellus wells in 2011.15

Since 2008, wellhead prices for natural gas have fallen, in part because HVHF 
dramatically increased the amount of natural gas available for extraction (Figure 
3.4). From its peak of $8 per tcf in 2002, the wellhead price of natural gas hovered 
around $4 per thousand cubic feet (mcf ) from 2009 through 2011, and dropped to 
$2.66 in 2012.

When wellhead prices for methane were high, it made economic sense to drill most 
of the wells in the parts of the Marcellus Shale that exclusively produced this dry gas, 
and drilling activity focused on these areas. In recent years, an increased supply of 
methane on the market coupled with warm winters drove wellhead prices down, and 
the industry has changed strategy. Th e natural gas found in the eastern section of the 
Marcellus might be dry, but the Marcellus wells in western Pennsylvania and Ohio 
produce wet gas. Th e propane and butane produced along with the methane from 
these wells can be separated out and sold at higher prices. Natural gas companies have 
found recently that it is more profi table to concentrate on producing these products 
while methane prices remain low, and many of the new wells that are drilled into 
the Marcellus formation are drilled in areas that might produce these substances as 
well as methane. 

Th e drop in methane prices has also caused the drilling and permitting of new wells to 
slow down more generally. Th e portion of the Marcellus fairway that underlies New 
York is expected to produce the same dry gas that is produced in the northeastern part 
of the Pennsylvania potion of the fairway, and the pace and scale of Marcellus Shale 
development in New York would likely follow a trajectory similar to that area. 
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Getting Marcellus gas out of the ground

Extracting natural gas from the Marcellus Shale is a complicated, multi-step process 
(Figure 3.5).

Leasing 

Drilling companies must have an agreement with the owner of the land on and 
under which they intend to drill. Th is is done in the form of leases, with the gas 
companies paying the landowner some agreed-upon amount of money for access to 
either the surface of their land, the rock underneath it, or both. Leasing land for gas 
drilling has many complicating factors that are outside the scope of this book. Th ese 
factors are tremendously important in determining where wells are drilled and how 
natural gas resources are developed.16

Siting

After a gas company has leased land for drilling, they must choose a site on which 
to drill. Each well, or each group of wells in the case of a multiwell pad, must 
have a well pad. A well pad is the area on the ground surface where drilling and 
hydrofracking takes place. Legally mandated setbacks, which vary from state to state, 
help determine well pad sites. In some cases, landowners have specifi ed in their leases 
where on their property a well pad can be placed. 

Figure 3.4. Natural gas wellhead prices have varied substantially in the last several years, falling sharply 
as gas from HVHF wells in shale formations came to market. 
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Well pad construction

Once a site has been chosen for the well pad, but before any drilling takes place, the 
access roads and well pad must be established. Th e access roads will be the pathway 
by which materials and equipment travel to and from a well site, which is often not 
directly adjacent to a main road. Th e well pad must be large enough to support all of 
the equipment needed to drill and hydrofrack a well, or multiple wells in the case of 
expected drilling patterns in the Marcellus Shale. On average, approximately 8.8 acres 
(3.6 hectares) are cleared to construct a single well pad for a horizontal Marcellus 
well in Pennsylvania. Th is includes approximately 3.1 acres (1.2 hectares) for the well 
pad itself and approximately 5.7 for the support structures, including access roads 
(Figure 3.6).17 NYSDEC estimates that this would be reduced to approximately 5.5 
acres (2.2 hectares) when drilling and hydrofracking activities cease, and the well 
is producing natural gas.18 Th e well pad consists of a cleared and leveled patch of 
land. Topsoil is removed and often stockpiled for reclamation eff orts. Th e ground 
is leveled, typically lined with a tough fabric known as geotextile, then covered with 
gravel or another substance appropriate for moving large and heavy equipment. Th e 
equipment includes the drill apparatus, storage equipment, and offi  ce trailers.

Erosion and sedimentation controls are constructed around access roads at well pads, 
and can include berms, ditches, sediment traps, sumps, or fencing. Berms are raised 

Leasing Siting Well pad
construction

DrillingCasingCementing

Hydrofracking Flowback Completion

Shut inProductionReclamation

Figure 3.5. Simplifi ed and generalized summary of the stages by which hydrofracked wells are developed. 
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mounds of soil, often constructed in conjunction with a ditch, that help prevent 
erosion. Sediment traps help catch eroded soil before it enters nearby surface waters, 
and silt fences are actual fences designed to trap sediment before it washes off site. 
Th ese are the fl exible black plastic fences commonly seen at construction sites. All 
of these measures will reduce, but not eliminate, soil erosion. Stormwater Pollution 
Prevention Plans, required for each well site, typically include plans for erosion 
control.

The Drill Rig

Oil and gas drilling has changed a great deal since the fi rst oil well was drilled in 
Pennsylvania in 1859.19 Since the early 20th century, however, the basic technology 
has remained the rotary drill rig, which drives a toothed bit on the end of a long 
hollow pipe (Figures 3.7–3.10). Much of the technology used for conventional wells 
is also used in horizontal drilling. Special drill bits are used to create diff erent parts 
of the well bore, and as the well is being drilled, steel casing secured with cement is 
used to isolate the well from the surrounding rock (Figure 3.10).

Figure 3.7 shows a typical drilling rig (oil and gas rigs are generally quite similar 
to one another). Th ere are two commonly used drive systems used to turn the drill 
string (the series of pipes used to drive the drill bit, circulate the drilling mud, and 

Figure 3.6. Marcellus Shale well pad during drilling operations. On the well pad, typically fi ve or more 
acres in size during drilling operations, sit the drill rig, temporary offi  ces and housing for workers, and 
diesel generators.
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bring the drill cuttings back to the surface)—kelly drives and top drives. A kelly drive 
(shown in Figure 3.7) uses a motorized rotary table to rotate the kelly bushing—
typically a square or hexagonal hole in which the kelly pipe sits. Th e kelly pipe has 
the same square or rectangular cross section as the bushing and the drill pipe passes 
through the kelly pipe. In a top drive system, there is no rotary table and the drive 
sits atop the pipe. Top drives are more expensive, but allow for both faster and deeper 
drilling. 

Th e drill rig is a system designed to use pipe, a drill bit, and drilling mud to make a 
hole down to the target formation. Th e rig moves massive amounts pipe and drilling 
mud in the completion of this task. Th ree pipe sections are connected to make a 
stand of drill pipe. Stands are hoisted up the rig by a block and tackle system, and 
temporarily stored along the derrick before being connected to the drill bit and then 
to successive other pipe stands. Th e set of drill pipe, drill bit, and the drive is known 
as the drill string. Th e weight and spinning of the drill string drive it into the ground. 
If the weight is too great, the derrick can bear weight and the fl ow and composition 
of the drilling mud can be adjusted to facilitate drilling. Th e drilling mud system 
serves multiple purposes, including lubricating and cooling the bit and carrying the 
drill cuttings back to the surface (Table 3.2).

Drilling and casing

Drillers use diff erent fl uids to lubricate the drill bit and carry cuttings back to the 
surface during drilling. Th ese fl uids are called drilling mud. Drilling muds have as 
their base any of a number of fl uids (Table 3.2). Water can be used as the base 
fl uid. Sometimes chemicals such as potassium chloride mixed with mineral oil and/
or synthetic oil are used. Drillers usually use compressed air or freshwater mixed with 
mud until the well bore has extended beyond the aquifers and has been sealed off  
from the surrounding rock. Th is reduces the chance that the drilling muds will come 
into contact with potable water.20

Drilling muds are often recovered, treated, and reused in other wells, especially if 
getting the mud to and from diff erent well sites is convenient, as it might be if 
multiple wells were drilled on a single well pad. Compressed air, rather than drilling 
muds, can be used as a lubricant when there are few water zones (rock formations 
that are saturated with water) between the groundwater and the target formation, 
or when drilling muds might interfere with the fracturing. (It can be problematic 
if shale absorbs the water from drilling muds, sloughs off , and clogs the bottom of 
the well bore; shale can also lose permeability if drilling muds are forced into spaces 
around the well bore.21) Compressed air drilling is a common practice in New York 
State.22

Drilling a well creates cuttings. If fl uid, rather than air, has been used to drill the 
well, then these cuttings are wet and slurry-like (Figure 2.1). If the well has been 
drilled using air, they will be drier, although they might contain some water from the 
formations themselves. Cuttings from the Marcellus Shale itself will represent half 
or more of the total cuttings, because the lateral well legs within the Marcellus are 
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Figure 3.7 (at right). Components of a typical drilling rig. Gas and oil drilling rigs are generally similar 
in design. Th e rig shown here uses a kelly drive. Some rigs, especially those for deeper or longer holes, have 
a top-drive rather than a kelly drive. Th e diagram does not include a doghouse—the multipurpose room 
often connected to the rig at the level of the drill fl oor. 

Key:
(1) mud tank: an open-top container, typically made of square steel tube and steel plate, to store drilling 

fl uid on a drilling rig. Th ey are also called mud pits, because they used to be nothing more than pits 
dug out of the earth.

(2) shale shakers: components of drilling equipment used in many industries, including coal cleaning, 
mining, and oil and gas drilling. Th ey are considered to be the fi rst phase of a solids-control system on 
a drilling rig. Th ey are used to remove large solids (cuttings) from the drilling fl uid, more commonly 
called “mud” due to its similar appearance.

(3) mud pump & suction line: Th e pump circulates drilling fl uid under high pressure (up to 7,500 psi, 
or 52,000 kPa) down the drill string and back up the annulus. Th e suction line draws the mud in 
from the mud tank.

(4) motor or power source: Typically the power on a well pad is provided by large diesel generators that are 
used to power electric motors essential to much of the operation. For example, motors are central to 
turning the drill bit and operating the pumps.

(5) vibrating hose: large diameter hose that passes drilling mud from the mud pump into the hoses and 
drilling pipe on the drilling rig. Like all hoses that transport drilling mud within the rig, the vibrating 
hose can accommodate very high pressure.

(6) standpipe: a solid metal pipe attached to the side of a drilling rig’s derrick that is a part of its drilling 
mud system. It is used to conduct drilling fl uid from the mud pumps to the kelly hose. Plugs, valves, 
and pressure sensors are found on the rig standpipe.

(7) kelly hose (also known as mud hose or rotary hose): a fl exible, steel reinforced, high-pressure hose that 
connects the standpipe to the kelly (or more specifi cally to the goose-neck on the swivel above the kelly) 
and allows free vertical movement of the kelly while facilitating the fl ow of drilling fl uid through the 
system and down the drill string.

(8) goose-necks: thick, hollow metal elbows that support and provide a downward angle from which the 
kelly hose hangs.

(9) derrick: the towerlike framework over a well that supports the drill pipe and drilling equipment.
(10) stand (of drill pipe): two or three joints (sections of drill pipe) connected and stood in the derrick 

vertically, usually while “tripping” pipe. Tripping pipe is the process of sending drill pipe up or down 
the well.

(11) kelly drive: well-drilling device that uses a section of pipe, typically with four or six sides, which 
passes through the matching four- or six-sided kelly (mating) bushing and rotary table. Th is bushing 
is rotated via the rotary table and thus the pipe and the attached drill string turn while the square or 
hexagonal pipe is free to slide vertically in the bushing as the bit digs the well deeper. When drilling, 
the drill bit is attached at the end of the drill string and thus the kelly drive provides the means to turn 
the bit (assuming that a downhole motor is not being used). 

(12) rotary table: mechanical device on the drilling rig that provides rotational force to the drill string to 
facilitate the process of drilling. 

(13) blowout preventer (BOP): a large, specialized valve or similar mechanical device, usually installed 
redundantly in stacks, to seal, control, and monitor oil and gas wells. Blowout preventers were developed 
to cope with extreme erratic pressures and uncontrolled fl ow emanating from the well during drilling. 
Erratic pressure changes can lead to a potentially catastrophic event known as a blowout. 

(14) drill string: column of drill pipe that transmits drilling fl uid (via the mud pumps) and torque (via 
the kelly drive or top drive) to the drill bit. Th e term is loosely applied to the assembled collection of 
the drill pipe, tools, and drill bit. Th e drill string is hollow so that drilling fl uid can be pumped down 
through it and circulated back up the annulus (the void between the drill string and the casing/open 
hole).

                   (continued at right)
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Figure 3.7 (continued). 

(15) drill bit: device attached to the end of the drill string that breaks apart, cuts, or crushes the rock 
formations when drilling a well bore, such as those drilled to extract water, gas, or oil.

(16) casing head (wellhead): simple metal fl ange, welded or screwed to the top of the casing, which forms 
part of the wellhead system for the well. 

(17) fl ow line: large diameter pipe (typically a section of casing), connected under the drill fl oor and 
extending to the mud tanks, that acts as a return line for the drilling fl uid as it comes out of the hole.
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Figure 3.8. A fi xed cutter drill bit. Diff erent kinds of bits are used for diff erent parts of the operation, and 
certain bit types are more eff ective for drilling in diff erent kinds of rock.

in some cases longer than the vertical well length to the Marcellus. Th is means that 
the drill cuttings will contain the same minerals and trace elements that are found 
in the Marcellus Shale. NYSDEC estimates that a well drilled to a depth of 7,000 
feet (2,134 meters) with a single horizontal lateral of 4,000 feet (1,219 meters) will 
produce cuttings totaling 217 cubic yards, or 5,859 cubic feet (166 cubic meters)—
enough to fi ll two to three school busses.23

As the well is being drilled, it is lined with steel casing to prevent collapse of the hole 
(Figure 3.11). Casings also prevent drilling fl uids and gas from escaping through the 
sides of the well. Steel casing is inserted into the drilled hole, cemented in place, and 
then the well is drilled deeper with a slightly smaller drill bit. Th en another, slimmer 
casing is hung in the deeper well hole and cemented in place.24 Marcellus wells are 
drilled and cased in multiple stages in a process called a casing program.

Th e fi rst piece of casing, called the conductor pipe, has the largest diameter, sometimes 
as large as 20 inches (51 centimeters).25 Its primary job is to prevent the collapse of 
the top of the well. It also prevents the exchange of fl uids between the well and 
nearby shallow water and gas reserves and provides a path for drilling muds. Blowout 
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preventers (valves that help regulate erratic pressure changes that can be found while 
drilling) are attached to this level of casing.26

Surface casing is the next level of casing, and is commonly roughly 13¾ inches 
(35 centimeters) in diameter. Its job is similar to the conductor pipe; it prevents 
contamination of groundwater by drilling muds and keeps sediment from caving 

Figure 3.9. Drill pipe stacked below the rig. Th e pipe for a single well can total more than 10,000 feet 
and many tons.
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into the well. Intermediate casing, which is typically 9 inches (23 centimeters) in 
diameter, is added to mitigate potential problems at greater depths, like areas of 
unusually high pressure due to shallow gas pockets.27

In the case of horizontal wells, a special drill bit is used to turn the well bore at an 
angle at a predetermined depth, referred to as the kickoff  point. To turn a well fully 
horizontal takes approximately 1,000 vertical feet (305 meters) of drilling.

Th e last casing to be inserted into the well is the thinnest in diameter (approximately 
5 inches or 13 centimeters) and is called the production casing.28 It is run through 
the portion of the well that will be producing natural gas. In the Marcellus, this is 
the horizontal portion of the well, also called the lateral or leg. 

Because casing lines the entire well, it must have holes punctured into it to allow a 
pathway for natural gas into the well. Th ese holes are created by perforation guns 
that are positioned in the lateral with a wire line or drill pipe and guiding wheels. 
Th ere are many varieties of perf guns, but they all function in a similar way. Once 
in position, the perf gun shoots small projectiles (called shaped charges), which are 
essentially armor-piercing bullets, directly into the casing. Th ese charges punch 
through the steel casing and the cement-fi lled annulus, which is the space between 
the casing and the drilled well. 

Devices called guiding shoes on the ends of the casing help the lengths of casing 
move down the well safely, and a spring-like centralizer positions the casing in the 
center of the well hole. After the casing is complete, it is secured with cement. Eight 
types of cement are classifi ed by the American Petroleum Institute (API) for use in 
well casings, and the cement chosen is commonly mixed with cement additives that 
modify its setting time and density. Th e cement is pumped down the well inside the 
casing. When it reaches the bottom of the hole, it fl ows out and back up into the 
annulus. To ensure that the cement in the casing is pushed fully into the annulus, 
a wiper plug is inserted behind the wet cement to force the cement out of the well 
bore, clean the inside walls of the casing, and separate the cement from additional 

Figure 3.10 (at right). Drilling and casing a well. Th e process of drilling and casing vertical and horizontal 
wells is the same in the initial drilling depths. (1) Th e drill initially bores with a large diameter drill bit 
to accommodate the conductor casing. In the fi rst several hundred feet of drilling, the bit is typically 
lubricated with air. (2) After the initial hole is drilled, a steel casing is inserted into the hole, guided by a 
spring-like “guiding shoe” that positions the casing in the center of the hole. Th e space between the casing 
and the rock on the outside of the hole is called the “annulus.” (3) Cement is poured into the casing from 
the surface. It fl ows to the bottom of the hole and begins to infi ll the annulus. (4) When enough cement 
has been poured into the well to line the casing, wiper plugs are inserted into the casing to wipe the inside 
clean of wet cement. Th e plugs are pushed down by drilling muds, which are later used to lubricate the drill 
bit. Th e cement is allowed to dry. (5–6)Th e new well hole is now the only void space in the well. A drill is 
re-inserted into the well where it drills through a layer of cement and into deeper rock. (7) Th e process of 
drilling, casing, and cementing the casing is repeated with thinner and thinner casings that are intended 
to prevent any exchange between fl uid fl owing through the well and surrounding groundwater sources. Th e 
production casing lines the length of the well and is intended to be porous in the region where natural gas 
is to be extracted (in this diagram, the horizontal portion will undergo small blasts to puncture the steel 
and allow fracture fl uid out and natural gas in). 
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drilling muds. After the wiper plug is inserted, drilling mud is pumped into the well 
to continue to force the cement into lining the outside of the casing wall.34

After the well has been completed, a series of pressure tests is run on the well, 
commonly called shut ins. Th ese tests, which usually last 72 hours, assess whether 
the newly drilled well has been drilled and cased correctly. After these tests, a device 
known as a “Christmas Tree” is placed on the top of the well at the surface. Th is device 
allows gas to be pumped into production pipelines. It also monitors production of 
natural gas and holds the regulating blowout valve that is designed to control erratic 
pressures in the well and to seal the well in an emergency.

Table 3.2. Chemicals used in drilling fl uids. Drilling fl uids (also known as drilling mud) is a circulating 
fl uid used during the drilling process to lift cuttings out of the well bore to the surface, to stabilize the 
borehole, to prevent fl uids from the formation from entering the well bore, and to cool and lubricate 
the drill bit. Th e chemical makeup of drilling fl uids has changed substantially over time, and varies in 
accordance with the nature of formations being drilled and with changes in technology and regulation.29

Base Fluid – material used for lubrication, cooling and to carry cuttings

Water or brine: Solid particles are suspended in water or brine.30

Potassium chloride/polymer-based with a mineral oil lubricant: Clay-sized grains within shales 
can swell in the presence of water in water-based fl uids and this can lead to instability within 
the wellbore. Potassium ions prevent water adsorption of clays, reducing swelling and therefore 
well instability.31

Oil: Solid particles are suspended in oil. Petroleum oil, such as diesel fuel, has been used in the 
past, but would not be permitted under proposed regulation in New York, and is not permitted 
for drilling in Pennsylvania.32

Synthetic oil: Solid particles are suspended in oil. Synthetic oil-based muds are described as 
“food-grade” or “environmentally friendly.”33

Gas: Drill cuttings are removed by high velocity streams of air or natural gas. This is commonly 
used for drilling above the water table.

Additive Type Purpose Common Additive(s)

Weighting Agent Controls fl uid density. Barite, sodium chloride.

Clay Changes viscosity and fi ltering properties. 
Clays allow the mud to behave as a non-
Newtonian fl uid—a substance that behaves 
as a liquid in some pressure situations and 
as a solid in others.

Bentonite (a material of clay 
minerals that swells in the 
presence of water).

Defl occulent, 
thinner

Thinning agent that prevents fl occulation 
(clumping of clays, polymers, or other small 
charged particles); helps in controlling fl uid 
loss.

Iron or calcium lignosul-
fonates  (by-products of 
paper manufacturing that 
are then treated with iron 
or calcium). Lignite (a 
type of coal) was once 
commonly used, but is now 
little used in the U.S. due to 
environmental concerns.
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Figure 3.11. Schematic summary of the fl uids added to a typical hydrofracked well, and the fl uids that 
typically come back out.

Because horizontal wells are so much longer than vertical wells, they are drilled by 
larger pieces of equipment, take more time to drill, and require more hydrofracking 
fl uid to be hydraulically fractured, or stimulated, successfully. During the horizontal 
drilling process, a far greater amount of rock must be drilled through, which generates 
more cuttings that must be disposed of. Th e amount of time taken to complete a 
horizontal well—and therefore the total local impact of drilling—can also be much 
greater than the time for a vertical well.

Th e direction and length of the lateral depends on the local geology, the amount 
of land available to the driller, and the available technology. Laterals in shale gas 
wells have commonly been 4,000–5,000 feet (1,219–1,524 meters) in length, and 
have begun reaching as much as 10,000 feet (3,048 meters), as the limits of the 
technology are more widely tested. Recall that the directions in which the laterals 
extend from the vertical part of the well bore are determined by analysis of the 
current underground stresses and the predicted eff ects of existing and stimulated 
fractures. 

Hydrofracking 

Hydrofracking a horizontal well in the Marcellus Shale requires approximately 4 
million gallons of water (Figure 4.1), which is mixed with a variety of chemicals and 
sand (Table 3.1). Th e chemicals aid the fracture process by keeping the fractures free 
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of bacteria, transporting the sand grains, etc. Sand of various grain-sizes, referred to 
as proppant, hold open the fractures created by this process. 

Because the horizontal portion of a Marcellus well is typically at least 4,000–5,000 
feet (1,219–1,524 meters) in length, the well is hydrofracked section by section. Th e 
section farthest away from the vertical part of the well is fractured fi rst, and then 
closed off  from the remainder of the well. Th en the process is repeated with the next 
section, and so on until the full lateral length of the well has been fractured; during 
the process, each section is closed off  from each other section, as well as the vertical 
portion of the well bore. A multistage fracture commonly has three or four sections 
of fracturing, but as lateral lengths of the wells increase, so could the number of 
stages in the full hydrofracking of a well. 

Th e actual process of fracturing occurs in three phases. First, fracturing fl uid, 
consisting of water and chemicals, is injected into the well, creating fractures near 
the well bore (Table 3.1). Generally, acid precedes the fracturing fl uid to clear the 
well bore of excess cement, to weaken the target rock formation, and/or to mitigate 
buildup of mineral deposits.35 If acid is used, a corrosion inhibitor is usually included 
in the fracture fl uid so that the steel in the casing is not damaged.36 Th e amount of 
corrosion inhibitor depends upon the type of casing used, and the temperatures at 
depth in the well. If temperatures are suffi  ciently high, another chemical, called a 
booster, is added to allow the corrosion inhibitor to work eff ectively.

Second, more fracturing fl uid is mixed with proppant and injected into the well. 
During this phase, the initial fractures are elongated and the proppant is forced into 
the fractures to hold them open after the pressure from hydrofracking is released. To 
be eff ective, the fl uid must be viscous or thick enough to hold and deliver proppant 
to the fractures rather than letting it settle to the bottom of the well bore, but friction 
must be reduced so that the fl uid can maintain enough speed and pressure while 
reducing the still considerable amount of force needed at the surface to fracture the 
rock. A variety of gels are therefore used to increase the viscosity of the fl uid. At the 
temperatures and pressures present deep inthe well, these gels can break down, so 
other additives, called cross-linkers, are added. Cross-linkers maintain viscosity even 
as the heat increases at depth.37 Friction reducers, which give slickwater fracturing its 
name, reduce the friction of the fracture fl uid. Th is allows the fl uid to travel at higher 
speeds with lower surface pressures.38

Still other chemicals, called surfactants, reduce surface tension and, like breakers, 
increase the amount of fracture fl uid recovered from the well. Th e gels added 
to drilling fl uid are largely organic compounds—that is, carbon-containing 
molecules (not to be confused with pesticide-free farming)—and as such provide 
an environment in which bacteria can thrive.39 Bacterial growth can clog fractures 
and produce metabolic byproducts that can corrode equipment.40 Chemicals that 
kill bacteria, called biocides, are therefore added to the fracture fl uid to inhibit the 
growth of microorganisms. Salts, called clay stabilizers, are generally added to the 
fracture solution to prevent clay in the target formation from swelling, migrating, 
and blocking fractures. A pH adjuster might also be used to regulate the acidity of 
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the fl uid at the correct level for the surfactants, cross-linkers, and friction reducers 
to interact properly.41

Finally, the well is fl ushed out to remove excess fracturing fl uid.42 For the hydrofracking 
to be successful, the proppant needs to stay in the fractures, and the gel must break 
down to release the proppant. If the gel does not break down, chemicals called breakers 
are pumped down the well at the end of the fracture treatment to break down the 
gels and decrease the viscosity of the fl uid. Th is allows the proppant to stay in the 
well rather than be carried back up with the fl owback fl uid, and it also increases the 
amount of fl uid that will fl ow back out of the well after the fracture treatment.43 In 
the Marcellus Shale, only 9–35% of the fracturing fl uids return to the surface.44 Soon 
after well stimulation, wastewater that returns to the surface after hydrofracking is 
similar in chemical composition to the fracture fl uid itself. Th is is called fl owback 
fl uid. Over time, the wastewater takes on more of the chemical characteristics of 
the Marcellus Shale, notably its salts and radioactive material. Th e amount of this 
production brine that fl ows back to the surface decreases over time, but some wells 
produce small amounts of water throughout the entire lifetime of the well.

Although the fate of the fracturing fl uid that remains underground after the 
Marcellus Shale is fractured is not yet fully understood (see Chapter 4), geologists 
and engineers hypothesize that the remaining 65–89% of fracturing fl uid is trapped 
in the multiple, tiny fractures due to a combination of capillary action and the 
swelling of clays.45

Th e characteristics of the target formation determine what specifi c techniques will be 
used to extract gas. For instance, the friction reducers used in slickwater fracturing 
are not necessarily used in coal bed methane wells.46 Data must be collected for every 
new region and formation that is developed for gas drilling. Th e stresses on the rock 
at the depth of gas extraction and the rock permeability help determine which fl uid 
and propping agent characteristics are needed to fracture wells most eff ectively. More, 
larger fractures yield more natural gas produced from the unit, but are costlier to 
create. It takes time for drillers to develop information on each region, but engineers 
in charge of each well use existing data to establish the optimum fracture treatment 
for each well.47 Should a portion of the well become damaged, or should the well 
perform beneath the expectations of the company, a portion of the well or the whole 
well can be hydrofracked again. To what extent this will occur is not yet known, 
because most wells in the Marcellus region are less than a few years old. 

The geology of hydraulic fractures

To understand how hydraulic fractures could behave in Marcellus Shale natural gas 
drilling, geologists and engineers must understand the forces acting upon the rock 
(Figure 3.12). Today in the Appalachian Basin, the biggest force is due to the weight 
of the overlying rock, which is oriented vertically. Th e horizontal forces acting on the 
rocks at depth are due to a variety of processes, such as the tectonics of the North 
American plate due to spreading at the Mid-Atlantic Ridge, and even minor bending 
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of the plate due moving over irregularities. For example, the largest horizontal force 
in the Ithaca area today is oriented approximately east-west and the smallest force is 
approximately north-south. 

Th e outcome of a hydraulic fracturing operation depends on several diff erent factors, 
including the diff erence between the largest and smallest forces, the amount of fl uid 
pressure used during the operation, and the pre-existing weaknesses in the rock 
mass such as old joints, faults, and layering of the sediments. Th e fi rst thing that 
usually happens when force is applied to rocks is that movement occurs along the 
pre-existing weaknesses oriented appropriately to the new force. Th is could result in 
further opening of some of them or, especially where there is a signifi cant diff erence 
between the greatest and least horizontal force, faults could be reactivated (meaning 
that they could move). Th is latter process is the source of “induced seismicity” 
(discussed in Chapter 2).

If no pre-existing fractures are present in the proper orientation, and the fl uid 
pressure continues to increase, new fractures will eventually be created. If the 
diff erence between the greatest and least forces is large, these fractures will be faults—
cracks along which movement occurs; if the diff erence is small, the fractures will 
be vertical joints, and not experience movement. Th e joints will be parallel to the 
plane perpendicular to the smallest force; in Ithaca, for example, this would be a 
vertical plane oriented east-west. In this case, the most successful horizontal drilling 
orientation would be in a direction perpendicular to the maximum number of 
created or reactivated east-west fractures, and thus drillers would want parcels of 
land leased for drilling to be arranged in a north-south direction.48

Evaluating the effectiveness of hvhf

Because HVHF occurs beneath Earth’s surface, the only way to track fractures 
resulting from HVHF is to use proxy or indirect evidence, in the form of models, 
fi eld tests, and monitoring of wells, and incorporating that information into a body 
of knowledge that grows as more wells are drilled in the region. Although there 
is consensus on basic fracture patterns likely to occur in the Marcellus Shale as a 
result of stimulation, the shale is not homogeneous, and diff erent areas within the 
Marcellus region will react diff erently to the same hydrofracking treatment.

Modeling

Scientifi c models are theoretical constructs—often mathematical—that scientists 
use to fi gure out how a natural phenomenon behaves. Models use known (or 
hypothesized) relationships between variables and “plug in” various values for these 
variables to see what happens. If the result agrees with observations, then scientists 
have greater confi dence that they understand what is going on and why.

Models are used to predict the eff ectiveness of wells using HVHF in shale gas layers 
like the Marcellus Shale, and to inform future hydrofracking in nearby wells. Th ese 
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models are based on data gathered in the fi eld, which are imported into computer 
programs to predict the characteristics of the rock at depth. Field data usually 
incorporated into HVHF models include seismic and microseismic data, well log 
data, expected pressures throughout the subsurface, and other rock characteristics. 
Models predict how fracture fl uid (and the associated pressures and fractures already 
present in the rock) will act during hydrofracking. When measured values diff er 
signifi cantly from the modeled values, the fl uids are not behaving in the way the 
model predicted they would and one or more characteristics of the rock have not 
been adequately modeled. Th is can occur if the model itself needs to be revised or 
if estimates of rock properties where the hydrofracking is done were not accurate. 
Th us, to understand what is happening in the rock below the surface, modeling is 
used in concert with fi eld testing to assess the most eff ective hydrofracking treatment 
for diff erent regions in the Marcellus Shale.49

 
Field tests

Common fi eld tests used initially to inform and eventually to confi rm fracture 
propagation models include observing various well logs and monitoring fl uid injection 
and pressures in the well during HVHF, among other techniques.50

Seismic testing is a technique that can be run on the surface of the Earth, but most 
techniques require an observational well to be drilled for monitoring purposes. A few 

Figure 3.12. Fracture propagation. Scenarios 1, 2, and 3 represent theoretically likely directions of fracture 
propagation resulting from increasingly higher levels of fracture-inducing force. As force increases in 
relatively unfractured rock, fractures propagate perpendicular to the direction of maximum principle force. 
When they encounter a rock layer boundary (which is naturally weaker), the energy forcing the fracture 
dissipates laterally, making it harder for a fracture to continue across boundaries. In more fractured rock 
(3a), even with the same pressures as seen in (3), pre-existing fractures can cause energy forcing a fracture to 
dissipate in other directions. Because of the many boundaries between rock layers and pre-existing fractures 
in (3a), the fractures propagated are wider and shorter than they would normally be if the same rock was 
relatively unfractured.
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fi eld techniques will be discussed below. Seismic testing uses seismic waves, created 
by “thumping” the ground with heavy weights, to understand the subsurface. Th e 
waves travel through the ground, hit diff erent layers of rock, fractured zones, and 
other variations in density beneath the surface of the Earth, and return to the surface 
at diff erent times. Th e waves are recorded and analyzed to create an image of the rock 
layers beneath the surface. Th ese tests are usually run along roads or other straight 
paths, and interpreted with other seismic tests to search for existing fractures and 
other structures in the subsurface that could potentially interact with a hydrofracking 
treatment. Because seismic testing can be done from Earth’s surface, it is sometimes 
used after HVHF to explore the accuracy of the model of fracturing in predicting 
actual fracture patterns.

Microseismic testing works in much the same way as seismic testing, but small 
seismic monitors are shallowly buried or are placed at the surface above the area 
undergoing hydraulic fracturing. Th ese monitors record small seismic changes and 
relay them, frequently in real time, to the engineers conducting the hydrofracking 
treatment. Th is is the most eff ective way to visualize the fractures that are created 
during hydrofracking and to evaluate model eff ectiveness.51

Observation wells are sometimes drilled near a well undergoing HVHF while a 
region is being established to collect data on the eff ectiveness of hydrofracking. A 
similar suite of fi eld tests and observations can be conducted on an observation well 
to more objectively test the eff ectiveness of a hydrofracking treatment, the model 
used to predict the fracture behavior, and other parameters.52

 
Well completion

After a well has been hydraulically fractured, there are a number of other steps that 
must be taken before the well can produce natural gas. Collectively, these steps are 
known as completion of a well. Recall that a horizontal well is fractured in sections, 
starting with the section farthest from the vertical portion of the well bore, each 
section sealed off  before the next section is fractured. Before gas can be produced 
from the well, the seals between the sections must be drilled to open them up to 
the rest of the well. After the seals are broken, fl owback fl uid is released from the 
well. Most of the fl uid that will fl ow out of a well will return to the surface within a 
few days. As the fl uid amount decreases, the natural gas will begin to fl ow from the 
newly created and expanded fractures into the well bore and to the surface. Once 
enough natural gas fl ow is achieved, a separator is put in place and used to remove 
the wastewater from the fl ow of gas.53 Th e gas that fl ows out of the well up to this 
point can either be captured and put into the pipeline, or fl ared off , depending 
upon the infrastructure available at the site. Measures taken during completion to 
reduce the amount of natural gas fl ared or vented to the atmosphere are called green 
completion (AKA reduced emission completion).54 A series of tests are run on the gas to 
check its chemical composition, then the well is hooked up to gathering lines, which 
connect to the broader pipeline system to send the natural gas to processing plants 
and eventually to market. 
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Production and reclamation 

Th e most active periods on a well site are the drilling and hydrofracking phases. After 
the well begins producing natural gas and the gas is being collected, it enters what 
is called the production phase. Gas production in conventional drilling often lasts 
years to decades, and for horizontal wells that have been hydrofracked, it might (or 
might not) be similar. Th e production phase for an entire shale gas play will certainly 
extend for decades. In 2013, average daily production of natural gas from Marcellus 
wells in Pennsylvania is over 2,000 tcf.55

Production from an individual well is highest immediately following hydrofracking. 
After this initial period, natural gas production declines sharply, but wells continue 
to produce natural gas for years. Sometimes, wells are re-hydrofracked, to increase 
production. Th is could happen in the Marcellus Shale. Th is can be done with water-
based hydrofracking fl uids, although it can also be done with other fl uids, such as 
acids or carbon dioxide (CO2).

56 Th is process is sometimes called a workover. 

During the production phase, well pads do not need as much storage and equipment 
on site, and need not take up as much space as when wells are being drilled or 
hydrofracked. During this period, regulations in Pennsylvania and proposed 
regulations in New York require that gas extraction companies do partial site 
restoration, or reclamation. Th is involves removing equipment from the well pad, 
removing some of the well pad to reduce its footprint, restoring topsoil and vegetation, 
and ensuring that soil compaction from heavy equipment will be remediated so 
that plants will grow.57 In certain designated grassland and forested areas in New 
York, reclamation requirements would be more stringent and specifi c.58 When wells 
stop producing gas economically, the well must be properly plugged and capped to 
prevent further gas leakage. 

Processing

Th e natural gas that comes out of the ground through wells must usually undergo 
some processing before it goes to market. Natural gas is mostly comprised of 
methane, but can also include hydrogen sulfi de and heavier hydrocarbons such as 
pentane, butane, and propane. Th ese are removed before the gas is used as an energy 
source. In much of the Marcellus Shale, especially the eastern portions, wells produce 
what is called dry, sweet gas. When gas is called dry, it means that there is almost pure 
methane being produced from that well, without heavier hydrocarbons like propane 
and butane. Natural gas that contains these other kinds of hydrocarbons is called 
wet. Gas is called sweet when it contains very little to no hydrogen sulfi de; otherwise 
it is called sour. Marcellus wells produce natural gas that is mostly methane, and 
which requires very little processing before it goes to market.
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Emerging hydrofracking technologies 

Natural gas extraction technology has progressed from shovels in the 1820s to the 
complicated procedure described in this chapter. Even as the technology associated 
with unconventional gas drilling in the Marcellus Shale is being refi ned, newer 
technologies are also being developed and tested in the hopes of making natural gas 
extraction more effi  cient and reducing its environmental impacts.
  
Water recycling

Water plays an extremely important role in hydrofracking as it is currently practiced. 
In Chapter 4, the many ways that water interacts with this process will be discussed. 
One of the recent developments in shale gas extraction is the ability of drilling 
companies to reuse the fl owback fl uid from one well in another well after treating 
it and mixing it with freshwater. Th is ultimately creates less fl uid waste that must 
be treated and disposed of, and somewhat reduces the amount of water ultimately 
needed for HVHF. In Pennsylvania, several companies already recycle some portion 
of their fl owback fl uid. Th e extent to which this occurs is dependent upon the 
infrastructure in place to treat the fl uid, the cost of transporting the recycled fl uid, 
among other factors.
 
Different chemicals

Some drilling companies are investigating alternatives to some of the common 
hydrofracking additives. Th ese alternatives can be as simple as swapping one 
chemical additive in the fracture fl uid for a less toxic substitute, or as complicated as 
developing an entirely diff erent fl uid system. For example, Haliburton, a company 
that was initially strongly opposed to the disclosure of chemical additives, has created 
a chemical formula for hydrofracking called CleanStim, which began undergoing fi eld 
testing in 2010.59 CleanStim boasts a formula “made entirely of materials sourced from 
the food industry.”60 Chesapeake, one of the largest companies currently developing 
the Marcellus Shale, has a program called GreenFrac, which it says is intended to 
reduce the number of chemical additives used in their hydrofracking treatments. 
Th ey claim a 25% reduction thus far. Ecosphere Technologies has successfully used 
ozone in place of biocides in hydrofracking formulas.61

Different base fluids

A few companies are experimenting with the technology used to hydrofrack a formation 
using non-water hydrofracking fl uids. Th e company Baker Hughes has developed a 
system that delivers proppant using compressed nitrogen and carbon dioxide. Th e 
Canadian company GasFrac is using gelled propane. Early testing suggests that the 
quantity of gas extractable from an unconventional unit using propane to hydrofrack 
a well is considerably more than with water-based hydrofracking technology. In 
principle, the idea behind hydrofracking a well with propane is based on the physical 
properties of the propane. Surface tension is defi ned as the ability of a liquid to resist 
an external force. Because propane has approximately ten times less surface tension 
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than water, frictional forces associated with pushing propane through a well are far 
lower than when pushing water through a well.62 Propane is also only one eighth the 
viscosity of water, and is also less dense. 

Th ere are a number of predictable advantages to hydrofracking with propane, 
including less truck traffi  c than is currently seen hauling water, fewer chemical 
additives than are used in hydrofracking, and no hydrofracking wastewater issues. 
Th ere are, of course, also drawbacks to using liquid propane. Compressing large 
quantities of propane on a regular basis increases the potential for explosions and 
fi re. Propane itself is a fossil fuel that might need to be produced in larger quantities 
beyond existing production if it is to be directed to hydrofracking. 

Currently, the process of hydrofracking with propane is not widespread, and the 
intellectual property rights belong to only one company. Th e initial cost of propane 
is also much higher than water. As a result, it may take years for widespread industrial 
use of hydrofracking with propane (or other alternatives) to occur.

 
Reduced diesel emissions

Diesel engines are used to power the process of drilling and hydraulic fracturing. 
Th is process has large energy requirements, and the emissions from these engines 
are non-trivial. Haliburton has developed a machine that they call SandCastle, a 
solar-powered device that uses gravity to move proppant around the well pad, rather 
than a diesel engine. Th ey are also researching ways to initiate fractures with lasers to 
reduce the diesel required to hydrofrack.63
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Chapter 3 Summary

Natural gas has been known to exist in the • 
Appalachian Basin for hundreds of years. New York 
was home to the nation’s fi rst natural gas well, and 
has been producing gas commercially since the 19th 
century. 

New natural gas extraction technologies• —developed 
in other shale gas basins, and already being employed 
in the Marcellus Shale in Pennsylvania, West Virginia, 
and Ohio—allow gas extraction from shales with low 
porosity and permeability, like the Marcellus Shale. 
The new techniques are the combination of horizontal 
directional drilling, which has been used since the 
1980s, and hydraulic fracturing (hydrofracking), which 
has been used in its current form since the 1960s. 

The purpose of hydrofracking, or stimulating, a well • 
is to increase the permeability of the shale to allow 
the natural gas to fl ow into the well bore and up to 
the surface. This is accomplished by fracturing the 
rock using a mixture of water and chemicals at high 
pressure to expand existing fractures and create new 
ones, and deliver proppant to the fractures to keep 
them open so natural gas can fl ow out of the shale. 

The results of well stimulation can be modeled and • 
tracked with fi eld tests to try to ensure effective 
hydrofracking treatments. 

Wells are completed to remove fl owback fl uid and • 
start producing natural gas. Production can last for 
years, even decades. 

A number of new technologies are being developed • 
to address some of the environmental concerns with 
drilling, but these could be years in development and 
implementation.
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Figure 4.1. Th e broad, shallow Refl ecting Pool on the National Mall in Washington, 
DC, holds approximately 4 million gallons, comparable to the amount of water used 
to fracture one Marcellus HVHF well. (Th e Refl ecting Pool averages 18 inches in 
depth.)
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Chapter 4

Water and Marcellus 
Shale Development

More than 20 million people get their water from areas potentially aff ected by 
Marcellus Shale development. Water is also an important part of that shale gas 
development. Water is therefore one of the principal environmental issues associated 
with extracting gas from the Marcellus Shale (Table 4.1).

In this chapter, we describe the path of water used for Marcellus Shale drilling from 
source to disposal, the amount of water that this process requires, and how that 
amount compares to other uses. We also consider the potential for ground and 
surface water contamination from gas development using HVHF. 

Use of water in Marcellus Shale development 

Water is used in two primary ways in HVHF: as a lubricant in the well drilling process, 
and as the main component of the fracture fl uid in hydrofracking. It takes about 
80,000-100,000 gallons of water to drill a well (conventional or unconventional), 
an amount that would fi ll 4-5 school busses.1 HVHF itself uses far more water, an 
average of approximately 4 million gallons per well. Water is used as the fl uid that 

Water and 
Marcellus Shale 

Development
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exerts pressure on the shale to fracture it. It also carries the proppant, and it is the 
delivery mechanism for the other chemicals used in the hydrofracking process.

Human water use is called consumptive when the water withdrawn is “evaporated, 
transpired, incorporated into products or crops, consumed by humans or livestock, 
or otherwise removed from the immediate water environment.”2 Non-consumptive 
uses, in contrast, return the water to, or close to, its original environment. 

Most energy production is very water-intensive; in the U.S., energy is second only to 
agriculture in terms of water use. Water is part of the extraction processes for fuels (e.g., 
mining of fossil fuels, irrigation for biofuels), frequently involved in transportation, 
and generally required for power production, especially in thermoelectric power 
plants (those that use heat to create electricity). A coal-fi red power plant with a 
cooling system that withdraws and releases water will consume ten times more water 
(by weight) than it does coal; thus coal and other thermoelectric plants are typically 
sited on bodies of water.  

Water use per well

Generally, between 3 and 5 million gallons of water are used to hydrofrack one 
horizontal well in the Marcellus Shale.3 Th e exact amount of water used in a particular 
well depends upon a number of factors. 

First, the length of the lateral portion of the well determines how much water is used 
to fracture that well. Conventional vertical wells are also commonly hydrofracked, 
but they use far less water than horizontal wells—tens to hundreds of thousands 
of gallons of water rather than millions. Th ey use less water because they come in 
contact with less of the target formation and they fracture less rock (see Figure 3.3). 
Th e amount of water required to hydrofrack an individual horizontal well depends 
upon the length of the laterals (horizontal portions) of that well (Figure 3.3). It 
takes between 300,000 and 500,000 gallons of water to fracture each 500 feet (152 

Table 4.1. Potential environmental problems associated with large-scale water use by hydrofracking in 
the Marcellus Shale.

I. Water supply (withdrawal)
A. Volume
B. Source (groundwater vs surface water)
C. Location

II. Water contamination
A. Health risks of specifi c chemicals
B. The fate of wastewater
C. The fate of fl uids remaining in the ground
D. Wastewater disposal
E. Methane migration into groundwater

III. Water transportation
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meters) of well bore.4 So, a well with relatively short (e.g., 2,000-foot) laterals might 
use between 1.2 million and 2 million gallons of water. Laterals in Marcellus wells 
are commonly 4,000–5,000 feet (1,219–1,524 meters) in length and accordingly use 
between 3.2 million and 5 million gallons. Th e length of laterals in the Marcellus 
Shale continues to increase as the limits of the technology are tested.5 Th is would 
result in the average amount of water used per well increasing over time. 

Second, diff erent companies have slightly diff erent procedures and techniques to 
stimulate wells. Th ey might drill longer or shorter laterals or use diff erent chemical 
mixtures in the hydrofracking fl uid. For instance, Chesapeake Energy, one of the 
largest operators in Pennsylvania, reports that it uses an average of 5.5 million gallons 
of water to fracture their wells.6 In contrast, an analysis of 831 Marcellus wells drilled 
by multiple companies in Pennsylvania between June 2008 and August 2011 found 
an average of 4.2 million gallons used per well, with a maximum of 6.1 million 
gallons per well.7

Water use regionally

Estimating total water requirements for Marcellus HVHF requires estimating 
total number of wells. If, as has been suggested, Marcellus Shale development in 
Pennsylvania is still early in its development, then the number of wells could increase 
signifi cantly in the near future.8 Th e fi rst four years of drilling in Pennsylvania 
(2007–2010) saw, respectively, 18, 165, 703, and 1,373 wells. According to industry 
estimates used by NYSDEC, 2,462 Marcellus wells could be drilled in New York 
State during a peak development year.9 NYSDEC estimates the total water use for 
such a peak year to be 9 billion gallons.10

Water can be obtained for use in natural gas drilling from two sources: surface 
water and groundwater. Surface water is the water found in lakes, streams, and 
rivers. Groundwater is found below the Earth’s surface in the pore spaces within soil 
and rock, including the water that is found in aquifers that supply potable water. 
Currently most of the water used for Marcellus Shale drilling is being withdrawn 
from surface waters. In the Susquehanna River Basin in Pennsylvania between 2008 
and 2011, 80% of the water used for Marcellus development came from direct 
surface water withdrawals—from a stream, river, or lake. Th e remaining 20% of 
water used for natural gas drilling came from purchases from public water suppliers, 
such as municipal water suppliers.11

Judgment of how large Marcellus water use is or could be depends in part on what 
it is compared to. For example, New York State as a whole withdraws approximately 
10 billion gallons of freshwater from surface and groundwater each day. Th at 
is 3.6 trillion gallons per year. More than 70% of this water is used for cooling 
in thermoelectric power generation and returned to the watershed (and so is not 
considered consumptive withdrawal). Of the remaining consumptive withdrawals, 
approximately 2.6 billion gallons per day are withdrawn for public water supplies 
and domestic use. Th e rest is divided among livestock and agricultural uses, mining, 
and industrial uses.12 At 9 billion gallons of water used per year, water withdrawn 
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Table 4.2. Water use per energy produced by various major energy sources in North America. One 
MMBTU is approximately equivalent to the energy released by burning eight gallons of gasoline. One 
MWh is slightly more electricity than the average U.S. household uses in one month. Diff erent energy units 
are used as refl ections of the standards within each energy sector.13

Energy source Resource extraction 
or production (gal/

MMBTU)

Processing and 
transportation
(Gal/MMBTU)

Electricity 
production 
(gal/MWh)

Solar (photovoltaic) ~ 0 ~ 0 ~ 0

Concentrating solar 
power

~ 0 ~ 0 20–1,000

Wind ~ 0 0 0

Biofuels 1,155–50,000+* 2–15,000 primarily 
transportation 

fuel

Hydroelectric - - 4,500†

Geothermal - - 0–1,400‡

Natural gas 
(conventional)

~ 0
0–2§ 0–200

Natural gas 
(shale gas)

0.6–1.8

Petroleum 
(conventional, 
primary-secondary 
production)

1.4–62**

petroleum 
processing and 
transporation 

impacts vary more  
broadly than any 
of the other fuels 

listed here

primarily 
transportation 

fuel

Petroleum 
[Enhanced Oil 
Recovery (EOR)]

39–94††

Oil sands 14–33

Oil shale 7.2–38

Coal 1–8†† 11–24 (slurry 
pipeline)

0–500

Uranium/nuclear 
power

1–6 4–8 0–650

* Th ese fi gures refer only to irrigation during growing of corn for ethanol and soy for biodiesel, respectively. 
Cellulosic ethanol (produced from plant waste material, wood, and grass) does not require irrigation, 
so producing the raw material requires no additional water. Processing the plant material into fuel, 
however, requires 119 gallons per MMBTU.

† Th is is the average amount of evaporation per MMBTU produced in the U.S. 
‡ Most of the water used for geothermal energy is not potable or fresh.
§ Pipeline transportation requires an additional 1 gallon per MMBTU.
** Primary production requires little water, but constitutes less than 1% of production, whereas nearly 

80% of oil wells in the U.S. are in secondary production. Th is water does not necessarily have to be fresh. 
EOR accounts for the remaining 20%.

†† For mining and washing.
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for Marcellus Shale drilling would account for approximately 0.25% of total annual 
New York freshwater withdrawals, equal to less than 1% of all water withdrawn for 
drinking and domestic use. Shale gas production and transportation, furthermore, 
consumes less water per unit of energy produced than development of many other 
energy sources. If natural gas off sets coal for power production (see Chapter 6), 
overall water usage for the energy sector could decrease. However, wind and solar 
photovoltaic are more water-effi  cient than any fossil fuel or nuclear power (Table 
4.2). See more on comparisons of energy sources in Chapter 7.

On the other hand, such freshwater withdrawals over the projected multidecadal 
lifetime of natural gas production in the Marcellus might not be considered small at 
all. For example, a recent analysis suggested that surface water availability in all but 
the largest rivers in the region underlain by the Marcellus Shale is likely inadequate 
to support the drilling of hundreds of gas production wells per year over the coming 
decades.14 Th is region includes the watersheds that supply water to New York City, 
and the potential eff ects of freshwater withdrawals for Marcellus development have 
therefore been the subject of considerable attention and concern. For example, one 
projection suggests that the higher end of potential water withdrawal estimates 
represents one thousand times the amount of water anticipated to be required for 
expansion of New York City’s water supply storage for maintaining supply into the 
future.15

Furthermore, not all water withdrawals have equal impact on watersheds and the 
overall environment. For example, withdrawing equal amounts of water from a small 
stream and a larger river would have a much greater impact on the aquatic ecology 
of the small stream (see Chapter 5). 

One way of envisioning this is to consider the amount of time that it takes for the 4.2 
million gallons to fl ow past a specifi c point on a river. For example, the average fl ow 
of the Chenango River (a headwater tributary of the Susquehanna River), at the U.S. 
Geological Survey monitoring point at Sherburne, New York is 105 cubic feet per 
second (cfs), or 785.4 gallons per second.16 At this rate, it would take just under 2.5 
hours, capturing all of the water that fl owed past, to collect enough water to fracture 
an average horizontal Marcellus well. In contrast, at the mouth of the Susquehanna 
River in Conowingo, Maryland, the mean fl ow is 40,863 cfs, or 305,656 gallons per 
second. At this rate, it would take just over 14 seconds to collect enough water to 
fracture a well.  

Rivers, of course, do not always fl ow at the same rates. Seasonal changes in precipitation 
and snow melt, for example, cause the amount of water fl owing through rivers to 
vary from month to month and year to year. In the northeastern U.S., including 
New York and Pennsylvania, the months of August, September, and October see 
the lowest fl ow rate in rivers.17 Even when there are no drought conditions, seasonal 
variation in precipitation makes these months drier. Just as withdrawing water from 
a smaller river would have greater impact than withdrawing the same amount of 
water from a larger one, withdrawing water during periods of low fl ow would have a 
larger impact than withdrawing the same amount of water in a period of higher fl ow. 
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Th is is why regulators require that withdrawals cease in Pennsylvania during periods 
of low fl ow. In the summer of 2011, for example, low fl ows caused regulators to 
require industry to stop withdrawing water from 40 locations.18

One solution to regulating water withdrawals in the face of varying fl ow conditions 
is the use of a passby fl ow, which is an amount of water fl ow that must be allowed to 
pass a prescribed point downstream from the point at which a withdrawal for HVHF 
is occurring.19 Th e size of passby fl ows are determined by the entities that govern 
withdrawal for each stream or river (see below) from which water will be withdrawn. 
If weather conditions or amount of water withdrawal cause a stream to fall below its 
passby fl ow, withdrawals must cease. 

Viewing water requirements for gas drilling as a percentage of water consumption for 
an entire state can give a very misleading picture of the eff ects of water withdrawal 
for drilling. Withdrawals are concentrated in the areas where gas is being extracted, 
which usually only underlie a fraction of a state (Figure 3.2). Th ey are further 
concentrated in areas that are within convenient transportation distance to the sites 
of drilling. Th is concentration of water withdrawals can strain water resources locally, 
even while total water requirements for HVHF remain less than 1% or 2% of the 
total withdrawals for the whole state. In some rural areas in Texas, for example, water 
withdrawal from groundwater sources for Barnett Shale drilling has reached double-
digit percentages of total consumption, although the total use overall for the state 
remains under 1%.20 Farther west, water withdrawal for HVHF places even greater 
demands on already strained resources. In Colorado, 92% of approximately 4,000 
wells reported by one study are located in areas classifi ed as having extremely high 
stress on water resources. In Texas, that number was 47% of the over 11,000 wells 
included. Pennsylvania had only 2% of 2,000 wells in areas classifi ed as having high 
stress on water resources, although 70% of its wells are located in areas that have 
medium to high levels of stress.21

Th e location of water withdrawal along single rivers is also an important factor in 
determining its eff ects. As discussed in more detail in Chapter 5, withdrawal of a 
particular volume of water from the smaller headwaters of a stream or river will have 
much larger eff ect than withdrawal of that same volume downstream, where fl ow is 
much greater.

Who controls water withdrawal?

Th e location and quantity of water withdrawals are under the auspices of a variety of 
regulatory agencies and systems, depending upon location.

All of the surface water in New York State occurs in one of 17 major river basins.22 All 
of the land that drains into a large river or one of its tributaries is part of that river’s 
basin. A watershed includes all of the land drained by a smaller stream; river basins 
are composed of watersheds.23 Nine of the 17 river basins are wholly or partially 
underlain by the Marcellus Shale (Figure 4.2); fi ve are underlain by the Marcellus 
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fairway. Th e fi ve river basins that contain Marcellus fairway are the Genesee River 
Basin, the Chemung River Basin, the Seneca-Oneida-Oswego River Basin, the 
Susquehanna River Basin, and the Delaware River Basin. Although these are counted 
as separate river basins in New York, the Chemung River Basin is actually part of the 
Susquehanna River Basin. 

Regulations for water withdrawal vary among several of the river basins underlying 
the Marcellus Shale. Th is creates the potential for water withdrawal impacts to vary 
throughout the region as well. Diff erent policies or enforcement standards among 
the governing entities could cause one or more of these regions to be more severely 
impacted by water withdrawals than another.

Th e headwaters of both the Delaware River and the Susquehanna River are in New 
York, but the majority of the area covered by these river basins is in other states. Th e 
Susquehanna River travels through New York, Pennsylvania, and Maryland before 
emptying into Chesapeake Bay. Th e Delaware River travels through New York, New 
Jersey, Pennsylvania, and Delaware before it empties into Delaware Bay. Withdrawals 
from these river basins are governed not by state environmental agencies, but by 
multistate regulatory agencies—the Susquehanna River Basin Commission (SRBC) 
and the Delaware River Basin Commission (DRBC). Th ese organizations govern 
water withdrawal from their respective river basins in all of the states underlain by the 
basin. Th is regulatory structure is designed to treat river basins as entire geological and 
ecological systems, rather than fragmenting them according to political boundaries.24 
It also allows a single agency to collect fl ow data in the basin, ensuring that it has 
adequate knowledge to regulate withdrawals in such a way as to ensure enough fl ow 

Figure 4.2. Th e Marcellus Shale and major river basins in New York. Th e Marcellus Shale underlies nine 
riber basins in New York State. Th e Marcellus fairway underlies fi ve basins. 
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in the more fragile headwaters as well as downstream, where the cumulative impacts 
of upstream withdrawals can have serious eff ects on fl ow. 

Th e SRBC is responsible for withdrawals of both surface and groundwater within the 
entire Susquehanna River Basin. In New York, this includes both the Susquehanna 
and Chemung rivers and their tributaries. Prior to natural gas development in 
Pennsylvania, withdrawal regulations had required permits only for consumptive 
withdrawals of over 20,000 gallons per day; since 2008, however, regulations have 
required a permit for withdrawal of any amount of water from the Susquehanna River 
Basin, including withdrawals from municipal supplies. Th e SRBC is responsible for 
the quantity, although not the quality, of the water; quality is monitored by the 
individual states.

As of January 2013, the SRBC has approved two sites for surface water withdrawal 
associated with 13 natural gas wells in New York State. Twelve of the natural gas 
wells are approved for withdrawals ranging from 100,000 to 150,000 gallons of 
water, with one approved for 2.1 million gallons.25 Th e volume of water required for 
natural gas development in the Marcellus Shale in New York will obviously increase 
the amount of water withdrawn and the number of sites approved for withdrawal 
from river basins to meet the needs of high-volume hydrofracking. Th e SRBC has 
developed an interactive map to track the water withdrawal and well sites within the 
river basin.26

Th e DRBC is responsible for both water quantity and quality within the Delaware 
River Basin. Proposed revisions to current regulations will require all natural gas 
water withdrawals to be approved by the DRBC and include rules for siting well 
pads, access roads, and other activities associated with drilling that must be followed 
in addition to any state regulations.27 Th ey have included special provisions for their 
Special Protection Waters (areas of special ecological or scenic value), which extend 
from Hancock, New York, to Trenton, New Jersey. 

Withdrawals from the Genesee River and Seneca-Oneida-Oswego River basins, 
which both empty into Lake Ontario, are regulated under the Great Lakes-St. 
Lawrence River Basin Water Resources Compact. Th e Finger Lakes, in central New 
York State, are part of this Compact. A 2011 law requires NYSDEC to approve water 
withdrawals of over 100,000 gallons in areas, like the Great Lakes-St. Lawrence 
Basin, that do not fall under a multistate river basin commission. 

Trucked-in water 

Withdrawal sites are not always close to well pads, so water usually must be transported 
to the various well pads before it can be used for drilling and hydrofracking. Th is 
is primarily done via truck. An estimated 500 of the 1,148 truck trips used per 
well pad (see Chapter 5) are dedicated to water transportation. In some areas, 
water pipelines have reduced the need for trucks to transport water. Th is usually 
occurs when a company has enough pads in an area to construct a large central 
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holding pond to provide water via pipeline to several nearby well pads. Pipes are also 
sometimes constructed if the water source is particularly close to a well pad. One 
estimate stated that the number of truck trips to bring water to well pads would be 
decreased from 500 trips to 60 trips per well pad because of pipeline construction 
during peak development periods.28 Extensive truck transport of water adds to the 
amount of diesel fuel burned, and therefore to increased air pollution caused by 
natural gas development. It also increases erosion from roads, especially when the 
roads were not constructed for heavy truck traffi  c, as is common in much of the 
Marcellus Shale areas of development. Pipelines, on the other hand, create habitat 
fragmentation problems similar to those that can be attributed to access roads and 
natural gas pipelines. Th ese eff ects are discussed further in Chapter 5.

Chemicals added to hydrofracking water

Recall from Chapter 3 that a number of chemicals are mixed with water to create 
hydrofracking fl uid. Th e overall purpose of these chemicals is to make the fl uid able 
to fracture the rock at depth, deliver proppant to hold open the fractures when the 
fl uid pressure is released, and leave the proppant in the fractures when some of the 
fl uid returns from the well. Th ese chemicals fall into a few broad classes by purpose, 
as discussed in Chapter 3 (see Table 3.1). Perhaps a dozen or so specifi c chemicals are 
used in the hydrofracking of a single well, but hundreds of chemicals have been used 
in diff erent wells and in diff erent basins. 

Th e total amount of chemicals added to the hydrofracking fl uid is small (typically 
approximately 1%) compared to the total volume of water. But this can add up 
quickly. In a well using 4.2 million gallons of water for hydrofracking, 1% is 42,000 
gallons of added chemicals. Over a 20-year period, the total mass of chemical 
additives (not including sand proppant) could amount to several hundred tons per 
day, especially if repeated hydrofracturing is used.29 

Although some of the chemicals used in hydrofracking—such as guar gum, citrate, 
and some alcohols—pose no threat to human health, many of the fracture chemicals 
are harmful, even if only in high concentrations.30 Th e identity of these chemicals has 
been a controversial topic in the debate over HVHF in the Marcellus, in part because 
companies did not want to release this information, claiming that it was a trade 
secret. Regulators, emergency responders, health care providers, and residents have 
therefore not known what exactly was being put into the ground in their areas.31

To get some overview of the potential risks posed by these chemicals, we compiled 
available Material Safety Data Sheets (MSDS) for the individual chemical constituents 
listed in the 2011 NYSDEC environmental impact statement and the chemicals 
that were listed as being used in New York in the Endocrine Disruption Exchange 
(TDEX) database.32 Between TXEX and the Supplemental Generic Environmental 
Impact Statement (SGEIS),33 334 chemicals were listed (Table 4.3). Of those, MSDS 
sheets could be located for 187. Most of these MSDSs provide hazard information 
for the chemicals in much higher concentrations than those likely to be encountered 
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as a result of gas drilling operations. Many of them have to be inhaled or come 
in contact with mucous membranes or eyes before their eff ects would be felt. Th e 
health hazards that they represent are therefore likely to be lower than suggested 
here, especially any acute eff ects. Th at being said, some of the chemicals can be 
hazardous to humans even at very low concentrations.34 As one author recently put 
it, “Th e mere introduction and usage of hundreds of tons per day, over decades, of 
such toxic chemical additives in watersheds that provide drinking water to millions 
of New York City residents, is a significant cause of concern.”35

Wastewater 

How much risk these potentially harmful chemicals pose depends in part on what 
happens to them after drilling and hydrofracking. As discussed in Chapter 3, fl uids 
that come back out of a well after it has been hydrofracked are called wastewater  
(Figure 3.10). Wastewater includes both fl owback fl uid, which comes back out of 
the well soon after the hydrofracking is complete, and produced water, which that 
fl ows out of the well later and over the entire lifetime of the well. Flowback fl uid 
and produced water diff er in chemical composition. Flowback fl uid is similar in 
composition to, although not exactly the same as, the hydrofracking fl uid that is 
pumped down the well to hydrofrack the rock. In the Marcellus Shale, hydrofracking 
fl uid makes up about 32% of all wastewater produced.36 Produced water has been in 
contact with the target formation for much longer than fl owback fl uid, and therefore 
contains the salts, heavy metals, and naturally occurring radioactive material present 

Table 4.3. Analysis of the potential negative human eff ects of 187 chemicals known to be frequently added 
to hydrofracking fl uid (based on the 2011 rdSGEIS (NYDEC, 2011) and TDEX.

• 88% are eye irritants
• 87% are skin irritants
• 72% are harmful if swallowed
• 68% are respiratory irritants
• 54% are harmful if inhaled
• 50% are harmful if in contact with skin
• 38% can affect the gastrointestinal system
• • 31% have health effects caused by chronic exposure
• 18% affect the brain and nervous system
• 13% cause burns
• 11% affect the kidneys
• 11% affect the liver
• 10% affect the reproductive system
• 10% affect the cardiovascular system
• 9% are mutagens or suspected mutagens
• 9% are carcinogens or suspected carcinogens
• 7% are teratogens or suspected teratogens
• 3% affect the urinary tract
• 1% affect the immune system
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in the shale (see Chapter 2). Produced water makes up the remaining 68% of the 
wastewater. 

Th e amount of water—both fl owback fl uid and produced water—that returns to 
the surface after hydrofracking varies among diff erent formations being drilled, and 
from well to well within the same formation. Th is is a result of both the specifi c 
characteristics of the target formation and the combination of chemicals used in the 
fracturing fl uid. In Marcellus Shale HVHF drilling, most of the water that is used to 
stimulate a well will not return to the surface. For example, in Pennsylvania, between 
9% and 35% of the hydrofracking fl uid returns to the surface over the lifetime of a 
well, with an average of about 10% returning.37

Th is means that for a 4.2 million gallon well, between 387,000 gallons and 1,505,000 
gallons of fl uid will return to the surface, an average of approximately 430,000 
gallons of wastewater. Typically, approximately 60% of that wastewater will fl ow 
out of the well within the fi rst few days after fracturing, before natural gas begins 
fl owing in high volumes. After that, the amount of fl uid drops to 2–5% of the 
total for about two weeks.38 Wells produce wastewater for longer than this, but the 
quantities are typically much lower than in this initial period. NYSDEC estimates 
that after the initial fl owback period, between 400 and 3,400 gallons of wastewater 
will be produced per well per day, depending upon how long the well has been in 
production.39

Th e ratio of fl owback fl uid to produced water changes over time as well. Th e 
wastewater has a higher percentage of fl owback water at fi rst, with its similar chemical 

Figure 4.3. Th e proportion of fl owback fl uid to produced water over the life of a well. Schematic diagram 
showing that in the weeks and months after drilling, fl owback fl uid dominates wastewater. Later in the life 
of the well, formation water is dominant, thus the chemistry of wastewater changes through time.
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composition to hydrofracking fl uid. After that, the produced water with its high 
dissolved solid concentrations dominates (Figure 4.3).

Th e fracturing fl uid that fl ows back is similar in chemical composition to the 
fracturing fl uid pumped down the well, but it is not identical. Th is is because 
chemicals in fracturing fl uid can break down, interact with each other, or interact 
with chemicals in the target formation. Th ese interactions decrease the amount of the 
original chemicals in the fracture fl uid, and also create new chemical compounds not 
originally present in the fracturing fl uid. What specifi c compounds form in fl owback 
water and how the chemicals interact with the Marcellus are not well understood. 
Certain chemicals stay in the formation at higher rates than others, thus, relative 
concentrations in the wastewater change through time.40

Water is present to some degree in almost all sedimentary rocks. Th is water, generally 
called formation water, contains the chemicals naturally present in the rock formation 
itself. Th e Marcellus Shale contains heavy metals, certain radionuclides (and is thus 
naturally occurring radioactive material, NORM), volatile organic compounds 
(VOCs), and other dissolved solids (primarily salts) (see Chapter 2). Some of the 
produced water can be formation water that was in the Marcellus Shale before it was 
drilled and fractured, although experts disagree about how much water is actually 
present in the Marcellus.41 If the produced water is not formation water, it is instead 
hydrofracking fl uid that has been in contact with the shale longer than fl owback 
fl uid, and has acquired its salt and metal content from the Marcellus Shale. Th e 
results for fl uid disposal are the same whether or not the produced water is true 
formation water; the chemical constituents have the potential to harm human health 
and the environment if they are not disposed of properly (see below).

Marcellus wastewater thus contains heavy metals, naturally occurring radioactive 
material, volatile organic compounds, and salt, along with the constituents of 
hydrofracking fl uid and the products of their chemical reactions. 

Heavy metals and norm

Marcellus wastewater can contain a number of heavy metals, including lead, arsenic, 
barium, chromium, magnesium, manganese, strontium, and uranium.42 Heavy 
metals can harm living things even in low concentrations and can bioaccumulate in 
organisms and food webs.43

Exposure to heavy metals can have various adverse health eff ects for humans if the 
exposure exceeds certain thresholds for a long enough period of time. Specifi c ill 
eff ects vary by the type of metal. Lead exposure, for example, can cause brain and 
nervous system damage, anemia, increased blood pressure, kidney damage, damage 
to reproductive organs in both men and women, and even death—if the exposure 
is severe or prolonged enough. Th e eff ects of lead are more severe in children than 
adults.44 Exposure to arsenic at low levels over a long time can cause skin and nerve 
damage, gastrointestinal problems, and cancer.45 Exposure to barium at levels 
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above the Pennsylvania Department of Health (PDOH) and EPA drinking water 
standards can cause gastrointestinal problems, muscle weakness, and changes in 
blood pressure. 

Chromium exists in several forms and danger from chromium exposure depends 
upon which form is present. Chromium-3 is an essential element in human health. 
Chromium-6, on the other hand, is toxic and likely carcinogenic. Manganese is also 
essential to human health, but too much can harm the nervous system. Strontium 
is both a heavy metal and a radioactive element (radionuclide). It is absorbed by the 
body like calcium, and stays in bones, sometimes causing cancers such as leukemia.46 
Uranium is also both a heavy metal and a radionuclide. It can cause kidney damage 
as well as cancer.47

Among all of the radionuclides in Marcellus wastewater, radium is of most concern 
in wastewater because it is highly soluble. Like strontium, it is also processed by 
organisms like calcium, and can therefore stay in the body for long periods of time 
and continue to emit radiation.48

Volatile organic compounds (VOCs)

Volatile organic compounds (VOCs) are relatively light hydrocarbons (molecules 
made up of carbon and hydrogen) that readily evaporate. Th ey sometimes persist in 
drinking water and can be toxic to humans.49

BTEX compounds are of particular concern in Marcellus Shale wastewater. As 
discussed in Chapter 2, these can co-occur with the methane in the parts of the 
Marcellus Shale that produce wet gas. Th ey are also present in some of the chemical 
components of hydrofracking fl uid. As discussed in Chapter 2, these chemicals also 
present threats to human health. 

Total dissolved solids (TDS)

As mentioned in Chapter 2, total dissolved solids (TDS) are solids dissolved in water 
that a normal fi lter cannot remove. Th ey are mostly salts, which break apart into 
their constituent ions, for example, table salt (NaCl) breaks down in water into the 
positively charged sodium ion (Na+) and the negatively charged clorine ion (Cl-). 
TDS concentrations in wastewater from the Marcellus Shale are very high, and 
the concentration increases over the life of the well. Th e median concentration in 
Marcellus wastewater tested in Pennsylvania, for example, was between two and fi ve 
times that of seawater; maximum TDS levels from these wells are much higher.50 Th is 
high TDS concentration could negatively impact aquatic ecosystems (see Chapter 5) 
if allowed to contaminate surfi cial waters.
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The fate of drilling water 
remaining in the ground

Th e behavior and fate of the fl uids that remain in the ground after drilling are 
still incompletely understood.51 As discussed in Chapters 2 and 3, all sedimentary 
rocks, including those adjacent to the Marcellus Shale, contain naturally-occurring 
fractures or joints, and it is possible that drilling water remaining in the ground could 
migrate via these fractures. Hydraulic fracturing in horizontal drilling is only done 
well below the fresh groundwater table, and at these depths the largest compressional 
force is vertical (see discussion in Chapter 3). Th erefore, only vertical joints or highly 
inclined fractures will be reactivated or created by HVHF. Th eoretically, fl uids could 
leak outside of the intended fracturing zone along pre-existing fractures that cut 
several units, but if this were to occur, the fl uid pressure would dissipate, and so the 
ability of the fl uid to hold open pre-existing fractures would also diminish, inhibiting 
further migration. Th is is the main reason that many geologists and engineers think 
that it is unlikely that hydrofracking can have significant impacts on shallow aquifers 
or surface waters.52

In a study conducted in Pennsylvania, some locations had brine in the groundwater 
that contained a composition of isotopes, indicating that its likely source of the brine 
was the Marcellus Shale.53 Th ese areas were not near gas drilling, however, and the 
likely cause was not migration due to gas drilling, but rather higher connectivity 
from natural fractures that connect the deep Marcellus Shale to groundwater sources 
near the surface. Such fl uid migration would have taken many thousands of years 
through these fractures, and the study did not suggest that it happened recently.54Th e 
authors argued that this indicated that some areas would be more prone to fl uid 
migration than others, if the natural fractures already connect deep formations to 
shallow formations.55

Nevertheless, diff erent models of fl uid migration through fractures underground have 
produced disparate results. One study claimed that HVHF could reduce the time 
that it takes for fl uid to migrate from the Marcellus Shale to shallower formations to 
tens or hundreds of years.56 Based on older data, NYSDEC estimated the risk of fl uid 
contamination from hydraulic fractures places the timeframe in thousands of years, 
even with pressure from hydrofracking sustained over the entire time. Th is is likely 
to be an area of active additional research in the near future. 

Wastewater disposal 

What to do with the large quantities of wastewater is a major challenge for operators 
of HVHF operations, in the Marcellus and elsewhere. In the early years of Marcellus 
gas development in Pennsylvania, stories were reported (some verifi ed but others 
not) of companies or individuals working for companies disposing of wastewater 
illegally, for example dumping it into streams, rivers, or at the surface (see below). 
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Wastewater from HVHF can be legally disposed of in one of three ways: recycling; 
treatment in an approved wastewater treatment plant (in or out of state); or treatment 
in an out-of-state treatment plant, or placement in an underground injection 
well.57

Before disposal, however, wastewater must be stored onsite, at least temporarily. 
Although other states have allowed drillers to store the wastewater in lined open pits, 
regulations proposed by NYSDEC require that wastewater be stored in closed tanks 
instead of pits. Storing water in closed tanks provides a number of environmental 
benefi ts over open pits. First, leaks can be more easily detected and fi xed in above-
ground tanks than they can be in a pit. Second, storage in tanks poses less of a threat 
to local wildlife and livestock. Th e USDA has quarantined cows in Pennsylvania, 
for example, after they might have ingested hay from damp ground contaminated 
by a leak in a nearby wastewater pit.58 Th ere have been additional reports of cattle 
dying in Louisiana and Pennsylvania after ingesting substances near drilling rigs. 
Although tanks do not eliminate the potential for such contamination at drill sites, 
they do signifi cantly reduce these risks. Th ird, storing fl owback and produced water 
in open pits allows VOCs from formation water to escape, even if none of the water 
itself leaks. VOCs by defi nition evaporate from liquids under normal ambient 
temperature and pressure. Such evaporation of VOCs is of concern because they 
react with other chemicals in the air to produce ground-level ozone, an important air 
quality problem.59

Figure 4.4. Th e Abington Regional Waste Water Treatment Plant in Chinchilla, Pennsylvania, treats 
primarily sewage and sewage overfl ow during periods of heavy precipitation. Like most such plants, it does 
not accept wastewater from HVHF operations. Treated water drains to Leggetts Creek on its way to the 
Lackawanna and Susquehanna rivers and eventually to Chesapeake Bay.
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Wastewater recycling means that well operators use fl owback fl uid from one well 
to hydrofrack another well after it has been treated in some way.60 Th is treatment 
can happen in a number of ways. It can mean the simple dilution of fl owback water 
with freshwater, or it can be a more complicated process in which certain chemicals 
are removed from the fl owback water. For example, recycling processes can target 
chlorides, calcium, suspended solids, oil and other soluble organics, bacteria, barium, 
carbonates, and sulfates when they treat wastewater for reuse.61

Estimates of exactly how much wastewater is being recycled in Pennsylvania vary 
widely. Th e SRBC reported that, between June 2008 and June 2011, drillers reused 
14.5% of the water withdrawn for Marcellus wells: 311 million gallons of water 
were recycled of the 2.14 billion withdrawn from the Susquehanna River Basin. 
One recent estimate from Pennsylvania Department of Environmental Protection 
(PDEP) suggests that as much as 75% of fl owback water is currently being reused 
in another well.62 Despite the high percentage of fl owback being recycled, it only 
accounts for 10% of the water used to stimulate wells; the other 90% comes from 
freshwater withdrawals.63 Another recent report put the total amount of recycled 
Marcellus wastewater at 40%.64

Factors that infl uence the amount of water that is recycled include the distance 
and time to the next hydrofracking treatment, the cost of implementing treatment 
systems, the amount of local freshwater, how much fl owback water is recovered from 
the well and what is in the fl owback water, and the local environment, topography, 
state regulations, and population density. Wastewater recycling reduces both the 
amount of freshwater that will need to be withdrawn in a region and the amount of 
wastewater that must ultimately be disposed of. 

Even with intensive recycling, some wastewater must eventually be disposed of, either 
by treatment in such a way that it can be released safely back into the environment, 
or permanent removal from the water cycle by injection into a storage well. Proposed 
NYSDEC regulations will require a formal fl uid disposal plan for each drilling site. 
Such plans must include information on both transportation of the fl uid and the 
method of ultimate disposal.65

Injection wells 

Most produced water from oil and gas production in the United States is disposed of 
in injection wells.66 To be eff ective, injection wells should isolate their contents from 
both groundwater sources and other rock layers. Most injection wells dedicated to oil 
and gas operations are located in Texas, Oklahoma, Kansas, and California. Creating 
an injection well in New York would require permitting by NYSDEC and the EPA. 
Th e use of injection wells for disposal of brine and industrial waste is more common 
in the western U.S. than the eastern U.S., both because of diff erences in regulatory 
systems and because the geology of the eastern U.S. makes it more diffi  cult to fi nd 
suitable sites. New York currently has six injection wells, and Pennsylvania has 
seven.67 Pennsylvania’s injection wells are near capacity, and the wastewater that has 
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already been disposed of in injection wells has gone to wells in Ohio, with a small 
amount going to wells in West Virginia.68

Injection wells are commonly cited by industry as the only disposal option currently 
available that isolates wastewater completely and permanently, preventing it and its 
constituent chemicals from ever entering surface or groundwater. Wastewater slated 
for injection-well disposal, furthermore, requires less treatment than water that is 
disposed of in other ways. Th ese two factors would seem to be strong advantages to 
injection wells as a method of wastewater disposal for Marcellus drilling. 

Th ere are also, however, notable disadvantages to disposing of wastewater this way. 
First, induced seismic events have been associated with disposal wells of this type 
(see Chapter 2 for a discussion on induced seismicity). Second, currently wastewater 
disposed of in such wells must be transported over long distances to the disposal 
site, likely by truck. Th is would increase the risk of spills and leaks, and contribute 
to diesel emissions associated with drilling. Th ird, this would remove water from the 
water cycle permanently. Wastewater treatment has the potential to replace at least 
some of the freshwater removed for hydrofracking, but disposal in an injection well 
does not. 

Wastewater treatment

Of the more than 600 publicly owned treatment works (POTWs) in New York State, 
115 are capable of accepting industrial wastewater—a prerequisite under proposed 
regulations for accepting and treating Marcellus Shale wastewater (Figure 4.4).69 

None of these facilities, however, can accept Marcellus Shale wastewater without 
modifi cation of their permits, which depend upon testing their facilities’ capacity 
to treat the water eff ectively “without disrupting their current program” (i.e., they 
might not have the physical capacity to handle it in addition to also all of the waste 
that they currently treat). Because of this, New York might not have the existing 
infrastructure at POTWs to handle the chemicals, NORM, and TDS, in volumes of 
water required for drilling. 

NYSDEC estimates the amount of wastewater produced from a well to be between 
400 and 3,400 gallons per day. If a high-production year of drilling sees 2,462 
wells per year (the highest estimate used by the NYSDEC), between 984,800 and 
8,370,800 gallons of wastewater could be produced per day. A rough estimate by 
NYSDEC puts the maximum amount of water that can be accepted at all current 
wastewater treatment facilities “within the approximate area of shale development 
in New York” at 300 million gallons per day. NYSDEC estimates, however, that the 
total amount of Marcellus wastewater that is treatable with existing infrastructure to 
be “much less” than 1 million gallons per day.70

One of the limiting factors for how much water these facilities can accept is their 
ability to dilute the concentration of TDS present in their discharge water—the 
water that is released from the facility after treatment—to 500 ppm, the amount in 
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potable water. Existing wastewater treatment plants might not have the capacity to 
suffi  ciently reduce the TDS levels.

Another factor that limits how much water a facility can treat is the amount of 
radium in the wastewater. NYSDEC proposes to cap the maximum concentration 
of radium that treatment plants can accept in wastewater at 15 pCi per liter to 
ensure that wastewater treatment plant sludge does not become too radioactive for 
disposal.71 At least some of this wastewater has radium concentrations too high to be 
treated by these plants. 

If in fact current municipal capacity to treat wastewater in New York is insuffi  cient, 
NYSDEC has left open the possibility of using private wastewater treatment plants. 
Th ey would be held to the same permitting standards for operation and discharge of 
treated water. Additionally, NYSDEC proposes to allow wastewater to be shipped to 
other states, including 11 sites in Pennsylvania and West Virginia. Th e water would 
be subject to the receiving states regulations rather than New York’s, and it is possible 
that these treatment facilities would refuse the wastewater.72

A series of articles in Th e New York Times in February and March 2011 detailed how 
Pennsylvania municipal water treatment plants were taking in Marcellus wastewater 
that they could not fully treat.73 NORMs were of special concern, because regulations 
in Pennsylvania allow drinking water plant operators to test for NORM only once 
every 6–9 years. It was also discovered that some wastewater treatment plants located 
upstream from drinking water plants were discharging water with levels of NORM 
and benzene much higher than the acceptable drinking water levels. PDEP asked 
drilling companies to (voluntarily) stop bringing wastewater to be treated at these 
plants, and a law was passed by the Pennsylvania legislature later in 2011, ending the 
practice.74 PDEP later released the results of water testing for untreated water going 
into the drinking water plants, which showed that levels of radium and radiation 
were at or below background levels and below EPA drinking water maximum 
allowable levels. 

Potential for water contamination

Th e possibility that ground or surface water could be contaminated as a result of 
HVHF in the Marcellus Shale is probably the single greatest point of environmental 
concern, and continues to drive most of the opposition to drilling.  Such contamination 
might occur in any of several ways: (1) fl uids remaining in the ground could migrate 
through fractures; (2) spills at the surface; or (3) methane itself contaminating 
groundwater by migration.

Contamination from fluids in the ground

Th e aquifers that provide potable groundwater to wells in New York and Pennsylvania 
vary in depth down to roughly 500 feet (150 meters) below the surface. Th is is far 
above the shallowest level of the Marcellus Shale, which is the target of HVHF drilling. 
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Th us, the only ways that drilling and/or hydrofracking fl uids could contaminate 
shallow aquifers would be if either (a) the fractures created by well stimulation 
could extend far enough above the Marcellus to reach drinking water sources, or (b) 
fractures created by hydrofracking could connect with existing fracture networks to 
provide a path for the fl uids to travel to drinking water sources. 

Th ere are some basic geological reasons for thinking that such contamination is 
unlikely. As discussed previously, at the depths at which the Marcellus Shale is found, 
the largest compressional forces are vertical, and therefore only vertical joints or 
inclined shearing fractures will be reactivated or created. Although it is theoretically 
possible that such fractures could pass from one layer of rock into another, this 
would be highly unusual unless the layers had almost identical physical properties. 
If, however, such a fracture were to occur, and fl uids did leak outside of the intended 
fracturing zone along it, they would likely not go far, because the fl uid pressure 
would decrease as the fl uids moved, and so would their ability to hold open the 
fractures, inhibiting further movement. 

Most, if not all, documented reports of groundwater contamination during shale gas 
drilling are, therefore, likely related to problems of the shallow casing of the wells, 
rather than to the fractures created by the hydrofracking (see below).

On July 20, 2013, the Department of Energy's National Energy Technology 
Laboratory (NETL) released a very brief statement on their ongoing study in western 
Pennsylvania aimed at determining whether hydraulic fracturing actually does 
contaminate groundwater. According to the statement, preliminary analysis has not 
found any evidence of contamination.  It also noted, however, that the results were  
preliminary, and that a fi nal report on the results is expected by the end of 2013.75

Leaks and spills

Water contamination can also result from surface spills or leaks of drilling fl uids, 
hydrofracking fl uids, or wastewater. According to data collected by the environmental 
group Toxics Targeting in 2009, there have been two reported commercial vehicle 
accidents associated with the natural gas industry leading to spills in New York since 
1986.76 Th ere have also been truck accidents with vehicles carrying Marcellus drilling 
materials and waste in Pennsylvania, although an exact number is not available. In 
just three days of heavy enforcement in the summer of 2010, Pennsylvania state 
police issued 669 citations and 818 written warnings to trucks carrying Marcellus 
wastewater.77

Well pads can also be sites of spills and leaks of drilling and/or hydrofracking fl uids. 
One recent study found that, among 43 highly-publicized accidents, 33% were onsite 
spills.78 Such accidents can be caused by improper storage or handling of materials, 
or unforeseen environmental causes. Th is number is likely to be an underestimate, 
however, because it included only incidents reported by the media. Improper storage 
and handling of materials can also contribute to spills at any step in the process. A 
Pennsylvania Land Trust analysis of PDEP citations of Marcellus drillers found a total 
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of 1,614 violations of drilling regulations in Pennsylvania Marcellus wells between 
2008 and 2010, 1,056 of which were judged likely to impact the environment. Th ese 
include violations that could contribute to a higher likelihood of spills, including 
155 “discharge of industrial waste” violations, which means that drilling waste was 
released onto the ground or into streams.79

A more recent assessment analyzed 1,144 environmental violations issued by PDEP 
to Marcellus drillers. Th ese represented 845 distinct incidents among 3,533 wells 
between 2008 and August 2011 that resulted in pollution of the environment. Of 
these, 9 (1%) were classifi ed as “major land spills,” 149 (18%) were classifi ed as 
“minor land spills,” 8 (1%) were classifi ed as “major water contamination events,” 
and 258 (31%) were classifi ed as “minor water contamination events.”80 Th e study 
found that the percent of incidents per well decreased over the course of the three 
years in conjunction with changes in regulation and inspection by PDEP. 

In addition to human error, certain environmental conditions can contribute to spills 
and leaks on well sites. Storms and fl ooding can wreak havoc on fl uid storage systems 
and cause spills. NYSDEC will require comprehensive site-specifi c Stormwater 
Pollution Prevention Plans (SWPPP) for each well site. Th ese would provide plans 
to prevent stormwater runoff  from adversely impacting the environment at all stages 
in the construction and drilling process.

Spills not only contaminate ground or surface waters and bring humans into contact 
with the harmful substances found in wastewater; they can also damage local 
vegetation. A study performed in the Fernow Experimental Forest in West Virginia, 
for example, found that when untreated hydrofracking fl uid was spread over 0.20 
hectares (less than 0.001 mi2), almost all ground vegetation died within two days, 
trees started dropping foliage within ten days, and 56% of the trees in that area were 
dead after two years.81 Leaks of hydrofracking fl uid can also damage other parts 
of the ecosystem. For example, freshwater mussel populations, many of which are 
already seriously reduced as a result of human activity, can be particularly vulnerable. 
Th ese fi lter feeders are particularly susceptible to toxins in the water.82 Besides acute 
toxicity, changes in pH or salinity from hydrofracking fl uid or wastewater can aff ect 
other plants, animals, and microorganisms that inhabit streams and other surface 
waters.83 (See Chapter 5 for further discussion of the eff ects of Marcellus natural gas 
development on ecosystems.)

Methane migration

Th e lands overlying the Appalachian Basin have long been known to have some 
naturally occurring methane in ground and surface waters. How can this methane 
be distinguished from methane that might be moving through the rock as a result 
of natural gas development? As discussed further in Chapter 6, natural gas can be 
classifi ed into one of two categories, depending upon how it is formed. Th ermogenic 
gas is formed by temperature and pressure changes deep beneath Earth’s surface 
that change carbon matter into methane. Th is is the kind of gas that is found in 
the Marcellus Shale. Biogenic gas, on the other hand, is produced by the metabolic 
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activity or decomposition of organisms close to the Earth’s surface. Th ese two kinds 
of gases diff er chemically, and the source can frequently be determined by laboratory 
tests. Furthermore, thermogenic gases of diff erent ages and origins can sometimes 
be told apart by their chemical signatures, and the rock formations in which they 
originated can be determined. 

Such studies are made more diffi  cult by the frequent lack of established baseline 
data on existing methane in groundwater.84 Such data establishes what “normal” 
conditions are, which allows future measurements to document changes, such as 
those that might result from natural gas development. Despite this diffi  culty, several 
studies that have examined methane in groundwater in New York and Pennsylvania 
have concluded that the methane was probably derived from the Marcellus, and in 
association with shale gas development.85

Methane that escapes into the atmosphere poses no risk to groundwater (but see 
Chapter 6). However, methane that seeps into the shallow subsurface presents an 
explosion risk if it accumulates in confi ned areas, such as cavities in rocks or human-
made structures. Exactly this kind of explosion occurred in the town of Dimock, in 
Susquehanna County, Pennsylvania, in 2009 (see below). 

Blowouts

Unexpected pockets of gas under high pressure are sometimes encountered while a 
well is being drilled. Th is can happen in both conventional and unconventional wells. 
Whereas the depth of some gas reservoirs can be predicted during drilling, some 
reservoir rocks could have allowed natural gas to migrate into voids in surrounding 
rocks. (Indeed, this migration into traps—porous rocks overlain by less permeable 
rocks—provides exactly the conditions that most conventional vertical wells exploit.) 
If a concentration of gas is not anticipated, however, it can cause a blowout, a sudden 
uncontrolled release of gas and fl uids from the well (Figure 4.5). During a blowout, 
contaminants can move from the source to nearby surface waters, or through the soil 
into near-surface groundwater. 

To help prevent blowouts, various technologies are used to monitor the pressures 
in the well as it is drilled. Valves called blowout preventers that help regulate erratic 
pressure changes that can be found while drilling, are installed at all gas wells to help 
prevent and contain blowouts. Furthermore, in principle, the pressure of the drilling 
mud (a combination of the density and temperature of the muds, the height in the 
well, and gravity) counters the increasing pressures in the well until the next section 
can be cased. If, however, a shallow, unexpected pocket of gas is encountered while 
drilling, pressure in the well will quickly and dramatically increase. If the pressure 
provided by the drilling muds is not suffi  cient to contain the pressure from the gas 
pocket, the gas can mix with the drilling muds and fl ow back to the surface. Th e 
higher the pressure in the shallow gas pocket, the more gas will be released suddenly. 
Th is poses a danger at the surface, because gas is explosive and can be ignited by 
the machines running above ground (Figure 4.5). It can also contaminate nearby 
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groundwater sources with methane if casing has not yet been installed to separate the 
fl uids in the well bore from the surrounding rock.86

Blowouts have occurred in Pennsylvania Marcellus wells. A total of four blowout or 
venting incidents, all classifi ed as major, occurred in Pennsylvania between 2008 and 
2011. In April 2011, a well in Bradford County experienced a blowout that released 
thousands of gallons of fl uid and required the evacuation of homes in the area. In 
June 2010, a well in Clearfi eld County had a blowout that resulted in the release of 
natural gas, fl owback fracture fl uid, and brine.87 Th e amount of damage caused by 
a well blowout depends upon the pressure of the gas pocket, how fast the well can 
be contained, and the speed with which appropriate mitigation measures can be 
implemented. 

Casing failures

Well casings can fail or be constructed improperly, creating the potential for 
groundwater contamination. In the Marcellus Shale, HVHF is carried out along the 

Figure 4.5. In June 2010, a drilling operation on a gas well in Marshall County, West Virginia, struck an 
abandoned coal mine triggering a blowout and explosion that injured seven workers (three seriously).
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horizontal leg of the well, thousands of feet below the water table, but well bores must 
fi rst go through groundwater sources to reach the Marcellus. Recall from Chapter 3 
that metal casings and cement are put into place during the drilling process to seal 
off  the well bore from the surrounding rocks. Th is is done for several reasons: to 
help prevent methane from escaping the well bore into other, shallower rock units 
(including aquifers); to help prevent groundwater from entering the well bore and 
being extracted with the gas (requiring it to be processed back out at the surface); to 
help prevent hydrofracking fl uid from entering formations other than the Marcellus; 
and to help prevent the collapse of the well bore. A well that is not cased properly 
can cause some or all of these, in particular the migration of methane into potable 
groundwater sources.88

Improper casing of unconventional gas wells or casing failures have contributed to 
contamination of groundwater in Pennsylvania, Colorado, and Wyoming. One of 
the more publicized recent incidents of groundwater contamination occurred in 
Dimock, Pennsylvania.89

Other parts of the country experiencing development of unconventional fossil 
fuels have also had issues with water contamination. For example, reports of BTEX 
contamination and attendant health eff ects have been associated with natural gas 
drilling in coal bed methane formations in Wyoming, and tight sands in Colorado. 
In Garfi eld County, Colorado, contamination was due improper casing of the well. 
When drillers attempted to fracture a tight sand formation 7,000 feet (2,134 meters) 
below the surface, the protective well casing failed, and they instead contaminated 
groundwater 3,500 feet (1,067 meters) away through a shallower fracture system. 
Benzene was found in some of the samples, but not in the domestic water wells. 
Along with methane, which they were not able to defi nitively source from the natural 
gas wells, they found increased levels of chloride, fl uoride, nitrate, selenium, iron, 
and manganese.90

Th e EPA sampled 39 wells in 2009 in the town of Pavillion, Fremont County, 
Wyoming—the site of a natural gas fi eld extracting coal bed methane—after complaints 
from residents. Samples indicated “high levels” of benzene, xylene, and other 
hydrocarbons like methylcyclohexane, naphthalene, and phenol.91 Hazardous levels 
of lead, phthalate (a substance used in hydrofracking fl uid), and nitrite were found. 
EPA resampled in 2010 and confi rmed that this was “highly contaminated shallow 
groundwater occurring in the same aquifer as drinking water wells.”92 At the time of 
the 2010 report, EPA had not yet determined the source of the contamination, which 
might have included storage pits from older projects. In Sublette County, Wyoming, 
home to one of the largest coal bed methane fi elds in the U.S., benzene levels 1,500 
times the acceptable concentration levels were discovered in groundwater.93
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Chapter 4 Summary

Water, which mostly comes from surface water • 
withdrawals, is an integral part of the current practice 
of shale gas extraction. Approximately 3–5 million 
gallons of water are used per well. 

Compared to other water uses in the Northeast and • 
compared with other sources of energy, the total 
water requirements for shale gas extraction are not 
large, but they can still cause signifi cant problems for 
ecosystems and human water supplies, depending 
on source and location of the water withdrawal.  

Water is used to both drill and hydrofrack a • 
well, although most of the water is used in the 
hydrofracking process. A variety of chemicals are 
mixed with the water to form hydrofracking fl uid, and 
many of these chemicals can cause adverse health 
and environmental effects. 

An average of 10% of the water used to hydrofrack a • 
well in the Marcellus Shale comes back to the surface. 
This water can contain high levels of heavy metals, 
total dissolved solids, volatile organic compounds, 
and naturally occurring radioactive material, as well 
as the chemicals added to the hydrofracking fl uid. 

Disposal of this wastewater is a challenge It can be • 
disposed of in underground injection wells, or it can 
be treated, but only in wastewater treatment facilities 
that have been modifi ed to handle the chemical 
composition of the water. 

Natural gas extraction can contaminate ground and • 
surface water. Surface spills and leaks, faulty well 
construction, and erosion can all contaminate local 
water supplies. It can be diffi cult to prove that any 
single instance of contamination was a result of gas 
drilling, but establishing baseline data for water near 
proposed natural gas development projects can 
help. 
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Figure 5.1. Service trucks gather on a typical Marcellus Shale natural gas well pad in 
southwestern Pennsylvania. Silica dust clouds the air.
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Chapter 5

Beyond Water: 
Other Environmental 
Impacts of
Marcellus Gas 
Development

Th e land that overlies the Marcellus Shale gas play is largely rural and hilly, a mix of 
forests and farmland. Developing this play has aff ected—and could aff ect—this land 
in many ways beyond water (Table 5.1). Construction of well pads, access roads, and 
pipelines contribute to habitat fragmentation, with large eff ects on ecosystems. Th e 
diesel engines that provide much of the power needed for drilling, hydrofracking, 
and transport of materials, equipment, and people aff ect air quality. Th ere is solid 
waste that must be disposed of. Land use changes and increased heavy truck traffi  c 
can result in greater erosion and runoff  into streams. Transport of materials and 
equipment from other areas of the country into the Marcellus region carries with 
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it the potential for transport of invasive species. Even the sounds of drilling and 
hydrofracking, aside from their impact on humans, can aff ect local wildlife.

When considered well pad by well pad, these changes have relatively small consequences 
for the environment, which decrease the farther one looks from the area immediately 
adjacent to drilling. When these changes are considered for thousands of well pads 
on a regional scale, the consequences to ecosystems can be much larger and much 
more diffi  cult to repair afterward. Moreover, unlike water contamination—which can 
be reduced, although not entirely prevented, by keeping human error to a minimum 
and carefully choosing options for disposal—habitat fragmentation, diesel emissions, 
erosion, and noise impacts are all unavoidable consequences of drilling operations, 
and are less likely to be regulated, especially across a region.

In this chapter, we discuss some of the eff ects that large-scale shale gas drilling 
operations have on ecosystems, and the potential for minimizing or remediating 
these eff ects. 

Local air quality

Gas drilling aff ects air quality because various pollutants are emitted during well 
completion and fl owback, and from the diesel engines used to power and supply 
much of the gas extraction process.1 Air quality issues have been attributed to natural 
gas drilling in other parts of the country.2 Th e EPA considers the oil and gas industry 
to be a major source of volatile organic compounds (VOCs), which lead to smog, 
among other negative eff ects. In Wyoming, for example, drilling has led to the release 
of ground level ozone (O3), causing smog that was worse than levels recorded in Los 

Table 5.1. Major non-water categories of potential environmental damage from large-scale hydrofracking 
in the Marcellus Shale.

I. Air quality
A. Smog
B. Particulates
C. NOX

II. Solid waste disposal
A. Cuttings
B. Drilling and residue

III. Soil erosion
IV. Water quality (as a habitat for wildlife)

A. Chemical pollution
B. Siltation
C. Reduced fl ow

V. Habitat damage
A. Habitat loss
B. Habitat fragmentation

VI. Noise
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Angeles. Air quality issues connected to drilling in the Barnett Shale in Texas have 
also been at the forefront of environmental concerns.  

VOCs and methane emissions 

Recall from Chapter 4 that after a well is hydrofracked, but before the gas can be 
collected, a period of fl owback must occur in which some of the water used to 
hydrofrack the well fl ows back to the surface. Th e fl owback fl uid that returns to 
the surface usually contains methane, VOCs, and potentially other air pollutants. 
Technologies do exist that can be used to reduce these emissions. Green completion 
of a well is a term used to refer to the application of such technologies during the 
fl owback period to help prevent gas from escaping into the atmosphere.3 (See further 
discussion in Chapter 6.)

VOCs are chemical precursors to ground level ozone. In sunlight, VOCs and NOX 
(nitrogen oxides) react with each other to produce ozone, which not only contributes 
to smog, but can be a human health hazard. If this reaction happens high in the 
stratosphere, the ozone serves to block harmful ultraviolet radiation from the Earth’s 
surface. If it happens close to the ground, however, it causes smog, and can harm 
human respiratory systems. It can also seriously damage plants, reducing crop yield 
and making ecosystems more vulnerable to pests and disease. Ozone creation is 
seasonal. Because the reaction that creates ozone is dependent upon sunlight, ground-
level ozone concentrations rise in the summer, when there is more sunlight.4

Diesel emissions 

Emissions from diesel engines contain NOX, which combines with VOCs to make 
ground level ozone, and fi ne particulate matter, which can damage respiratory systems 
with chronic exposure. 

Building a well pad and drilling and fracturing wells is a truck-intensive process, and 
trucks largely use diesel engines. All of the equipment, personnel, proppant, and 
chemicals must be transported to the site by truck. In the early stages of development 
in the region, all of the water needed to fracture the well usually must be transported 
by truck as well. All of the equipment and the waste fl uids must also be transported 
away from the well pad by truck. NYSDEC reports that 1,979 trips would be 
required at an average well in the early stages of development. As development ramps 
up and pipelines are put in place for water, this number decreases by approximately 
29%, to 1,420 round trips.5 Subsequent wells on a pad will require somewhat fewer 
truck trips, as much of the equipment will already be there. Total VOC and NOX 
emissions due to increased truck traffi  c are estimated to increase 0.17% and 0.66% 
over baseline, respectively.6

Other equipment associated with drilling and fracturing includes the drilling 
equipment to create the well bore and the pumps required to force the water and 
proppant into the target formation. Power for this equipment also usually comes from 
diesel engines. A typical drilling rig diesel engine, were it to operate continuously 
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for a year, releases approximately 333.7 tons of NOX, and a typical diesel-powered 
hydrofracking pump, if it operated continuously for a year, wiykd produce 
approximately 144.1 tons of NOX.7 Based on these calculations and estimates of 
the number of wells drilled, NYSDEC estimates that if drilling begins in New York, 
NOX emissions from drilling and fracturing activities will be approximately 10.4% 
over current upstate emissions in peak development years.8

Compressor stations, used to transport natural gas in pipelines, also require engines 
to power them, although natural gas can be used rather than diesel. Natural gas emits 
NOX from combustion as well, but not as much as diesel fuel. NYSDEC’s estimate 
for NOX emissions from a single compressor station engine is 48.3 tons per year.9 
Unlike pumps and drilling equipment, the engine in a compressor station is expected 
to run continuously. Compressor stations are also a source of methane emissions (see 
Chapter 6).10

 

Solid waste 

Recall from Chapter 3 that drilling mud is fl uid used to lubricate the drill bit 
during drilling and carry cuttings back to the surface. Recall also that compressed 
air is sometimes used for this purpose. Drilling muds can be recovered, treated, and 
reused in other wells, especially if getting the mud to and from diff erent well sites is 
convenient, as on a multiwell pad.11 Proposed NYSDEC regulations would require 
that when chemicals are used in drilling muds, they must be part of what is called a 
closed loop drilling system. In such a system, these muds are held in containers at the 
surface, circulated through the well bore during drilling, then stored in containers 
when it comes back out of the well bore—it is never supposed to be stored in open 
pits. Eventually they must be disposed of. 

Recall that cuttings are a mixture of coarse rock chips, fi ne particles, and shavings 
that are displaced from the well bore while the well is being drilled. If fl uid, rather 
than air, has been used to drill a well, these cuttings are a wet slurry (Figure 2.1). If 
the well has been drilled using air, they will be drier, although they can contain some 
formation water. Cuttings from the Marcellus formation itself could represent half 
or more of the total cuttings, because the lateral well legs within the Marcellus are 
in some cases longer than the vertical well length to the Marcellus. Marcellus well 
cuttings contain all of the chemicals present in other Marcellus waste, including 
radionuclides (see Chapter 2), as well as the mineral pyrite.

As mentioned in Chapter 2, Marcellus drill cuttings show radiation levels similar 
to natural outcrops at the surface of Marcellus Shale and other dark shales, and 
have been judged by NYSDEC not to pose a danger of radiation exposure to either 
workers or the general public. 

Pyrite is a mineral that is commonly found in dark shales such as the Marcellus. 
When exposed to air and water, pyrite breaks down into iron oxides and sulfate. 
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Th e sulfate then combines with water, producing sulfuric acid, which  can damage 
certain storage pit liners and contaminate water with acid discharge. At Marcellus 
well sites in New York, cuttings would be stored either in lined pits or steel tanks if 
the cuttings are dry. If the well has been drilled with oil-based muds, the cuttings 
must be contained within tanks and disposed of in an off -site solid waste facility. 
Dry cuttings could be buried onsite if they are buried with chemicals that neutralize 
potential acidic discharge from oxidizing of pyrite. If this is not done correctly, the 
discharge could cause a change in soil or groundwater pH, making them more acidic 
and potentially damaging local vegetation.12

Water, erosion, and ecosystems

Marcellus drilling activity has the potential to adversely aff ect the wildlife and 
ecosystems of streams and rivers in the area underlain by the formation (Table 5.1, 
Figure 5.2). Some of these adverse eff ects could also extend downstream to areas 
that do not see gas drilling. Th e Delaware River Basin Commission (DRBC), for 
example, has determined that the potential threat to the streams of the Delaware 
River Basin from natural gas development is suffi  cient for them to regulate drilling 
in their entire watershed, which includes sections of seven New York counties in the 
southeastern portion of the state (Figure 3.2).

As discussed in Chapter 3, one major consequence of HVHF is the removal of high 
volumes of water from streams and rivers. Recall that NYSDEC estimated that the 
total water required for Marcellus Shale drilling in New York could reach 9 billion 
gallons in a peak development year. Most of the area underlain by the Marcellus 
Shale in New York is part of the headwaof nter areas of several river basins. Because 
they are small, headwaters are often the part of the river that is most sensitive to 
environmental changes, such as water withdrawal. Altered fl ow in a river can aff ect 
specifi c aspects of ecosystems, such as water temperature, movement of sediment 
through the stream, and the shape of the channel itself, all of which can alter 
abundance and diversity of stream biota and how the ecosystem functions.13

Other impacts to wildlife come from construction of the well pads, roads, pipelines, 
and associated infrastructure (Figure 5.2). Th ese include physical disturbance caused 
by well pad and road construction, loss of forest cover, and increased impermeable 
surfaces. All of these increase surface water runoff , soil erosion, and temperature, and 
these in turn can have major impact on both land and stream ecosystems. By one 
estimate, construction of an average 2.5-acre (1-hectare) well pad in New York might 
lead to the erosion of 8.5 tons of sediment.14

Forest cover infl uences many aspects of streams, including temperature, levels of 
dissolved oxygen, erosion rates, and input of nutrients.15 Under natural conditions, 
vegetation acts as a natural fi lter during strong precipitation, slowing the rate at 
which eroded soil enters surface water. If, however, well pads, access roads, and 
staging areas are cleared of vegetation, the fi ltering eff ects are reduced or eliminated. 
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Th e hilly topography of much of the land being developed for natural gas in the 
Marcellus will exacerbate this problem.

Erosion is an environmental problem for several reasons (Figure 5.2). First, it reduces 
available topsoil, diminishing land plant growth. Topsoil erosion is a major global 
environmental problem because it reduces the amount of land available to produce 
crops. Th e U.S., for example, is currently losing topsoil ten times faster than it is 
replenished.16 Second, all of the eroded topsoil has to go somewhere, and that is 
usually into local surface water. Increased runoff  and sedimentation can be extremely 
harmful to stream ecosystems. Some of these adverse eff ects could also extend 
downstream to areas that do not see gas drilling. Excess sediment in streams can alter 
habitat and directly harm aquatic organisms.17 Many stream species depend on hard 
surfaces at the  bottom to successfully complete their life cycles; if stream bottoms 
are covered with sediment, eggs and/or larvae of fi sh and aquatic invertebrates (such 
as insects, crustaceans, and mussels) can be smothered, and adults can have their 
available habitat reduced or eliminated.18 Filter feeders, including freshwater mussels 
(Figure 5.3), can experience eff ects ranging from reduced feeding ability in waters 
turbid from excess sediment, to mortality when sediment clogs their gills.19

A variety of measures can reduce the eff ects of these land-use changes. Proposed 
NYSDEC regulations would require that the edge of well pads not be closer than 150 
feet (46 meters) to streams without a site-specifi c review. Erosion and sedimentation 
controls, including berms, ditches, sediment traps, sumps, or fencing, can also be 
constructed around access roads and well pads.20 Such measures can reduce impacts, 

Figure 5.2. Summary of the major environmental impacts resulting from well pad (and other) 
construction. 
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but removal of vegetation, combined with creation of new impermeable surfaces 
(concrete, paving, packed dirt, etc.), will inevitably increase sediment erosion.21 

Invasive species

All of the truck traffi  c associated with drilling can also raise the risk of introducing 
invasive species—microorganisms, plants, and animals—into new habitats. Invasive 
species are already among the most serious threats to ecosystems in the northeastern 
U.S. and elsewhere, and this could worsen that situation.22 Ironically, reclamation of 
well sites can also introduce invasive species, for example by using hearty non-native 
grass blends, especially in forests.23 Invasive species are an environmental problem 
because they can alter and damage local ecosystems, especially if those ecosystems 
are already disturbed or weakened by other environmental changes (such as from gas 
drilling). Often invasive species will have left behind the diseases and predators that 
limit their population, and can out-compete native species and disrupt the normal 
ecosystem interactions of their new environment. Th ey can also be very diffi  cult to 
eradicate once established. Pennsylvania and New York State already have numerous 
invasive species to contend with, both aquatic and terrestrial.24

Figure 5.3. Freshwater mussels, like this species from New York, face more environmental threats than 
perhaps any other animal group. Invasive species (especially Zebra Mussels), physical changes in habitat 
(e.g., damming), and poor water quality are among the more serious threats to their survival.
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Habitat loss and fragmentation 

Some degree of habitat loss and fragmentation is an unavoidable result of shale gas 
development. Habitat loss is the conversion of one kind of habitat to another, 
dissimilar habitat. In the case of Marcellus Shale drilling in New York, this would 
mostly involve clearing of forest land for access roads, well pads, and pipelines. 
Habitat fragmentation occurs when a continuous area of habitat is broken up into 
smaller pieces, separated by areas of a diff erent type of habitat (Figure 5.4). 

Th e major consequences of habitat fragmentation for native wildlife include 
reduction in the size of patches of the original habitat, increase in the distance 
between individual patches of the original habitat, and changes along the margins 
of fragments (e.g., drying of forests). Habitat fragmentation is also known to have 
negative eff ects on the number of species—or biodiversity—in an ecosystem. Th ese 
eff ects result from barriers to migration between patches (fragments) of the original 
habitat, as well as the inevitably smaller size of the patches.25 

Habitat fragmentation can, however, occasionally also have positive eff ects on 
particular species with certain kinds of life cycles and habitat preferences. Many 
species need more than one type of habitat to successfully complete a life cycle. A 
more fragmented habitat can increase the chances that the diff erent habitats needed 
are close or adjacent to one another. Th is is true for certain reptiles and amphibians 
that inhabit New York State forests.26

Fragmentation can also benefi t species that prefer edge habitats, which are places 
where one kind of habitat is adjacent to a diff erent kind of habitat. Th e number of 
these kinds of species increases when habitats become more fragmented. Examples 
of such “edge species” in the northeastern U.S. include White-tailed Deer, Raccoons, 
Cottontail Rabbits, and Blue Jays. Th ese species are sometimes described as “weedy,”  
because they do well in human-disturbed habitats. Th e Nature Conservancy and 
Audubon Pennsylvania have estimated that an average of 21.2 acres (8.6 hectares) of 
new edge habitat is created per Marcellus well site.27

Although habitat fragmentation can increase abundance of certain species and increase 
total diversity in some locations, signifi cant habitat fragmentation almost always 
changes the composition (and decreases the diversity) of the species in an ecosystem. 
One study done on reptiles and amphibians at gas well sites in the Monongahela 
National Forest in West Virginia suggests that the picture could be complicated. Th e 
researchers found that whereas fewer woodland salamanders were present near gas 
wells than were present in forests, a larger total abundance of amphibians was found 
in areas with higher road densities. Th is could be a result of the drainage ditches 
being used as breeding grounds for species like the American Toad (Figure 5.5). Th ey 
also found no diff erence in the number of reptiles near gas wells and in forests farther 
away from them, and found the small mammal population to be higher near gas 
wells than farther away from them. But the small mammal species that they found 
are those characteristic of early successional habitats, that is, those recovering from a 
recent disturbance, like the kind of habitat provided by a gas well.28
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Figure 5.4. Access roads for wells and pipelines lead to habitat fragmentation. Th is aerial photograph 
shows HVHF wells and a compressor station in Chartiers Township in Washington County, Pennsylvania. 
Th e compressor station (white arrow) sits on a buried pipeline with cleared land above that connects to 
the nearby wells.

Figure 5.5. Some amphibians, such as the American Toad (Bufo americanus, left), could benefi t from 
more disturbed habitats that result from Marcellus gas development. Others, such as the Northern Dusky 
Salamander (Desmognathus fuscus, right), could suff er from reduced or degraded habitats.

▼
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Studies done in other areas that have seen gas drilling might provide insight into 
the potential eff ects of gas drilling in the northeastern U.S. For example, in Alberta, 
Canada, which has seen intense oil and gas development, over half of the land was 
originally boreal forest, and approximately 90% of those forests have been fragmented 
since the early 1900s.29 Although most of the forest fragmentation is the result of 
logging, the oil and gas industry is now interacting with the timber industry to alter 
forests that remain. Changes have been seen in the kinds of species that inhabit areas 
that have been fragmented. Th e species that inhabit older forests, continuous forests, 
and species that avoid humans have decreased, whereas the species that inhabit 
younger forests, fragmented forests, non-native species, and human-tolerant species 
have increased. Th is situation in Alberta also indicates that habitat fragmentation can 
be greater in areas with more separate gas companies operating, because access roads 
are frequently built with little coordination among companies.30

Th e southwestern U.S., which has also seen gas drilling, is home to a variety of 
reptiles with fairly specifi c habitat needs that could be disrupted by such drilling. 
In this case, the concern has been that roads would alter the form of blowing sand 
dunes, thus altering and eliminating the habitat of species living there. One study of 
six lizard species found no indication that the access roads altered the size or area of 
the sand dune features. Although higher abundance of all six species was positively 
correlated with the amount of area, abundance was not correlated with the presence 
or absence of access roads or drilling activity.31

One study done on birds in the grasslands of Alberta showed diff erent results for 
each of the three species studied. One bird species, known to be more tolerant of 
humans, showed increased abundance with increased well density. A second showed 
no correlation with gas well density, and a third species decreased in abundance with 
an increase in well density.32

Animals aren’t the only parts of ecosystems that can be aff ected by habitat 
fragmentation and well development. A study done on oil wells in Saskatchewan 
found that lease sites were found to have fewer herbaceous (non-woody) plants, more 
bare ground, altered soil chemistry, and a higher abundance of undesirable (invasive) 
grass species than non-lease sites. It was also shown that these impacts could last for 
50 years or more, and for up to 82 feet (25 meters) away from the well pad.33

Diff erent kinds of development, e.g., urban development, agriculture, and road 
construction, create diff erent patterns of habitat fragmentation.34 Natural gas 
development also breaks up ecosystems in a distinctive way. Th e footprint of 
Marcellus drilling consists of well pads and staging areas (where drilling takes place 
and equipment and materials are stored), access roads to reach the pads, and pipelines 
to transmit gas once it has been recovered. Additional pipelines could be built to 
carry the water needed for HVHF to the well pads, in lieu of truck transportation. 
Th e individual well pads used for Marcellus drilling will be larger than the well pads 
that have been built in New York State for vertical gas drilling. More wells being 
drilled from a single pad and the increased storage requirements for materials and 
equipment needed for horizontal drilling and hydrofracking contribute to this. Th e 
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collective footprint of these pads over the region, however, will be smaller. Vertical 
wells can be drilled with 40-acre (16-hectare) spacing. Proposed Marcellus drilling 
regulations have the horizontal wells limited to 640-acre (259-hectare) spacing.35 

NYSDEC proposes to minimize the impact of gas drilling on wildlife by, where 
possible, requiring multiple wells per pad, designing pads to minimize tree removal 
and fi t the terrain, planting bushes around the site to create “soft” edges, limiting 
or prohibiting mowing and construction during grassland bird nesting season if the 
pad is located in grassland, limiting the amount of ground that is disturbed both 
for well pads and access roads, and requiring reclamation as soon as possible using 
native species.36

Th e apparent industry trend toward multiwell pads could reduce the total footprint 
of drilling further, but actual trends in Pennsylvania show mixed results. Although 
the vast majority of pads built for HVHF drilling have the capacity to be multiwell 
sites, in fact, most have only one, two, or three wells on them, with an average of just 
slightly over two per pad. Th is could change later, especially if development is still in 
the early stages in Pennsylvania.37

Impact of noise 

As with most industrial activities, gas drilling can be noisy. Although drilling and 
fracturing noise levels are expected to be similar for vertically and horizontally 
fractured wells, the longer duration of activity at unconventional wells (caused by 
both the increased length of the wells themselves and the development of multiple 
wells on a pad) is expected to make noise more of an issue with horizontal drilling 
(Table 5.2).

Sound intensity is measured in decibels (dBa); a jump in 10 dBa (e.g., from 50 to 60) 
is a jump of 10 times in intensity. Eighty-fi ve decibels is the minimum level at which 
damage to human hearing can occur, if exposure to the noise lasts longer than eight 
hours. According to the U.S. National Institutes of Health, these sounds will range 

Table 5.2. Th e noise level and duration of drilling activities at a distance of 500 feet (152 meters).38

Activity type Composite 
dBa at 500 ft

Duration 
(days)

This is like...

Access road construction 69 3–7 A vacuum cleaner or 
hair dryer

Well pad preparation 64 7–14 Normal conversation

Air well drilling 58 28–35 Typical offi ce noise

Horizontal drilling 56

Hydraulic fracturing 84 2–5 A lawn mower or food 
blender
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from comfortable to annoying. Rural nighttime background level is around 35 dBa. 
Th at is a little louder than a whisper, and a little less loud than a refrigerator’s hum. 

Humans can be annoyed or harmed by loud or constant noise, and wildlife can also 
be aff ected. Noise can interrupt communication among animals, hunting, foraging, 
or predatory-evasion abilities. It can cause panic reactions that risk injury to the 
animal itself or its neighbors. It can cause animals to temporarily or permanently 
abandon certain areas, in favor of marginal habitats with less noise. On the other 
hand, some species seem to be able to acclimate to noise after repeated exposure, and 
not all of the disruptions are permanent. In other words, it is diffi  cult to generalize 
and predict the response of an individual species to certain types of noise.39

In a study in the boreal forest of Alberta that compared bird occurrence and density 
between well pads, which were considered quiet, and compressor stations, which 
have a constant noise level of 75–90 dBa, birds were found to occur less often overall 
in the noisier sites. Some of the individual bird species were more aff ected than others 
by compressor station noise. In fact, some species showed no signifi cant diff erence in 
abundance among the diff erent site types, but none of them occurred more often at 
the compressor stations than at the well pads.40
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Chapter 5 Summary

Increases in certain air pollutants, such as volatile • 
organic compounds and nitrogen oxides, both of 
which contribute to lower air quality, will happen as 
a result of engines running drilling and hydrofracking 
equipment, truck traffi c, and venting of natural gas in 
well completion activities.

Solid waste from drilling, if not properly disposed of, • 
can leach chemicals into the ground.

Erosion and habitat fragmentation caused by the • 
build-up of drilling sites pose threats to both terrestrial 
and aquatic ecosystems and wildlife.

Even the noise produced by drilling and fracturing • 
wells has the potential to affect populations in the 
areas near well pads and compressor stations. 

At least some environmental degradation is going • 
to occur in New York if gas drilling proceeds. The 
issues described here are all by-products of typical 
gas development activity. 



Figure 6.1. A cloud of methane gas emitted into the atmosphere as a result of venting during the completion 
of a natural gas well in Susquehanna County, Pennsylvania, June 22, 2011. Th is image is from an 
enhanced infrared photograph.  
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Chapter 6

Life-Cycle Analysis: 
Shale Gas & Climate 
Change

Natural gas is frequently referred to as an environmentally “cleaner” fuel than coal 
because burning it does not produce a number of environmentally damaging by-
products such as sulfur, mercury, and ash, and because it produces less carbon dioxide 
(CO2) per unit of energy than coal.1 For these reasons, natural gas has been widely 
considered to be an attractive “bridge” to other sources of energy with less potential 
future climate impact (PFCI), such as renewables like wind and solar. Th is conclusion 
has gained in popularity as the supply of natural gas in the U.S. has increased and the 
price has declined as a result of shale gas exploitation.2 

Yet the controversy over shale gas has also brought new critical attention on the PFCI 
of natural gas, specifi cally on emissions of methane (CH4)—a powerful greenhouse 
gas (GHG)—into the atmosphere during all of the stages of natural gas development. 
Although it might at fi rst glance seem like a straightforward question, fi guring out 
the PFCI of CH4 emissions associated with natural gas development turns out to be 
an extremely complicated and diffi  cult problem.3 It is, however, an extraordinarily 
important problem, insofar as much of the attractiveness of natural gas as an energy 
source lies in its reputation as better for the climate than coal.

Th e question of the PFCI of natural gas is an example of what is frequently called 
a life-cycle analysis (LCA), which seeks to measure the total eff ect of making, 

Life-cycle analysis: 
Shale Gas & 

Climate Change
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extracting, transporting, using, and disposing of a product or resource by examining 
the eff ects of each and every piece of the whole system involved with that 
particular product.4Although they have become increasingly common elements of 
environmental impact analyses in recent years, LCAs of all but the simplest products 
are very complex, and their conclusions are frequently subject to high uncertainty.

Th e task of carrying out an LCA for the PFCI of natural gas might appear relatively 
simple: measure the emissions of GHGs—mainly CH4 and CO2—at each stage 
of natural gas development, from well to end-user, calculate the global warming 
potential (GWP) of each (expressed in a standard way; Box 6.1); add them all up, and 
compare this to the total GWP of coal to produce a similar amount of energy. Yet 
in practice, such an analysis immediately becomes complex. Not only does each step 
have numerous substeps, but each of these substeps is very complex on its own.5

First among these complications is the physics of methane. CH4 is a much more 
potent greenhouse gas than CO2 over relatively short time frames, but its eff ects 
over longer intervals are lessened because it stays in the atmosphere for far less time 
on average than CO2. GWPs calculated over various time scales will therefore be 
diff erent (see  Box 6.1). 

Second is the complexity and diffi  culty of identifying and measuring accurately 
CH4 emissions, and expressing them in appropriate terms. CH4 is emitted into 
the atmosphere from both natural and human sources (Figure 6.2).6 Human 
(anthropogenic) CH4 emissions, in turn, come mainly from agriculture, waste 
disposal, and energy development.7 Within energy, CH4 emissions come from oil, 
coal, and natural gas production, and within natural gas, from a variety of sources. 
Until recently, many of the emissions associated with natural gas development had 
never even been recognized or measured, and when they have been, it has been 
surprisingly diffi  cult to decide what any of these measurements really mean. Th is is 
hard enough for conventional gas wells; HVHF complicates it still further.

Th ird, as is true for all projections about future global climate change, assessments 
about the PFCI of natural gas depend not only on the science and engineering of 
natural gas, but also on the science of climate change. Although scientists know a 
great deal about what causes climate to change, and are becoming better making 
projections, the Earth’s climate is an immensely complex system that remains 
imperfectly understood. We still do not know with perfect certainty what the eff ect 
or magnitude of particular factors will be, or when they might occur.8

Finally, it’s not just about science and engineering. Th e PFCI of natural gas 
development not only depends on which and how much GHGs are produced, but 
also on how long they are produced. If natural gas is really a “bridge,” we need to 
know to what it is bridging, when will we get there, and what will happen along the 
way. Of the technologies that exist, which one or ones will be implemented, how 
widely, and when? What will they cost? Who will pay for them? Complete answers to 
these questions cannot be provided by science or technology; they will also depend 
on policy, politics, and economics.9
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Each of these complications is large and multifaceted. Most have become clear and 
the subject of serious investigation only in the last few years. Data for most of the 
questions needing answers are currently inadequate. And, as is frequently the case 
with scientifi c topics that are poorly understood but that have major economic and/
or political implications, the process of doing and communicating the science of 
the potential climate eff ects of natural gas development has been imperfect and 
subject to substantial nonscientifi c infl uences, such as politics, activism, and the 
media. Considering all of this, it is perhaps not so surprising that answering the 
question “What is the potential future climate impact of shale gas?” is diffi  cult and 
controversial. 

In this chapter, we cannot explore all aspects of this topic in detail, but we try to 
describe the major issues and variables, and review the most current research. Th is 
is a rapidly changing fi eld, and new information is becoming available all of the 
time.10 Our goal here is not to say whether natural gas has a greater or lesser climate 
impact than coal. As we will see, despite claims to the contrary, there is currently no 
unambiguous scientifi c consensus on an answer to this question, and it could in any 
case be the wrong question on which to focus.11 Our goal is therefore to explore why 
this question is so diffi  cult to answer, so that as new information becomes available, 
readers can be better able to put it into the correct context.12

Figure 6.2. Human-caused (anthropogenic) sources of atmospheric methane emissions. “Enteric 
fermentation” refers to the digestive processes of livestock.
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Box 6.1. Measuring the Climate Impact 
         of Greenhouse Gases

Each greenhouse gas has a different capacity to trap heat 
in the atmosphere, and this capacity can be estimated and 
expressed in a variety of ways, which can be confusing.
One of the most commonly used is global warming potential 
(GWP).13

Nevertheless, the concept of GWP has been widely used 
as a simple means to establish an approximate comparison 
of the climate impact of different greenhouse gases. The 
GWP of a particular gas is defi ned as the radiative forcing 
that it causes over some specifi ed interval of time (20 and 
100 years are the most frequently used). (Radiative forcing 
is the amount of energy per unit area—usually expressed in 
watts per square meter (W/m2)—that a certain change in a 
particular greenhouse gas confers.14) To compare the GWPs 
of different gases, their GWPs are expressed relative to 
that of CO2. This is called carbon dioxide equivalents. The 
GWP of methane, for example, can be expressed in units 
converted to its equivalent in CO2 emissions, in English units 
(pounds of CO2 equivalent for every million BTUs of energy 
produced (lbCO2/MMBTU), or metric units (grams of CO2 per 
million joules, gCO2/MJ or gCO2/MWh), or as multiples, as in 
the table below.15

The GWP of a particular gas depends on several factors. First 
is its “instantaneous impact” on the radiative energy balance 
of the Earth—or how much infrared radiation it will absorb 
and emit.16 This impact can be expressed on a molecule-for-
molecule (molar) basis, or by mass. For example, on a molar 
basis, CH4 has 37 times the “instantaneous” GWP of CO2, 
and 102 times more on a gram-by-gram basis.17 Second is 
the amount of time that a gas remains in the atmosphere, 
usually referred to as its residence time or lifetime. This is 
a complex metric, because some gases, notably CO2, can 
exist in the atmosphere in dynamic equilibrium with other 
reservoirs, such as the ocean or land biosphere (especially 
plants). This means that individual molecules come and 
go in and out of different reservoirs, but without changing 
their abundance in each reservoir. Thus, the lifetime of 
a single pulse of gas emitted into the atmosphere can 
refer to either the average length of time that individual 
molecules of the gas spend in the atmosphere before they
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are removed, or the amount of time that it takes until the 
concentration of that gas in the air recovers substantially 
toward its original concentration.18 The latter can be 
substantially longer than the former. 

For example, following the emission of a pulse of CO2 (e.g., 
by human burning of fossil fuels), an average CO2 molecule 
will remain in the atmosphere for approximately 3–5 years. 
In most cases, however, when it leaves the atmosphere, it is 
simply swapping places with one in the surface water of the 
ocean, and so it does not change the CO2 concentration in 
the air. The concentration in the atmosphere only begins to 
change as CO2 begins to be transferred from the sea surface 
to the deep ocean or into land vegetation. Approximately 50% 
of the pulse is absorbed in this way in the fi rst 50 years after 
emission, and another 20% in the next 50 years. Absorption 
slows dramatically after that, with an additional 10% or so 
being removed over the next 200 years, and the remaining 
20% lasting tens, if not hundreds or thousands, of years. 
The average lifetime of a pulse of CO2 is probably 30,000 to 
35,000 years.19

In contrast, methane (CH4) is more reactive and there are 
fewer accessible natural reservoirs for it, so the time that an 
average molecule stays in the atmosphere (approximately 12 
years) is close to the time when the concentration will start to 
decline after emission of a pulse.20 Methane is removed from 
the atmosphere mainly by combining with oxygen (oxidation) 
to form CO2, H2O vapor, and ozone (O3), which are all also 
greenhouse gases. The GWP of CH4 therefore also must 
include the effects of the products of its oxidation, which 
have their own lifetimes. Furthermore, recent studies suggest 
that CH4 increases the concentration of fi ne particles in the 
atmosphere (sulfate and nitrate aerosols), adding even more 
greenhouse effect.21 (The infl uence of these CH4 products is 
sometimes referred to as indirect effects.22) 

Methane, therefore, always has a higher GWP than CO2, but 
this difference declines with time. See table below.

GHG Instantaneous 
GWPMOLAR

Instantaneous 
GWPMASS

GWPMASS 

20 years
GWPMASS 
100 yrs

GWPMASS 
100 years 

(with indirect 
effects 23)

CO2 1 1 1 1 1

CH4 37 102 72 25 33
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Life-cycle analyses of fossil fuel use

Th e current major uses of natural gas in the U.S. are electricity generation and 
building heat.24 Th e other major source of electricity generation is coal (see Chapter 
7), and natural gas from the Marcellus Shale is being used to power electrical plants, 
displacing coal. At face value, this would appear to be preferable from a GHG 
perspective: a typical coal power plant emits approximately 0.9 kg of CO2 per kWh 
of electricity produced, and a standard natural gas power plant (known as a combined 
cycle gas turbine or CCGT) emits approximately 0.4 kg CO2/kWh.25 To determine 
whether natural gas or coal is preferable from a PCFI perspective, however, an LCA 
comparing these fuels is required. 

Many LCAs have been conducted on conventional natural gas production in North 
America. Each study has a slightly diff erent set of boundary conditions and makes 
diff erent assumptions. Only recently, however, have studies begun to examine LCA 
of greenhouse gases associated with shale gas extraction by hydraulic fracturing, and 
the consequent PCFI. 

A very simplifi ed approach to an LCA of the PFCI of natural gas, conventional and 
unconventional, is shown in Figure 6.3, and this forms the outline for the discussion 
below.

Methane emissions from 
natural gas development

Natural gas is approximately 80% CH4, and so it is not surprising that CH4 is emitted 
in association with natural gas development. As noted above, CH4 comes from other 
sources as well, but emissions from natural gas development are probably the largest 
single source in the U.S. Th ese emissions—whether from a conventional well or a 
hydrofracked shale well—can come from numerous sources, which can be grouped 
into four categories or stages (Figures 6.3–6.4): (1) preproduction—emissions 
during well drilling and completion (including hydrofracking); (2) production—
emissions during production at the well site; (3) processing—emissions while gas 
is being processed; and (4) transmission—emissions while gas is being transported, 
stored, and distributed to users. Th e last three of these four are common to both 
conventional and unconventional gas wells. 

Emissions of CH4 can be expressed in a number of diff erent ways, which can make 
comparison of various studies and reports diffi  cult. Emissions can be expressed in the 
same units as GWP, in CO2 equivalents (Box 6.1), i.e., pounds of CO2 equivalent 
for every million BTUs of energy produced (lbCO2/MMBTU), or grams of CO2 per 
million joules (gCO2/MJ). Emissions can also be expressed as a percentage of all of 
the gas expected to be produced from one or more wells during their lifetimes (see 
below),26 or in CO2 equivalents per unit electricity generated by each (e.g., kgCO2 /
MWh). As noted below, gas is converted to electricity much more effi  ciently than 
coal.
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One of the most important, and in many ways surprising, aspects of this subject is 
that careful and long-term measurements of CH4 emissions in each of these stages are 
actually relatively few, and consequently the data available are very limited (although 
this is changing rapidly).27 Some of these data come from the industry itself, which 
some critics suggest means that they might not be completely accurate. Other data 
have been gathered by government agencies (sometimes from industry). Th e studies 
that have been done, furthermore, have used diff erent methods, and are diffi  cult to 
compare directly. Th ey could, for example, span diff erent lengths of time, or include 
only low and high values, with or without averages or ranges of error or estimates 
of uncertainty. For all of these reasons, extrapolation, estimation, and inference are 
common to all of them to a greater or lesser extent, and the conclusions depend to a 
great extent on assumptions made before or during the analyses.

Each of the categories or stages of CH4 emissions includes numerous individual 
potential sources. At all stages, unintentional leaks of gas (frequently referred to as 
fugitive emissions) are potentially among the most signifi cant sources (Figure 6.3). 
Th e infrastructure of natural gas development is enormous and complex, so there 
are lots of places for leaks to occur. A typical well, for example, could have as many 
as 150 connections to equipment such as heaters, meters, dehydrators, compressors, 
and vapor-recovery devices.28 So-called “routine” leaks can occur when valves are 
opened or closed.29 Pipelines can extend for hundreds or thousands of miles. Natural 
gas has been used in the U.S. for more than a century, and many pipelines are more 
than 50 years old, presumably increasing their likelihood of leaking (see further 
discussion below). 

Emissions can also be intentional, to relieve pressure, or because connecting 
infrastructure is not in place or functional. Such intentional emissions are called 
venting. Vented gas is frequently intentionally ignited, a procedure called fl aring. 
When natural gas is fl ared, most of the CH4 is combusted, producing CO2.

Finally, any type of equipment can fail, and human operators can make errors, small 
and large, resulting in accidental emissions of various sizes. At the large end are 
catastrophic incidents called blowouts, in which large quantities of gas are suddenly 
emitted (see Chapter 4). At the smaller end is faulty equipment or human errors 
(which can quickly add up if numerous). For any given interval of time, only some 
of the wells or pipes or other equipment leak or fail or are used incorrectly. One 
study in Texas, for example, found that only 10% of well sites accounted for nearly 
70% of CH4 emissions. Another more recent study of more than 1,500 wells found 
that only 3% vented CH4 to the atmosphere.30 In general, the longer the time period 
considered in a study or set of data, or the longer a well operates, the higher the 
probability of emissions.

Not all CH4 that leaks out escapes into the atmosphere. At least some, in theory, can 
be captured.31 Although it might seem obvious that companies producing natural gas 
would want to capture and sell all that they can, rather than see it escape, this is not 
so simple.32 Similarly, it might also seem obvious that producers would not want large 
quantities of natural gas escaping for safety reasons; CH4, after all, is combustible 
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Figure 6.3. Schematic diagram representing the major variables in a life-cycle analysis (LCA) of the total 
greenhouse gas emissions of natural gas development. 
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and a large cloud of it might explode. Even this, however, is controversial and hard to 
pin down.33 In any case, recent EPA regulations require the use of methane-capturing 
technologies at all new or restimulated gas wells.34

Emissions during drilling and well completion

Th e process of getting natural gas out of the ground includes numerous processes 
(see Chapter 3) during which greenhouse gases can be emitted, including well pad 
construction, drilling, hydrofracking, fl owback, drillout, gas fl aring and venting, 
and removal of liquid from the gas.35 Non-hydrofracked wells have no fl owback or 
drillout. 

Geology also plays an important role. Each gas-bearing rock formation has 
diff erent geological characteristics, and these can vary considerably, even within a 
single reservoir. Not all natural gas has the same composition. Th us, the size of the 
emissions associated with extraction is dependent to some degree on these geological 
attributes.36

Conventional drilling can and does release CH4, but HVHF has more opportunities 
for emissions. Th e process of hydrofracking (see Chapter 4) can release CH4 mainly 
through two activities: drillout of the plugs used to hold gas in the ground between 
hydrofracking episodes, and fl owback of wastewater to the surface. Emissions of 
CH4 during drillout can vary (0.33–0.62%) for a variety of reasons, and these values 
do not appear to be controversial.37

Emissions during fl owback, however, are more disputed. Flowback fl uid can contain 
dissolved CH4 and can also transport undissolved CH4 as bubbles. Such a fl uid 
has been described as a “frothy mix.”38 It is not clear how much CH4 is normally 
contained in each of these phases. At least in the early stages of fl owback, the presence 

Figure 6.4. Simplifi ed schematic diagram of the major phases of natural gas development in which 
methane emissions can occur. 
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of fl uid in the well bore could restrict the upward fl ow of gas to some degree. As the 
fl ow of fl uid decreases, however, gas fl ow can increase. Th is can be particularly true 
in the “cleanup” phase of well completion, during liquids unloading.39 Some of the 
gas emitted during fl owback can be fl ared, but it is not clear how much.40

One reason that it is so diffi  cult to estimate CH4 emissions is that there are several 
ways to do it.

You can directly measure the amount of CH• 4 that escapes 
from a particular point in the production system. Th is 
has never been done on a large scale, that is, for many 
diff erent wells over a long time. Because each individual 
well is not monitored closely, the usual technique is to 
take measurements from a few wells and extrapolate to 
others. 

You can measure the total amount of gas going into a • 
point and the amount coming out, and call the diff erence 
the emission. Th e problem here is that not all of that gas 
necessarily actually escaped into the atmosphere. For 
example, you can calculate the total production of a well, 
and the amount that is put into a pipeline from that well, 
but some of that diff erence might have been fl ared or 
collected in various ways. 

You can measure the amount of gas going into one end • 
of a pipe and subtract the amount coming out the other 
end. Yet not all of this unaccounted-for gas (UAG) has 
necessarily leaked into the atmosphere. Some might be 
due to measurement error or even theft.41

When emissions are estimated or reported as a percentage of the total amount of 
gas that will be produced by a particular well over its lifetime, the value of that 
production (known as expected ultimate recovery, EUR) is of great importance. EUR, 
however, turns out to be very diffi  cult to estimate consistently. One reason is that 
gas wells produce at varying rates and for varying lengths of time. Th e peak rate is 
called initial production (IP). It usually occurs early in a well’s lifetime, during the 
completion phase, after which production declines, but this can occur quickly or 
slowly. Th e total lifetime of a particular well can, furthermore, vary from a few years 
to decades. Both rate and length of production can depend on many factors, from the 
geology of the reservoir to how the well is managed (e.g., how many times a shale well 
is refracked or worked over). Conventional gas wells regularly produce for decades. 
Hydraulically fractured wells, however, have not been around long enough for this 
to be known by direct observation. All of these complexities add uncertainty to 
emissions reports: all else being equal, if EUR estimates are too high, CH4 emissions 
will appear to be lower than they really are, whereas if EUR estimates are too low, 
emissions will appear to be higher than they really are.42
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Emissions during processing 

As discussed in Chapter 3, some natural gas, whether from conventional or 
unconventional wells, emerges “pipeline ready,” and can be sent directly to end 
users. Other gas, however, contains too much water, heavy hydrocarbons, and/or 
other impurities (such as sulfur) to be put directly into pipelines, and requires some 
processing before transport. Some of this processing takes place at the well site, and 
some takes place at processing plants that are remote from the well. Emissions of 
CH4 are possible at many points throughout this processing (although the major 
GHG source during processing appears to be diesel emissions from compressors).43

 
Emissions during transport, storage, and distribution

Once extracted and processed, natural gas must be transported to where it will be 
used. Gas is commonly transported via pipelines, including gathering pipelines that 
take methane from nearby wellheads, transmission pipeline networks that transport 
the gas across the country, and distribution pipelines that bring the gas to end users. 
Although most studies have generally agreed on the magnitude of GHG emissions 
during transmission, the total range of estimates of CH4 emissions is large. On 
one extreme, some studies have suggested that emissions during transport could 
be as high 1.4-2.5%, or even higher, whereas other estimates are much lower.44 As 
mentioned above, leakage from pipelines can be diffi  cult to identify and/or measure 
because of variation in reporting of “unaccounted-for gas.”

Natural gas is also transported across oceans. Th is process requires that the gas be 
liquefi ed and loaded onto a cargo ship. Liquefi ed natural gas (LNG) is then regasifi ed 
once it reaches port, put into a pipeline, and distributed to end users. LCA analyses 
of LNG might or might not include the temporary storage of natural gas in their 
transportation data, which increases the amount of natural gas lost or unaccounted 
for. Some of the gas—up to 5%—that is stored in underground storage facilities 
(such as salt caverns or old oil and gas reservoirs) is never returned to the surface, 
and so not emitted to the atmosphere.45 Of course, storing and again extracting the 
natural gas for further transportation requires additional facility construction and 
machinery, which increase further GHG emissions.

LCA comparison of coal and natural gas

So what does all of this mean for determining the PFCI of natural gas (especially 
shale gas) versus coal? Th e answer at present appears to hinge on a few major points, 
each of which remains unclear.

Coal bed methane

Like natural gas, coal originated from accumulated organic material (mainly land 
plants in coastal swamps), and so it is not surprising that coal beds naturally contain 
methane. Th is coal bed methane is emitted into the atmosphere when the coal is 
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exposed at the surface (or to reduced pressures in mines or fractured rocks above coal 
seams). Coal bed methane is important as a fuel source, and also as a safety hazard in 
coal mines.46 Estimating the amount of CH4 emitted from coal is a crucial element 
of any LCA that seeks to compare the potential future climate impact of coal and 
natural gas.

Underground coal mines worldwide liberate an estimated 29–41 billion cubic meters 
of CH4 annually, of which less than 2.3×109 cubic meters are used as fuel.47 Th e 
remaining CH4 is emitted to the atmosphere.48 Open pit and other “strip” mines are 
safer to operate than shaft mines in part because they vent all of their CH4 into the 
atmosphere. 

Coal particulates and SO2

Burning coal produces not only CO2 (a greenhouse gas), but also particulates, which 
can have a more complex range of eff ects on climate. Understanding these eff ects is 
necessary to fully understand the PFCI of coal burning. Particulates from coal burning 
include black carbon (BC), which can act like a GHG, absorbing solar radiation and 
so contributing to global warming. Yet burning coal also produces sulfate (SO2), 
which in turn forms sulfate aerosols, and these can refl ect solar radiation and so 
have a cooling eff ect on the Earth. Determining the net eff ect of these materials is 
complex. In addition to absorbing solar radiation, BC also can contribute to cloud 
formation, which can have a cooling eff ect. Furthermore, recent technological fi xes 
on coal-fi red plants, at least in the U.S., have considerably reduced sulfate aerosol 
emissions, reducing their cooling potential (and thereby increasing the potential 
GWP diff erence between coal and natural gas).49

Non-climate costs of coal

Although many LCA studies of burning coal have focused mainly on its eff ects on 
greenhouse gas emissions, it is clear that most of the total environmental and/or 
societal and economic costs of coal-fired electricity are not related to climate change.50 
Th ese include thousands of deaths and injuries in mining accidents, the public health 
costs of air pollution from sulfates, particulates, and the many chemicals that are 
routinely emitted when coal is burned (including mercury, cadmium, etc.); water 
contamination due to coal sludge; storage accidents; and land transformation due to 
strip mining  or mountain-top removal. Estimates of these non-climate-related costs 
range from $62 billion–281 billion per year. Th e total cost for such damage from the 
most-polluting, coal-fired, electrical generation plants has been estimated to be seven 
times as much as the damage from the most-polluting natural gas-fired electrical 
generation plants. It remains unclear how these costs should be integrated into LCAs 
that focus mainly on the climate eff ects of coal versus natural gas.51

Efficiency of final use

Natural gas is burned by the end user to produce heat. Th is heat can be used directly 
for buildings, or for generation of electricity. In theory, this piece of the LCA should 
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be transparent; for example, we know how much natural gas burned to produce 
electricity, and it is seemingly relatively straightforward to calculate the PFCI arising 
from the combustion of natural gas (as opposed to processes such as extraction). 
Even in this case, however, values vary according to the quality of the gas and the 
effi  ciency and type of power plant burning it to produce electricity. For example, 
steam generation units heat water and create steam to turn a turbine; coal is more 
commonly used in this sort of plant, which has relatively low effi  ciency (U.S. average 
32.7%). Natural gas-fi red power plants have much higher effi  ciency (U.S. average 
41.8%). Th is diff erence must therefore be taken into account in any LCA of coal 
versus natural gas.52

If natural gas is used for purposes other than electricity generation (e.g., automotive 
fuel or home heating), the range of PFCI between it and other fossil fuels widens 
further, because the effi  ciency of natural gas use in each situation is diff erent. For 
example, a recent study of compressed natural gas (CNG) vehicles compared to 
gasoline or diesel vehicles found that increased use of CNG vehicles would have 
increased GWP for 80 or 280 years, respectively, before beginning to produce 
benefi ts. CNG vehicles could, however, have lower GWP over all time frames if total 
CH4 leakage is low enough.53

 
Estimates of methane emissions

Prior to 2011, almost no scientifi c studies had been published on life-cycle CH4 
emissions from natural gas production. In that year, however, a number of such 
studies were published. Most of these estimated CH4 emissions in the range of 
1–3%.54 In their study, however, Cornell professor Robert Howarth and colleagues 
suggested that between 3.6% and 7.9% of the CH4 from shale gas production 
escapes to the atmosphere in venting and leaks over the lifetime of a well.55 Howarth 
et al. not only argued that emissions were high from hydrofracked wells, but also 
that they were high from “upstream” infrastructure associated with conventional gas 
production, such as pipelines. Such high emission levels, they argued, make natural 
gas no better (and perhaps even worse) than coal from a PFCI point of view. Th ese 
conclusions produced considerable attention in the media and among the general 
public.56 Scientifi c reaction has been mixed: some subsequent peer-reviewed studies 
have generally supported some of Howarth et al.’s conclusions, whereas others have 
not.57 

Time frames

As mentioned above, the time frame over which future GWP is estimated is a very 
important part of LCA, especially with respect to CH4, which has a much higher 
instantaneous GWP but shorter residence or lifetime in the atmosphere than does 
CO2. GWPs are traditionally estimated over both 20- and 100-year time frames. 
Because of the physics of CH4, its eff ects will be much larger over the shorter interval, 
whereas CO2 will have higher GWP over the longer interval. Which time interval is 
the “right” one to focus on?58
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Many analyses of global climate change focus on the longer view; for example, what 
Earth’s likely temperature will be in the year 2100, or what the maximum rise in 
temperature will be under particular scenarios. In these cases, CO2 is clearly the 
major causal factor. It is by far more abundant in the atmosphere than CH4 and 
remains in the atmosphere many times longer.59

Such a long-term focus, however, largely ignores the potential role of tipping points 
in future climate change. A tipping point is a point within the lifetime of a system at 
which it changes abruptly from one state to another. Several potential tipping points 
have been identifi ed in the climate system that could lead to an abrupt, qualitative 
change in its future state, including: loss of Arctic summer sea-ice; irreversible 
melting of the Greenland ice sheet; disintegration of the West Antarctic ice sheet; 
reorganization of North Atlantic ocean deep-water circulation; and melting of frozen 
methane on the ocean fl oor and Arctic permafrost, among others.60

Advocates for a focus on shorter time scales point to increasing evidence that at least 
some aspects of climate change seem to be occurring more rapidly than expected, 
and that tipping points can have very large—perhaps even crucial—eff ects.61 Th ey 
argue that CH4 concentrations should be of particular concern because they are 
disproportionately likely to aff ect such tipping points, due to the high short-term 
GWP of CH4. In support of this point of view are an increasing number of studies 
that conclude that there are not only a larger number of tipping points, but also that 
some of them might be reached relatively soon, at much lower temperature increases 
than previously thought.62

National and global energy patterns

Total CH4 emissions from natural gas development might turn out to matter much 
less than other variables that have little to do with science or engineering. Rather, the 
PFCI of natural gas usage could end up being determined by the much larger-scale 
decisions of how long natural gas is used, what replaces it, and when.

For example, the recent increase in the supply of natural gas in the U.S. (produced 
mostly by HVHF in shale) has reduced the price, which is spurring usage. Yet, even 
if it is true that natural gas has lower PFCI than coal, and increased use of natural 
gas could reduce overall PFCI, falling natural gas prices might reduce the cost-
eff ectiveness—and therefore the adoption rates—of “greener” energy sources (such 
as wind or solar), which have even lower PFCI. In other words, natural gas might 
become such an attractive “bridge” that it becomes not an intermediate step toward 
a lower-carbon world, but the new status quo, meaning that global CO2 might 
continue to climb rather than eventually decline.63

Th e price of natural gas depends (at least in part) on the demand, and predicting the 
future demand for natural gas is not straightforward. For example, although recent 
production in the Barnett Shale in Texas has slowed due to declines in natural gas 
prices, more recent projections of future electricity demand have encouraged some 
natural gas investors that demand will rise soon.64
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Implied in “bridge” scenarios favoring the use of natural gas as a way of moving 
toward greener energy sources is that this bridge period must be short enough so 
that GHG emissions do not continue to grow at their present rate. Most studies 
of the advantages/disadvantages of natural gas, however, have not explicitly studied 
this. One recent study that did try to consider such a scenario—in which natural 
gas is eventually phased out completely—concluded that given what it called “fairly 
ambitious” stabilization objectives (e.g., 450 ppm CO2), “a natural gas bridge is of 
limited direct emissions-reducing value, since that bridge must be short,” to get to 
a completely zero-carbon energy system. In such short-term bridge scenarios, coal 
and gas must both be phased out quickly. In contrast, given “more modest but still 
stringent” objectives (e.g., 550 ppm CO2), natural gas could “off er commensurately 
greater advantages over simply delaying a transition away from coal for a similarly 
long time.”65

Such analyses, however, ignore some critical points. First, an increasing number of 
climate scientists are warning that atmospheric levels of CO2 above 350 ppm will 
cause irreversible environmental damage.66 Second, a still-small but growing number 
of climate scientists and engineers are arguing that, if it decided to, society could 
move quickly toward using only renewable energy, and that it would be cost eff ective 
to do so.67

So, is natural gas “better” than coal?

Few, if any, credible mainstream environmental scientists would not argue today 
that burning coal for electricity should be reduced as quickly as possible, if only to 
reduce the public health consequences of coal. At least for now, however, there is still 
no strong consensus about the size of CH4 emissions from natural gas development, 
and therefore no strong consensus about whether, or to what degree, natural gas has 
a lower PFCI than coal. Th ere appears to be solid (and increasing) data suggesting 
that CH4 emissions are higher than previously recognized, possibly high enough to 
justify serious concern about short-term climate eff ects. Th ere also, however, appear 
to be signifi cant questions among a number of qualifi ed scientists about various 
aspects of this topic. What is needed to break this impasse? More data on actual 
levels of CH4 emissions from natural gas infrastructure—published in peer-reviewed 
scientifi c papers—is likely the single most important requirement, together with a 
better understanding of how close various climate tipping points might actually be. 

Such a conclusion is frustrating not only to those who hold to one of the alternative 
points of view, but also to policy makers, for whom a clear and strong consensus one 
way or the other would be much more helpful. Th e situation is, however, typical of 
points in science at which debate is intense, and more data and hypothesis testing are 
required to increase confi dence in one direction or the other. 

Th is uncertainty is not, however, a prescription for complacency. Th e issues involved 
here are potentially of enormous consequence, and a current (and, we hope, 
temporary) lack of strong scientifi c consensus is not suffi  cient reason to not worry 
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or take action on them. Scientifi c conclusions about the way that the world is do 
not, in and of themselves, dictate what humans should do. Th is is because human 
actions are driven as much or more by values than by “facts.” If, for example, we 
place a very high value on something that science tells us has a certain probability of 
disappearing if we act or don’t act in a certain way, then we might choose to change 
our behavior in the direction of preserving that thing, not just because of science but 
because of our values. We can always choose to “err on the side of caution.” Science 
might (or might not) be able to tell us what the probability of a particular outcome 
is, but it certainly cannot tell us what we should do. Th at, as we discuss in the next 
two chapters, we must decide in other ways.
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Chapter 6 Summary

Emissions of methane (CH• 4) from natural gas 
production and transport are signifi cant sources of 
greenhouse gases (GHG) and so of global warming 
potential (GWP). All credible scientifi c studies agree 
that CH4 emissions should be reduced as quickly as 
possible to reduce risks of global climate change.

Measuring CH• 4 emissions from gas wells and other 
infrastructure is diffi cult and complex, and many more 
data are needed to reduce uncertainty in current 
estimates.

At present, there is still no strong consensus • 
about the size of CH4 emissions from natural gas 
development, and therefore no strong consensus 
about what, whether, or to what degree natural gas 
has a lower GWP than coal. There appears to be solid 
(and increasing) data suggesting that CH4 emissions 
are higher than previously recognized, possibly high 
enough to justify serious concern about short-term 
climate effects. There also, however, appear to be 
signifi cant questions among a number of qualifi ed 
scientists about various aspects of this topic. 

The time frame over which GWP is measured is • 
extremely important. Over 100+ years, CO2 is clearly 
the most important infl uence on climate. Focusing 
only on these longer time scales, however, obscures 
the importance of climate tipping points, which might 
turn out to matter more than total long-term GHG 
levels. 

Regardless of the amount of CH• 4 emissions, replacing 
coal with natural gas could be a bridging step toward 
slowing global climate change, but only if it is a very 
short bridge. If cheaper natural gas makes lower-
carbon energy sources less attractive, or encourages 
more fossil fuel use overall, then increased natural 
gas use would likely increase rather than decrease 
GHG emissions, accelerating rather than slowing 
climate change.
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Figure 7.1. Hydropower on the Niagara River. Th e Niagara River boasts substantial generating power. 
Ontario’s Sir Adam Beck Power Plants (there are two), in this photograph, produce almost 2 gigawatts of 
electricity and sit across the river from New York State’s largest power plant—the 2.4 gigawatt Robert Moses 
Niagara Hydroelectric Power Station in Lewiston, New York. 
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Chapter 7

The Marcellus Shale 
in a Broader Energy 
Context

Human society was once powered only by biomass—biological material from living, 
or recently living, organisms: our own muscles (powered by the food we ate), the 
muscles of animals, or the burning of wood. Over many millennia, humans found 
other ways to tap into natural energy sources, from water and wind power, fossil 
biomass (such as oil and gas), geothermal heat from inside the Earth, the sun, and the 
nucleus of atoms. Th e transition from brute force and wood-burning to the various 
industrial sources of energy—and the accompanying adoption of energy-intensive 
lifestyles—have occurred remarkably quickly, in the course of just a few generations. 
Th is has caused changes in virtually every aspect of human life, from economics to 
war to architecture. As recently as the late 1800s, Pennsylvania’s oil wells produced 
half of the world’s supply. Nuclear power has been a commercial source of electricity 
only since the late 1950s. Electric power has been widely used for just a little more 
than a century. Th e U.S. was largely energy self-suffi  cient until after World War II, 
when the demand for energy—petroleum in particular—began to outstrip domestic 
production. 

In 2011, petroleum, natural gas, coal, and nuclear power accounted for just over 
90% of the energy that Americans use, with various renewable energy sources 
accounting for the remaining 9%.1 Energy moves people and goods, produces 

The Marcellus 
Shale in a Broader 

Energy Context
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electricity, heats our homes and businesses, and is used in manufacturing and other 
industrial processes. 

Energy use varies substantially from region to region, and diff erent energy sources 
are used to fuel diff erent sectors of the economy. Th e transportation sector is almost 
completely dependent upon petroleum, whereas the overwhelming majority of both 
coal and nuclear power is devoted to electricity production. Natural gas use is split 
nearly into thirds among the industrial, residential and commercial, and electric 
power generation sectors, and only 3% of the transportation sector’s energy comes 
from natural gas. Because it is a relatively versatile fossil fuel, how much natural 
gas we use and the ways in which we use it have shifted over time. Th e impact 
of developing “unconventional” fossil fuel resources, like the Marcellus Shale as a 
source of natural gas, cannot be fully understood without fi rst understanding the 
impacts of modern energy use and production.2

No energy resource developed on a commercial scale is environmentally benign, 
and the growth of both human population and per capita energy consumption in 
the developing world mean that the impact of even those energy sources that have 
relatively less environmental eff ect is increasing. Th us, although conservation and 
effi  ciency are essential parts of national and global energy strategies, the practical 
decisions that need to be made are substantial and not altogether obvious. Th ere 
are no magic bullets. Understanding and contrasting the diff erent impacts of energy 
extraction (in the case of fossil fuels and uranium), capture (in the case of wind, 
solar, or geothermal), or harvest (in the case of biomass) and use will help us to make 
informed choices about future energy development that might occur in or near our 
communities, and to better understand the impacts of energy development far from 
home.

Although predictions about changes in the way we procure and use energy in the 
future must be regarded as uncertain, we can gain some perspective on the way that 
diff erent energy sources and uses are likely to change in the coming decades. Oil and 
coal have dominated global energy production and use for generations, although 
easy-to-access deposits are drying up and the environmental costs of accessing 
unconventional deposits are becoming clearer. As we develop alternatives to oil 
and coal, energy development in the future is likely to occur in closer geographic 
proximity to the end users than it has in recent decades. 

Energy sources have a complex range of environmental and economic impacts. Th is 
chapter is an overview of where energy comes from: how we use energy, how sources 
for and uses of energy can change, and the costs and benefi ts of diff erent energy 
choices. Energy choices include more than energy sources, but also the decisions 
about what energy is used to do, the technologies used for extracting or developing 
energy sources, and the modifi cations to infrastructure associated with changing 
energy use, as well as the technologies that depend upon energy. Further, energy 
choices involve behaviors. How we live determines how much and what kinds of 
energy we use.
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Most of the energy we use comes from the sun

Excluding nuclear and geothermal, and the infl uence of gravity in the very small 
percentage of commercial power captured from ocean tides, the energy sources that 
power society are ultimately all traceable to the Sun’s energy (itself, a nuclear fusion 
power plant). Biomass energy—from the burning of wood, grass, and other plant 
matter—releases stored energy that was a product of photosynthesis; fossil fuels are 
ancient biomass resulting from photosynthetic reactions that occurred millions and 
millions of years ago. Wind power made global trade possible by powering ships 
across the sea over a thousand years ago and wind is now providing a small but rapidly 
growing portion of our electricity. Th e wind is driven by convection caused by the 
Sun’s uneven heating of Earth’s surface. Hydroelectric power (and the waterwheels 
that preceded it) is made possible by the solar-powered water cycle. Taken together, 
these fossil and modern Sun-driven sources account for more than 90% of U.S. 
energy consumption.

Nuclear power is produced by the fi ssion (“splitting”) of the nuclei of relatively 
heavy atoms, such as uranium. Typically, the method for electricity production 
from nuclear fi ssion is similar to that from fossil fuel power plants—the energy from 
nuclear reactions (rather than fossil fuels) is used to boil water that produces steam 
to turn turbines. Nuclear power accounts for about 8% of U.S. energy production. 3 
Geothermal energy uses Earth’s internal heat either directly for heating or indirectly 
to produce electricity. Earth’s internal heat comes largely from the decay of radioactive 
elements and from the residual heat left from Earth’s formation. Geothermal sources 
currently account for less than 1% of U.S. energy production. 

Low-cost, high-density fuels 
made modern society

Figure 7.2 shows the sources of the energy that drive our economy and the sectors 
that use that energy. For most of human history, burning wood and other biomass 
cooked meals and provided warmth. Fossil fuels (coal, oil, and natural gas) produce 
much more energy per pound, have been present in huge quantities, and are easier 
to transport and store. Th e energy produced by burning wood from clearing a large 
forest pales in comparison to the energy produced from mining a large coal seam. 
Th e Industrial Revolution of the early 19th century was not powered by wood, but 
was in large part made possible with the advent of new technologies for extracting 
and burning coal.

In the short term (on the scale of years, decades, or even a century or more), the 
economic cost per unit of energy from fossil fuels also appeared to be remarkably low. 
Th e pairing of high energy density and low short-term cost is behind the structure 
of energy fl ows shown in Figure 7.2. Exploitation of these low-cost, “dense” energy 
sources is fundamental to what makes modern society what it is today. A gallon 
of petroleum-based fuel can move a typical car 20 miles (32 kilometers) or a ton 
of freight on a modern locomotive 500 miles (805 kilometers). Th e convenience 
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provided by these low costs and high-energy densities, and the infrastructure that 
we’ve developed to use and move these fuels, have made it diffi  cult to bring other 
technologies or economic choices to fruition on a large scale. But, the easy-to-
fi nd-and-extract fossil fuels, referred to as “conventional” fossil fuel resources, have 
become considerably scarcer (especially oil and natural gas) at the same time that 
their longer-term environmental impacts (especially coal and oil), most notably 
climate change, have become clear. Costs of these energy sources appear low only 
when longer-term environmental costs are not included. Understanding this idea 
is fundamental to understanding transitions in local and global energy sources and 
uses in the coming decades. Localized environmental impacts of the use of coal, like 
soot-fi lled skies, were obvious as fossil fuel use rapidly grew, while other impacts, like 
climate change and acid rain, were eff ectively invisible. Only now—years after the 
Industrial Revolution—are we beginning to more fully understand its unintended 
consequences for the environment.
 

A closer look at energy sources

Our energy comes from petroleum, natural gas, coal, renewable sources, and the 
nuclear reactions that power some electric plants. Th at energy is used to meet 
four diff erent kinds of demands: transportation, industrial processes, residential 
and commercial buildings, and electric power generation. Production cannot be 
understood independent of consumption. Th is section will provide a brief overview 
of the total energy picture for the U.S., and then describe where certain fuels come 
from and the history of their use, give selected import and export data, and note 

Figure 7.2. Primary energy fl ow by source and sector 2009.
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changes in use and/or production. Notable environmental impacts of using or 
extracting diff erent energy sources are described in a later section.

Each energy source might reasonably be considered multiple sources, because there 
are a variety of reservoirs of each fuel source, those reservoirs can vary substantially 
in nature, and they can be found in many diff erent parts of the world. For example, 
oil can come from a conventional land-based well in Texas, Pennsylvania, or Saudi 
Arabia; from deep below the sea fl oor in the Gulf of Mexico or the North Sea; 
from tar sands in Alberta, Canada; or from oil shale from North Dakota, Estonia, 
or China. Th ese sources all provide oil, but the environmental and economic costs 
of extraction vary considerably, as does the quality of the oil produced. Such an 
expanded description could be made for each of the supply sources, and a few of 
these “sources within sources” will be briefl y explored.

We typically measure power in watts and energy in kilowatt hours (kWh) or British 
thermal units (BTUs). Light bulbs are labeled with their power usage in watts, with 
traditional incandescent bulbs ranging from 25–150 watts and compact fl orescent 

Figure 7.3. Comparing the energy demand for diff erent light bulb types 
and fuel sources.
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bulbs ranging from 5–30 watts to produce a comparable amount of light (Figure 
7.3). Th e largest power plants produce power on the order of hundreds of megawatts 
(MW) to a few gigawatts (GW). A megawatt is one million watts and a gigawatt is 
one billion watts. One kilowatt hour (kWh) is the energy required to light a 100-watt 
light bulb for 10 hours. One BTU is the approximate heat and light energy released 
in the burning of a standard kitchen match or the amount of energy needed to raise 
one pound of water one degree Fahrenheit. One kWh is equivalent to 3,412 BTU. 
A quadrillion BTUs (1,015 BTUs), called a Quad, is equal to 293,000,000,000 
kWh.4

Steam-driven turbines produce most (but not all) electricity. Th e trans-portation 
sector is nearly completely driven by internal combustion engines.  Industrial 
processes are largely heat-driven, and our homes and businesses are mostly warmed 
through burning natural gas, oil, coal or biomass. Th at means that the BTU and the 
Quad are more fundamental units of energy than the kWh. In 2011, 97.3 Quads 
of energy fl owed through the U.S. economy. Figure 7.2 shows U.S. energy fl ow by 
source and sector. If all of that energy were converted (with 100% effi  ciency) to 
electricity, it would equal 28.5 trillion kWh. 

Power plants, however, are never 100% effi  cient. Typically, about half of the energy 
content of a fuel is lost as waste heat at the power plant. Newer combined heat 
and power plants are more effi  cient, but even these plants lose one third of the 
energy content of their fuels as waste heat. Roughly another 7% is lost as heat from 
transmission lines.

Some energy sources tend to be used in specifi c ways, and some energy needs can 
be met with more than one kind of fuel. Th e largest source of energy for the U.S. 
in 2011 was petroleum at 35.3 Quads, and 71% of the petroleum the country uses 
is used in the transportation sector. All commercially produced nuclear energy and 
almost all (92%) of the coal burned in the U.S. are used for electricity production.5 
Between 2001 and 2012, coal fell from producing 51% to 37% of U.S. electricity, 
while natural gas rose from producing 17% to 30%. During this time period, non-
hydro renewables more than doubled their percentage of U.S. electricity production—
from less than 2% to more than 5%. Both nuclear (approximately 20%) and hydro 
(approximately 6%) remained relatively fl at while petroleum liquids dropped from 
more than 3% to less than 0.4%. Our energy system is both diverse and changing 
rapidly (see Figure 7.4).

Th e decrease in coal’s share of electricity production has occurred in tandem with an 
increase in the contribution of natural gas. Between 1989 and 2012, for example, 
coal dropped from producing four times as much electricity as natural gas to 
producing just 23% more. After six decades of steady growth, the use of coal for 
electricity production began to fall sharply in 2007. During the six decades prior to 
2007, electricity production from coal increased almost every year. During those 
sixty years, production never dropped two years in a row, but production has now 
fallen for four of the last fi ve years. 
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Th ere are multiple reasons behind the decline in coal use (see discussion below), 
importantly including the economic recession, so the likelihood of this trend 
continuing is uncertain. In fact, coal use is expected to increase in 2013, in tandem 
with a decrease in the use of natural gas for electricity production. In the longer term, 
however, it seems likely that the share of electricity generated by coal will continue 
to decline relative to gas.6

Petroleum was used as an illuminant, a lubricant, and an ingredient in patent 
medicines long before it was widely used as a fuel. As mentioned in Chapter 3, the 
fi rst commercial oil well was drilled in northwestern Pennsylvania in 1859. Petroleum 
production peaked in the U.S. in the early 1970s, and in 1994, oil imports surpassed 
domestic production for the fi rst time. Net oil imports generally rose until 2005 
when they plateaued for two years and then began to fall. Th e fall in oil imports 
coincides with a fall in domestic consumption. In 2009, 9.7 million barrels per day 
were imported and 7.2 million barrels per day were produced domestically.7 Since 
2009, U.S. oil production has increased, largely due to unconventional production 
by hydraulic fracturing of oil shales. In 2012, imports accounted for 40% of U.S. 
petroleum consumption—the lowest since 1991.8 With less than 5% of the world 
population, the U.S. consumes approximately 22% of petroleum consumption.9

Canada is our largest source of foreign oil. Approximately 40% of crude oil 
production in Canada is from tar sands, naturally occurring mixtures of sand, clay, 
water, and a very thick kind of oil known as bitumen.10 Like the Marcellus Shale, 
tar sands are an unconventional energy source. Th e process of extracting oil from tar 
sands is very water and energy intensive. Although the country that is the second 

             Figure 7.4. U.S. net electric generation by source, 2001–2012.
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largest supplier of foreign oil varies from year to year, the second largest region (after 
Canada) to supply U.S. oil is the politically unstable Middle East.

Natural gas is often co-produced with oil, and was once simply burned off  as waste 
from oil wells. Most U.S. natural gas is produced and used domestically, with imports 
dropping to 6% of total gas consumed in 2012. In the fi rst decade of the 21st century, 
imports averaged 15% of consumption. Th e decrease in imports is due largely to 
increases in production from the Marcellus.11Th e overwhelming majority of imports 
come by pipeline from Canada. Pipeline imports also come from Mexico and some 
natural gas is exported from the U.S. to both Canada and Mexico. 

As mentioned in Chapter 6, Liquefi ed Natural Gas (LNG) is natural gas that has 
been cooled into a liquid state so that it takes up only 1/600th of the volume of 
natural gas. LNG is imported from a variety of countries. Trinidad and Tobago is 
the lead exporter to the U.S. LNG’s small portion of U.S. domestic use grew rapidly 
early in the last decade, but the U.S. Energy Information Administration projects 
that it will remain minimal through 2035.12 Th e development of shale gas increases 
the likelihood of gas exports and decreases the likelihood of further imports.

Coal was used as a fuel long before the other fossil fuels—as early as 1100 BCE. 
Widespread use began in the Middle Ages, when the invention of fi re bricks in the 
1400s made chimneys cheap and practical. Britain was a coal exporter, including to 
the colonies of North America, in the 1700s. Although the U.S. burned some coal 
early in its history, more wood than coal was burned here until the late 1800s.13

Between 2008 and 2012, coal consumption fell in the U.S. by 21%. Th e majority of 
the drop in usage is attributed to reduction in use for electric power generation. Th e 
absolute decrease was 231,000 short tons.14 Th e drop in coal production is a result 

Figure 7.5. U.S. renewable energy consumption by energy source, 2010. 
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of two primary factors—new gas-fi red power plants coming online in the last decade, 
and diminished demand due to the struggling economy.

Almost all coal used in the U.S. is mined here, and some of it is exported. In 2009, 
production fell considerably (8.3%) to 1,075 million short tons with exports of 59.1 
million short tons and imports of 22.6 million short tons. Th e quality of coal varies 
substantially in BTU production and amount of particulates and other pollutants 
that are emitted by burning (Table 7.1). 

Nuclear power has only been a commercial source of electricity since 1957 and its 
substantial growth stopped (or paused) in the United States in the late 1970s as a 
result of a combination of prohibitive economic cost and environmental concerns, 
highlighted by the 1979 accident at Pennsylvania’s Th ree Mile Island nuclear 
generating station, and the long-term handling of nuclear waste. Unlike the later 
accidents at Chernobyl and Fukushima, there were no documented deaths associated 
with U.S.’s best-known nuclear accident. 

In 2009, the U.S. imported 58.9 million pounds (26.7 million kilograms) of uranium 
and produced another 4.1 million pounds (1.9 million kilograms) domestically. Th e 
U.S. is the largest producer of electricity from nuclear power in the world, but the 
much smaller population of France gets 74% of its total electricity from nuclear 
power.15 In 2009, nuclear power accounted for 8.3% of all U.S. energy production 
and 22% of its electricity.16

Renewable energy

Renewable energy is energy that comes from sources that are naturally replenished. 
It accounted for 8% of U.S. energy consumption in 2010 and comes in many forms 
(Figure 7.5). Biomass has thousands (if not millions) of years of history as an energy 
source and it is still the largest renewable source of energy. Wood and wood products 
still account for just over half of U.S. commercial biomass energy production, but 
it is now nearly equaled by biofuels (ethanol and biodiesel). Th is does not include 
much of the home heating provided by wood burning. Energy from waste, including 
landfi ll gas, is also included as biomass. Landfi ll gas is a mixture of methane and 
other gases produced by microorganisms breaking down biomass within a landfi ll. 

Table 7.1. Coal classifi cation by type.17

Coal type Percent of U.S. 
Production (2008)

Range of Heating values 
(thousand BTU/lb)

Lignite 6.9 4.0–8.3

Sub-bituminous coal 46.3 8.3–13.0

Bituminous coal 46.9 11.0–15.0

Anthracite coal < 0.1 > 15.0
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Hydropower is the longest established renewable energy source used for electricity 
production, and still accounts for the largest portion of renewable electric generation 
in the U.S. Th e world’s fi rst commercial-scale power plant began operation at Niagara 
Falls, New York, in 1881. Hydropower accounts for about 7% of U.S. electricity use, 
and because most substantial river systems have already been dammed for electricity 
use or their damming has been deemed too environmentally costly to pursue, there 
is little likelihood that the U.S. can obtain much more energy from traditional 
hydropower.18

U.S. wind power generation grew from 4.5 GW in 1999 to 73.9 GW in 2009 and 
wind power led all other sources of electric power in terms of new capacity in 2008 
and 2009. Geothermal both provides direct heat and generates electricity, using 
Earth’s internal heat as an energy source. It has long been used on a small scale for 
heating where the heat release is high—at hot springs, for example. In recent decades, 
capturing Earth’s heat for power production has grown substantially, but it remains 
a small part of the global energy portfolio. Such deep geothermal energy systems 
sometimes use hydraulic fracturing to increase the fl ow of water through the rock, 
which regulates heat and controls energy production. Also in the last few decades, 
small-scale, relatively shallow (less than 300 feet, or 91 meters) geothermal heat 
pumps have been eff ectively used to preheat air in winter or cool it in summer, thus 
reducing HVAC costs in homes and other buildings. Th ese systems take advantage of 
nearly constant temperature (approximately 50–60°F) below the surface and do not 
require fracturing bedrock. Globally, geothermal electricity production has grown 
20% since 2005, but its total contribution is still comparatively small at 11 GW of 
installed electric generating capacity.19

In addition to photosynthesis (what green plants do to convert solar energy to 
biomass), two processes convert the Sun’s rays to power for our life and work: solar 
thermal uses the Sun for heat; and photovoltaic cells (PV) convert light into electric 
current. Solar power off ers examples of sources within a source as there is not 
only solar thermal and PV, but many diff erent technologies used for both of these 
subtypes of energy production. Both are growing rapidly, with global PV generating 
capacity more than doubling between 2008 and 2010 (from 16 to 40 GW). Both 
solar thermal and PV systems can range in scale from very small household systems 
to very large power plants. Global solar thermal capacity, excluding systems to heat 
swimming pools, grew 16% in 2010, to 185 GW.20 Solar energy production (thermal 
+ PV) in the U.S. increased 60% between 2006 and 2010.21 Further, passive solar 
building design coupled with good insulation and control of airfl ow can eliminate or 
practically eliminate the need for heating systems.

Possible future sources of energy include nuclear fusion, cellulosic ethanol, hydrogen 
fuel cells, tidally driven turbines, and many others. Effi  ciency, conservation, and 
lifestyle changes also have the potential to greatly lower energy demand. But lifestyle 
changes and economic development—and in addition, population growth—also have 
the potential to increase energy demand.



133

All large-scale energy sources have 
negative environmental impacts

It has become common knowledge that the extraction and use of fossil fuels damages 
the environment in a number of ways. Environmental impacts are associated with 
any type of large-scale energy development, although the type and scale of impact 
vary widely among them.

Coal is frequently mined in ways that risk human life and dramatically alter the 
landscape, for example, by removing entire mountaintops.22 Its use contributes to 
acid rain and has history of yielding huge spills of coal slurry that decimate landscapes. 
Coal can be surface mined or mined from below ground. When burned, coal has 
a range of impacts. In recent years, attention has been given to climate impacts, 
but coal has historically blackened cities and released mercury and pollutants that 
yield acid rain. In addition, black lung disease and coalmining accidents have killed 
thousands around the globe every year. Coal mining and accidents also contaminate 
streams and rivers. Th e Martin County, Kentucky, coal sludge spill of 2000 sent an 
estimated 300 million gallons of sludge into two tributaries of the Tug Fork River.23

Oil can spill during extraction, shipment, or end use. Oil and natural gas extraction 
are also hazardous. Less than a month after the 2010 disaster at the Upper Big 
Branch Mine that killed 29 people came the explosion of the Deepwater Horizon 
Drilling Platform, and with it the death of 11 crewmembers and the beginning 
of the worst oil spill in the nation’s history. In July 2013, an oil train derailed and 
exploded, killing an estimated 47 people and decimating a small town in Quebec. 
More locally, the impacts of Marcellus Shale gas drilling have been reported from 
numerous regions in Pennsylvania, and traffi  c accidents are anecdotally on the rise. 
Natural gas lines can blow and leak. Other environmental, public safety, and public 
health issues related to shale gas development are detailed throughout this book. 

Th ere remain huge reserves of fossil fuels in the world, but these reserves are 
increasingly diffi  cult and expensive to recover, are generally more water- and 
energy-intensive than previous extraction, and hold substantial environmental risks. 
Although substantial reserves remain, fossil fuels are a fi nite resource. Fossil fuel 
extraction methods are distinct and each has a suite of overlapping environmental 
concerns. 

Negative environmental impacts are not, however, limited to fossil fuels. Th e 
burning of biomass, like fossil fuels, yields carbon dioxide and often other emissions, 
although carbon emissions are cancelled out if the rate or regrowth of the same or 
similar biomass equals the rate of harvest. Wind development industrializes rural 
landscapes in some ways that parallel shale gas development. Th ere is initial heavy 
construction and the building of access roads in formerly wild places, with similar 
storm-water pollution and habitat-fragmentation issues. It involves substantial truck 
traffi  c for the delivery and pouring of massive amounts of concrete for the turbine 
towers (and cement production is a large contributor to carbon dioxide emissions). 
Further, the physics and economy of wind turbines favors the construction of large 
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diameter blades. Th is brings permanent structures to rural landscapes that are scores 
to hundreds of feet high. Although impacts upon bird populations appear smaller 
than initially believed, current designs of turbines could have substantial impacts 
on bat populations. Turbines also make noise and cast fl ickering shadows that can 
impact sensitive residents’ well-being. 

Solar energy produces no emissions once systems are installed, but there are concerns 
about the manufacture and disposal of photovoltaic solar cells, and related to the 
mining practices, particularly outside the U.S., of rare earth metals used in PV and 
battery production. Whether a commercial-scale solar energy installation generates 
heat or electricity, it must cover and industrialize considerably more physical area 
compared to other kinds of power plants that generate the same amount of energy, 
although smaller-scale solar energy systems can be roof-mounted, reducing these 
concerns. 

Th ere are very serious concerns about nuclear power, especially related to accidents 
and the long-term management of highly toxic waste material. Accidents in the 
nuclear industry are uncommon but when they do happen, they appear devastating 
in scale. However, power production driven by fossil fuels has led to many times 
more documented fatalities than nuclear power production. Technological advances 
have drastically cut the amount of radioactive waste used by newly designed nuclear 
power plants, but cost and environmental concern for accidents remain. Commercial 
scale hydropower appears unlikely to expand substantially in the U.S. using current 
technology because the fl ooding of gorges or valleys typically required for such 
generation destroys human and wildlife habitat. Indeed, many hydropower plants 
have been removed in recent decades because of their impact on wildlife, particularly 
fi sh migration.24 Th ere are also concerns related to copper mining, and copper is 
central to the distribution of electric power. Th e world’s largest human-made hole 
is Utah’s Bingham Canyon Copper Mine, which experienced a massive landslide in 
2013.25

Consider that one large nuclear plant produces the same amount of electricity as 
3,000 large wind turbines or 50 square miles (130 square kilometers) of photovoltaic 
cells. It is not a simple question to determine the most environmentally benign energy 
source, and the answer can vary depending on local contexts. Th ere is no such thing 
as a free megawatt, with the possible exception of the one that is not consumed in the 
fi rst place. Th e environmental impact of an energy source is a complicated issue, and 
although it is clear that some energy sources are more environmentally friendly than 
others, all commercial energy production has negative environmental impacts. For any 
energy source, there is a wide range of factors to consider, and those factors should 
be considered in contrast to current energy practices.
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Energy production and use varies 
considerably by region and over time

Th e four states within the Marcellus region have substantially diff erent energy 
portfolios (Figure 7.6). West Virginia, which has substantial coal fi elds, is especially 
dependent upon coal for both its economy and its energy with 98% of electricity 
generated by coal. West Virginia leads the nation in net interstate electricity exports. 
In contrast, 2011 statistics show that coal accounts for only 6% of New York State 
electricity production. Although this is the smallest percentage in many decades, 
the percentage of New York electricity that comes from coal has not reached 20% 
since 1993. Natural gas and nuclear each produce roughly one third of New York 
State’s electricity.26 Hydropower, mostly from Niagara Falls, accounts for 21% of 
generation. Th us, the energy status quo depends greatly upon what energy sources 
exist near where you live.

Th e diversity of New York’s electricity portfolio is unusual for the region. Th e four 
largest electric power plants in New York State are powered by four diff erent sources 
(from larger to smaller: hydroelectric, natural gas, nuclear, and petroleum). Th e 
2,353-mW Robert Moses Niagara plant, harnessing power from the Niagara River, 
is one of the largest hydroelectric facilities in the world and is the largest single 
power plant in New York State (Figure 7.1). Th e Ravenswood Generating Station in 
Queens is a very close second. Ravenswood burns primarily natural gas, but can also 

Figure 7.6. Electric power industry net generation by state within the Marcellus region.
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burn petroleum. Four of the plants rounding out the top ten are powered by natural 
gas and none of the ten biggest power plants in New York State are coal-fi red. In 
both Ohio and West Virginia, nine of the ten largest power plants are coal-fi red. In 
fact, the eight largest plants in both states are coal-fi red. Th e largest power plants in 
Pennsylvania, Ohio, and West Virginia are all coal-fi red and are all larger producers 
than Niagara Falls’ Robert Moses hydroelectric plant. All three of these states also 
have active commercial coal mines, whereas New York does not.27

Th e energy portfolio also varies substantially over time (Figure 7.7). In 1990, more 
New York State electricity was produced from petroleum than from any other source. 
Since then, hydroelectric, natural gas, and nuclear have all taken turns as the leading 
source of electricity generation in the state. Since 1994, either nuclear (for seven of 
those years) or natural gas (for nine of those years) has led production.28 Energy costs 
vary over time and by source, and power plants are built, retrofi tted to use diff erent 
fuel sources, and are temporarily taken offl  ine for maintenance or repairs.

What do we use energy for? 
Energy demand sectors

Diff erent energy sources tend to be used to power diff erent things. Consider lifting a 
satellite into orbit, powering that satellite, powering the GPS unit that depends upon 
the satellite, and powering the vehicle with the GPS unit inside it that takes you to 
your heated or cooled home. Each step requires a diff erent energy source, although 
the GPS functions through the vehicle’s transformation of one energy source into 
another. 

Th e Energy Information Administration describes energy use as falling into one of four 
demand sectors: transportation, industrial, residential and commercial, and electric 
power. We will discuss the two largest sectors: electric power and transportation.

Electric power

North America’s electricity grid is the world’s largest machine. Electric power is the 
largest energy demand sector. Electricity is also the largest source of U.S. greenhouse 
gas emissions, accounting for 33% of all U.S. emissions according to the EPA.29 Due 
to its dominance in both use and emissions, and due to its complexity, electricity 
receives more attention in this document than the other demand sectors. Th e 
electrical system is also tremendously ineffi  cient—the majority of the energy input 
into the system is lost, primarily as waste heat. For 2012, Lawrence Livermore Lab 
estimates that 25.7 of the 38.1 Quads consumed for electricity generation—two-
thirds of the energy for the sector—is rejected as waste heat.30 So, the electrical system 
is the biggest machine, the biggest source of greenhouse gas emissions, and one of the 
biggest sources of wasted energy. 

Spinning coiled wires in a magnetic fi eld generates electricity. Most electric power is 
generated in this way, converting mechanical energy into electrical energy through 
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the use of a turbine. Power plants heat water to generate steam to turn turbines. 
Th e most common sources of that heat are coal and natural gas, with dependence 
on coal decreasing and natural gas increasing in recent years. Coal and natural gas 
plants and plants powered by biomass or waste burn fuel to produce heat. Wind 
and hydro use the movement of air or water, instead of steam, to turn turbines. 
Photovoltaic (PV) solar cells involve a fundamentally diff erent process than turbines, 
in which light strikes a semiconductor and this moves electrons from the surface of 
the semiconductor or between diff erent bands within the material, thus generating 
electricity. 

Th e heat in fuel-burning plants does not all go to drive the turbines. Traditionally, 
some heat has been exhausted as waste, but an increasing number of plants now use 
it for other purposes. Th ese are referred to as cogeneration or combined-heat-and-
power (CHP) facilities and are substantially more effi  cient in the conversion of fuel to 
usable energy. As Figure 7.7 shows, most of generating capacity that came online in 
the last decade was natural gas-fi red. Most of this new generation, and most (65%) 
of the natural gas plants that have come online since 1980, are CHP plants.31

In 2009, electric power generation dropped 4.1%.32 Most of the drop in generation 
was from coal-fi red power plants. Nuclear power generation also dropped by 0.9%, 
whereas production from natural gas, hydro, petroleum and renewables all increased.33 
Th e decline in demand is primarily a result of two factors—the economic recession and 
improvements in appliance effi  ciency. Th at the drop in electric production primarily 
was a drop in electric production from coal is a result of substantial increases in 
electric production from wind and natural gas.

Figure 7.7. U.S. energy capacity by energy type, 2010. Data for 2010 are preliminary. Generators with 
online dates earlier than 1930 are predominantly hydroelectric. Data include non-retired plants existing 
as of year-end 2010. Th is chart shows the most recent (summer) capacity data for each generator. Th is 
number changes over time as generators undergo an increase or decrease in generating capacity.



138

Transportation

In the fi rst half of the 20th century, coal—used to fuel trains—was the dominant fuel 
for transportation. Coal was an important transportation fuel through the 1940s but 
its use in this sector fell rapidly in the 1950s. Now, with the widespread use of cars 
and trucks, 94% of the sector’s power comes from petroleum. Th e remaining 6% of 
the sector’s energy is split nearly evenly between renewables and natural gas.34 Most 
of the renewable contribution to the sector is in the form of biofuels (see Figure 
7.1). 

As in the electric generation sector, most of energy input into the transportation 
sector is lost as waste heat. Indeed, transportation is the least effi  cient energy sector 
—of the 26.7 Quads of energy consumed by the sector, just 5.6 Quads (only 21%) is 
used to provide energy services.35

California vehicle regulations have a history of infl uencing energy in the transportation 
sector. A change went into eff ect in the summer of 2011 that limits single occupant 
riders in California’s High Occupancy Vehicle (HOV) lanes to pure zero-emission 
vehicles (100% battery electric and hydrogen fuel cell) and compressed natural gas 
(CNG) vehicles. Prior to July 1, 2011, certain gasoline-electric hybrid vehicles were 
allowed in HOV lanes. Th is change in regulation, along with federal tax incentives, is 
rapidly bringing new demand for the production of electric and CNG vehicles. Th e 
BNSF Railway Company, one of the largest haulers of rail freight in the U.S., is pilot-
testing locomotives powered by liquefi ed natural gas (LNG)36 and, because many 
landfi lls produce natural gas, many refuse truck fl eets are switching to compressed 
natural gas (CNG).37

Predicting future energy use 
and availability is challenging

In 1954, the Chairman of the U.S. Atomic Energy Commission predicted, “Our 
children will enjoy in their homes electrical energy too cheap to meter…”38  
Predictions about a topic as complex as energy are bound to sometimes widely miss 
the mark, and therefore should be read with a skeptical eye. Th e Energy Information 
Administration makes predictions about future energy use and development in their 
Annual Energy Outlook. Th ese projections look decades into the future and typically 
include a range of likely outcomes based on things like the potential for technological 
advances, political will, global economic situations, and past use. Looking back to 
Annual Energy Outlook 2001 with Projections to 202039 shows some discussion of the 
development of natural gas from onshore unconventional sources and substantial 
growth in supply from this source. Natural gas production was projected to rise 
just above 20 tcf per year for the lower 48 states and this is exactly what happened, 
however, the rise in production was not as linear as projected. Th at same report 
placed the high renewables case projection for wind development at approximately 
8 GW for 2010. Th e actual value for the year was more than three times higher than 
the highest projection—in excess of 34 GW. 
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Chapter 7 Summary

Our energy system is ever-changing and differs widely • 
across regions. New technologies and societal wants 
and needs will bring continuous change to where we 
get our energy from and how we use it. Sweeping 
and diffi cult-to-predict changes will doubtless happen 
repeatedly, while other parts of the system will change 
remarkably slowly. 

There are many different energy sources, but fossil • 
fuels produce most of our useable energy. Energy 
use falls into four sectors: transportation, industrial, 
residential/commercial, and electric power. Some 
energy sources are used primarily within one sector. 

Comparison of environmental impacts of different • 
energy sources is challenging due to the fundamentally 
different nature of impacts from different sources. 
These comparisons can be challenging even when 
the fuel is the same. Gas procured through HVHF has 
different impacts than gas extracted by conventional 
means.

 
Any change in the energy system impacts both • 
the environment and the economy. Most increases 
in energy production and use will damage the 
environment, and need to be considered in the context 
of current energy practices. By better understanding 
the components and their interconnections, and how 
these have changed in the past, we can make more 
informed decisions about our energy future.

Because use of any large-scale energy source has • 
substantial environmental and economic impacts 
that ripple through the connected systems of our 
environment and society, the most direct way to 
reduce negative environmental impacts from energy 
use is to use less energy. 



Figure 8.1. “Grand ball given by the whales in honor of the discovery of oil wells in Pennsylvania,” Vanity 
Fair, 1861.
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Chapter 8

Compared to What?
Risk, uncertainty, & 
Hydrofracking

Contaminated groundwater, lowered air quality, boom and bust economic cycles, 
global climate change, fragmentation or destruction of ecosystems, diminished 
landscape aesthetics and quality of life are among the many factors to consider in 
weighing the risks of natural gas development in the Marcellus Shale. Th ese are risks 
associated with HVHF, but, as discussed in Chapter 7, there are risks associated with 
all large-scale energy production and use. We care about these risks because we care 
about human health and the health of ecosystems, economies, and communities. 
Th e fundamental question for a particular large-scale energy source is therefore 
not, “Is this bad for the environment?” because the answer is invariably “Yes.” Th e 
fundamental question is, “Is this less bad for the environment than the other ways 
that we get energy now or might get energy in the near future?” 

Managing risks involves both reducing current risk and avoiding future risks while 
also evaluating the benefi ts that are associated with the practices and materials in 
question. Changes in the energy system often involve changes in the nature, scale, 
and location of risk factors. For example, will an energy change reduce global risk, 
for climate change for example, while increasing local risks to water and air quality? 
How and by whom is it determined if such tradeoff s are appropriate? 

Compared to What? 
Risk, Uncertainty, 
& Hydrofracking



142

Th is chapter will provide no easy answers, but rather try to reveal some of the 
complexities to help the reader better determine which factors are most important 
from his or her perspective. It also hints at an important question related to the 
reality that all large-scale energy production involves substantial risks to human 
health and the environment: Can we make a huge reduction in energy demands? Th e 
most direct path to reduce risks associated with energy use is to use less energy. Th e 
greater the reduction in energy consumption, the greater the reduction in associated 
risks. Eliminating one energy source without decreasing the demand for overall 
energy use means that the risks of energy production are still out there—perhaps 
externalized to another country, state or community, but still impacting human 
health, the environment, and the economy somewhere.

Th is is not to imply that equivalent amounts of energy produced by diff erent means 
have equally negative impacts, only that they all have negative impacts. Th e nature of 
those impacts varies substantially from source to source. Investigating risks associated 
with energy production is akin to rubbing one’s nose in the energy system—and in 
some sense, it all stinks. 

Th e major risks associated with hydraulic fracturing in the Marcellus Shale have been 
discussed in the preceding chapters. Th is chapter will focus on how and why people 
judge risk, and why that judging is challenging work. From the outset, it is very 
important to note that whereas scientifi c literacy is necessary for the evaluation of 
risk, scientifi c literacy alone, at least in the traditional sense, is not suffi  cient. 

Th e chapter addresses three key questions: 

What are the signifi cant anticipated risks associated with • 
HVHF in the context of our energy options?

What characterizes and bedevils eff ective risk analysis?• 1

What can be done to reduce current risks and prevent • 
future risks?

Th e issue in question is not simply the hydraulic fracturing of rock, but HVHF 
contextualized in a series of connected processes and systems associated with natural 
gas extraction. "Hydrofracking” is often used as an abbreviated label for the full suite 
of activities; slickwater horizontal high-volume hydraulic fracturing (and its partial 
acronym HVHF) is awkward to read, but is more descriptive of the associated risks.

Considering risk

All energy choices have environmental, economic, and cultural consequences. 
Choosing to develop an energy resource will have consequences at the point of 
extraction or harvest, along the transportation process, at the point of use, and for 
the global environment. Choosing not to develop a resource will mean continued 
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dependence on other existing sources, the development of alternatives, or reduction 
of energy consumption. Many of these consequences pose risk, which can be defi ned 
as exposure of something or someone to danger, harm, or loss. Four issues to consider 
in the evaluation of risk:2

Probability: “What are the chances of…?”1. 

Consequences: “What is the severity of the possible 2. 
outcome?”

Hazard: “If the material or process is hazardous, in what 3. 
way and to what degree?”

Exposure: “How can we decrease or eliminate exposure, 4. 
and thus harm?”

Th is provides useful guidance on weighing risk, but is not explicit about 
the purpose of risk management. In the case that is the subject of this book, we can 
identify fi ve perspectives that inform public health responses (in the broadest sense) 
to global warming to the question of hydrofracking:3

Prevention: “What actions can be taken to avoid harm in 1. 
the future and reduce existing impacts?”

Risk management: “How can risk be systematically be 2. 
identifi ed, assessed and reduced?”

Co-benefi ts: “What actions will yield benefi ts in multiple 3. 
arenas?”

Economic impacts: “How can the public be protected at 4. 
the lowest possible cost?”

Ethical issues: “How can issues for future generations, 5. 
vulnerable populations, and ecosystems be democratically 
and justly addressed?”

Th e fi rst issue in the fi rst of these two lists—probability—is a confounding factor for 
all that follows in both lists. Understanding probability is fundamental to predicting 
likely consequences, and to determining the appropriateness of preventative action, 
for two examples. Uncertainty about the impacts of HVHF raises questions about 
how and whether it can be appropriately managed. Th at HVHF has only been used 
on a widespread scale for a short time means that there is little peer-reviewed research 
on the nature and extent of the impacts on health, environment, and economies.4 

Moreover, impacts past a decade might be estimated, but cannot yet be measured.
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Some risks to consider

Th e diff erent risks associated with large-scale energy production and use number 
at least in the dozens. Because they are delineated elsewhere in the book, only a 
selection will be mentioned here. Many of the most serious concerns—including 
groundwater and surface water contamination, water treatment, concerns about 
the amount of water used, and NORMs—are described in Chapter 4. Chapter 5 
addresses additional concerns, including habitat fragmentation and loss, air quality, 
noise, truck traffi  c, and the industrialization of rural landscapes. Chapter 6 addresses 
what is perhaps the most serious issue that we face in the 21st century: global climate 
change. Th is list is not intended to be exhaustive, but rather to generate ideas about 
potential impacts. 

Th ese concerns generally connect to concerns about eff ects on human health. Because 
widespread use of HVHF is still relatively new, there is little peer-reviewed literature 
on the health eff ects of the technology. In May 2012, the federal Centers for Disease 
Control and Prevention (CDC) and the Agency for Toxic Substances and Disease 
Registry (ATSDR) issued a joint statement noting that they “do not have enough 
information to say with certainty whether natural gas extraction and production 
activities including hydraulic fracturing pose a threat to public health. We believe 
that further study is warranted to fully understand potential public health impacts.”5 
Also in May 2012, the Journal of the American Medical Association published an 
editorial entitled, “Rigorous Evidence Slim for Determining Health Risks From 
Natural Gas Fracking” that raised a wide range of health concerns related to HVHF, 
but, as the title noted, rigorous evidence on health eff ects are limited.6 

Some impacts, however, are apparent, especially those related to worker health. 
Silicosis is a lung disease in which inhaled silica particles become trapped in lung 
tissue, reducing the lungs’ ability to take in oxygen. It can be fatal. Silica dust can 
also lead to lung cancer, tuberculosis, chronic obstructive pulmonary disease, and 
kidney and autoimmune disease. Airborne silica dust is common during hydraulic 
fracturing (see Figure 5.1). Th e Occupational Health and Safety Administration 
(OSHA) and the National Institute for Occupational Safety and Health (NIOSH) 
issued a Hazard Alert addressing worker safety related to silica exposure at HVHF 
sites after fi eld-testing showed that 31% of 116 full-shift air samples collected from 
eleven HVHF sites in fi ve states exceeded NIOSH’s recommended exposure limit 
by more than ten times; 47% of workers in the study were exposed to levels of silica 
dust above the permissible exposure limit.7 Although silicosis is not curable, it is 
preventable through reduction of exposure to silica dust. 

Health eff ects related to water contamination from HVHF activities remain a serious 
concern, but have not been verifi ed on a large scale. Contaminated water wells near 
HVHF gas wells warrant testing and monitoring. In the spring of 2013, during 
CDC testimony before the Subcommittees on Energy and Environment of the 
Committee on Science, Space and Technology in the U.S. House of Representatives, 
concerns were noted related to possible contamination from HVHF activities on 
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groundwater wells in fi ve states as well as health concerns related to air quality near 
compressor stations.8

Risk comparison: what is less bad? 

Taken together, the two numbered lists above off er guidance in how and why to 
reduce and prevent risk. In evaluating any energy source, these issues should be 
considered, and they should be considered in the context of the larger energy system. 
Part of what that means is that, in addition to considering these issues related to 
HVHF (the focus of this book), we must also consider these factors for the energy 
sources that will be used in place of natural gas from HVHF if HVHF does not 
occur. Alternatively (or perhaps simultaneously), we must consider the impacts of 
using less energy. Evaluating only the risks directly associated with a single energy 
source assures unintended consequences by neglecting the larger system eff ects. 

Th ere is no doubt that HVHF uses millions of gallons of water and contaminates that 
water to a greater or lesser extent; that the development of the infrastructure required 
to extract gas and move it to market industrializes rural landscapes and communities 
and alters ecosystems; that it leaks some amount—perhaps a lot—of  methane along 
the way from the well to the burner; and that burning natural gas produces carbon 
dioxide. All of that is beyond dispute, but without comparing these impacts with the 
impacts of other energy sources, knowing about these issues is insuffi  cient for large 
scale decision-making about energy systems. 

Because all energy sources have both risks and benefi ts, evaluating the risks of 
HVHF should compare the risks and benefi ts of diff erent energy sources, determine 
weightings for diff erent factors, and ultimately pursue the question of which energy 
sources are “less bad,” and what combination of energy sources best balances risks 
and benefi ts with respect to health, the environment, and the economy. Th ere is 
no simple, clear answer: diff erent people weigh factors diff erently. In considering 
some of these character weightings here, it is not our intent to develop any kind of 
precise weighting scheme. Th at is a matter for communities and policy makers to 
decide. Rather, we will lay out considerations in the hope of informing that decision-
making. 

Box 8.1 lists selected risks that could increase with HVHF and selected risks that 
might be diminished. Most of the prospective benefi ts will only apply if HVHF 
off sets other energy development. Th is indicates that the global benefi ts accrue only 
if the more risky energy resources are not simply exported, externalizing local risks 
and compounding global ones. Energy demand has declined (in total and per-capita) 
within the U.S. in the last several years, but not globally. For example, although coal 
exports have increased in the last few years, they have not increased to match the 
overall drop in U.S. demand, so less U.S. coal is being used now both within the U.S. 
and beyond than was the case in 2008.9 U.S. greenhouse gas emissions in 2009 were 
6.9% lower than 2005 levels and equivalent to emissions in the mid 1990s.10
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Risk issues directly associated with HVHF are importantly diff erent than recent 
environmental catastrophes, such as the 2011 Fukushima Daiichi nuclear plant 
explosions/tsunami disaster in Japan; the Deepwater Horizon oil-well blowout in the 
Gulf of Mexico in 2010; the Upper Big Branch Mine disaster in West Virginia, also 
in 2010; or the oil train derailment in Lac-Megantic, Quebec, that killed 47 in 2013. 
Although it is very important to compare these catastrophes in terms of the scale of 
injury, death, and damage, the rapidity with which these incidents occurred are not 
likely to be matched by an accident related to HVHF. A more appropriate analogy 
might be a disaster that plays out over a much longer timeframe, like Bangladesh’s 
epidemic of arsenic poisoning due to contaminated groundwater. In that case, the 
scale of the disaster in terms of human lives lost or directly aff ected was far greater 
than the other catastrophes listed here.11

Box 8.2 lists a series of questions to consider when making energy decisions, beginning 
with questions focused on natural gas use and development. Note that questions 
related to environmental impact are generally also closely related to questions of 
public health. 

Table 8.1 delineates estimates of deaths per trillion kWh for diff erent energy sources. 
Th e estimates in the table draw from several sources and are historical in nature. 
In addition to consideration of data from the past, catastrophic potential, “…the 
ability to take the lives of hundreds of people in one blow, or to shorten or cripple 
the lives of thousands or millions more”12 is taken into consideration. In other words, 
it is not as simple as evaluating how many have been killed or injured in the past to 
determine the risk of such catastrophes. One must also consider the worst that could 
go wrong or is likely to go wrong. Nevertheless, historical data matters. 

Energy transitions reduce some risks 
but increase others

Th roughout human history, there has been a repeated pattern of discovering and 
developing an energy source, harvesting or extracting that energy source until it 
becomes scarce, increasingly expensive, and/or environmentally damaging to 
procure, developing an alternative(s) to the now scarce and expensive energy source, 
and repeating the process. Each time this has happened, it has involved a tradeoff  
from one set of costs and benefi ts for another.

Th e political cartoon in Figure 8.1 highlights one of these transitions—the transition 
from whale oil to petroleum in the 1860s. To take another example, in the 1600s, 
Holland rose to become a world power, powered in large part by new technologies 
for extracting and burning peat. Gradually, peat became scarcer, more expensive and 
more environmentally damaging to procure; while this fuel source was being depleted, 
Great Britain was developing ways to more effi  ciently extract and burn coal.13 In the 
United States at the turn of the last century, much of the eastern forests had been 
nearly completely cleared to power rising industry. Th e risks that accompanied the 
burning tons of whale oil, peat, coal, or wood were (and still are) legion.
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A century later, the process is again repeating itself, with conventional sources of 
fossil fuels being supplanted by unconventional fossil fuel sources and so-called 
alternative energies. “So-called” because, as each energy source emerged throughout 
history, it was an alternative to some other energy source that had been in place. 

Of course, there are diff erences in how this plays out. Th e forests of the eastern U.S. 
have largely returned (although not in the same form) in just a few generations. 
Nonrenewable energy sources can in fact renew, but likely only on a time frame that 
is many times that of the existence of humans as a species. It will, for example, take 
thousands or millions of generations for fossil fuels to re-form.

Renewable energy sources developed on large scales have high environmental costs as 
well. One of the largest photovoltaic (PV) arrays in New York State is the University of 
Buff alo’s quarter-mile-long 740-kilowatt Solar Strand. It sits approximately 120 miles 
(193 kilometers) from one of the largest nuclear power plants in the world—Ontario’s 
4.6-gigawatt Bruce Nuclear Generating Station. If UB’s Solar Strand maintained its 
current width and its length was extended to match the capacity of Bruce, it would 
need to extend from Buff alo to Denver. Although some environmental impacts 
could be reduced by mounting the PVs on rooftops, the energy and resources for 
production are simply huge. Th e largest human-made hole in Earth’s surface is Utah’s 
Bingham Canyon Copper Mine. Producing electricity from renewable sources still 
requires plenty of copper and we have no renewable alternative to it. 

Table 8.1. Estimated deaths per trillion kWh.14

Energy source Mortality rate (deaths/
trillion kWh)

Portion of energy use

Coal (global average) 170,000 50% global electricity

Coal (China) 280,000 75% China’s electricity

Coal (U.S.) 15,000 44% U.S. electricity

Oil 36,000 36% of energy, 8% of 
electricity

Natural gas 4,000 20% global electricity

Biofuel/biomass 24,000 21% global energy

Solar (rooftop) 440 < 1% global electricity

Wind 150 ~ 1% global electricity

Hydro (global average) 1,400 15% global electricity

Nuclear (global average) 90 17% global electricity
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Box 8.1. Considerations for assessing the 
environmental impact of high volume hydraulic 
fracturing. Note that many benefi ts only accrue if energy from 
HVHF offsets the energy use from other sources.

Prospective Liabilities Prospective Benefi ts
1. Industrial infrastructure 

degradation of rural 
landscape

Loss of recreational • 
tourism and resulting local 
and state revenue

Fragmentation of wildlife • 
habitat by roads and 
pipelines

Truck traffi c in rural areas • 
with its associated risks, 
including diesel fumes, 
traffi c accidents, road 
damage, and noise

2. Uncertainty of effect on 
global GHG emissions 
reduction efforts

Fugitive emissions could • 
result in increased global 
warming potential

Development of durable • 
infrastructure for natural 
gas could prolong fossil 
fuel dependence

3. Local pollution of air by 
VOCs/ ozone precursors

Long-term health effects • 
on local populations

Reduction of regional air • 
quality, especially through 
increases in ground level 
ozone and smog

1. Substitution of natural gas 
for coal and petroleum

Less particulate, sulfur • 
dioxide, and heavy metals 
emissions, leading to lower 
health impacts

Enabled phase-out of coal • 
and petroleum, reducing 
climate impacts

Reduction of mountaintop • 
removal for coal mining

Comparatively better • 
worker safety

Reduced water • 
contamination through 
spills from oil pipelines or 
failure of dams retaining 
coal slurry

Reduction in accidents like • 
the Deepwater Horizon or 
Upper Big Branch Mine 
Disasters

2. Transition fuel to carbon-
constrained economy

Lower natural gas prices • 
to speed rather than slow 
closing obsolete coal 
power plants

Enhanced baseload • 
electrical generation 
capability substituting for 
intermittent sources (e.g., 
wind, solar)
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Box 8.1 (continued). 

Prospective Liabilities (cont.) Prospective Benefi ts (cont.)

4. Local pollution and 
depletion of streams and 
groundwater

Long-term health effects • 
on local populations and 
workforce

Ecological impact of • 
increased pollution on local 
wildlife

Long-term increase in • 
chronic contamination of 
water supply, requiring 
increased storage, health 
degradation of residents

5. Community and economic 
transitions

Boom-bust economic • 
cycles

Increased income gaps• 

Changing community • 
dynamics

Worker safety issues, • 
including increased 
silicosis risk and exposure 
to NORMs

3. Proximity of energy 
source for electrical 
generation to the urban 
centers of the NE United 
States

Avoidance of natural gas • 
supply bottleneck due to 
imports and long-distance 
transportation costs

Reduced transportation • 
risks

Lowered costs for locally-• 
produced gas, electricity

4. Local economic 
investment in shale gas 
regions

Employment year-round, • 
in contrast to current 
seasonal tourism

Per-capita revenue for • 
local landowners from 
mineral leasing

Poverty-associated health • 
risks through economic 
improvement within the 
region

Water quality • 
improvements due to 
increased monitoring

Changing community • 
dynamics
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Box 8.2. Questions to Consider Regarding Risks for 
Different Energy Choices 

Note that questions related to environmental issues are typically 
also questions of public health. The term “costs” generally refers 
to health and environmental costs as well as economic ones. 

Many Americans heat their homes and the hot water within their 
homes with natural gas. A growing portion of our electricity also 
comes from natural gas. 

Where should that gas come from? • 

Or, should we stop heating our air and water and • 
generating electricity with natural gas? 

If we do stop these practices, what should we • 
doinstead? 

Who is paying the health and environmental costs for • 
our current energy habits? 

What health, environmental, and economic costs will • 
come due at a later date?

Questions to consider for any energy source:

Who would pay the health, economic, and environmental • 
costs if a new resource is developed?

What are the health and environmental costs and • 
benefi ts of the energy status quo?

What happens to the environment at the point of • 
extraction?

What wastes are generated and disposed of away from • 
the point of extraction?

What happens to public health and the environment as • 
a result of use?



151

Box 8.2 (continued).

Per unit of energy generated, how do these impacts • 
compare for the different energy sources being 
considered? (This might be a comparison of a proposed 
or new source to the status quo.)

Which is greater, the cost of development or the cost • 
of effi ciency measures? Stated another way, in the 
consideration of developing a source that produces 45 
megawatts, would it be more benefi cial (or more costly) 
to reduce consumption by 45 megawatts instead?

These questions generally frame the issue as a choice between 
developing a new energy source and maintaining the energy 
status quo. There are more than two choices. 

What other options exist? • 

Are they being seriously considered?• 

Are they practical? Why or why not?• 

More pointed questions to consider for any energy source:

Are accidents known to kill or injure people? Consider • 
extraction, transit, and use. 

Does standard use alter the environment in ways known • 
to kill or injure people or to make people ill? 

How does the death and injury rate compare to other • 
sources per unit of energy?

Are there political costs or benefi ts associated with this • 
energy source? 
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Planning (and regulation) can reduce risk

If HVHF is to come to a region, local public health agencies should receive adequate 
resources and training to support education, outreach, surveillance and monitoring, 
needs assessment, and prevention activities. Th e Center for Disease Control and 
Prevention in Atlanta, Georgia, defi nes ten essential services for public health, shown 
in Box 8.3. Th e fi rst of these—monitoring health status—in the case of HVHF, 
logically begins with baseline data beginning prior to any drilling. Such practices 
off er the co-benefi t of identifying and correcting sources of waterborne illness that 
might have gone undetected for years. If fully enacted, many of these essential 
services off er substantial co-benefi ts. 

Uncertainties abound in the rapidly changing science, engineering, economics, 
and community dynamics associated with HVHF. However, uncertainties can be 
anticipated and managed to some degree. Frumkin asserts, “Policies that anticipate 
potential public health threats, use a precautionary approach in the face of uncertainty, 
provide for monitoring, and promote adaptation as understanding increases may 
signifi cantly reduce the negative public health impacts of this approach to natural 
gas extraction.”15

Externalized risk

All around the country, nontraditional energy sources are being developed or 
considered, each of which has particular environmental consequences. In many places, 
the environmental costs of power source development have been externalized—for 
example, the environmental costs of coal extraction have often not been close to 
where the energy from coal is consumed. Figure 8.2A shows energy consumption 
for New York State in 2011, by energy source; Figure 8.2B shows New York State 
energy production for the same year. Th e state’s largest energy source—natural 
gas—accounted for nearly twice as much energy use as the second largest source 
(gasoline).

Natural gas production in New York yielded 37 trillion BTUs in 2011 while 1,246.9 
trillion BTUs of energy were consumed from natural gas, meaning that in-state 
production yielded 2.5% of demand. Texas is the largest producer of natural gas 
in the U.S. Pennsylvania is expected to supplant Louisiana in 2013 as the second 
largest producer. No gasoline—the second largest piece of the state’s energy usage—is 
produced in New York State. Th e largest source of energy produced in New York 
is nuclear power (ranking third in terms of consumption) and that is produced 
using uranium mined outside the state. Th us, the overwhelming majority of the 
environmental impacts of the extraction of energy resources to power the state are 
borne by those outside of the state.16

Although conventional gas drilling still accounts for most of the natural gas 
production in the U.S. and the world, HVHF is a very rapidly growing segment of 
production. Its use has risen as a result of decreased cost and because conventional 



153

Box 8.3. Ten Essential Services for Public Health17

Monitor health status to identify and solve community 1. 
health problems.

Diagnose and investigate health problems and health 2. 
hazards in the community.

Inform, educate, and empower people about health 3. 
issues.

Mobilize community partnerships and action to identify 4. 
and solve health problems.

Develop policies and plans that support individual and 5. 
community health efforts.

Enforce laws and regulations that protect health and 6. 
ensure safety.

Link people to needed personal health services and 7. 
assure the provision of health care when otherwise 
unavailable.

Assure competent public and personal health care 8. 
workforce.

Evaluate effectiveness, accessibility, and quality of 9. 
personal and population-based health services.

Conduct research for new insights and innovative 10. 
solutions to health problems.

drilling has extracted extensively from known reserves, increasing the scarcity of 
natural gas from these traditional reserves. As was the case for peat in Holland and 
whales in our oceans, the easy-to-access resources have been extracted. Natural gas 
is a very large source of our energy and the environmental costs, which have always 
been signifi cant, are increasing. 

Th at others bear so much of the risk of New Yorkers’ energy use raises questions of 
ethics, values, of NIMBY (“not-in-my-backyard”)-ism, and of what is known as the 
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“status quo bias.”18 Preventing risks in one’s community is an understandable goal, 
but if the activities that create the risk are merely moved outside of the community 
and not ended, then the solution is problematic.

Risk perception and scientific literacy

Figure 8.3 is excerpted from work by Professor Dan Kahan and the Cultural 
Cognition Project at Yale Law School.19 Th e trend for the general public in the 
nationally representative sample of 2,000 people in a poll taken in the spring of 2013 
shows no strong relationship between level of scientifi c literacy and the assessment 
of risk for either global warming or HVHF. When the sample is divided according 
to worldviews, however, increasing science literacy increases the polarization of the 

Figure 8.2. (A) New York State energy consumption estimates in trillions of BTUs. (B) New York State 
energy production estimates in trillions of BTUs. Note the very large diff erence in scale between (A) and 
(B). New York State uses more energy from the natural gas that it imports from other states than it produces 
from all “in state” energy sources combined.

A

B
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 Figure 8.3. Th e relationship between science literacy and cultural polarization. 

population according to perceptions of risk. Th at is, deeper scientifi c understandings 
alleviate concerns regarding risk for some and deepen those concerns for others. 

Th is and associated issues of how to defi ne and build “Marcellus Shale Literacy” 
are discussed further in Chapter 9. Th is includes issues of cultural cognition, loss 
aversion, motivated reasoning, and cognitive bias. All of these issues are associated 
with diffi  culties of understanding risk. 
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Chapter 8 Summary

Real, substantial risks are associated with HVHF, • 
but because they are different in nature from those 
associated with other energy sources, it is diffi cult to 
universally evaluate whether HVHF risks are lesser 
or greater than those associated with other energy 
choices. 

Successful risk management involves diminishing • 
existing risk, preventing future risk, evaluating co-
benefi ts, and making economic/ethical decisions.20

Preparation and regulation can ameliorate risk. • 
If HVHF is coming to a region, local public health 
agencies should receive adequate resources and 
training to support education, outreach, monitoring, 
needs assessment, and prevention activities. 

It is not possible to maintain current energy systems • 
indefi nitely, and the current system has substantial 
risks. Risks for any single method of generating 
energy on a large scale are also substantial. 

Transitioning from one energy source to another • 
typically means transitioning from one set of risks 
and benefi ts to another. The fundamentally different 
nature of different energy sources makes comparisons 
of risks challenging. 

Substantial risks associated with New York State’s • 
energy system in 2013 are externalized; that is, 
the risks are borne by people, ecosystems, and 
economies outside of New York State.  

Uncertainty confounds risk preparedness, but • 
effective risk management across a range of issues 
provides valuable lessons. Monitoring, adapting, 
and using a precautionary approach that anticipates 
potential changes in public health, economies and 
ecosystems can reduce, but never eliminate, risk.

Because all large-scale energy production methods • 
have substantial risks, the most direct approach 
to lowering risks to public health, ecosystems, 
economies, and communities is to use less energy. 
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Figure 9.1. A piece of the Marcellus Shale from a quarry in Seneca County, New York. 
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Chapter 9

Teaching About the 
Marcellus Shale

Suddenly people are interested in where their energy comes from. Th e interest that 
many people are taking in the Marcellus Shale has created a “teachable moment.” 
Th is is an opportunity to help build understanding about the risks and benefi ts of 
HVHF, but it is more than that. Indeed, one of the greatest challenges of off ering 
education about the Marcellus Shale is helping people to understand that some of 
the most important things to understand are not directly about hydrofracking, but 
about the larger energy system. Educational initiatives should therefore reach beyond 
simply teaching about the risks and benefi ts for human health, the environment, 
and the economy directly associated with extracting natural gas from the Marcellus 
Shale, but to larger Earth system science issues, and, perhaps most importantly, a 
broader understanding of energy and climate. 

Th is chapter is intended to serve as a gateway to a range of resources that can support 
teaching about the Marcellus Shale and the larger energy system. Before simply 
listing these resources, however, we provide some background about the types of 
knowledge needed to eff ectively teach this kind of content. Th e chapter begins with 
an overview of those ideas, and concludes with a list of resources for building that 
knowledge. It is heavy with links to online resources; many others are included in the 
book’s endnotes and references.

Teaching 
About the  

Marcellus Shale
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Special knowledge and skills needed to teach

Eff ective teaching, of course, requires an understanding of the subject matter at 
hand, but subject matter knowledge alone is not suffi  cient for someone to become 
an eff ective educator. Almost anyone with a college degree has sat through enough 
classes to have experienced at least one smart teacher or professor who knew the 
content well yet was simply a poor teacher. Most have experience with this before 
leaving high school.

To be an eff ective teacher, one has to know how to teach. To put it in the language of 
the discipline of education, understanding pedagogy is required, and, one can’t deeply 
understand pedagogy in a way that stands apart from the content to be taught. Th e 
skills and knowledge that a math teacher needs to be eff ective are diff erent from the 
skills and knowledge that an English teacher needs, and that diff erence is more than 
a diff erence in content knowledge. In the language of education, this is Pedagogical 
Content Knowledge.1 

Neither an English teacher nor an engineer needs to understand the variety of 
approaches to solve particular kinds of mathematical problems (even if they have 
to occasionally solve such problems), but a math teacher does. A medical researcher 
does not need to know common misconceptions related to the understanding of 
evolution, or how to address controversial issues in the classroom, but a biology 
teacher certainly does. Th ese are examples of PCK. 

understandings needed to teach 
about the Marcellus Shale

It would be ideal if there was a consensus defi nition of  what it meant to be “Marcellus 
Shale literate” before determining what specialized skills and knowledge are needed 
to teach toward such a goal. Th e information in this book and the other materials 
and resources that we have produced for Marcellus Shale outreach serve as a good 
introduction to the science related to the Marcellus Shale. However, waiting for a 
scientifi c consensus regarding the environmental impacts of HVHF before defi ning 
Marcellus Shale Literacy is not really an option. Part of Marcellus Shale PCK therefore 
includes knowledge about teaching uncertainty and the process of science. Although 
scientifi c understandings are never fully settled, consensuses emerge regarding many 
ideas in science—and some areas of science are more settled than others. Th e nature 
of the impacts for human health, the economy, and the environment associated with 
HVHF in the Marcellus Shale is an area of science that contains numerous areas of 
active study not yet settled. 

Some people will disagree regarding the degree to which there is a consensus, and 
what that consensus is. If we can take as “givens,” however, that some questions of 
environmental impact are unsettled, and that it is necessary to help people understand 
the science as best we can anyway, where do we begin?
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One key piece of this answer is that the Marcellus Shale cannot be understood 
independently of its context. So, resources are needed to help us understand the 
Marcellus in the context of the energy system, the environment, the geological 
context in which it formed, and other contexts as well. 

For the sake of simplicity, here is a list of topics and kinds of understanding that are 
needed to teach about the Marcellus:

Systems and system eff ect• 
Geology• 
Technology (of extraction)• 
Hydrology • 
Toxicology and human health• 
Climate and climate change• 
Ecology• 
Economics• 
Energy systems• 
Cultural issues• 
Government/civics• 
Risk analysis• 
Pedagogy• 
Psychology• 
Technology (for teaching and learning)• 

In such a short list, important categories have surely been omitted, and an exhaustive 
list would be very long indeed. Read the list, weight the importance of the categories 
included, and consider what might be more important that was not included. Th e last 
bullet might seem redundant, but is signifi cant enough to deserve a bit of additional 
attention. Th e technologies for teaching and learning are important and changing 
rapidly.2 Each of the bullets above can be broken down into supporting topics or 
ideas, and this will be addressed to some degree in what follows. 

Th e genesis for this list was work with a group of experienced educators who generally 
needed neither introductory content material for their discipline, nor beginners’ 
readings on teaching. Th e remainder of the chapter will include a few resources for 
those who are unfamiliar with what educational research says about best practices, 
but it primarily focuses upon the needs of the educators with some familiarity with 
this body of educational research.

teaching controversial subjects

In this book and in the associated educational outreach done at the Paleontological 
Research Institution, our outreach goal has been: (1) providing more in-depth, 
easier-to-read information about the science aspects of HVHF, based on available 
data and literature, than is generally available elsewhere; and (2) using a point of view 
and language that is impartial regarding particular policies for or against HVHF. 
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Our materials have been externally reviewed by specialists on the respective topics, 
regardless of their point of view for or against drilling, and we try to be especially 
clear about points on which competent researchers disagree and why. A number of 
other organizations and individuals have taken a similar approach, and each educator 
must consider how and where to draw the line between helping their audience to 
understand a topic to make informed decisions about their actions and persuading 
the audience to take a particular actions.3 

Like many other science educators, PRI educators have substantial experience in 
addressing other controversial issues, particularly evolution and climate change, 
and in helping other educators to do so. Each science topic that involves public 
controversy has its own unique aspects, depending on the degree of disagreement 
among experts in the fi eld and particular societal decisions and risks associated with 
the topic. HVHF is importantly diff erent from evolution and climate change in 
that for both climate change and evolution, there is scientifi c consensus about the 
issues of general concern. Th e overwhelming majority of scientists who study climate 
agree that the climate is changing and that humans are contributing to the change. 
Likewise, the overwhelming majority of biologists agree that life has evolved over 
billions of years of Earth history. 

For the question of whether HVHF does more or less harm to the environment 
than other practical ways of producing energy at very large scales, there is currently 
little in the way of scientifi c consensus. Th e issue is not one of simple scientifi c 
literacy, although that is an essential component. If it was simple scientifi c literacy, 
then those who are scientifi cally literate would all agree, and that is not the case. 
We can look to the scientifi c literature being written right now about these issues, 
or, for some of us, to our own circles of friends to fi nd highly scientifi cally literate 
people who profoundly disagree on the nature of the environmental threats posed 
by HVHF. Th is is similar to other controversial issues—people who disagree with the 
scientifi c consensus often have extensive technical knowledge related to the science 
in question, but that knowledge is often not contextualized with the broader related 
science, and other situational factors.4  

As we have emphasized throughout this book, the issues surrounding HVHF, energy, 
and the Marcellus Shale are profoundly complex. Educators often strive to simplify 
the seemingly complex, and that clearly has its place. Th e world, however, is indeed 
a complex system of systems, and the desire to simplify too much can become an 
obstacle to eff ective teaching. At such times, educators need to complexify the seemingly 
simple. Some specifi c strategies for helping learners explore the complexities follow. 

Educative assessment of basic energy literacy

Many of the programs on the Marcellus Shale off ered by Paleontological Research 
Institution for the general public and educators begin with a simple question: “What 
are the two largest energy sources for electricity produced in New York State?” Participants 
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are shown an alphabetical list of the largest energy sources for electric generation for 
both New York State and the United States:

Coal• 
Hydro and pumped storage• 
Natural Gas • 
Nuclear• 
Other Gases• 
Other Renewables• 
Petroleum• 

As the list is read, participants are asked to raise their hands twice, once for each of 
what they think are the largest sources. Th e largest sources since 1998 have been 
natural gas and nuclear power, with natural gas as the largest source for New York 
State electricity since 2010. As of August 2013, the question has been asked of at 
least 1,500 participants, and fewer than 5% have correctly identifi ed the two largest 
sources. 

Th ere are a number of reasons to ask and discuss the question. First, it draws attention 
to the problem of making informed decisions about changes to the energy system 
when some of the most basic information is not widely known. Asking the question 
and discussing its implications also helps learners connect their existing conceptions 
about the content to factual information that might refute those conceptions. 
Without making such connections, learners are likely to maintain their initial 
conception rather than integrate the factual information into their understandings.5 
In the ensuing discussion, it is noted that when the entirety of New York energy use 
is considered, nearly twice as much energy is produced from natural gas than from 
the second largest source (gasoline) and that, although there are thousands of gas 
wells within the state, they provide less than 3% of the natural gas consumed within 
the state. 

Th e question is intended not simply to assess what the audience knows, but also to 
serve as a hook (as a result of its unexpected answer) to engage them in new learning 
that refutes their current conception. Simply providing correct information, however, 
even if the audience is hooked, is unlikely to substantially change understanding.6 
 

Teaching scale

Understanding HVHF and its impacts on human health, the environment, and the 
economy requires understanding scale, often using sizes, volumes, and other numbers 
that are well outside of most people’s experiences. For example, the Marcellus Shale is 
estimated to contain trillions of cubic feet of undiscovered, technically recoverable, 
natural gas. Th e typical hydrofracked Marcellus well is on the order of a mile deep, 
whereas drinking water wells are typically on the order of a few hundred feet. 
Millions of gallons of water are used to fracture a well, as well as thousands of gallons 
of chemicals. A gigawatt is 1,000 megawatts and a megawatt is 1,000 kilowatts. Th e 
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Marcellus Shale is hundreds of millions of years old. We are concerned that carbon 
dioxide concentrations in the atmosphere have reached 400 parts per million. 

Understanding scale is fundamental to understanding Earth system science, energy, 
and the Marcellus Shale. Th e range of scales relevant to these issues is astronomical 
and requires abstract thinking that is a challenge to most learners. Th ere are helpful 
approaches. Put zero on one end of blackboard or piece of paper, and a trillion on 
the other; ask people to place a thousand, a million, and a billion in between the end 
points. Typically, the points will be far more spread out than the "to scale" reality 
of placing all of the listed values in a space equal to one thousandth of the distance 
between endpoints.7 Th is activity and its subsequent discussion is, like the question 
on New York State’s electricity production, a form of educative assessment. 

Another strategy for teaching scale is to connect the abstraction of very large and 
very small numbers to familiar examples. Th e Refl ecting Pool on the National Mall 
in Washington (Figure 4.1) holds approximately 4 million gallons—roughly the 
equivalent of the amount of water required to fracture a typical Marcellus gas well. 
A backyard swimming pool holds about 30,000 gallons—on the order of the volume 
of required chemical additives. A kilowatt lights ten 100-watt light bulbs (although 
100-watt light bulbs are far less common now than they were a few years ago; see 
Figure 7.3 for more on the energy required to light a light bulb), and a kilowatt-hour 
(kWh) will light those light bulbs for one hour. A megawatt-hour is one thousand 
kWh, and a little more electricity than the average U.S. home uses in a month. Eight 
gallons of gasoline provides about one million btu (MMbtu) of energy. Th e energy 
equivalent of one person’s physical labor for an eight-hour workday is approximately 
three tablespoons of petroleum. (See Chapter 7 for further discussion of energy 
density.)
 

Resources to support teaching about 
the Marcellus Shale

Many learners seek evidence-based information that is relevant to the Marcellus 
Shale, but a few critics on both sides of the issue might express frustration if they 
perceive that the information provided does not always support their own positions. 
(Indeed, reviewers of drafts of this book aligned at both poles of this issue commented 
that the book was biased against their positions when referring to the same chapters.) 
Readers of this book, like the participants in our programming, are expected to 
reach their own, hopefully informed, decisions about whether to support or oppose 
drilling in the Marcellus Shale and how to participate in discussions of regulations 
and monitoring.

Th e close study of the energy system required for doing this work deepens the 
understanding of one core idea: we must use far, far less energy than we presently do 
if we wish to maintain healthy ecosystems. As U.S. Senator (and founder of Earth 
Day) Gaylord Nelson noted, “Th e economy is a wholly owned subsidiary of the 
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environment, not the other way around.”8 Maintaining our way of life depends upon 
using less energy. 

Of course, this list is just a start—one doesn’t develop the skills and knowledge to be 
a master teacher by reading a book, or even following up on the resources described 
within this chapter. All one can do is scratch the surface, but hopefully it will be 
a useful scratch. Although the list proposed here might seem long, it is only the 
beginning of such a task. Most of the bullets above could stand alone as worthy 
chapters on their own, or entire books, or more. 

Th e types of included resources vary. All are intended to be grounded in research 
that’s relevant to the particular area of interest, and some are peer-reviewed research 
articles. Most are one degree removed from the primary source and are hopefully 
more accessible to the general public than reports of research tend to be. Some of 
the resources were written by researchers for a general audience, whereas others were 
written by educators or journalists. 

Big Areas: general resources, science content, 
pedagogy, & a bit about systems

General Marcellus Shale resources

Th e Science beneath the Surface: A Very Short Guide to the • 
Marcellus Shale (the book that you are reading right now) 

Th e End of Country•  by Seamus McGraw9 
Here’s a blurb that describes McGraw’s book well: “Deeply 
personal, sometimes moving, sometimes funny, Th e End 
of Country lays out the promises and the perils faced not 
just by the people of one small Pennsylvania town but by 
our whole nation.”—Robert F. Kennedy, Jr.

Under the Surface: Fracking, Fortunes, and the Fate of the • 
Marcellus Shale by Tom Wilber.10 Wilber also maintains 
the blog “Shale Gas Review.”11

Links from the Resources page of Paleontological Research • 
Institution’s Marcellus Outreach site:12

¤ Cornell Cooperative Extension Natural Gas Resource
    Center13

¤ Cornell’s Water Resources Institute14 
¤ Penn State University’s Natural Gas Resources15

“Th ere’s no such thing as a free megawatt: Th e Marcellus • 
Shale as a Gateway Drug to Energy Literacy” is a detailed 
but still introductory presentation on the Marcellus Shale 
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and the broader energy system that we have assembled for 
use in our programming.16

A Research Guide to the Marcellus and Utica Shales• , a 
project of Carnegie Mellon and the Pennsylvania State 
Association of Boroughs. Th is website includes over 
1,200 resources, mostly in the form of articles in both the 
popular and scientifi c press.17

Th e • WSKG Marcellus Resource Page has information on 
recent news items on shale gas both in the Marcellus 
region and nationally.18

Th e Marcellus Shale Information Clearinghouse•  at Th e 
Institute for Energy and Environmental Research 
for Northeastern Pennsylvania at Wilkes University 
has  reports and links to a variety of resources, focused 
especially on Pennsylvania.19

Th e Science of the Marcellus Shale • is PRI's project name 
to help build public understanding of the scientifi c issues 
surrounding the Marcellus Shale, of which this book is a 
part. From PRI’s Marcellus Shale website,20 you can follow 
the links to a range of resources.

The science of how people learn

Th ere is a huge number of books and articles written about how to teach well. To 
understand how to teach, it is essential to understand how people learn, so that’s 
where we suggest starting. Many good teachers seem to understand this intuitively, 
but every teacher can benefi t from looking more closely at what research says about 
cognitive science. Th e National Research Council’s Committee on How People 
Learn has produced a few reports, and we especially recommend two of them—one 
short and one long, with the introduction to the longer one providing a mid-range 
choice. Both are available as free pdfs from the National Academies Press, where hard 
copies of the books can also be purchased. You need to register to download the free 
pdfs, but it’s free, quick, and easy (see the links in the endnotes). 

How People Learn: Bridging Research and Practice.• 21 Th is is 
the short one, and the Key Findings can stand alone, for 
the shortest overview.

How Students Learn History, Mathematics, and Science in • 
the Classroom.22 Th is is book length, and you can pick and 
choose relevant chapters to meet your particular goals. Th e 
summary, which you can download without registering, is 
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a little heftier version of the Key Findings of the book 
above, with richer descriptions.

Although the two above resources are useful for understanding learners in any 
setting, they are more tailored to the school setting. Th e National Academies Press 
also has resources for informal educators. Surrounded by Science: Learning in Informal 
Environments23 is focused on learning science out of school settings, and understanding 
the Marcellus Shale goes beyond understanding the science. Hopefully some of the 
resources below will be helpful in rounding out the omission.

Th e above are more targeted toward learning than teaching, but teaching tends to go 
better when the nature and needs for learning are considerd before, during, and after 
engaging in teaching. Educators should also give good thought before they start about 
where they wish to end up. Th at is, before teaching, think carefully about what the 
goals are in terms of what the learners should know and are able to do as a result of 
the experience. Wiggins & McTighe’s Understanding by Design24 provides guidance 
on how to engage in backward planning. Th ere are many resources to support what 
is laid out in the book, but we suggest starting with the book.

A bit about systems

Systems thinking warrants much more attention than space allows. A systems 
perspective involves seeing the relationships of the parts of a system as the focus of 
study as much as the parts themselves. Such a perspective is necessary to understand 
the multitude of ways that HVHF has aff ected the environment, communities, 
and economies. Th ose who already see the world from a systems perspective see the 
interconnections among everything here. If you don’t, then...

What happens is that when you breach a holistic structure, 
and you say, or do it without saying it, … ‘I am only going to 
attend to this end of the relationship. I am going to study the 
role of the doctor.’ … Now a role is a half-assed relationship, 
you know. It’s one end of a relationship. And you cannot study 
one end of a relationship and make any sense. What you will 
make is disaster.     –Gregory Bateson25

Like considering a doctor’s eff ectiveness without considering the healthcare system 
in which she operates, if one considers the Marcellus independently of the larger 
energy system, and the systems to which the energy system is connected (that is, 
everything), one will simply miss too much. For example, simply consider sitting 
at one's computer, browsing information about energy. Where does the energy for 
the computer come from: which power plant(s), and what is the source of energy 
for that power plant? Is it local, or from another state (or country)? Where do the 
parts for the computer come from, and where did the energy come from to produce 
those parts? How were the materials for the parts mined, transported, manufactured, 
and transported again, and where did the energy for those processes come from? 
Which environments were impacted, and how were humans impacted in those 
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places? What are the benefi ts, on the other hand, of having access to information 
and education about energy via that computer. Do those involved in, or impacted 
by, extraction of the materials and energy that make computer use possible also have 
access to computers, education, and information? One can easily add examples of 
such interconnections ad infi nitum. Bringing the example back around to HVHF, 
where HVHF is or is not used (in the Marcellus Shale or another shale gas deposit), 
what energy source might be used instead, and what would be the diff erence in 
environmental and human impacts? 

Th e last paragraph is more of an example of how systems thinking is relevant to the 
matter at hand than it is about the nature of systems. Th inking in Systems: A Primer 
is an excellent introduction to the topic.26 

The really big picture: What should everyone 
understand about the Earth system?

National Science Standards

Th e Next Generation Science Standards (NGSS)27 were released in April 2013, built 
upon A Framework for K-12 Science Education28 and intended to replace the 1996 
National Science Education Standards29 now in use. Among the fundamental changes 
in NGSS is a shift in focus to so-called “Core Ideas,” “Cross-Cutting Concepts,” and, 
“Science and Engineering Practices,” all of which include much more attention to 
systems approaches than the 1996 standards. Each of these documents off er a vision 
of the scientifi c knowledge and skills that every high school graduate should have. 

Earth systems science literacy initiatives

In 2004, oceanographers and marine science educators came together to craft Th e 
Ocean Literacy Framework.30 Scientists in other Earth science disciplines followed suit, 
each crafting their own sets of “literacy principles.” As a result, there are now many 
diff erent sets of literacy principles for diff erent Earth systems science disciplines. 
Th ese are helpful resources because they describe consensus views that scientists and 
educators think are important within each of these disciplines. 

Although the consensus of scientists and educators within the diff erent Earth science 
disciplines (oceanography, climate science, atmospheric science, geology, and energy) 
is helpful, the process also created an unwieldy set of expectations for practical use in 
classroom—38 “Essential Principles” and 247 “Fundamental Concepts,” all related 
to the Earth sciences and all written at the commencement (12th grade) level. Where 
high school Earth science is off ered in the United States, Earth science is almost 
always a single one-year course (also typically including astronomy). One-hundred-
and-eighty days of instruction in the typical school year makes it unlikely that all of 
these principles and concepts will be successfully taught. 
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We have compared and synthesized these principles into a set of fi ve Bigger Ideas and 
two Overarching Questions that, when taken together, address all of the diff erent 
literacy initiatives.31 

Overarching questions:

How do we know what we know?  • 
How does what we know inform our decision making?• 

Earth system science Bigger Ideas:

Th e Earth is a system of systems.• 
Th e fl ow of energy drives the cycling of matter.• 
Life, including human life, infl uences and is infl uenced by • 
the environment.
Physical and chemical principles are unchanging and drive • 
both gradual and rapid changes in the Earth system.
To understand (deep) time and the scale of space, models • 
and maps are necessary.

The energy system

Th is chapter’s introduction notes that the Marcellus Shale must be understood in 
the context of the larger energy system, so a key part of the science of the Marcellus 
is the science of energy, and the status of our energy system. Th is is highlighted in 
Chapter 7. 

A great deal of information about the energy system is available from the Energy 
Information Administration website.32 Th ere you can fi nd information about 
power production and energy use, primarily focused upon the U.S., but also with 
information from around the world. Th e geography tab allows users to explore 
state-level data and a user-friendly interactive map of the United States’ energy 
infrastructure and resources. Every commercial-scale power plant is on the map, as 
are coal mines, pipelines, major power lines, oil and gas basins, and more. Clicking 
on a power plant’s icon on the map reveals production data for that plant. 

Climate Change

Our energy system has produced changes in the climate system, and climate issues 
are extremely relevant to the Marcellus Shale. Natural gas is a fossil fuel that when 
burned releases carbon dioxide, and when natural gas (which is primarily methane) 
leaks, the warming eff ects are greater still. Th e simple combustion reaction of natural 
gas releases less carbon dioxide per unit of energy produced than the burning of coal 
or oil, but if the energy system leaks gas, this advantage could be lost.33  
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References on climate change are abundant. A few include:

Th e N• ational Oceanic and Atmospheric Administration 
(NOAA) website34

NOAA’s National Climatic Data Center (NCDC) has • 
excellent resources documenting climate through time 
globally and nationally35

Th e Intergovernmental Panel on Climate Change has • 
a wide variety of highly regarded technical information 
on climate change gathered by an international team of 
experts.36

Th e Climate Literacy and Energy Awareness Network • 
hosts an extensive collection of materials for learning and 
teaching about climate and energy. Each included resource 
has been through a rigorous review process involving both 
content and pedagogical experts.37

Risk 

Understanding risk and how to teach about risk is central to teaching about energy 
and climate. Chapter 8 provides an overview on risk, and two other resources for 
teaching about risk include the following:

In • Risk: A Practical Guide for Deciding What’s Really Safe 
and What’s Really Dangerous in the World Around You, the 
authors Ropeik and Gray38 describe issues to consider in 
the evaluation of risk. 

“Risk School,” by Michael Bond,• 39 is a short article from 
the journal Nature on whether or not we can teach people 
to understand risk. 

Resources for teaching controversial issues

Polarizing issues, such as HVHF and the Marcellus Shale, are also emotional issues. 
Th ose emotions are connected to controversy, and these resources address teaching 
controversial issues.

Th e Debunking Handbook• . Th is short publication off ers 
valuable insights into how to avoid your advocacy 
backfi ring. You might be familiar with the feeling more 
entrenched in your beliefs after a debate. Chances are 
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fairly good that the person you debated also feels his or 
her beliefs more strongly.40

Motivated avoidance is the practice of avoiding learning • 
more about issues one knows little about to prevent 
unpleasant realizations. Irfan briefl y describes the practice 
in a news story on the study by Shepherd and Kay.41  

Understanding cognitive biases, including the status quo bias and confi rmation bias, 
is also fundamental to eff ectively teaching controversial issues. Th is is addressed to 
some degree in all three of the above resources, but it warrants further mention. 
We’re all victims of confi rmation bias—the tendency to favor information that 
confi rms our preconceptions. It’s natural to try and fortify your position, but that 
natural tendency can be a serious impediment to understanding. Likewise, people 
tend to favor the status quo, even if change can bring reduced risk and additional 
benefi ts. Change is scary and unfamiliar, even if current practice has substantial 
known risks. Daniel Kahneman’s Th inking Fast and Slow42 deeply explores cognitive 
biases and strategies to move from gut reactions to more analytical approaches to 
thinking things through. 

Community impacts

HVHF, even the idea of HVHF, can bring sweeping changes to communities. 
Dynamics change with the infusion of money, workers, trucks, and more.

Community impacts are well described in • Th e End of 
Country,43 described above. Th e book includes both 
positive and negative impacts, focused on the author’s 
hometown in rural Pennsylvania.

“With Gas Drilling Next Door, County in New York • 
Gets an Economic Lift,” is a New York Times article on 
economic impacts for Elmira, New York.44
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Chapter 9 Summary

Teaching well requires knowledge of content, • 
learners, and pedagogical approaches that are 
typically specifi cally related to the content you wish to 
teach. This approach recognizes that the educational 
system is a complex system, in which relationships 
among the system’s parts are at least as important to 
understand and study as the parts themselves.

The Marcellus Shale, high volume hydraulic • 
fracturing, and the broader energy system are each 
better understood in relation to one another. They too, 
in other words, are best understood from a systems 
perspective. 

The nature of controversial issues, the teaching • 
of scale, and common biases provide substantial 
challenges to teaching about the energy system, 
but can be overcome with careful planning and 
refl ection. 

To teach about the Marcellus Shale and associated • 
environmental impacts of drilling, it is helpful to tap 
into the wide array of resources that exist on both 
content and teaching strategies.
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Chapter 10

As we stated in the Introduction, the purpose of this book is not to provide policy 
or regulatory recommendations about what decisions need to be made on high-
volume hydraulic fracturing in the Marcellus Shale. Rather, our goal is to review 
and summarize in an accessible way, and in as impartial manner as we are able, the 
sort of scientifi c information and analysis that one might reasonably expect should 
be considered in making such decisions. Science isn’t policy. It does not tell us what 
we should do. However, it should surely inform policy, and we should surely look 
to it for rational analysis of the possible consequences of what we choose to do. 
And science does—frequently but not always—reach conclusions that are recognized 
by a large enough proportion of knowledgeable experts to be codifi ed as “what we 
know.” Th e short summary below attempts to summarize the current state of what 
science “knows” (i.e., has reached a reasonable consensus on) about natural gas in 
the Marcellus Shale. As discussed in the preceding chapters, there is ample reason to 
believe that many aspects of this tentative consensus might change in the near future 
as research proceeds.

Th e geologic history of the Marcellus Shale explains the occurrence and behavior 
of natural gas in the formation, and also informs many aspects of the processes of 
extracting that natural gas and the environmental concerns associated with that 

So What?
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extraction. Th e Marcellus Shale was deposited approximately 390 million years ago 
in a warm, shallow sea with little bottom oxygen. Organic matter accumulated on 
the sea fl oor as microscopic organisms that lived near the surface of the water died 
and were buried without decomposing. Over time and with great heat and pressure, 
the organic matter was transformed into natural gas. Today, gas-bearing portions of 
the Marcellus Shale underlie parts of Pennsylvania, New York, West Virginia, and 
Ohio. Th e Marcellus contains a very large amount of recoverable natural gas. 

Th e formation of the gas in the rock combined with tectonic activity to create 
natural fractures (joints) in the Marcellus Shale. Th ese fractures increase the ability 
of gas to fl ow through an otherwise relatively impermeable rock. Artifi cial fracturing 
of the rock, however, increases the potential amount of gas that can be extracted. 
Th e process of fracturing the rock—by pumping large quantities of water, sand, 
and chemicals into drilled bore holes—is called high-volume, slickwater hydraulic 
fracturing (HVHF), or hydrofracking. 

Natural gas has been known to exist in the Appalachian Basin (which includes New 
York and Pennsylvania) for hundreds of years. New York was home to the nation’s 
fi rst natural gas well, and has been producing gas commercially since the 19th century. 
Hydrofracking was developed in other shale gas basins, and has been used in its 
current form since the 1960s. What is new in recent years is the combination of 
hydrofracking with horizontal directional drilling, which was fi rst used in the 1980s. 
Th e novelty of these combined technologies is the reason that natural gas drilling in 
the Marcellus Shale is referred to as “unconventional.”
 
Th e purpose of hydrofracking is to increase the permeability of the shale to allow 
more natural gas to fl ow into the well bore and up to the surface. Th is is accomplished 
by fracturing the rock using a mixture of water and chemicals at high pressure to 
expand existing fractures and create new ones. Another material, usually sand, is 
then delivered to the fractures to keep them open so that natural gas can fl ow out 
of the shale. 

Hydrofracking horizontal wells requires very large volumes of freshwater. Th e 
sourcing of this water, and its ultimate fate—both in the ground and after it is 
pumped back out of the wells—are major environmental challenges for large-scale, 
high-volume hydrofracking. Because of its geological history, the Marcellus Shale 
contains naturally occurring radioactive material, as well as high levels of salts, 
volatile organic compounds, and heavy metals. Some of these materials can threaten 
human health and the environment. Some of the chemicals added to the water 
pumped into hydrofracked wells are also potentially harmful to human health and 
the environment. 

As with all large-scale energy development, negative eff ects to the environment 
are unavoidable in large-scale hydrofracking. Th ere is no question that natural gas 
extraction (conventional and unconventional) can and has at least occasionally 
contaminated ground and surface water, although it can be diffi  cult to prove that any 
single instance of contamination was a result of a particular gas well. Surface spills 
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and leaks, faulty well construction, and erosion can all also contaminate local water 
supplies. Increases in certain air pollutants, such as volatile organic compounds and 
nitrogen oxides, both of which contribute to lower air quality, are also associated with 
Marcellus gas development, as the result of engines running drilling and hydrofracking 
equipment, truck traffi  c, and venting of natural gas in well-completion activities. 
Solid waste from drilling, much of it containing toxic materials, can leach chemicals 
into the ground if not properly disposed of. Soil erosion and habitat fragmentation 
caused by the build-up of drilling sites pose threats to both terrestrial and aquatic 
ecosystems and wildlife. Noise produced by drilling and fracturing activity has the 
potential to aff ect both wildlife and human populations in the areas near well pads 
and compressor stations. 

Although current data suggest that hydrofracking itself does not cause signifi cant 
seismic events (earthquakes), such events have resulted from disposal of drilling 
wastewater into the ground. Th e natural hydraulic fractures in the Marcellus Shale 
might or might not be likely to allow fl uid or gas migration from the Marcellus 
Shale to major underwater sources of drinking water; it is highly unlikely, although 
possible, that fractures caused by hydrofracking allow additional large-scale migration 
and resulting contamination of drinking water.

All signifi cant energy development has negative environmental consequences, and 
diff erent forms of energy diff er in the type and scale of consequences. Assuming that 
global energy needs stay constant or increase (which seems likely for the foreseeable 
future), the principal question for society is therefore one of choices. For example, 
from a global perspective, might the unavoidable negative consequences of natural 
gas extraction in the form of high-volume hydrofracturing (in the Marcellus and 
elsewhere) be “worth it,” if the expanded use of natural gas (e.g., at the expense of 
coal) could reasonably be expected to reduce the potentially much larger risks of 
global warming due to the buildup of greenhouse gases in the atmosphere and the 
array of other harmful eff ects of coal mining and use? 

Unfortunately, despite a great deal of heated debate, there is currently no clear 
scientifi c consensus on the answer to this very important question. Emissions of 
methane (CH4) from natural gas production and transport are signifi cant sources 
of greenhouse gases (GHG) and so of global warming potential (GWP). Measuring 
CH4 emissions from gas wells and other infrastructure is diffi  cult and complex, and 
many more data are needed to reduce uncertainty in current estimates. Such studies 
have only recently begun. Although it remains unclear exactly how much CH4 is 
emitted from natural gas development, all credible scientifi c studies agree that such 
emissions are serious contributors to global climate change and should be reduced 
as quickly as possible.

At least for now, the majority of studies appear to agree that GHG emissions 
associated with shale gas production are roughly the same as those for conventional 
gas production, and that natural gas in total has a lower potential future climate 
impact (PFCI) than coal over the 100-year time frame. Th is must, however, be seen 
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as a tentative conclusion and, given the current rapid pace of research on this topic, 
will clearly be subject to increasingly rigorous tests in the months and years ahead.
 
Th e time frame over which GWP is measured sounds arcane, but is extremely 
important for understanding PFCI. Over 100+ years, carbon dioxide (CO2) is clearly 
the most important infl uence on global climate. Focusing only on these longer time 
scales, however, obscures the potential importance of more abrupt changes—so-called 
“tipping points”—which might turn out to matter more for the future of Earth’s 
climate than long-term GHG levels. Th e larger the eff ect of such tipping points are, 
and the sooner they might be reached, the more dangerous the shorter-term GWP 
of CH4 becomes.

Th e current balance of scientifi c evidence suggests that replacing coal with natural 
gas in generating electricity currently could be a helpful “bridging” step toward 
slowing global climate change, but only if it is a very short bridge (i.e., 20–30 years). 
If, however, cheaper natural gas makes even lower-carbon energy sources (such as 
wind or solar) less attractive, or encourages more fossil fuel use overall, then an 
increase in natural gas use could increase, rather than decrease, GHG emissions, 
accelerating rather than slowing global climate change. In this case, there would appear 
to be little environmental justifi cation for expanding use of natural gas, and the net 
scientifi c judgment of overall risk would likely be that the risks of large-scale hydrofracking 
outweigh the benefi ts.

Th roughout human history, changes in our overall energy sources and uses have 
changed both slowly and very rapidly. Th ese changes—and their consequences—have 
usually been unforeseen and in retrospect would have been diffi  cult or impossible to 
predict. Frequently, one part of the system changes gradually while another is quickly 
transformed. For example, almost all of the nuclear power plants in the U.S. were 
built in the course of 20 years, and almost all of the wind generated electrical capacity 
in the world has come online in the last few years. Our transportation system moved 
from domination by animal power to coal to petroleum over a century, but in steps 
that each took only a few decades, each occurring after a new technology appeared 
and showed a clear advantage. 

In the present, much more crowded, connected, and faster-changing world, there is 
widespread need for better forecasting and planning of our energy future, rather than 
just “letting it happen.” If, as many scientists suggest, the already degraded global 
environment is rapidly approaching multiple tipping points, past which dangerous 
or even catastrophic environmental changes cannot be avoided, then the stakes for 
more accurate projections are even higher. 

Such predictions remain extremely diffi  cult, however, because energy choices are not 
just about science and engineering, but also about politics, economics, and society 
at local, regional, and global scales. Th is complexity, and the uncertainty that it 
creates, is not an excuse for inaction, but must be recognized if any lasting progress 
is to be achieved. HVHF in the Marcellus Shale has caused, and will continue to 
cause, environmental damage. Most of this damage has so far been limited to local or 
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regional scales. Th e longer-term eff ects of present and future gas development in the 
Marcellus, or any other gas shale deposit, however, will depend less on what happens 
in New York or Pennsylvania than on decisions about national and global energy use 
and development. 

Real and substantial environmental and other risks are associated with large-scale 
hydraulic fracturing in the Marcellus Shale. Deciding whether these risks are lesser 
or greater than the risks associated with other energy choices is not just a question 
about the Marcellus. Successful risk management involves diminishing existing 
risk, preventing future risk, evaluating benefi ts, assessing cumulative impacts over 
decades, and making economic, social, and ethical decisions, none of which can be 
made with total certainty. 

For New York State in particular, where development of the Marcellus has not (at 
the time of this writing) started and in which it has been so controversial, substantial 
risks associated with the regional energy system are borne by people, ecosystems, and 
economies outside of New York State. Although New York residents and businesses 
get almost twice as much energy from natural gas than any other source, only a tiny 
amount of the gas used within the state comes from gas wells within the state. 

Transitioning from one energy source to another has almost always meant transitioning 
from one set of risks and benefi ts to another. Th e fundamentally diff erent nature of 
diff erent energy sources makes comparisons of risks challenging. Because all large-
scale energy production methods have substantial risks, the most direct—although 
not necessarily the simplest or least expensive—approach to lowering risks to public 
health, ecosystems, economies, and communities is to use less energy. 
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 Abbreviations & 
Acronyms

API—American Petroleum Institute 
BC—black carbon
BTEX—benzene, toluene, ethylbenzene, and xylene
BTU—British Th ermal Unit 
CAS#—Chemical Abstract Service Number
CBM—coal bed methane
CCGT—combined cycle gas turbine
CHP—combined-heat-and-power
CNG—compressed natural gas
dBa—decibel
DOE—U.S. Department of Energy
DRBC—Delaware River Basin Commission
EIA—U.S. Energy Information Administration
EIS—environmental impact statement 
EOR—enhanced oil recovery
EPA—U.S. Environmental Protection Agency
EUR—expected ultimate recovery
GDP—gross domestic product
GHG—greenhouse gas
GW—gigawatt
GWP—global warming potential
HOV—high occupancy vehicle
HVAC—heating, ventilation, and air conditioning
HVHF—slickwater horizontal high-volume hydraulic fracturing
IP—initial production
kWh—kilowatt hour
LCA—life-cycle analysis
LNG—liquefi ed natural gas
mcf—thousand cubic feet 
MJ—million joules
MMBTU—million British Th ermal Units
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MMS—moment magnitude scale 
MWH—megawatt-hour
mrem—milirem
MSDS—Material Safety Data Sheet
NORM—naturally occurring radioactive materials
NOX—nitrogen oxides NO and NO2
NYSDEC—New York State Department of Environmental Conservation
pCi/g—picocurie per gram
pCi/L—picocurie per liter 
PDEP—Pennsylvania Department of Environmental Protection
PFCI—potential future climate impact
POTW—publicly owned treatment works
ppm—parts per million
PV—photovoltaic
rdSGEIS—revised draft of the Supplemental Generic Environmental Impact 

Statement (NYSDEC, 2011)
REC—reduced emission completion
SGEIS—Supplemental Generic Environmental Impact Statement
SRBC—Susquehanna River Basin Commission
SWPPP—Stormwater Pollution Prevention Plan
tcf—trillion cubic feet
TDS—total dissolved solids 
TENORM—technologically enhanced NORM
TOC—total organic carbon
UAG—unaccounted-for gas
USDA—United States Department of Agriculture
USGS—United States Geological Survey
VOCs—volatile organic compounds
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Glossary
Acadian mountain range—mountain range formed in the Devonian Period that 

rose to the east of the basin in which the Marcellus Shale was deposited.
aerosol—very small particles of liquid or solid material suspended in a gas, e.g., air. 
Alleghanian Orogeny—mountain-building event occurring between the 

Carboniferous Period and the Permian Period that helped form the 
Alleghanian and Appalachian Mountains and helped to shape the jointing 
patterns in the Marcellus Shale.

annulus—the space between the casing and the rock on the outside of the well 
bore. 

Anthropocene—a name recently proposed by Earth scientists for the time interval 
since humanity became such a powerful force of change, roughly the last 
200 years.

Appalachian Basin—structural depression formed by tectonic forces associated with 
the formation of the Appalachian Mountains and located along what is now 
the western edge of those mountains, from New York State to Tennessee.

basin—structural depression in the Earth’s crust.
benzene—organic chemical compound with the chemical formula C6H6; part of a 

collection of volatile organic compounds abbreviated as BTEX that are of 
concern to human health.

biocide—chemical added to hydrofracking fluid that prevents the growth of bacteria 
and other microorganisms in the well bore and fractures.

biogenic—produced from the metabolic processes of organisms, usually forming at 
or near Earth’s surface.

blowout—uncontrolled release of  natural gas from  a well after pressure control 
systems have failed.

booster—chemical added to hydrofracking fluid that increases the eff ectiveness of 
the corrosion inhibitors at high temperature and pressure.

bridge fuel—fuel serving as a transition from a higher-carbon energy source to a 
lower or no-carbon source.

brine—highly salty water; see also produced water.
British Th ermal Unit (BTU)—unit of energy equal to the amount of energy required 

to heat one pound of water by 1°F.
butane—gas with the chemical formula C4H10, which can co-occur with methane in 

natural gas resources.
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carbon dioxide—greenhouse gas with the chemical formula CO2, which occurs 
at trace levels in the atmosphere, and is a byproduct of many metabolic 
processes of organisms as well as human industrial processes. 

carbon dioxide equivalent—unit of global warming potential of a greenhouse gas, 
expressed relative to the global warming potential of carbon dioxide.

casing—metal tube surrounded by cement that lines the well bore.
casing program—multiple stages used to drill and case a well.
cement—substance that binds other materials together; in hydrofracking, a special 

cement designed to withstand the temperature and pressure of wells is used 
to hold the metal casing in place in the well bore and seal any open space 
between the metal casing and the surrounding rock. 

clay—fi ne-grained sediment that makes up a large part of the Marcellus Shale.
clay stabilizer—salts added to the hydrofracking fluid that prevent clay in the target 

formation from swelling, migrating, and blocking fractures.
cleanup—collective term for the processes used to remove liquids from a gas well to 

increase the fl ow of gas. See also liquids unloading. 
coal bed methane—naturally-occurring methane released from coal beds during 

mining.
cold venting—see venting.
combined cycle gas turbine (CCGT)—type of power plant that runs on natural 

gas.
completion—steps used to bring a well into production once drilling operations 

have ended.
conventional—in reference to oil and natural gas deposits, trapped under an 

impermeable rock layer in voids or pore spaces; also the drilling technology 
whereby such deposits are extracted, usually involving vertically drilled wells; 
see also unconventional.

corrosion inhibitor—chemical added to hydrofracking fluid that reduces the damage 
to steel casing and other equipment that would be caused by the acid used 
in hydrofracking.

cracking—breakdown of larger molecules into smaller molecules by heat and 
pressure; also the breakdown of organic matter into hydrocarbons.

cross-linker—chemical added to hydrofracking fluid that maintains fracture fl uid 
viscosity at high heat and pressure found at depth.

curie—unit of radioactivity that describes the number of decay events per second in 
a substance, based on the radioactivity of one gram of radium.

Devonian—period of time in the geological past, before the Carboniferous Period 
and after the Silurian Period, extending from approximately 419 to 359 
million years ago.

development well—well intended to produce gas that will go directly into pipelines 
for sale.

directional drilling—in oil and gas exploitation, the drilling of a borehole in any 
orientation other than vertical with respect to the ground surface; see also 
horizontal drilling. 

distribution pipeline—pipeline that delivers natural gas to end users.
downstream—beyond the point of reference, e.g., beyond the point at which natural 

gas enters a pipeline at the well; see also upstream.
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drillout—stage in developing an unconventional gas well in which the plugs set to 
separate fracturing stages are drilled out to release gas for production.

drilling mud—fl uids used to lubricate the drill bit and help regulate pressure in the 
well bore, making the drilling process easier. 

earthquake swarm—large number of very small earthquakes in a restricted 
geographic area.

emission—release of a substance during a process; here, most often referring to the 
release of a gas into the atmosphere as a byproduct of natural gas extraction.

environmental impact statement (EIS)—document required by federal or state 
regulations that describes the possible immediate and cumulative eff ects 
of a proposed project on the environment; here, referring to the document 
created by NYSDEC specifi cally to examine the eff ects of slickwater high-
volume hydraulic fracturing. 

epicenter—point on the Earth’s surface directly above the origin of an earthquake.
epicontinental sea—sea that forms when the ocean covers part of a continent.
ethane—gas with the chemical formula C2H6, which can co-occur with methane in 

natural gas resources.
ethylbenzene—organic chemical compound with the chemical formula 

C6H5CH2CH3.
expected ultimate recovery (EUR)—amount of saleable gas expected to be recovered 

from a well, reservoir, or fi eld by the end of its productive life.
exploration well—natural gas well drilled (at least initially) mainly to search for 

natural gas, rather than primarily for production.
extraction—removal of a fossil fuel from its source or reservoir.
fairway—area in a natural gas play that is expected to be most profi table.
fl are—intentional burning of methane venting to the atmosphere, usually from a gas 

or oil well site.
fl owback—in hydrofracking, the treatment fl uid, natural gas, sand, and other debris 

that returns to the surface upon release of pressure on the well bore, or the 
process by which these materials return, immediately after fracturing and 
before well completion.

fl owback fl uid—fl uid that comes back out of a well soon after hydrofracking is 
complete and the plugs are drilled out.

formation—rock layer made up of a distinctive set of rock compositions (lithologies), 
formed in a particular area and interval of time, which can be recognized 
over an area of tens to thousands of square miles.

formation water—fl uid that originated from the rock formation itself, and that can 
have elevated levels of substances such as dissolved solids and radionuclides.

fossil fuel—energy source (e.g., coal, oil, natural gas) that originated from the organic 
remains of ancient organisms and formed by heat and pressure under Earth’s 
surface.

fracking—see hydraulic fracturing.
fracking fl uid—see hydrofracking fl uid.
fracture—crack in a rock layer, or the process that created the crack.
friction reducer—chemical added to hydrofracking fluid that reduces the internal 

friction of the fl uid, to lower the amount of pressure that needs to be exerted 
at the surface to fracture the well.
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fugitive emission—any unintentional emission of gas (usually methane) into the 
atmosphere from a well or associated drilling, fracturing, production, or 
transportation equipment or activity; a leak.

geotextile—tough fabric used to line well pads.
global warming potential (GWP)—a relative measure of how much heat that a 

greenhouse gas traps in the atmosphere; see also greenhouse gas footprint. 
green completion—technology that captures gas that would otherwise be lost 

(emitted) at a wellhead; also called reduced emission completion.
greenhouse gas (GHG)—gas that increases the ability of Earth’s atmosphere to trap 

heat.
greenhouse gas footprint—total GHG emissions from developing and using a 

particular fuel source, expressed as carbon dioxide equivalents, per unit of 
energy obtained during combustion.

horizontal drilling—type of directional drilling that begins with a vertical well 
bore that is then angled underground until it is oriented horizontally; the 
horizontal portion can sometimes continue for thousands of feet.

high-volume hydraulic fracturing (HVHF)—hydraulic fracturing using large 
volumes (generally millions of gallons) of water, used to hydrofrack horizontal 
wells.

hydraulic fracturing—process of injecting a fl uid into a well at high pressure to 
create or expand fractures in a source rock formation and thus increase the 
productivity (release of fossil fuel) of a well.

hydrocarbon—chemical compound that contains only carbon and hydrogen atoms, 
including the constituent molecules of natural gas; the lightest hydrocarbons 
are methane, ethane, and propane, with only 1, 2, and 3 carbon atoms, 
respectively.

hydrofracking—see hydraulic fracturing.
hydrofracking fl uid—the mix of water, sand, and chemicals used to create and 

expand fractures in a well by hydraulic pressure.
induced seismicity—earthquake or series of earthquakes triggered by human 

activity.
initial production (IP)—peak rate at which natural gas is produced from a well, 

usually during the completion phase.
injection well—well (sometimes a depleted oil and gas well) used to inject 

large quantities of gases or liquids underground within deep geological 
formations.

isotopes—versions of the same chemical element that contain varying numbers of 
neutrons in their nuclei.

joint—fracture in a rock formation.
joule—unit of energy, defi ned as the work required to produce one watt of power  for 

one second, or one watt-second. 
kickoff  point—in a horizontal well, the depth at which a special drill bit is used to 

begin to angle the well bore in a horizontal direction.
kilowatt hour (kWh)—unit of energy equal to 1,000 watts, commonly used in 

billing by utility companies.
lease—contractual agreement calling for the lessee (user) to pay the lessor (owner) 

for use of an asset; here, an agreement between a company wishing to extract 
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natural gas and the owner of the land below which the gas is located, usually 
detailing the rights and responsibilities of the extraction company and the 
compensation due to the landowner.

life-cycle analysis (LCA)—analysis of an aspect (e.g., climate impact) of a process 
(here, natural gas production, distribution, and use) throughout the entire 
process, from beginning to end.

lifetime—entire time of productivity of a well; also, mean persistence or residence 
time of a gas in the atmosphere.

liquefi ed natural gas (LNG)—natural gas that has been cooled into a liquid state 
(usually for transport) so that it occupies only 1/600 of the volume of natural 
gas in its gaseous phase.

liquids unloading—process of removing liquids (e.g., water, liquid hydrocarbons)
from the well bore that would otherwise slow gas production in a mature 
well.

lithologies—diff erent kinds of rock layers.
low carbon—with minimal output of greenhouse gas emissions (especially CO2) 

into the atmosphere.
Marcellus—town in Onondaga County, New York (2010 population 6,210); also, 

the Marcellus Shale rock unit.
Marcellus Shale—rock layer, variously referred to as a formation or subgroup at 

the base of the Hamilton Group, extending from central upstate New York 
to eastern Ohio, most of Pennsylvania, and eastern West Virginia. Th e 
Marcellus was formed by the deposition of fi ne sediment in a shallow sea 
during the Devonian Period.

methane—gas with the chemical formula CH4, the main component of natural gas.
microseismic event—small seismic event, often used to learn about the properties of 

underground rock formations.
milliDarcy—unit of permeability, equal to 0.001 cm3/second.
moment magnitude scale—numerical scale that describes the relative sizes of 

earthquakes based on the size of recorded seismic waves.
natural gas—mixture of light hydrocarbons, mostly methane, which is used as an 

energy source.
naturally occurring radioactive material (NORM)—material (e.g., black shales) 

that naturally contains radioactive elements in higher concentrations than 
surrounding materials.

no-carbon—with no output of greenhouse gas emissions (especially CO2) into the 
atmosphere.

oil—see petroleum.
overmature—in the thermogenic formation of natural gas, the point at which gas 

begins to disappear due to increased heat and pressure.
ozone—gas with the chemical formula O3. High in the atmosphere, ozone protects 

Earth from some of the Sun’s ultraviolet rays, but at ground level, it is a form 
of pollution caused by the interaction of certain chemicals and sunlight, and 
can cause respiratory diseases. 

Pangea—supercontinent on the Earth that formed approximately 300–250 million 
years ago, which began to break up approximately 250–200 million years 
ago. 
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perforation gun (perf gun)—device that delivers shaped explosive charges in the 
bottom of the well bore to perforate the casing and annulus and allow the 
fl uid through to fracture the target formation.

permeability—potential for a fl uid trapped in a sedimentary rock to fl ow between 
pores in the rock.

petroleum—mixture of heavy hydrocarbons that are liquid at room temperature; a 
fuel also called oil.

play—part of a rock formation targeted for natural gas extraction that is expected to 
produce natural gas; also, the part of the formation that is drilled for natural 
gas.

porosity—amount of open space between grains within a sedimentary rock.
processing—phase of natural gas extraction in which water, heavy hydrocarbons, 

and/or other impurities, such as sulfur, are removed from the natural gas 
before it is marketed.

produced water—fl uid that returns to the surface after fl owback fl uid; this water is 
saltier and includes some of the chemicals found in the Marcellus Shale pore 
fl uids; also called brine.

production—all of the steps involved in removing natural gas from the ground and 
into transportation toward fi nal users.

propane—gas with the chemical formula C3H8, which can co-occur with methane 
in natural gas.

proppant—variously sized grains of sand, sometimes with other materials, that hold 
open fractures created by hydrofracking after the fl uid pressure is released.

pyrite—mineral with the chemical formula FeS2, which is present in many dark 
shales; also called iron sulfi de or “fool’s gold.”

radiative forcing—amount of energy per unit area, expressed in watts per square 
meter (W/m2), which a certain change in a particular greenhouse gas confers 
upon the Earth.

radioactivity—particles and energy emitted when an atom spontaneously decays.
radionuclide—see radioisotope. 
radioisotope—isotope of an element that is unstable, meaning that it will 

spontaneously decay and emit radiation.
reduced emission completion (REC)—see green completion. 
reservoir—underground source from which fossil fuel can be extracted.
residence time—see lifetime.
Richter Scale—numeric scale that expresses the relative size of earthquakes, now 

replaced by the moment magnitude scale.
scale—mineral deposit (e.g., calcium carbonate) that precipitates out of water and 

adheres to the inside of pipes, heaters, and other equipment.
sedimentary rock—type of rock formed from accumulated particles of clay, silt, 

sand, gravel, and/or remains of organisms.
shale—type of sedimentary rock formed from fi ne particles of clay and silt. 
shale gas—natural gas formed by thermogenic processes within a shale.
shaped charges—small explosive projectiles shot from a performation gun.
slickwater—particular formulation of hydrofracking fl uid that emphasizes friction 

reducers, and which is used in shale gas extraction.
source rock—rock formation in which fossil fuel forms.
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stratum (pl. strata)—rock layer.
stimulation—process of hydrofracking a well.
surfactant—chemical added to hydrofracking fluid that reduces the surface tension 

of the fl uid and increases the amount of water that comes back out of the 
well.

target formation—rock layer from which natural gas will be extracted.
tectonics—movement of the Earth’s plates, creating mountains, basins, earthquakes, 

etc.
thermogenic—produced from the exertion of heat and pressure on organic matter. 
tight sand—relatively impermeable sandstone or limestone formation that contains 

commercially extractible natural gas or oil.
tight shale—relatively impermeable shale formation that contains commercially 

extractable natural gas or oil. 
tipping point—point within the lifetime of a system at which it changes abruptly 

from one state to another.
toluene—organic chemical compound with the chemical formula C7H8.
transportation—processes by which natural gas moves from the well head to 

consumers.
unconventional—in reference to oil or natural gas deposits, a source that cannot 

be extracted through conventional vertical wells; also, new technology to 
access such deposits, such as high-volume hydraulic fracturing; see also 
conventional.

upstream—prior to the point of reference, e.g., all stages in the production of natural 
gas before the gas enters a pipeline at the well; see also downstream.

venting—intentional, controlled release of gas (e.g., methane) into the atmosphere.
volatile organic compounds (VOCs)—light hydrocarbons that readily evaporate at 

room temperature and pressure.
water zones—rock layers that are saturated with water.
watt—unit of rate of energy conversion or transfer, defi ned as one joule per second.
well—human-made cylindrical hole in the Earth to extract some resource, and its 

associated structures and apparatuses both at the surface and below ground. 
well bore—cylindrical hole drilled from the surface, through which hydraulic 

fracturing fl uid travels to the target formation and natural gas or oil and 
wastewater fl ows to the surface.

well pad—area at the surface, surrounding the well bore, whichthat is used to conduct 
drilling and hydrofracking activities.

well site—area at the surface where a well is located, including but not confi ned to 
the well pad itself.

wellhead—place at the well where natural gas leaves the well and begins transportation 
to market, often via pipeline.

workover—replacing parts in a well, or re-hydrofracking, to increase production.
xylene—organic chemical compound with the chemical formula C8H10.
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Endnotes
PREFACE
1 See, e.g., Allmon (2009); Allmon et al. (2010).
2 PRI was founded in 1932 by Gilbert Harris (1865–1952), a professor of geology at Cornell. 

Although primarily known as a distinguished paleontologist, Harris was also one of the 
fi rst true petroleum geologists, and frequently a consultant to oil companies. A number 
of his graduate students went on to have successful careers in the oil business, and several 
gave or left in their estates signifi cant fi nancial support for PRI (see Allmon, 2007). 
By an interesting coincidence, one of Harris’ students, Pearl Sheldon, was the fi rst to 
recognize the distinctive joints in the Devonian rocks of central New York, which facilitate 
extraction of natural gas from the Marcellus Shale (see Wilber, 2012: 5). More recently, 
PRI has received fi nancial support from the petroleum industry for various research and 
educational projects, the largest of which was “Th e World of Oil,” a website explaining the 
role of geology and paleontology in searching for petroleum, set up in 1998 (see http://
www.museumoftheearth.org/outreach.php?page=Edu_Prog/earth101/world_of_oil). 
Paleontology as a scientifi c fi eld has a long history with the petroleum industry, and as 
recently as 25 years ago, a substantial proportion of the professional paleontologists in the 
nation and the world worked for or with the industry in some way. Since then, however, 
both paleontology and the oil business have changed signifi cantly. Fossils are no longer as 
important as they once were for dating rock layers, and paleontology as a whole has moved 
much closer to biology, and therefore inevitably toward a greater focus on topics related to 
the environment and conservation. Th ere is even now a new subfi eld within paleontology 
called “Conservation Paleobiology,” the development of which has been led by researchers 
at PRI (see, e.g., Flessa, 2002; Dietl & Flessa, 2009; Dietl et al., 2012). Since 1992, PRI has 
off ered public educational programs in the Earth and life sciences, including major eff orts 
on environmental topics such as biodiversity and climate change. In 2013, PRI formally 
took over the nearby Cayuga Nature Center, thereby expanding its base for providing 
environmental education across central New York State (see Allmon & Ross, 2011).

3 Statement of PRI’s Approach to Educational Outreach on Energy and Environment with Respect 
to Marcellus Shale Drilling (fi rst posted in 2010): http://www.museumoftheearth.org/
outreach.php?page=Edu_Prog/92387/723372.

INTRODUCTION
1 See, e.g., Zalasiewicz et al. (2008, 2010) and Ruddiman (2013). 
2 Although “hydrofracking” or simply “fracking” are the most commonly used shorthand for slickwater 

horizontal high-volume hydraulic fracturing, some literature (e.g., NYSDEC, 2011) uses the 
acronym HVHF, which is more precise (HVHHF is also used; see, e.g., Kiviat, 2013). Both 
hydraulic fracturing and and horizontal drilling are common procedures on conventional 
gas wells. It is high-volume hydrofracking associated with long, horizontal lateral wells that 
makes Marcellus and other similar wells distinctive. Further, “hydrofracking” implies using 
water for the hydraulic fracturing, which is nearly always the case at present, but wasn’t 
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always the case in the past and might not be in the future if other fl uids (such as gelled 
propane) are used. “Fraking,” with the same pronunciation but diff erent spelling, is also 
vulgar slang popularized in the science fi ction television series Battlestar Galactica (2004–
2009). Th e term was used as a way to avoid fi nes from the U.S. Federal Communications 
Commission. Wordplay that touches on this is not uncommon (see image on p. 174), but 
we avoid it in this work. See http://www.urbandictionary.com/defi ne.php?term=fraking.

3 A few documents that attempt to fi ll this need include, e.g., Andrews et al. (2009), Sweeney et al. 
(2009), and a number of websites (see Chapter 9).

4 Th e Marcellus Papers were the centerpiece of a multipart educational outreach eff ort on the geology of 
the Marcellus Shale undertaken by staff  at the Paleontological Research Institution, starting 
in early 2010. For more information on this eff ort, see http://www.museumoftheearth.org/
outreach.php?page=Edu_Prog/92387.

5 Th ese are also enormous, and still underinvestigated, topics. For some useful introductory 
perspectives, see e.g., Kargbo et al. (2010), Brasier et al. (2011), Kinnaman (2011), Mitchell 
& Casman (2011), Stedman et al. (2012), and Eaton (2013).

CHAPTER 1
1 Geologists traditionally divide sedimentary rocks into formations, which are rocks with sets of 

lithologies that can be recognized over a geographic area of at least approximately 50 square 
miles (130 square kilometers). Formations are usually gathered together into groups, and 
can be divided into members. Th e Marcellus has usually been considered to be a formation 
within the Hamilton Group.  More recently, however, geologists have proposed that, 
because the Marcellus contains within it a major widespread limestone unit, the Cherry 
Valley, it should be subdivided  into two separate formations, a lower Union Springs 
Formation and an upper Oatka Creek Formation. In this scheme, the term Marcellus 
would be used as a “subgroup,” to refer to both of these formations. See Brett et al. (2011) 
for further discussion and references.

2 For additional discussion of the Devonian geology of New York, see Whiteley et al. (2002), Brett et 
al. (2011), and Ver Straeten et al. (2011).

3 Ver Straeten et al. (2011).
4 Sageman et al. (2003).
5 Th is is because most of the bacteria responsible for decomposition require oxygen. Decomposition 

still occurs under low- or no-oxygen conditions through the activity of bacteria that do not 
require oxygen (anaerobic bacteria). Such decomposition, however, happens much more 
slowly.

6 Ver Straeten et al. (2011).
7 Engelder et al. (2009).
8 Engelder et al. (2009).
9 Engelder & Lash (2008); USGS Marcellus Shale Assessment Team (2011); EIA (2012). For a 

discussion of the some of the events leading to these estimates, see Wilber (2012: 95–97).
10 http://www.eia.gov/dnav/ng/ng_cons_sum_dcu_nus_a.htm.

CHAPTER 2  
1 Permeability is the ability of a fl uid trapped in a rock to fl ow through that rock. Permeability is a 

function of porosity, which is the amount of open space available in the form of fractures 
and pore spaces between grains, and the connections among those spaces. Th e Marcellus 
has relatively low porosity (0–18%) and very low permeability, ranging between 0.2 x 10-8 
to 5.5 x 10-8 millidarcys. A substance with a permeability of 1 darcy permits a fl ow of 1 
cm³/second of a fl uid with viscosity of 1 centipoise (1 cp =  0.001 kg/m/second) under 
a pressure gradient of 1 atm/cm acting across an area of 1 cm². A millidarcy (mD) is 
equal to 0.001 darcy, and a microdarcy [μD] equals 0.000001 darcy. Values of sediment 
permeability range as high as 100,000 darcys for gravel, to less than 0.01 microdarcy for 
granite. Sand has a permeability of about 1 darcy (Lichtner et al., 1996: 5). Even with the 
most sophisticated hydrofracking technology currently available, if rock permeability is 
much below 10-9 millidarcys, its gas cannot be economically extracted (Hill et al., 2002).

2 “Unconventional” is an umbrella term for oil and natural gas that is produced by means that 
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do not meet the criteria for conventional production. Resources that have qualifi ed as 
“unconventional” have diff ered over time. Application of the term is a function of resource 
characteristics, available exploration and production technologies, economic environment, 
and the scale, frequency and duration of production from the resource. Th e term is currently 
most frequently used to refer to oil and gas resources for which porosity, permeability, 
fl uid trapping mechanism, or other characteristics diff er from conventional reservoirs 
(mostly in sandstones and limestones). In addition to fractured tight gas shales and sands, 
coal bed methane and gas hydrates (frozen methane on the seafl oor or in permafrost) are 
considered unconventional resources (http://www.glossary.oilfield.slb.com/en/Terms.
aspx?LookIn=term%20name&filter=unconventional).

3 Engelder et al. (2009).
4 See Wang & Carr (2012: 159).
5 Adams & Weaver (1958).
6 Schmoker (1981).
7 Th e New York State Department of Environmental Conservation (NYSDEC) issued its most recent 

report on HVHF in the Marcellus Shale in 2011. Th is document is known as the “revised 
draft SGEIS” and is referred to hereafter in the endnotes as “NYSDEC, 2011.” It lays out 
only recommendations, not a set of legal regulations. As of this writing (September 2013), 
NYSDEC has not issued any formal regulations on Marcellus drilling. New York State has 
had in eff ect an offi  cial moratorium on all gas development via HVHF since 2008. 

8 Iyengar (1984).
9 Th e basis for the curie is the radioactivity of one gram of the element radium. Radium decays at a 

rate of about 2.2 trillion disintegrations (2.2 x 102) per minute. A picocurie is one trillionth 
of a curie. Th us, one picocurie represents 2.2 disintegrations per minute; see http://www.
fusrapmaywood.com/factsheet/pico.htm.

10 Rowan & Kraemer (2012).
11 Th ese materials can be referred to as technologically enhanced NORM, or TENORM. Here we 

use the term NORM to encompass both NORM and TENORM.  (Occasionally authors 
use NORM to refer to the radionuclides themselves rather than to the material containing 
radionuclides.) 

12 NYSDEC (2011). 
13 Resnikoff  et al. (2010).
14 NYSDEC found that radioactivity of Marcellus cuttings was not signifi cantly higher than other 

“background” radiation sources; see http://www.dec.ny.gov/docs/materials_minerals_pdf/
rdsgeisch50911.pdf.

15 NYSDEC (2011).
16 White (2012).
17 Rowan et al. (2011). Th e EPA sets a maximum level of 226Ra and 228Ra (combined) in drinking 

water to 5 pCi/L, and the maximum amount allowed in industrial effl  uent is 60 pCi/L. For 
standards for drinking water, see:  http://water.epa.gov/drink/contaminants/index.cfm"  
\l "List and  http://water.epa.gov/drink/contaminants/index.cfm#List. For standards for 
industrial effl  uent, see: http://www.nrc.gov/reading-rm/doc-collections/cfr/part020/appb/
Radium-226.html and http://www.nrc.gov/reading-rm/doc-collections/cfr/part020/appb/
Radium-228.html.

18 NYSDEC (2011). 
19 U.S. Geological Survey, Toxic Substances Hydrology Program, http://toxics.usgs.gov.
20 U.S. Environmental Protection Agency, http://water.epa.gov/drink/contaminants/

basicinformation/benzene.cfm.
21 Rowan et al. (2011).
22 Th e “Glossary of Salt Water” published by the Water Quality Association (http://www.wqa.

org/) classifi es water with dissolved salts as follows (ppm = parts per million; TDS = total 
dissolved solids):
Fresh = less than 1,000 ppm TDS 
Brackish = 1,000–5,000 ppm TDS 
Highly brackish = 5,000–15,000 ppm TDS 
Saline = 15,000–30,000 ppm TDS 
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Sea water = 30,000–40,000 ppm TDS 
Brine = greater than 40,000 ppm TDS 

23 NYSDEC (2011); Rowan et al. (2011).
24 Rowan et al. (2011). 
25 Among scientists, the Richter scale has largely been replaced by the moment magnitude scale 

(MMS), but earthquake measurements under the MMS are still routinely (but erroneously) 
referred to as being quoted on the Richter scale. Seismic events of magnitude 2–2.9 occur 
more than a million times per year globally. Th ey are felt slightly by some people, but do 
not generally damage buildings. Events of magnitude 3–3.9 occur approximately 100,000 
times per year. Th ey are usually felt by people, but very rarely cause damage. See http://
earthquake.usgs.gov/earthquakes/eqarchives/year/eqstats.php.

26 It also roughly corresponds to a 30-fold increase in the amount of energy released. Th us, the 
amount of energy released during a magnitude 3.0 earthquake is approximately 1,000 
times more than the amount of energy released during a magnitude 1.0 earthquake.

27 BC Oil and Gas Commission (2012).
28  Injection wells that hold fl uid related to oil and gas are called “Class II” wells.
29 NRC (2012).
30 NRC (2012).
31 Frolich (2012).
32 Ohio Department of Natural Resources (2012a).

CHAPTER 3
1 NYSERDA (2007); Lash & Lash (2011).
2 NYSERDA (2007).
3 U.S. Department of Energy, Energy Information Administration (EIA), http://www.eia.gov/

state/.
4 U.S. Department of Energy, Energy Information Administration, Natural Gas Data, http://www.

eia.gov/naturalgas/data.cfm.
5 Th e Marcellus Shale Gas Play: Geology, Development, and Water-Resource Impact Mitigation, 

available at http://ny.water.usgs.gov/projectsummaries/CP30/Marcellus_Presentation_
Williams.pdf. 

6 Fisher (2010).
7 King & Morehouse (1993).
8 Wrightstone (2009).
9 NYSDEC (2011). 
10 Susquehanna River Basin Commission, Frequently Asked Questions, http://www.srbc.net/

programs/natural_gas_development_faq.htm.
11 NYSDEC (2011); Arthur et al. (2008a, b, c); Coburn et al. (2011); Bishop (2011); Geology.

com, Hydraulic Fracturing Fluids—Composition and Additives, http://geology.com/energy/
hydraulic-fracturing-fl uids/.

12 Kelso (2012); see also Ladlee & Jaquet (2011).
13 Pennsylvania Department of Environmental Protection, Department of Environmental Protection, 

Bureau of Oil and Gas Management, Wells Drilled, available at http://fi les.dep.state.pa.us/
OilGas/BOGM/BOGMPortalFiles/OilGasReports/2012/2012Wellspermitted-drilled.
pdf. 

14 Ohio Department of Natural Resources (2012a). 
15 Johnson (2010).
16 For an excellent description of the leasing process, mostly from the point of view of landowners, 

see Wilber (2012).
17Johnson (2010).
18 NYSDEC (2011). 
19 Th e Drake Well, in Venango County, Pennsylvania, is usually referred to as the “fi rst commercial 

oil well.” Before it, oil-producing wells were wells drilled for salt brine, and produced oil 
and gas only as accidental by-products. See Brice (2009).

20 NYSDEC (2011). 
21Hyne (2001).
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23 NYSDEC (2011). 
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25 Lee et al. (2011).
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an average footprint of 3.1 acres (1.2 hectares) per well pad, plus 5.7 acres (2.3 hectares) 
cleared for access roads and other associated infrastructure for each pad. Th is is a total of 
8.8 acres (3.5 hectares) per well. Th e average footprint of a vertical well pad is smaller, 
less than one acre (0.4 hectares) according to the aerial survey of Pennsylvania (Johnson, 
2010). NYSDEC estimates that, including access roads, one vertical well covers 4.8 acres 
(1.9 hectares). With vertical wells spaced at 40 acres (16 hectares), there could be 400 wells 
in 25 square miles (65 square kilometers), with footprints covering 1,920 total acres (777 
hectares). With multiwell horizontal pads, there would be 25 wells in 25 square miles, with 
footprints covering 185 total acres (75 hectares) using NYSDEC estimates, or 220 acres 
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40 Bayne et al. (2008).

CHAPTER 6 
1 When methane (CH4) is burned, it combines with oxygen, and the chemical result is carbon dioxide 

(CO2) and water (the chemical equation is: CH4 + 2 O2 → CO2 + 2 H2O). However, 
because natural gas contains other chemical compounds besides methane, burning it also 
produces various quantities of other substances, some of which can be toxic, including 
nitrogen oxides (NOX), carbon monoxide (CO), sulfur dioxide (SO2), and a variety of 
hydrocarbons (volatile organic compounds, VOCs), as well as uncombusted methane. Th e 
variety and volume of these combustion products depends not only on the composition of 
the gas but on the effi  ciency of the burning. In properly tuned boilers, nearly all of the fuel 
carbon (99.9%) in natural gas is converted to CO2 during the combustion process (http://
www.epa.gov/ttnchie1/ap42/ch01/fi nal/c01s04.pdf ). Burning coal also produces many of 
these same pollutants and then some (see below).

A recent study (Lu et al., 2012) suggested that substitution of natural gas for coal could 
have contributed to a reduction in CO2 emissions from U.S. electrical generation from 
2008 to 2009 (see also Logan et al., 2012). Similarly, total U.S. GHG emissions decreased 
by 2.6% from 2010 to 2011, and part of this could also be a result of switching from coal 
to gas (Derry, in Revkin, 2013a). Some portion of this decrease in emissions might also be 
due to decreased use of fossil fuels generally—as a result of the global recession, improved 
vehicle gas mileage, and unusually warm winters (R. Howarth, pers. comm. to WDA, 6 
August 2013).

2 See, e.g., Pacala & Socolow (2004); Brown et al. (2009); Podesta & Wirth (2009); Kerr (2010); 
Tour et al. (2010); Moniz et al. (2011); Jenner & Lamadrid (2012).

3 Even if all of the individual scientifi c issues were completely understood (which is not currently 
the case), making such a judgment would still be complex and diffi  cult. Th is is because the 
decision of coal versus natural gas is not just a scientifi c problem. As Eaton (2013: 158) has 
noted: “While clarity on narrow issues is important, a sole focus on scientific and technical 
aspects is unlikely to have prevented [recent environmental catastrophes, which resulted] 
… not just from scientific uncertainty but more importantly from an avoidable reactive 
cascade of events driven by economic and political choices … scientifically-based decision 
making needs to explicitly account for non-scientific issues related to human activities … 
Scientists have particular responsibilities …  to help develop timely, systematic approaches 
that consider overlapping scientific, technical, environmental, sociological, economic and 
political considerations, evaluate their relative importance for the issue at hand, and thereby 
formulate recommendations for policy decision-making… [But a broader approach is 
needed] to develop a proactive framework for rational, timely decision-making by weighing 
relative merits in the face of incomplete information, and seek a broader perspective on 
common ground for consensus …”

4 Life-cycle analyses are offi  cially standardized by the International Organization for Standardization 
(ISO); see ISO (2006). A useful summary of LCA for shale gas was published by Bradbury 
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et al. (2013: 15).
5 Th e debate over the environmental impact of shale gas and hydrofracking has been aptly described 

as an example of “the complexity of a coupled human-nature system,” characterized by 
“unpredictable and nonlinear dynamics in the interaction of human behaviours with 
natural systems” (e.g., Hou et al., 2012: 385). 

6 Yusuf et al. (2012). Major natural sources of CH4 emissions include wetlands and peatbogs, termites, 
wildfi res, grasslands, coalbeds, and lakes. Human sources include municipal solid waste 
landfi lls, rice paddies, coal mining, oil and gas drilling and processing, cattle ranching, 
manure management, agricultural products, and wastewater and sewage treatment plants.

7 Globally, agriculture is the largest source of anthropogenic methane of these three sources (Yusuf 
et al., 2012). In the U.S., however, “natural gas systems” (exploration, production, 
distribution, and use of natural gas) is currently the single largest category, followed by 
animal agriculture (Howarth et al., 2012a).

8 For brief general discussion of climate change science, see Allmon et al. (2010). 
9 As noted by Eaton (2013: 164). “…the ultimate consideration when assessing a scientific and 

technical issue with major public policy implications is the political and regulatory 
landscape. Experts tend to view the scientific and technical aspects in isolation, whereas the 
success of public policy decisions about these issues can depend more on politics.” 

10 For example, many scientists made presentations that are very relevant to this topic at the December 
2012 meeting of the American Geophysical Union (see Tollefson, 2013a, for a summary of 
some of these presentations), but (as of this writing, September 2013) many of these studies 
have not yet been published as full papers in the peer-reviewed scientifi c literature. Th is is 
an example of the frequent “disconnect” between the usually deliberate pace of science and 
the demands of the public or policy-makers for immediate answers, especially for questions 
of major economic or social importance. Scientifi c results are not generally considered valid 
by the general scientifi c community until they have been scrutinized by other scientists 
(“peers”) with expertise in the particular fi eld. Th e original researchers then respond to 
any criticism or questions; this can go on for months or even years before a paper is fi nally 
published. Even then, the results might not be more widely accepted, then or ever. Much of 
the data and arguments discussed in this and other chapters are of this type. Th ey have been 
discussed by scientists informally, presented at conferences, seminars, and meetings, passed 
around as manuscripts, PowerPoint® presentations, or blog postings, and some have been 
submitted to scientifi c journals but have not yet been published. Individual scientists might 
hold strong opinions based in part on such still-unpublished work; they might eventually 
be shown to be correct, but it is diffi  cult or impossible to formally evaluate the ideas until 
they have been subjected to this peer-review process.

11 A lack of consensus does not mean that there is no strong evidence or opinions one way or the 
other; quite the contrary, and diff erent views can be held tenaciously by equally capable 
scientists who cannot understand why everyone does not see things the way they do. Science 
ultimately works, however, by testing, reformulating, and retesting alternative ideas. Th is 
sifting process can go on for a long time, but when (or if ) it eventually convinces a large 
majority of the scientists who are knowledgeable about the subject that one view is more 
likely to be correct than other competing ideas, this becomes (at least temporarily) the 
conclusion that is (at least provisionally) accepted, and is usually presented to the public 
as “what most scientists think.” When there is no clear consensus among the relevant 
specialists, the result can look—to the public, government, media, and other scientists—like 
chaos or despair, but it is an unavoidable part of the scientifi c process. Th is is close to the 
current situation on some aspects of our understanding of the consequences of large-scale 
development of the Marcellus Shale. For discussion of the role of consensus in science, see 
e.g., Ziman (2000) and Labinger & Collins (2001).

12 Because of the controversial and rapidly changing nature of this topic, in this chapter we provide 
more detailed documentation of sources than in other chapters.

13 See Montzka et al. (2011). Th e Intergovernmental Panel on Climate Change (IPCC) provides the 
generally accepted values for GWP, and an exact defi nition of how GWP is calculated is to 
be found in the IPCC’s 2001 Th ird Assessment Report (IPCC, 2001). GWP is a convenient 
way of expressing the potential future climate impact of a particular greenhouse gas. It is 
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not, however, used in this way by climate scientists in computer models of projected future 
climate change (e.g., Solomon et al., 2010; Wigley, 2011). Th is in part is because it is so 
dependent on the time frame chosen (see endnote 14, below), and in part because the 
assumption of simple constant value as the basis for comparison is physically incorrect. Th e 
relative impacts of a particular emission scenario depend not only on the fuel mix used, but 
on how quickly the emission patterns change, on the secondary impacts on other variables, 
such as aerosols and ozone, and even on the feedback response of the climate system. 
In other words, the impact of burning more or less gas versus coal cannot be eff ectively 
boiled down to a single number. Instead, climate models run side-by-side simulations that 
embody diff erent choices (e.g., more gas or more coal burning) without choosing a time 
frame in advance. As Solomon et al. (2011: 424) stated: “Th e choice of time horizon is 
crudely equivalent to the imposition of a discount rate, albeit a discount rate that varies 
with lifetime of the gas ... and thus represents a value judgment.” 

14 Th e GWP of a gas thus depends on the time frame (see endnote 13, above). Th is, therefore, in 
some sense might allow an analyst to pick the wanted or preferred answer; it also, however, 
allows an analysis to focus on eff ects that occur at varying time scales. If, for example, you 
think that processes acting over long time scales are ultimately most important, it might 
make sense to focus attention on GWPs at the 100-year time frame. On the other hand, if 
you think that processes over shorter time scales (e.g., threshold eff ects or tipping points; 
see endnote 62), then you will likely focus on GWPs at shorter times frames (e.g., 20 years). 
Understanding this diff erence is extremely important for understanding the controversy 
over the potential future climate impact of methane leakage from Marcellus and other gas 
production.

15 A joule is a unit of energy, defi ned as the work required to produce one watt of power for one 
second, or one watt second (Ws). A watt is a measure of rate of energy conversion or 
transfer, defi ned as one joule per second. Electricity generation is commonly measured in 
kilowatt hours (KWh). Th us, one KWh of electricity requires the equivalent of 1,000 watts 
times 3,600 seconds, or 3.6 million joules (megajoules, MJ).

16 Archer et al. (2009: 120).
17 Alvarez et al. (2012).
18 Alvarez et al. (2012).
19 Archer et al. (2009); Hausfather (2010).
20Alvarez et al. (2012). Howarth et al. (2011: 680) noted that “Th e global methane budget is 

poorly constrained, with multiple sources and sinks all having large uncertainties.” Th e 
concentration actually starts to decline the moment after the emission “spike.”

21 Shindell et al. (2009, 2012).
22 See, e.g., Santoro et al. (2011).
23 Mostly ozone (O3) and some aerosols.
24 In 2012, approximately 36% of natural gas used in the U.S. was burned to produce electricity, 

whereas 28% was burned to heat buildings (residential and commercial) (U.S. Energy 
Information Agency, http://www.eia.gov/dnav/ng/ng_cons_sum_dcu_nus_a.htm). Th is is 
probably an underestimate of recent average use of natural gas for heating, because 2012 
was a record warm winter in the northeast, where heating by natural gas makes up a sizeable 
percentage of U.S. use.

25 See, e.g., Moniz et al. (2011).
26 For example, Laurenzi & Jersey (2013) expressed emissions in kg CO2 eq/MWh. Howarth et al. 

(2011, 2012a) used g C/MJ, which Cathles et al. (2012a: 2) described as “less intuitive and 
operationally relevant but more precise.” 

27 Th e shortage of data has been commented upon by many authors (e.g., Howarth 2010a; Howarth 
et al., 2011; Levi, 2011; Bradbury et al., 2013; Levi, 2013a; Pétron et al., 2013). Howarth 
et al. (2011) presented the fi rst LCA for shale gas published in the peer-reviewed scientifi c 
literature. Th at study relied mainly on data from two U.S. government reports (EPA, 
2010c; GAO, 2010). Howarth et al. (2012a) added one more (EPA, 2011a). Shortly 
after publication of the Howarth et al. (2011) study, several other LCAs of shale gas were 
published (Hultman et al., 2011; Jiang et al., 2011; Stephenson et al., 2011; Burnham et 
al., 2011). Cathles (2012) and Cathles et al. (2012a) summarized “fi ve detailed analyses” 
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of postproduction CH4 emissions from both conventional and shale gas wells (EPA, 1997, 
2010c, 2011a; Skone et al., 2011; Venkatesh et al., 2011). Weber & Clavin (2012) and 
Bradbury et al. (2013) performed similar analyses of multiple previous studies. Th e fi rst 
study to use actual air samples to address the issue was by Petron et al. (2012), but those 
results have been controversial (e.g., compare the favorable treatments by Howarth et al., 
2012a, and Tollefson, 2013a, to the more critical treatments by Levi, 2012, 2013b, Cathles, 
2012, and Cathles et al., 2012a). Laurenzi & Jersey (2013: 4896, 4901), who worked for 
Shell at the time of publication, stated that their study made use of “the most extensive 
data set of any LCA of shale gas to date, encompassing data from actual gas production 
and power generation operations,” and claimed that it was the fi rst study to use “actual 
production data for the key factors that aff ect the life cycle GHG emissions.” 

EPA estimates of GHG emissions from gas wells have a somewhat tortuous history. 
In 1996, the EPA reported estimates of GHG emissions from gas wells, based on data 
voluntarily provided by industry. Th ese estimates have been criticized as too low and out 
of date by Howarth et al. (2011, 2012a, b). In 2010, the EPA estimated that for the year 
2008, production-sector leak rate was 0.16% of total production (EPA, 2010c). (Th is was 
based on data on gas captured by green completions provided to the agency by industry as 
part of the EPA Gas STAR program, a voluntary program to encourage the oil and natural 
gas industries to adopt best practices.) EPA assumed that half of these emissions were 
vented and half fl ared. Cathles et al. (2012a, b) criticized both Howarth et al. (2011) and 
the EPA for assuming that emissions were vented, rather than captured. 

In October 2009, the EPA proposed new regulations that would require regular 
reporting of GHG emissions, including methane, from natural gas systems (EPA 2011c). 
Starting on 1 January 2010, producers were required to collect emissions data, and the 
fi rst report of these data was submitted to EPA on 31 March 2011 (see http://www.gpo.
gov/fdsys/pkg/FR-2009-10-30/pdf/E9-23315.pdf ). In its 2011 and 2012 reports, EPA 
revised its estimates of emissions upward (EPA, 2011a, 2012c), and then, in 2013, back 
down (EPA, 2013). As discussed by Karion et al. (2013), the main driver for this most 
recent reduction in estimated emissions was a report prepared by the oil and gas industry, 
which contended that actual CH4 emissions from liquid unloading were actually more than 
an order of magnitude lower than EPA’s 2011 report estimate, and that emissions from 
refracturing wells in tight sands or shale formations were less than half of the EPA 2011 
estimate (Shires & Lev-On, 2012). Th ese changes in the reported emission estimates led 
the EPA’s Offi  ce of Inspector General to release a report calling for the improvement of the 
agency’s air emissions data for the natural gas production sector (EPA Offi  ce of Inspector 
General, 2013). 

A very recent study (Allen et al., 2013; see also http://www.nytimes.com/2013/09/17/
us/gas-leaks-in-fracking-less-than-estimated.html?emc=eta1&_r=0) of leakage at 190 
natural gas production sites (including 489 hydraulically fractured wells) across the U.S. 
concluded that methane emissions are lower than previously estimated by the EPA (2013). 
Th e study was conducted by researchers at the University of Texas, funded by the Natural 
Resources Defense Council, and accomplished with the cooperation of several natural gas 
companies. A news account of the study, including reaction from Robert Howarth, is at 
http://www.npr.org/2013/09/16/223122924/despite-leaks-during-production-natural-
gas-still-better-than-coal.

28 Howarth et al. (2011: 683).
29 Cathles (2012: 11); see also EPA (2010c: Appendix A).
30 Alvarez et al. (2012: 6467); Harrison (2012), cited by Cathles (2012).
31 Technology evidently exists that could do so (EPA, 2010c; GAO, 2010; Alvarez et al., 2012: 

6438; Bradbury et al., 2013), although industry has argued that there currently is not 
enough equipment available to service the thousands of wells that are being drilled and 
hydrofracked each year (http://www.schneiderdowns.com/epa-issues-new-fracking-rules).

32 Th e economic incentives for capturing fugitive emissions can vary. For example, according to the 
EPA (2011b), the break-even price at which the cost of capturing fl owback gas equals the 
market value of the captured gas is slightly under $4 per tcf. In other words, below this 
price, it might cost more to capture the gas than it is worth. (Th e price of natural gas has 
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not been at $4 per tcf since August 2011; http://www.eia.gov/dnav/ng/hist/n9190us3m.
htm.) Furthermore, even if there is an incentive in price, the business structure of the gas 
industry can make it disappear. As described by Bradbury et al. (2013: 35–36), although 
a production company might own the gas as it leaves the wellhead, it might hire another 
company (a “service company”) to drill and complete the well. Unless that service company 
is contractually obligated to reduce methane leakage, it might not be in its best interest 
to minimize losses. Th e new EPA rules (NSPS/NESHAP) are intended to address this 
problem (see endnotes 27, above, and 34, below). Another potential problem is that REC 
technology can only be used when there is a pipeline to connect a well to. Some leases 
with landowners, however, might require well development by a particular date, whether 
pipelines are there or not (Bradbury et al., 2013).

33 For example, although it is surely in the interest of companies to protect their employees and 
capital investment from accident, diff erent companies have diff erent philosophies or 
acceptance of risk, and smaller companies in particular can have fewer resources to devote 
to risk reduction (see discussions by Cathles et al., 2012a, b; Howarth et al., 2012a,b; 
Gilbert & Gold, 2013). 

34 In April 2012, the EPA released two rules which were the agency’s fi rst move to establish federal 
standards for emissions at natural gas production wells (EPA, 2012a). Th e rules took 
eff ect in October 2012, and companies must be compliant with them by 1 January 2015 
(http://www.epa.gov/airquality/oilandgas/implement.html). Th ese two rules—the New 
Source Performance Standards (NSPS) for volatile organic compounds (VOCs), and the 
National Emissions Standard for Hazardous Air Pollutants (NESHAP) for oil and natural 
gas production—primarily target VOC and air toxics emissions, but should have the co-
benefi t of reducing methane emissions. Th e rules require a 95% reduction in VOCs at 
new and restimulated natural gas wells, to be achieved through the use of technology 
(known as green completion; AKA reduced emission completion, REC) to capture gas that 
would otherwise be vented at the wellhead. A recent study concluded that the use of such 
technologies is likely profi table in most cases (O’Sullivan & Paltsev, 2012). A recent study 
from the World Resources Institute (WRI) estimated that compliance with these rules 
would “reduce methane emissions enough to cut all upstream GHG emissions from shale 
gas operations between 40 and 46 percent below their projected trajectory in the absence of 
the rules … For all natural gas systems (including shale gas), methane emissions reductions 
resulting from the NSPS/NESHAP rules are projected to lower upstream GHG emissions 
by 13 percent in 2015 and 25 percent by 2035 …” (Bradbury et al., 2013: 5).

Th e WRI report further recommended implementation of three additional steps, 
which should be possible with existing technologies, that could reduce methane emissions 
by up to an additional 30%. Th ese steps include (a) “use of plunger lift systems at new and 
existing wells during liquids unloading operations; (b) fugitive methane leak monitoring 
and repair at new and existing well sites, processing plants, and compressor stations; and 
(c) replacing existing high-bleed pneumatic devices with low-bleed equivalents throughout 
natural gas systems … [T]hese three steps would bring down the total life cycle leakage 
rate across all natural gas systems to just above 1 percent of total production” (Bradbury 
et al., 2013: 6).

A number of previous studies had estimated that existing technologies could reduce 
methane emissions associated with natural gas development by 40–90% (EPA, 2010c; 
GAO, 2010; Alvarez et al., 2012: 6438). 

35 EPA (2009, 2010c); Hughes (2011); Jiang et al. (2011); NETL (2006). Th is is also referred to as 
liquids unloading. 

36 See, e.g., Wood et al. (2011: 37); Bradbury et al. (2013); Laurenzi & Jersey (2013).
37 Howarth et al. (2011: 681).
38 Howarth et al. (2012a).
39 See detailed discussion and disagreement on this issue by Cathles et al. (2012b), Howarth et al. 

(2012), and Bradbury et al. (2013: 16). Not all studies have included liquids unloading 
as an explicit step in gas development, and those that have done so have used diff erent 
assumptions about its frequency (Bradbury et al., 2013: 17).

40 As an example of how diffi  cult it is to determine this one point, Howarth et al. (2012: 5) stated 
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that “While visiting Cornell [University], a Shell engineer stated [that] Shell never fl ares gas 
during well completion in its Pennsylvania Marcellus operations (Bill Langin, pers. comm.).” 
Cathles et al. (2012a), however, quoted a statement that they claimed was provided to them 
by Shell that indicates that Langin was misquoted. According to the statement, Langin 
was responding to a diff erent question—whether Shell “routinely fl ares during fl owback.” 
Th e statement said that Langin “responded that Shell does not routinely fl are fl owback 
from its development wells, which are wells that are going directly into the pipeline for sale. 
It is important to note that fl aring can occur at a Shell site during exploration well tests. 
Th is could happen for a number of reasons including there being no pipeline connection 
available for sending the product to market or the quality of the resource is not of pipeline 
quality and requires further processing,” Accounts from several individuals who attended 
Langin’s talk of the actual exchange between Langin and the questioner in the audience 
diff er in exactly what was said and by whom. Based on this information, when or how often 
Shell fl ares its wells during fl owback is, to say the least, unclear. 

In 1996, the EPA estimated (based on industry-reported data) that 98% of fl owback 
gas was fl ared (Harrision et al., 1996; although it should be noted that there were no shale 
gas wells in production at that time, and therefore no fl owback from shale gas wells in that 
study). Laurenzi & Jersey (2013, supplementary information: 6) stated that all fl owback 
gas in Marcellus wells drilled by ExxonMobil subsidiary XTO that they considered in their 
study was fl ared.

41 According to the U.S. Pipeline and Hazardous Materials Safety Administration (PHMSA, 2002: 
V-1), there are at least 17 “conditions that may contribute to unaccounted for gas.” For more 
on UFG, see PHMSA (2002: chapter 2) and Pennsylvania Public Utilities Commission 
(PPUC, 2012: 1). Th e PPUC report concluded that gas companies “often report UFG 
based upon their own defi nition, which varies from company to company resulting in 
inconsistent reporting,” and the “lack of a standard defi nition of UFG may tempt NGDCs 
[Natural Gas Distribution Companies] to trivialize the importance of minimizing the 
volume of UFG.” For gas theft from pipelines, especially in eastern Europe, see Engber 
(2005).

42 See Hughes (2011, 2013a, b) and Bradbury et al. (2013: 15) for general discussions of EUR 
estimates for shale gas wells. EUR is not a measurement; it is a prediction. So, it is necessarily 
subject to uncertainty and potential subjectivity. Th is uncertainty is increased because of 
the nature of fl ow out of shale gas wells, which frequently declines rapidly after an early 
peak initial production (Hughes, 2011, 2013a, b). According to industry geologists with 
whom we discussed this issue, there is usually little confi dence placed on production data 
until there are at least two years of data from each well. Th is is because in the early months 
of production, it is diffi  cult to know when the well has been cleared of hydrofracking fl uid 
water and has truly begun to produce at a “normal” level. Also, in the fi rst few months, 
the engineers are tinkering with the well (e.g., they might turn off  production for multiple 
days, resulting in that month’s production being less, but then engineers will try to estimate 
what it would have been had it not been turned off ). EUR estimates therefore result from 
a combination of actual production data and interpolation, and not all engineers will make 
the same interpretations. 

Howarth et al. (2011, 2012a) argued that most EUR estimates are likely overly 
optimistic about total lifetime production of the average shale gas well. If this is correct, 
then previous estimates of methane emissions relative to production are too low. Two recent 
studies attempted to summarize available data, but unfortunately reached very diff erent 
conclusions, illustrating the complexity of coming up with EUR values. Laurenzi & Jersey 
(2013) (who worked for ExxonMobil at the time of writing) reported an average EUR of a 
Marcellus shale gas well as 1.8 bcf. Scientists from the U.S. Geological Survey (USGS Oil 
and Gas Assessment Team, 2012), however, reported an average value of less than one tenth 
that number (0.129 bcf ). Th e reasons for this very large diff erence are unclear. Th e USGS 
estimates include three values for the Marcellus Shale, from three diff erent geographic areas 
(although the lack of a map in the paper makes it diffi  cult to know exactly where they are). 
One of these—for the “interior Marcellus”—is not as diff erent from the Laurenzi & Jersey 
value as are the other two areas, and this could be where most of the production of gas is 
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currently focused. Th e diff erence might therefore be a result of the diff erent purposes of 
the two studies; the purpose of the USGS report was to summarize the entire Marcellus 
rather than just the higher-producing part, whereas Laurenzi & Jersey reported on what 
their company had selected as the best areas for making a profi t. It is also possible that 
if the price of natural gas rises signifi cantly, and companies begin to produce from shale 
layers that have lower EUR potential, then the lower values reported by the USGS might 
become more relevant.

43  Bradbury et al. (2013: 17).
44 A recent convoluted estimation of leakage from transmission pipelines is another example of how 

diffi  cult it can be to obtain clear information on this topic. In 1996, the EPA estimated 
CH4 emissions during distribution at 0.35% of production (Harrison et al., 1996). Jiang et 
al. (2011) and Burnham et al. (2011) reported estimates of 0.67%, based on the 2011 EPA 
GHG inventory (EPA 2011a), whereas NETL (2006) estimated CH4 loss as a function of 
pipeline distance, yielding slightly higher estimates (0.1 GWP, g CO2e/MJ). Other recent 
estimates are similar (Bradbury et al., 2013: 16–17). Howarth et al. (2011: 684; 2012a: 
539) argued that most earlier estimates of pipeline emissions were too low, noting that 
the average long-distance gas transmission pipeline in the U.S. is more than 50 years old, 
and many cities have gas distribution systems 80–100 years old. Th ey also cited a study of 
Russian pipelines (Lelieveld et al., 2005), which reported an average overall loss rate of 1.4%, 
and used this number “as the likely lower limit” for such emissions. [Howarth et al. (2011: 
684) noted that previous estimates of Russian leakage were much higher, ranging from 2.5–
10%, but that the “higher value refl ects poorly maintained pipelines in Russia during the 
Soviet collapse, and leakages in Russia are now far less.”] Howarth et al. then stated their 
“conservative estimate of 1.4% to 3.6% leakage of gas during transmission,” which they 
took as support for their argument that CH4 emissions are much higher than previously 
reported. In their paper on the Russian pipelines, however, Lelieveld et al. (2005: 841) 
characterized their estimate of 1.4% as “considerably less than expected and comparable to 
that from systems in the United States,” and took their result as support for their position 
that “using natural gas in preference to other fossil fuels could be useful in the short term for 
mitigating climate change.” Cathles (2012) criticized Howarth et al.’s estimates of pipeline 
leakage, in part because, he said, they were based on “leakage in Russian pipelines that 
occurred during the breakup of the Soviet Union which is irrelevant to gas pipelines in the 
U.S.,” which was not entirely an accurate characterization. Meanwhile, a recent study of gas 
pipelines in Boston (Phillips et al., 2013) based on actual measurements reported relatively 
high methane emissions. Other studies, still mostly unpublished, similarly suggest that 
cities might be large, but previously underappreciated, sources of CH4 (e.g., the INFLUX 
project at Purdue University; see http://infl ux.psu.edu/).

45 See, e.g., Sempra Inc. (2008). Jaramillo et al. (2005) considered the LCA of natural gas both with 
and without imported LNG. 

46 See, e.g., Morris & Atkinson (1986).
47 Coal mine emissions are 11% of total U.S. emissions, compared to 37% from petroleum/gas 

sector (Bradbury et al., 2013). 
48 Bibler et al. (1998).
49 For a discussion of the climatic eff ects of particulates from coal burning, see Hayhoe et al. (2002), 

EPA (2012b), Wigley (2011), and Alvarez et al. (2012: 6437).
50 See, e.g., Levy et al. (2009); NRC (2010b); Epstein et al. (2011); Eaton (2013).
51 NRC (2010b).
52 For information on power plant effi  ciency, see, e.g., http://www.naturalgas.org/overview/uses_

eletrical.asp, and http://www.npc.org/study_topic_papers/4-dtg-electriceffi  ciency.pdf. It is 
important to note here that, because less effi  cient coal plants will be increasingly replaced 
by more effi  cient gas plants, this effi  ciency diff erence will increase. Th e effi  ciency of new gas 
plants, for example, approaches 60%. Overall eff ects on GHG emissions, however, could 
depend heavily on how many and which coal plants are retired, and when (Venkatesh et 
al., 2012).

53 Alvarez et al. (2012).
54 Th is is the range reported at the 95% confi dence level by the EPA (2011a); see also Jiang et al. 
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(2011) and Cathles et al. (2012b).
55 Howarth et al. (2011).
56 Howarth posted non-peer-reviewed information on his website in early 2010 (Howarth, 2010a, 

b), and a manuscript was submitted for publication to the peer-reviewed journal Climatic 
Change on 12 November 2010. Parts of that manuscript, however, were circulated prior 
to publication (it remains unclear exactly how or by whom), which occurred online on 12 
April 2011 (Howarth et al., 2011). For some of the immediate media coverage, see Zeller 
(2011a, b, c). Some of Howarth’s critics have also communicated via non-peer-reviewed 
channels [e.g., Cathles et al., 2012a; although much of this information later appeared in 
a peer-reviewed paper (Cathles, 2012); see also Cathles, 2013]. Th e controversy between 
the two Cornell University groups has received its own media coverage (e.g., Reilly, 2012; 
Revkin, 2012), and continues at the time of this writing (September 2013; e.g., Ingraff ea, 
2013b; Revkin, 2013a).

57 Several studies have reached conclusions similar to, or consistent with, those of Howarth and 
colleagues. For example, Alvarez et al. (2012: 6437) wrote that “… given limited current 
evidence, it is likely that leakage at individual natural gas well sites is high enough, when 
combined with leakage from downstream operations, to make the total leakage exceed the 
3.2% threshold beyond which gas becomes worse for the climate than coal for at least some 
period of time.” See also Hughes (2011, 2013b) and Hamburg (2013) for commentary 
and/or analysis generally supporting Howarth et al.’s conclusions. Recently, at least three 
studies based on actual air samples have reported relatively high rates of CH4 emissions in 
association with natural gas production and/or transportation, lending support to Howarth 
et al.’s argument. Pétron et al. (2012, 2013) reported that, based on data from one county 
in Colorado, methane emissions from the numerous gas wells in Colorado are likely 
underestimated by half [but see Levi (2012, 2013b) for critiques of this work]. Karion et 
al. (2013) similarly reported an estimated CH4 emission rate of 6.2–11.7% of the average 
hourly natural gas production for one county in Utah. In their study of gas pipelines in 
Boston, Phillips et al. (2013) reported CH4 emissions up to fourteen times higher than 
background concentrations due to leakage in that city’s aging infrastructure. 

A study by Wigley (2011) agreed with Howarth et al. that natural gas likely does not 
have a lower GWP than coal. Th is conclusion, however, depended to a large degree on the 
assumption that SO2 emissions from coal burning would not be signifi cantly reduced in 
the near future. As discussed on p. 117, these emissions have a cooling eff ect on the Earth, 
thereby reducing coal’s GWP.

On the other hand, several peer-reviewed studies have taken issue with Howarth et 
al.’s methods and/or conclusions. Cathles et al. (2012a, b; Cathles, 2012) have argued 
that Howarth et al. “signifi cantly overestimate the fugitive emissions associated with 
unconventional gas extraction, undervalue the contribution of ‘green technologies’ to 
reducing those emissions … base their comparison between gas and coal on heat rather 
than electricity generation … and assume a time interval over which to compute the 
relative climate impact of gas compared to coal that does not capture the contrast between 
the long residence time of CO2 and the short residence time of methane in the atmosphere 
... Using more reasonable leakage rates and bases of comparison, shale gas has a GHG 
footprint that is half and perhaps a third that of coal” (Cathles et al., 2012b: 525). See 
Howarth et al. (2012a) for a vigorous response to these critiques. A number of shale gas 
LCAs published since 2011 (e.g., Fulton et al., 2011; Hultman et al., 2011; Stephenson 
et al., 2011; Venkatesh et al., 2011; Weber & Clavin, 2012; Jenner & Lamadrid, 2012; 
O’Sullivan & Paltsev, 2012) have concluded that CH4 leakage rates are comparable in 
conventional and unconventional gas drilling, and not as high as suggested by Howarth et 
al. (See also Logan et al., 2012, although the latter does not include emissions associated 
with liquids unloading.) Other scientifi c analyses critical of one or more of Howarth et al.’s 
methods and/or conclusions include Levi (2011); Bradbury et al. (2013:16); Laurenzi & 
Jersey (2013); Derry, in Revkin (2013a); and Pierrehumbert, in Revkin (2013b).

58 Much has been made of the diff erent conclusions of studies made at 20- versus 100-year time 
frames (e.g., Howarth et al., 2011, 2012; Cathles, 2012; Cathles et al., 2012a, b). Yet, as 
very aptly noted by Bradbury et al. (2013: 14), the “answer” about the GWP of natural gas 
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is not so much a scientifi c question as it is “a policy question that is informed by science.” 
Th e decision about whether to use the 20-, 50-, 100-, or 500-year GWP for methane 
“depends partly on the time scale over which you expect your policy—and aff ected energy 
infrastructure investments—to be relevant.” 

59 For example, Cathles et al. (2012a: 9) concluded that “Scientifi cally the prescription for reducing 
green house emissions is clear: substitute gas for coal while minimizing methane emissions 
using proven and available technology, and then move toward low carbon energy sources as 
quickly as technically and economically feasible.”

60 See, e.g., Hansen & Sato (2004); Hansen et al. (2007); Shindell et al. (2012).
61 On apparently accelerating rates of some aspects and eff ects of climate change, see, e.g., Rahmstorf 

et al. (2012). In their original paper, Howarth et al. (2011) did not explicitly mention 
tipping points as a reason to focus on the 20-year time frame, which was noted by Cathles 
et al. (2012b: 3) in their critique. [Howarth (pers. comm. to WDA, 6 August 2013) said 
that it was in the original manuscript but cut from the fi nal version for reasons of length.] 
In their response to Cathles et al. (2012b), however, Howarth et al. (2012a) included an 
extended discussion of the potential consequences of tipping points. Th ey concluded that 
it is important to focus on methane emissions on decadal time scales, rather than the scale 
of a century or more, because, as Hansen et al. (2007) have emphasized, methane could 
contribute to reaching a critical tipping point in global climate. 

62 See, e.g., Whiteman et al. (2013); Lenton & Ciscar (2013), and references therein. Some climate 
scientists have suggested, however, that, although climate tipping points defi nitely exist, 
their danger has been exaggerated, specifi cally that those mentioned above (Greenland 
ice, West Antarctic ice, methane hydrates) all have time scales longer than 20–30 years 
(see, e.g.,  http://www.nature.com/nature/journal/v500/n7464/full/500529a.html; http://
www.nature.com/nature/journal/v500/n7464/full/500529b.html; http://www.esrl.noaa.
gov/gmd/annualconference/abs.php?refnum=71-130415-A; http://www.skepticalscience.
com/toward-improved-discussions-methane.html; http://dotearth.blogs.nytimes.
com/2013/07/25/arctic-methane-credibility-bomb/; http://www.motherjones.com/
environment/2013/08/arctic-methane-hydrate-catastrophe; http://dotearth.blogs.nytimes.
com/2011/12/14/methane-time-bomb-in-arctic-seas-apocalypse-not/).

63 See, e.g., Schrag (2012); Mann (2013); Trembath & Jenkins (2013).
64 Rogers (2011); Ryan (2013).
65 Levi (2013a: 620). According to Levi, it does not matter very much whether methane leakage 

is 1–2% or 4–5% if the goal is to get to 450 ppm by a short natural gas bridge followed 
quickly by low- or no-carbon alternatives. If the goal is to get to 550 ppm, the bridge 
is longer and leakage rates might matter more. Such analyses are in contrast to most 
previous work (e.g., Wigley, 2011), in which greatly expanded (“bridge”) use of natural gas 
“continues indefi nitely, resulting in methane emissions (and consequent radiative forcing) 
that also continue indefi nitely.”

66 For recent assessments of the dangers of exceeding 350 ppm of CO2 in the atmosphere, see, e.g., 
Hansen & Sato (2004), Lovejoy & Hannah (2005); Hansen et al. (2007, 2008), Rockström 
et al. (2009), Lovejoy (2010), Hoegh-Guldberg & Bruno (2010); Solomon et al. (2010); 
Anderson & Bows (2011); and Steinbruner et al. (2012). 

67 See, e.g., Jacobson & Delucchi (2009); Jacobson et al. (2013).
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1 EIA, 2012, Annual Energy Review 2011, DOE/EIA-0384 (2011), US EIA, Washington, DC, http://

www.eia.gov/totalenergy/data/annual/pdf/aer.pdf, see tables 1.3, 2.1b–f, 10.3, and 10.4.
2 Th e Energy Information Administration website (http://eia.gov) provides current statistics and a 
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3 EIA, 2012, Annual Energy Review 2011, DOE/EIA-0384 (2011), US EIA, Washington, DC, 
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Figure Credits
Introduction leading image. Th e Earth from space, with Hurricane Linda west of Mexico, 9 

September 1997. Image by Nelson Stöckli, Haller Laboratory for Atmospheres, Goddard Space 
Flight Center, National Aeronautics and Space Administration.

Figure 1.1. Marcellus Shale at a quarry in Seneca County, New York. Photograph by Robert Ross.
Figure 1.2. Artist’s reconstruction of a typical Middle Devonian shallow sea environment. Original 

painting (on wood) by Gloria Royer, PRI Art Collection.
Figure 1.3. Th e Appalachian Basin and the distribution of the Marcellus Shale in the subsurface. 

Graphic by Alex Wall.
Figure 1.4.  (A) Geological time scale, with Devonian Period shaded. (B) Block diagram showing 

the major units of sedimentary rock that accumulated in central New York State between 
approximately 500 million and 360 million years ago. Shales that contain signifi cant amounts 
of natural gas are marked in black. (C) Detailed stratigraphy of the Hamilton Group, including 
the Marcellus Shale. Modifi ed from Th e Marcellus Papers, 2: fi g. 4; graphic by J. Houghton. 
Graphic by Sally Vann.

Figure 1.5.  A paleogeographic map, showing what North America might have looked like during 
the middle part of the Devonian Period, approximately 390 million years ago. Modifi ed from 
http://www2.nau.edu/rcb7/namD385.jpg; map by Ron Blakey. Graphic by Yutka Sagar.

Figure 1.6. Fossils brachiopods. (Left, top and bottom) from Pecksport Member of the Oatka Creek 
Formation, 3 miles north of Morrisville, New York, PRI collections acc. 1635. (Right) from 
Union Springs Member, Seneca County, New York, PRI collection acc. 1657. 

Figure 1.7. Diagram showing how the formation of oil and gas depend on temperature and pressure. 
Modifi ed from http://www.oilandgasgeology.com/oil_gas_window.jpg.

Figure 1.8. Flaming gas seep. Photograph by Don Duggan-Haas. 
Figure 1.9. Aerial view of the creek near Taughannock Falls near Ithaca, NY. From Th e Marcellus 

Papers, 5: fi g. 1. Photograph by the PRI Marcellus Shale Team.
Figure 1.10. (A) Surface of central New York State. Image from Richard W. Allmendinger, Cornell 

University, modifi ed slightly to show dipping layers. (B) Th e Marcellus Shale in New York is 
beneath the surface in most of the southern tier and is exposed near Buff alo, Rochester, and 
Syracuse. From Th e Marcellus Papers, 2: fi g. 1; Source: http://www.shalenetwork.org/image/
view/9/_original (modifi ed from USGS).

Figure 1.11. Growth of shale gas production. Data from http://www.eia.gov/naturalgas/weekly/#tabs-
rigs-2. Graphic by Don Duggan-Haas. 

Figure 2.1. Drill cuttings added to waste container. Photograph by Don Duggan-Haas.
Figure 2.2. (A) Gamma-ray log. Modifi ed after Wang & Carr, 2012: fi g. 10. (B) Geiger counter and 

Union Springs shale. Photograph by Warren Allmon.
Figure 2.3. Scale build-up in a drilling pipe. Reproduced with permission, N.E.T. Waterjet Ltd., 

http://www.netwaterjet.co.uk/.
Figure 2.4. Th e location of active and inactive faults within New York State. From Th e Marcellus 

Papers 3: fi g. 2. Modifi ed from Isachsen & McKendree (1977); digitized for GIS http://www.
nysm.nysed.gov/gis; image courtesy of M. Weltman-Fahs. 

Figure 2.5. Injection-induced seismicity. Modifi ed after fi g. 2 at http://esd.lbl.gov/research/projects/
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induced_seismicity/primer.html. Graphic by Sally Vann. 
Figure 2.6. Injection well. Modifi ed after Injection Wells and Induced Seismicity, American Petroleum 

Institute, fi g. 2, http://www.api.org/~/media/Files/Policy/Hydraulic_Fracturing/UIC-amd-
Seismicity.ashx. Graphic by Alex Wall. 

Figure 3.1. A Marcellus Shale drilling rig outside Towanda, Pennsylvania. Photograph by Don 
Duggan-Haas.

Figure 3.2. Gas production in New York State. Modifi ed from maps 2 and 4 in NYSDEC (New York 
State Department of Environmental Conservation), 2010, New York State Oil, Gas and Mineral 
Resources 2010. Available at http://www.dec.ny.gov/docs/materials_minerals_pdf/10anrpt1.pdf. 
Graphic by Sally Vann. 

Figure 3.3. A conventional vertical well, and an unconventional horizontal well. From Th e Marcellus 
Papers, 7: fi g. 1; graphic by J. Houghton.

Figure 3.4. Natural gas prices through time. Modifi ed after a fi gure at http://www.eia.gov/dnav/ng/
hist/n9190us3a.htm. Graphic by Sally Vann.

Figure 3.5. Simplifi ed, generalized summary of the stages by which hydrofracked wells are developed. 
Graphic by Warren Allmon.

Figure 3.6. A Marcellus Shale well pad during drilling operations. Photograph by Don Duggan-
Haas. 

Figure 3.7. Components of a typical drilling rig. Modifi ed from a diagram by “Mudgineer” via 
Wikimedia Commons, http://commons.wikimedia.org/wiki/File:Oil_Rig_NT8.jpg. Graphic 
by Sally Vann.

Figure 3.8. Fixed cutter drill bit. Photograph by Don Duggan-Haas.
Figure 3.9. Drill pipe stacked below a rig near Sayre, Pennsylvania. Photograph by Don Duggan-

Haas. 
Figure 3.10. Drilling and casing a well. From Th e Marcellus Papers, 6: fi g. 1; graphic by J. 

Houghton.
Figure 3.11. Schematic summary of the fl uids added to a typical hydrofracked well, and the fl uids 

that come back out. Graphic by Warren Allmon.
Figure 3.12. Fracture propagation. From Th e Marcellus Papers, 5: fi g. 6; graphic by J. Houghton. 
Figure 4.1. Refl ecting Pool on the National Mall. Photograph by Hu Totya, 2006, via Wikimedia 

Commons.
Figure 4.2. Th e Marcellus Shale and major river basins in New York. From Th e Marcellus Papers, 7: 

fi g. 2; graphic by J. Houghton.
Figure 4.3. Th e proportion of fl owback fl uid to produced water over the life of a well. From Th e 

Marcellus Papers, 8: fi g. 1; graphic by J. Houghton.
Figure 4.4. Abington Regional Waste Water Treatment Plant, Chinchilla, Pennsylvania. Image © 

2013 Google, via Google Earth.
Figure 4.5. Drilling explosion/blowout near Moundsville, West Virginia, June 2010. Photograph by 

AP Images, used by permission.
Figure 5.1. Service trucks on a Marcellus Shale well pad. Photograph by Doug Duncan, U.S. 

Geological Survey, http://energy.usgs.gov/GeneralInfo/HelpfulResources/MultimediaGallery/
HydraulicFracturingGallery.aspx.

Figure 5.2. Summary of the major environmental impacts resulting from well pad (and other) 
construction. Graphic by Warren Allmon.

Figure 5.3. Freshwater mussel. Lampsilis radiata from Plum Point, western shore of Seneca Lake, 
Yates County, New York, Mary Wheeler collection, 1960, PRI collections 1492.

Figure 5.4. Habitat fragmentation, Chartiers Township, Washington County, Pennsylvania. 
Photograph from PA Shale Viewer (11 September 2013). Data mapped by Th e FracTracker 
Alliance on http://www.fractracker.org. Original data source (drilled wells and compressor 
stations): Pennsylvania Department of Environmental Protection and GASP (Group Against 
Smog and Pollution, http://gasp-pgh.org/). Accessed on 14 September 2013: http://maps.
fractracker.org/latest/?appid=28041aae3e674e04b0f987f047f3fe59. 

Figure 5.5. American Toad (Bufo americanus), Fairfax, Virginia, 2009, photographer Jarek Tuszynski, 
via Wikimedia Commons; Northern Dusky Salamander (Desmognathus fuscus), reproduced with 
permission from Field Guide to the Cayuga Lake Region, by James Dake, 2009, Paleontological 
Research Institution, Ithaca, New York; photograph by James Dake.  
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Figure 6.1. Methane cloud. From Howarth et al. (2012a), by permission of the senior author.
Figure 6.2. Human-caused sources of atmospheric methane emissions. Modifi ed from Yusuf et al. 

(2012). Graphic by Sally Vann. 
Figure 6.3. Schematic diagram representing the major variables in a life-cycle analysis (LCA) of 

greenhouse gas emissions during natural gas development. Graphic by Yutka Sagar.
Figure 6.4. Simplifi ed schematic diagram of the major phases of natural gas development in which 

methane emissions can occur. Graphic by Sally Vann.
Figure 7.1. Hydropower on the Niagara River. Photograph by Don Duggan-Haas.
Figure 7.2. Primary energy fl ow by source and sector 2009. From Th e Marcellus Papers, 11: fi g. 1. 

EIA, 2009, Annual Energy Review 2009, DOE/EIA-0383 (2011), US EIA, Washington, DC, 
http://www.eia.gov/totalenergy/data/annual/, tables 1.3, 2.1b–f, 10.3, and 10.4.

Figure 7.3. Comparing the energy demand for diff erent light bulb types and fuel sources. From Th e 
Marcellus Papers, 11: fi g. 2; graphic by J. Houghton.

Figure 7.4. U.S. net electric generation by source, 2001–2012. Data from EIA, Electricity Data 
Browser, http://www.eia.gov/electricity/data/browser/. 

Figure 7.5. U.S. renewable energy consumption by energy source, 2010. From Th e Marcellus Papers, 
11: fi g. 3. Source: EIA, 2011, Renewable Energy Consumption and Electricity Preliminary Statistics 
2010, http://www.eia.gov/renewable/annual/preliminary/.

Figure 7.6. Electric power industry net generation by state within the Marcellus region. Modifi ed 
from Th e Marcellus Papers, 11: fi g. 4; source: EIA, 2011, U.S. Energy Information Administration 
(EIA), Energy Information Administration, http://www.eia.gov/state/. Graphic by Sally Vann. 

Figure 7.7. U.S. Energy capacity by energy type, 2010. Source: EIA, 2011, Today in Energy: Age 
of Electric Power Generators Varies Widely, June 6, http://www.eia.gov/todayinenergy/detail.
cfm?id=1830#.

Figure 8.1. “Grand ball given by the whales in honor of the discovery of oil wells in Pennsylvania,” 
Vanity Fair, 1861.

Figure 8.2. (A) New York State energy consumption estimates. (B) New York State energy production 
estimates. Data from EIA, State Energy Data System. Comparable data are available for all 50 
states at http://www.eia.gov/state/.

Figure 8.3. Th e relationship between science literacy and cultural polarization. See http://www.
culturalcognition.net/blog/2013/6/13/science-literacy-cultural-polarization-it-doesnt-
happen-just.html, 2002.

Figure 9.1. A piece of the Marcellus Shale from Seneca County, New York. Photograph by Don 
Duggan-Haas.

Figure 10.1. Hydrofracking signs, pro and con; clockwise from upper left, graffi  ti on a condemned 
building in Ithaca, New York (photograph by Warren Allmon); advertisement on a message 
board in a Philadelphia coff ee shop for a 2012 rally against hydraulic fracturing in Washington, 
DC (photograph by “Little Gun” via Wikimedia Commons); bumper sticker in Ithaca, New 
York (photograph by Alex Wall); a young man in Washington, DC, participates in the largest 
rally on global warming in U.S. history on 17 February 2013 (photograph by Michael G 
McKinne / Shutterstock.com); bumper sticker in Ithaca, New York (photograph by Alex Wall); 
roadside “no fracking” sign (photograph by Alex Wall); pro-drilling road signs in upstate New 
York (top and bottom three photographs by Sally Vann, second from top by Joe Henderson).
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 systems, teaching  159–165, 168–170, 172 (see also teaching)
earthquake (see also induced seismicity)
 swarm  29, 31, 184
economics  104, 161, 164–165, 178
 boom and bust  141, 149
 eff ects on energy demand  125–127, 129, 131–132, 137, 178, 190–191, 198
 impact of hydrofracking on  117–118
ecosystems, impacts of HVHF
 aquatic  75, 82, 93
 damage to  93–100, 141, 156, 164, 177, 179
 forest  86, 90–91, 94f
education—see teaching
effi  ciency of natural gas-fi red power plants  115
EIA—see United States Energy Information Administration
EIS—see environmental impact statement
electrical power—see energy, electrical power
electricity
 combined cycle gas turbine generator  108, 183
 grid  136
 production in New York State  135f–136, 147, 152–154f
emissions
 associated with oil (petroleum) production  104
 coal—see coal, comparison with natural gas
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 diesel  59, 71, 79, 89, 91–92, 114, 148
 during drilling and well completion (pre–production)  108, 112–113
 estimates of  116, 200–206
 explosion risk of  83–84, 133
 fl aring  56, 109, 112–113, 184, 201, 203
 fugitive  185
 during liquids unloading  113
 methane  103–114, 116–120, 198–206
 methods of estimating  104, 109, 112–114
 natural gas  110f–111f
 during processing  108, 114, 199, 202
 during production  108
 sources of  104–105
 during transport, storage, and distribution  108, 114
 venting of  84, 101–102f, 109, 112, 116, 177, 183, 188
Endocrine Disruption Exchange  71, 195 (see also health)
energy (see also electricity)

choices  iv, 3, 117, 124, 126, 139, 142, 145–146, 150–151, 156, 162–163, 169, 175, 
177–179, 198, 200, 205

 and climate change—see climate change
 conservation  124, 132 (see also energy, reducing use)
 consumption  130f, 142, 152–154f, 169, 179

development  123–136 (see also energy, production; natural gas; coal; petroleum; renewable 
energy)

 electrical power sector  136–137 (see also electricity)
environmental impacts of production  1–2, 124, 133–134 (see also coal; natural gas; 

petroleum; renewable energy)
 externalized risks  142, 152–154, 156, 179
 fossil fuels—see fossil fuels
 geothermal—see geothermal energy
 high-density sources  125
 history of human use  123–126, 135–136
 hydroelectric—see hydroelectric energy
 literacy  159, 162–163 (see also Earth system literacy; science literacy)
 nuclear—see nuclear energy
 predicting future use  138

production, large-scale  64, 123–126f, 127–129f, 130–135f, 136–137f, 139, 141–146, 
152, 154f, 156, 179

 reducing use  139, 142–143, 145, 151, 156, 164–165, 177, 179
 renewable—see renewable energy
 solar—see solar energy

sources  iv, 2, 118, 126–139, 146–147, 152–154 (see also biofuelds; coal; geothermal 
energy; hydroelectric energy; natural gas; nuclear energy; petroleum; renewable 
energy; solar energy; wind energy)

 systems  118, 123–139, 141–142, 145, 156, 159, 161–169, 172, 178–179
 teaching about  162–163, 168–169 (see also teaching)
 transitions  118, 123–126, 146–149, 156, 179, 182
 transportation sector  124, 128, 136, 138–139, 178
 use, amount of—see energy, consumption
 uses  124, 126f, 136–139, 169
 wind—see wind energy
Energy, Department of—see United States Department of Energy
Energy Information Administration—see United States Energy Information Administration
England, HVHF and induced seismicity  28
enhanced oil recovery (EOR)  66
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environmental impacts
of energy production—see access roads; ecosystems, impacts of HVHF; potential future 

climate impact, subentries of coal, natural gas, petroleum, renewable energy
 of HVHF—see ecosystems, impacts of HVHF; subentries of hydraulic fracturing
environmental impact statement (EIS)  184, 191 (see also Supplemental Generic Environmental 

Impact Statement)
Environmental Protection Agency—see United States Environmental Protection Agency
EOR—see enhanced oil recovery
EPA—see United States Environmental Protection Agency
epicenter  27, 184
epicontinental sea  5–6, 8, 184
erosion—see soil, erosion
error, human
 in accidents  82, 90, 109 (see also accidents)
 in measurements  109, 113
ethane  10, 184–185
ethylbenzene  25–26, 180, 184 (see also BTEX)
EUR—see expected ultimate recovery
expected ultimate recovery (EUR)  113, 184, 203–204
exploration
 for fossil fuels  iv, 191, 199
 well  184, 203
explosion—see emissions, natural gas, explosion risk of
externalized risks—see energy, externalized risks
extraction—see drilling, natural gas; coal, mining
failure, casing—see casing, failure
fairway  39, 68–69f, 184
faults  28f–31, 54
Fayetteville Shale  15f
fi eld test  55–56
fi lter feeders, and freshwater habitats  94
fi sh, Devonian  5
fl aring—see emissions natural gas, fl aring
Florida, natural gas consumption  34
fl owback

fl uid  53, 56, 58, 60, 66, 72–73f, 74, 77–78f, 84, 90–91, 112–113, 184, 195, 203 (see also 
hydraulic fracturing fl uid; produced water; wastewater)

 methane emission during  112–113
fl owback water—see fl owback, fl uid
fl uoride  85
formation, geological  184, 186, 190
formation water  25, 73f–74, 77, 184 (see also brine, production; produced water; wastewater)
fossils  5–6, 8–10
fossil fuels  1–2, 20, 67, 108, 125–126, 133–134, 139, 147, 178, 184, 187 (see also unconventional, 

fossil fuels)
fracking—see hydraulic fracturing
fracking fl uid—see hydraulic fracturing fl uid
fractures  184–185
 clogging in  27, 182–183

from hydraulic fracturing  20, 29, 34, 36–37, 51, 53–56, 76, 81, 176–177 (see also 
hydraulic fracturing)

natural  12–15, 17, 20, 27–28, 51, 53–54, 76, 80–81, 83, 85, 176–177, 190, 196 (see 
also faults; joints)

fracturing fl uid—see hydraulic fracturing fl uid
freshwater invertebrates—see invertebrates, freshwater
friction reducers  38, 52–53, 184, 187
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fugitive emission—see emissions natural gas, fugitive
future—see projections
gamma ray logs  23, 193
gas (see also methane; natural gas; shale gas)
 hydrates  191

shale—see tight shale; horizontal high volume hydraulic fracturing; unconventional 
drilling

GDP—see gross domestic product
gels—see chemicals
generation, electricity—see electricity
Genesee River Basin  69–70
Geneseo Shale  7, 34
geological history  1–17, 19–21, 34, 190
Geological Survey—see United States Geological Survey
geological time  1, 5, 7, 169, 182–183
geology 

and environmental impacts of HVHF  20–31, 51, 53–56, 60, 68–70, 73–79, 93–94, 
112–113, 176–177

 of Marcellus Shale  5–31, 39, 175–176, 193
 petroleum  33–37, 189–190
 and teaching about energy  160–161, 168
geotextile  41, 185
geothermal energy  66, 123–125, 132
GHG—see greenhouse gas
gigawatt (GW)  128, 163
global change  1  (see also climate change)
global warming—see climate change
global warming potential (GWP)—see methane, and global warming potential; British Th ermal 

Units and GWP; potential future climate impact (PFCI)
Great Lakes–St. Lawrence River Basin  70
 Water Resources Compact  70
green completion  56, 91, 201–202 
greenhouse gas (GHG)  2, 103–108, 114–120, 148, 177–178, 185, 198, 201–202, 204 (see also 

carbon dioxide; methane)
 footprint  185
groundwater 
 contamination of  29, 64, 76, 78–85, 93, 141, 144–146
 drilling through  43, 47–48
 use for hydrofracking  64–65, 68, 70, 149, 194
group, geological  190 (see also Hamilton Group)
guiding shoes  48–49f
Gulf of Mexico
 Deep–Water Horizon blowout in  146
 petroleum production from  127
GW—see gigawatt
GWP—see global warming potential
habitat, wildlife
 degradation  94–95, 101, 133–134
 disturbance  95–101
 fragmentation  71, 89–90, 94, 96–97f, 98–99, 101, 133, 148, 177
 loss  90, 94, 96–99, 101, 134
Hamilton Group  6–7, 9–10, 16, 23, 186, 190 (see also Cherry Valley Limestone; Marcellus Shale; 

Oatka Creek Shale; Union Springs Shale)
Haynesville Shale  15f
hazards—see risk
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health, public 
 and coal  115, 118, 207
 and energy development  141–143, 145, 150, 153, 156, 179

and HVHF  21, 24–27, 31, 64, 71–72, 74–75, 85–86, 91, 99–100, 115, 118, 133, 144–
145, 148–150, 152, 156, 176, 195

 and teaching about the Marcellus  159–161
heating, ventilation, and air conditioning (HVAC)  34, 116, 131–132, 150, 200
heavy metals  72, 74–75, 86, 148, 176
high occupancy vehicle (HOV)  138
history
 of coal use—see coal, history of use
 of energy—see energy, history of human use
 geological—see geological history
 of hydrofracking—see hydraulic fracturing, history
 of natural gas drilling—see natural gas, history of use
 of petroleum—see petroleum, history of use
horizontal drilling  1, 60, 64, 67, 183, 185, 189
 cuttings from  24
 history of  36, 176
 and hydrofracturing of  52, 54, 56
 and noise  99
 technology of  35–37f, 38, 42–45f, 46–49f, 50–51f, 185, 193
 and water use  64–65, 67, 176
 and well pads  41, 98–99, 197–198
horizontal high volume hydraulic fracturing (HVHF)  1–2, 60, 63, 86, 89–90, 101 (see also 

hydraulic fracturing)
 air quality loss from  90–92 (see also air quality and HVHF)
 ecosystem impacts of  95–99 (see also ecosystems, impacts of HVHF)
 erosion from  93–95 (see also soil impacts of HVHF; erosion)
 noise from  99–100 (see also noise)
 solid waste from  92–93 (see also waste, solid)
 technology of  35–60 
 wastewater from  71–80 (see also wastewater)
 water contamination from  80–85 (see also groundwater, contamination; drinking water)
 water use in  63–71 (see also water, withdrawal and use for hydrofracking)
horizontal well—see horizontal drilling
HOV—see high occupancy vehicle
HVAC—see heating, ventilation, and air conditioning
HVHF—see horizontal high volume hydraulic fracturing
hydraulic fracturing
 alternatives to water  58–59
 chemicals used in  37–38, 51–53, 58–60, 71–74, 86, 176, 185, 195
 fl uid  36–38, 51–53, 58–60, 63–72, 86
 gelled propane  58–59
 history  36
 life-cycle analysis—see life–cycle analysis 
 public opinion  iii, 2–3, 154–155, 162, 174f, 209
 regulations—see regulations, natural gas drilling; regulations, radioactivity
 teaching about—see teaching, about the Marcellus Shale
 technology  35–60, 65, 71–72, 108–114, 161, 190, 201–202, 206
 water use in—see water, withdrawal and use for hydrofracking
hydrocarbons  10–11, 20, 25
 nature of  183, 185, 187
hydroelectric energy  122f, 125, 129f, 135f–137f (see also renewable energy)
hydrofracking—see hydraulic fracturing
 fl uid—see hydraulic fracturing
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Illinois, induced seismicity in, 31
induced seismicity  27–28f, 185
 from HVHF  28–29
 from injection wells  29–31, 29f–30f, 54, 79
Industrial Revolution  1, 125–126
industrial sector of energy demand  34, 124, 126f, 128, 136, 139
industry, natural gas  36, 81, 90, 98, 201–202
infrastructure
 of energy use  124, 126, 177, 206
 of natural gas development  56, 58, 79, 93, 109, 116, 118, 120, 145, 148, 177, 198, 205
initial production (IP)  113, 185
injection well  29f–30f, 31, 77–79, 86, 185, 192
insects  27, 94
invasive species  90, 95, 98, 197
invertebrates, freshwater  94–95
IP—see initial production
isotopes  21, 185, 187

and NORM  21 (see also radioactivity; radioisotopes; argon; potassium; radium; thorium; 
uranium)

 and produced water source  76
joints  12–13, 17, 20, 53–54, 76, 81, 176, 189
joule  106, 108, 180, 185, 188, 200
Kansas, injections wells in  78
kerogen  11f
kickoff  point  37f
kilowatt hour (kWh)  127, 163–164, 180, 185, 200
kWh—see kilowatt hour
landfi ll gas  105f, 131
landscape, impact of energy development  133–134, 141, 144–145, 148
lateral—see drilling, lateral
laws—see regulation
LCA—see life–cycle analysis
lead  74, 85
leak
 fl uids from the fracturing zone  76, 81
 fl uids from the surface  25, 77, 81–82
 methane—see emissions, methane
learning—see teaching
lease  40, 185
life-cycle analysis (LCA)  103–119
lifetime 
 of methane (residence time)  106–107, 116, 186, 200
 well  27, 53, 67, 72–73, 108, 113, 186, 203
limestone  10, 21 (see also Onondaga Limestone; Cherry Valley Limestone)
 and conventional oil and gas  190–191
 and tight sand  188
liquefi ed natural gas (LNG)—see natural gas, liquefi ed
liquids unloading  113, 186
 methane emission during—see emissions natural gas, during liquids unloading
LNG—see liquefi ed natural gas
Louisiana
 induced seismicity in  31
 natural gas consumption  34
 natural gas production  152
low carbon  186, 206
magnesium  74
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Mahantango Formation  23f
manganese  74–75, 85
Marcellus, town of      cover, 6
Marcellus Shale
 depth below surface  14–16
 distribution of  2, 6–7f, 8f, 16 (see also Appalachian Basin)

drilling for natural gas in  15f, 35f–36, 39 (see also New York; Ohio; Pennsylvania; West 
Virginia)

 fossils in  5–6, 8–10
 geology of  4–17, 19–31, 39, 165–166, 175–176
 natural gas in  10–14, 16–17, 19–20
 outcrops of     cover, 4, 6, 14f, 16, 21–23f, 24, 92, 158f
 stratigraphy—see stratigraphy, Marcellus
 thickness of  21–22, 193
Material Safety Data Sheet (MSDS)  71–72
media and HVHF  81, 105, 165–166, 199, 201, 205
Medina Sandstone  34
mercury, from coal burning  103, 115, 133
methane  10, 185–186 (see also natural gas)
 anthropogenic  131, 191
 chemistry of  198
 cloud of  102f, 112
 coal-bed—see coal–bed methane
 comparison with coal—see coal, comparison with natural gas
 contamination in ground water—see groundwater, contamination of
 emissions—see emissions, methane

global warming potential (GWP)  104, 106–107, 115–117, 120, 148, 177–178, 183, 185, 
198–206 (see also potential future climate impact)

as greenhouse gas (GHG)  103–120 (see also greenhouse gas; methane, greenhouse 
warming potential)

 landfi ll gas  131
 leaks—see emissions, methane
 migration into groundwater  64, 80, 82–83
 risk of explosion—see emissions natural gas, explosion risk of
 sources of emissions—see emissions, natural gas

time frame for considering GWP  104, 106–107, 116–117, 120, 177–178, 200, 205–
206

metals, heavy—see heavy metals
methylcyclohexane  85
Mexico, natural gas imports from and exports to  130
microseismic events  55–56, 186
Middlesex Shale  34
migration—see natural gas, migration into groundwater; 
milliDarcy—see Darcy
Mississippi, induced seismicity in  31
MMS—see moment magnitude scale
models
 climate change  200
 in education  169, 209
 HVHF  54–56, 60, 76
mollusks
 Devonian  6f
 extant  27, 82, 94–95, 205
moment magnitude scale (MMS)  186–187, 192
mortality, associated with energy development  21, 74, 115, 131, 133, 146–147, 151 (see also heath, 

public)
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mountain top removal  115, 207
MSDS—see Material Safety Data Sheet
municipal water treatment plants—see water treatment plants
mussels, freshwater  82, 94–95f, 197
naphthalene  85
native species  95, 99, 197 (see also invasive species)
natural gas  10, 186, 198 (see also methane)

consumption of  34, 118, 124, 129, 135, 146, 152, 154f, 163, 177–178, 199–200, 206 
(see also natural gas, for electrical power; natural gas, as an energy source)

 drilling (see also drilling, natural gas)
                history of in New York State  33–35f
 dry  15f, 39, 57
 for electrical power  124, 128–129, 135f–137f, 179
 emissions—see emissions, natural gas
 as energy source  123–126f, 127–129f, 135–138, 152–154f, 163, 178
 exports from U.S.  130

extraction—see conventional drilling; horizontal high volume hydraulic fracturing 
(HVHF); production, natural gas; unconventional

 history of use  15f, 33–34, 36, 40f, 126
 imports to U.S.  130, 149
 liquefi ed  114, 130, 138, 186
 migration into groundwater  64, 80, 82–85
 price—see price of natural gas
 processing  56–57, 114, 187, 203
 production  15f, 34–35f, 57, 130, 133, 138, 152
 reservoir rock—see reservoir, natural gas
 sour  57
 source rock—see source rock
 storage—see storage, natural gas
 sweet  57
 theft of  113, 203
 transportation of—see liquefi ed natural gas; pipelines, for methane transportation
 wet  39, 57, 75
naturally occurring radioactive material (NORM)  21–27, 31, 74–75, 79–80, 183, 186, 191 (see 

also potassium; radium; thorium; uranium)
Nebraska, induced seismicity in  31
Nevada, induced seismicity in  31
New Mexico, induced seismicity in  31
New York City watershed  67, 72
New York State
 coal  135–136, 154f

Department of Environmental Conservation (NYSDEC)  22, 24–25, 41, 46, 65, 70–71, 
73, 76–80, 82, 91–94, 99, 181, 184, 189, 191, 193, 195, 197–198

 drilling moratorium in  iv, 191
drilling regulation in—see Supplemental Generic Environmental Impact Statement; New 

York, HVHF
 electricity production in  122f, 132, 135–136, 152, 154f, 162–163

energy consumption in  154f (see also New York, electricity production in; New York, 
gasoline use in)

 gasoline  152, 154f
 history of energy production in  33–34, 36, 132

HVHF in  2, 22, 24– 25, 27f–29, 33–39, 41, 43, 46, 50, 57, 60, 65, 67–73, 76–83, 
91–99, 101, 153, 156, 176, 179, 181, 184, 189, 191, 193, 195, 197–198

 hydrologic power  122f, 125, 132, 154f
 Marcellus Shale distribution  6–7f, 16
 mussels  95f, 197
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 natural gas, consumption in  135, 152, 154f, 163
 natural gas, production in  33–35f, 152, 154f (see also New York, HVHF)
 nuclear energy  135, 152, 154f, 163
 petroleum use in  136, 154f
 solar energy  136, 154f
 water use in  65, 67–69f, 70, 93
Niagara Falls  122f, 132, 135–136
nitrate  85
 aerosols  107 (see also aerosols)
nitrogen oxides (NOX)  90–92, 101, 177, 181, 198
no-carbon  118, 138, 182, 186, 206
noise  90, 99–101, 134, 144, 148, 177
non-peer-reviewed—see peer review
NORM—see naturally occurring radioactive material
NOX—see nitrogen oxides
nuclear energy 
 consumption of  126f, 128
 environmental eff ects of  131, 134, 147
 fusion  132
 generation of  125, 129f, 131, 135f–137f, 147, 152, 163
 history of  123, 131, 178
 power plant accidents  131, 134, 137, 147
 and water use  66–67
NYSDEC—see New York State, Department of Environmental Conservation
Oatka Creek Formation  6–7, 10–11, 190
Ohio
 coal consumption in  136
 HVHF in  39, 60
 induced seismicity in  31
 injection wells in  31, 79
 Marcellus Shale distribution in  6–7f, 16, 186
 natural gas production in  39
oil (see also petroleum)
 and gas industry  36, 90, 98, 189, 201
 shale—see horizontal high volume hydraulic fracturing; unconventional drilling
Oklahoma 
 hydraulic fracturing in  36
 induced seismicity and HVHF  28
 induced seismicity and injection wells  31
 injections wells in  31, 78
Onondaga Limestone  16
Ordovician Period  7f, 34
organic matter, sedimentary  9–12, 17, 19–21, 114, 176, 183, 184
Oriskany Sandstone  34
overmature  10, 186
oxygenation, marine  9–11, 19
ozone
 and HVHF  77, 90–91, 107, 148, 186, 200
 in hydrofracking fl uid  58
paleogeography, Devonian  5–6, 8
Paleontological Research Institution  iii–v, 161–162, 165–166, 189–190
Pangea  27, 186
particulates  90 (see also aerosols)
 from coal burning  115, 131, 148, 204
 from diesel engines  91
passby fl ow  68
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PDEP—see Pennsylvania Department of Environmental Protection
pedagogical content knowledge (PCK)  160
pedagogy  160–172
peer review  116, 118, 143–144, 165, 199–200, 205
Pennsylvania
 coal  136
 Department of Environmental Protection (PDEP)  78, 80–82
 Department of Health (PDOH) 75

HVHF in  16, 18f, 23f, 25–28, 32f, 36–37, 39, 41, 50, 57–58, 60, 65, 67–73, 75–77f, 
78, 80–85, 88f, 96–97f, 99–100, 102f, 133, 152, 165–166, 171, 176, 179, 194, 
197–198, 203

 invasive species  95, 197
 Marcellus Shale distribution  6–7f, 16
 natural gas production  34, 152 (see also HVHF)
 petroleum  42, 127, 129, 140f, 192
 well density  34
perforation gun (perf gun)  48, 186–187
permeability  9, 20, 31, 43, 53, 60, 176, 187, 190–191
petroleum  10–11, 20, 187
 and benzene  26
 comparison with coal and natural gas  148, 204
 in drilling fl uids  50
 for electric power generation  135
 as energy source  1–2, 124–130, 135–138, 163–164
 environmental impacts  98, 133, 146
 in fl owback water  78
 health impacts of extraction and transport  133, 146–147
 history of use  42, 123, 129, 136, 140f, 145–146, 178, 189
 imports to U.S.  129
 industry—see oil and gas industry
 and water use  66
PFCI—see potential future climate impact
pH adjuster  38, 52
phenol  85
photovoltaic—see solar energy, photovoltaic
phthalate  85
picocurie  22, 181, 191
pipelines 
 coal slurry  66
 gathering  56, 114
 and habitat fragmentation—see habitat wildlife, fragmentation
 methane emissions from  113–114, 203–204
 for methane transportation  34, 39, 56, 66, 130, 183, 188, 202–203
 water for HVHF  71
plankton and organic matter  8–9, 11, 19
plants 
 and carbon dioxide sequestration  106–107
 and coal formation  114
 environmental impacts of HVHF  25, 27, 57, 82, 91, 93, 95
 fi rst land plants  5
 habitat disturbance  98
 invasive species  98
play, natural gas  15f, 35f, 57, 89, 184, 187 (see also Marcellus Shale; shale gas basins)
policy and HVHF  iv, 2–3, 104, 118, 145, 175, 198–199, 205
pollution—see accidents and HVHF; coal, environmental impacts and mining. groundwater, 

contamination; Stormwater Pollution Prevention Plan (SWPPP); surface water, 
contamination
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porosity  187, 190
 and conventional wells  183
 and Marcellus Shale  8–9, 31, 60, 193
 and unconventional wells  1, 190–191
potassium
 carbonate  38
 chloride  38, 43, 50
 radioisotope (40K) in NORM  21–22
potential future climate impact (PFCI)  103–104, 108, 114–118, 178 (see also greenhouse warming 

potential; coal; methane)
POTW—see publicly owned treatment works
power 
 generation—see electricity
 plant—see electricity 
prediction—see projections
pre–production, methane emissions during—see emissions, during drilling and well completion
pressure
 and HVHF  36–37, 44–45f, 52–54, 60, 64, 71, 76, 81, 176, 185
 and injection wells  29
 natural gas  44–45f, 47–48, 82–84, 109, 182, 184
 test  50
price of natural gas  39–40
 and attractiveness of renewable energy  117–118
processing, natural gas—see natural gas, processing
 emissions during—see emissions natural gas, during processing
produced water  24–27, 50, 53, 72–74, 76–79, 84, 182, 187, 195, 199 (see also brine, production; 

fl owback water; formation water)
production 
 brine—see brine, production; produced water
 natural gas—see natural gas, production

 emissions during—see emissions, during production
 estimates—see expected total recovery

projections, future
of climate change  103–105, 115–119, 177–178, 199–200 (see also potential future 

climate impact)
 of energy sources  124, 132, 138–139, 141–143, 156, 177, 179
 of natural gas as bridge fuel—see bridge fuel, natural gas as 
propane  10, 39, 57, 185, 187
 as hydraulic fracturing fl uid  58–59, 190
proppant  38, 52–53, 58–60, 64, 71, 91, 187
public health—see health
publications, peer-reviewed—see peer review
publicly owned treatment works (POTW)  79
pumps, used in HVHF  44–45f, 48, 50, 91–92, 176
pyrite  13, 92–93, 187
radiation (see also radioactivity)
 infrared  106
 ultraviolet radiation and ozone  91
radiative forcing  106, 187, 206
radioactivity  21, 187, 191, 196
 concentrating in cuttings, wastewater, and scale  24–25
 and fl owback water  26–27
 and gas exploration  21–23 (see also gamma ray logs)
 and health  21–22
 and NORM   21–27
 units for  22 183, 191
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radioisotopes  21–26, 187
radionuclides  21–26, 31, 74–75, 92, 184, 187, 191
radium  22, 25, 183, 191
 bioaccumulation of  22, 25
 in wastewater  75, 80
radon  23–24 
Ravenswood Generating Station  135–136
rdSEGIS—see Supplemental Generic Environmental Impact Statement (revised draft)
REC—see reduced emission completion
recession—see economics
reclamation  41, 41f, 57, 95, 99
recycling, wastewater  58, 76–78
reduced emission completion (REC)  187, 201–202 (see also green completion)
reducing energy use—see energy, reducing use
refracking—see workover
regulations
 California automobile emissions  138
 mountain top removal coal mining  207
 natural gas drilling  68–86, 89–94, 152–153f, 154, 156, 164, 175, 184, 195, 199

 cuttings storage  24
 drilling mud  50
 and EIS  184, 191
 EPA  74–75, 78, 85, 90, 110–112, 201
 and health  153
 methane emissions  112, 201
 New York  24, 37, 50, 77–80, 91–94, 98–99, 191
 Pennsylvania  50, 67–68, 74–75, 80–82, 93, 196
 site reclamation  57
 solid waste  92
 violations of  81–82
 wastewater  77–80
 water withdrawal  37, 68–70
 well pad spacing  99
 well pads  94

 radioactivity  22, 24
renewable energy  126, 129f–135 
reptiles  96–98
reservoir 
 carbon  106–107f
 energy  125–126, 184, 187
 natural gas  1–2, 20, 34–36, 83, 112–114, 184, 190, 193
residential energy sector  34, 124, 126f, 136, 139
residence time—see lifetime, chemical
resources for teaching about the Marcellus Shale  165–171
restimulation—see workover
risk  140–156, 170
 analysis  142–189, 161, 178, 208

of environmental impacts  24–25, 29, 72, 76, 79, 83, 95, 100, 143 (see also environmental 
impacts)

 externalized  152–154
 health—see health
 management  143, 151–152, 179
 perception of  154–155, 171, 202
 reducing  141
 teaching about  161, 170
 of tipping points—see tipping point and climate change
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Richter Scale  27, 187, 192
river basins  68–69f, 70 (see also Delaware River Basin; Susquehanna River Basin; watersheds and 

HVHF
roads
 access—see access roads
 construction of—see construction
 damage to  71
 environmental impacts of—see access roads and environmental impacts
 production brine on  25
 truck traffi  c on—see truck traffi  c; truck trips, number of
Robert Moses Niagara hydroelectric plant  122f, 135–136
rock
 reservoir—see reservoir rocks
 sedimentary—see sedimentary rock
 source—see source rocks
runoff —see soil, erosion
Russia, natural gas pipelines in  204
safety—see risk
salt—see brine, production; scale; total dissolved salts (TDS)
sandstone  21 (see also Medina Sandstone; Oriskany Sandstone)
 conventional oil and natural gas  190–191
 and tar sand  20
 and tight sand  188
saving energy—see energy, reducing use
scale 
 as magnitude

 earthquake size  27, 186–187, 192
 geographic  iv, 38, 90, 178–179
 geological time—see geological time
 GWP—see methane, time frame for considering GWP
 teaching  163–164, 169, 172

 as mineral deposit  24–25f, 26–27, 187
science
 education  iii–iv, 2–3, 160, 167–170, 209
 literacy  iv, 144–145, 154–155 (see also Earth system literacy; energy, literacy)
 process of  3, 118, 160, 199 (see also consensus, scientifi c)
scientifi c 
 consensus—see consensus, scientifi c 
 publication—see peer review
sediment
 and formation of shale  5–11, 19
 runoff —see soil, erosion
sedimentary rock  187 (see also limestone; sandstone; shale; siltstone)
sedimentation
 in Appalachian Basin, Devonian  5–11, 19
 and well pad construction  41, 94
seep, natural gas  12, 33
seismic testing  55–56
seismicity—see induced seismicity
Seneca-Oneida-Oswego River Basin  69–69f, 70
sewage treatment plant  77f (see also wastewater, treatment)
shale

gas (see also horizontal high volume hydraulic fracturing; methane; natural gas; 
unconventional drilling)
basins  15f (see also basin, geological; play, natural gas; Antrim Shale; Barnett 

Shale; Marcellus Shale)
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 nature of  8, 12, 20, 187 (see also cuttings; gas shale; Marcellus Shale; tight shale)
 black  2, 7f, 9–11, 21, 186
 organic-rich—see shale, black

shaped charges  48, 187
shut in—see pressure test
SGEIS—see Supplemental Generic Environmental Impact Statement
silica dust  88f
silt  187 (see also shale)
 in Marcellus Shale  8, 20
 and trapping from well pad  41–42, 94f
Silurian Period  7f, 34, 183
Skaneateles Formation  7f, 16
slickwater  35–38, 52–53, 142, 176, 187, 189 (see also friction reducers)
smog  90–91, 148
Sodus Shale  7
soil, impacts of HVHF
 compaction  57
 contamination and soil chemistry  83, 93, 98
 erosion  41–42, 90, 93–95, 177
 NORM  22–25
solar energy
 environmental impacts of  134, 147
 photovoltaic  66–67, 132, 134, 137, 147
 and potential future climate impact  103, 117
 production of  124, 132, 127, 148
 use of  178
 and water use  66–67
solid waste—see waste, solid
source rock  20, 35–36, 187
Special Protection Waters  70
species—see biodiversity
spills 
 coal slurry  133
 HVHF and  25, 79, 80–82, 86, 176–177
 oil  133, 148
SRBC—see Susquehanna River Basin Commission
stimulation—see hydraulic fracturing
storage 
 equipment and chemicals for HVHF  38, 41, 57, 81–82, 98
 natural gas  34, 114
 wastewater  77, 85, 93, 149 (see also injection wells; wastewater)
stormwater 
 and HVHF  82, 94f, 133
 Pollution Prevention Plan (SWPPP)  42, 82
stratigraphy, Appalachian Basin  6–11
stream ecosystem—see ecosystem
streams—see surface water
strontium  74–75
sulfate aerosol  107, 115
Supplemental Generic Environmental Impact Statement (SGEIS)  71
 revised draft (rdSGEIS)  181, 191
surface water
 contamination of  29, 42, 76, 79–83, 86, 93–94, 144, 176, 197
 use for hydrofracking  63–65, 67–70, 86, 194
surfactant  188
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sulfur
 in coal burning  103, 148
 in natural gas  114, 187, 198
Susquehanna River  67, 69
 Basin  65, 69f–70, 78
 Basin Commission (SRBC)  69–70
SWPPP—see Stormwater Pollution Prevention Plan
systems—see Earth systems; energy systems
target formation  36–37f, 43, 52–53, 64, 72–74, 78, 80–81, 91, 183, 187–188, 193
TDS—see total dissolved solids
teaching (see also Earth system literacy; energy literacy; scientifi c literacy)
 complexity  162
 controversial topics  161–162, 170–171
 Earth science  3, 168–169
 educational assessment  162–163
 about energy  159, 162–163, 169
 about Marcellus Shale  159–172
 pedagogy  161, 166–167
 resources for  164–171
 role of questions in  162–163
 scale (magnitude)  163–164
 systems  167–170
 topics related to HVHF in the Marcellus  161
technologically enhanced NORM (TENORM), 191—see NORM
tectonics  6, 8, 10, 12–14, 16–17, 19–20, 27–28, 53–54, 176, 182, 188
TENORM—see technologically enhanced NORM
Texas
 air quality and HVHF  91
 Barnett Shale in—see Barnett Shale
 hydrofracking in  36, 38
 induced seismicity in  31
 injection wells in  31, 78
 methane emissions  109
 natural gas consumption in  34
 natural gas production in  117, 152
 petroleum production in  127
 water resources and HVHF  68
thermogenic methane  11f, 83, 186–188
thorium  21–22
tight 
 sand  85, 188, 201
 shale  20, 188, 190
time 

frame for considering methane emissions GWP—see methane emissions, time frame for 
considering GWP

 geological—see geological time
tipping point and climate change  117, 188, 206
TOC—see total organic carbon
toluene  25–26, 180, 188
topsoil—see soil
total 
 dissolved solids (TDS)  26–27, 31, 75, 79–80, 191–192 (see also brine, production)
 organic carbon (TOC)  10, 11, 13 (see also organic matter, sedimentary)
toxic chemicals—see chemicals, toxic used in HVHF
transmission, natural gas—see transportation
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transportation, of natural gas
 emissions during—see emissions, during transport, storage, and distribution
 liquefi ed natural gas—see liquefi ed natural gas (LNG)
 pipelines—see pipelines
 sector  124, 126f, 128, 136, 138–139, 178
treatment, water—see wastewater, treatment
Trenton-Black River  7f, 34
trilobites  5–6f, 9–10
Trinidad and Tobago  130
truck
 traffi  c  88
 trips, number of  70–71
turbidity, surface water  34
UAG—see unaccounted-for gas
unaccounted-for gas (UAG)  113–114
uncertainty, scientifi c  104, 109, 113, 118, 120, 143, 148, 152, 156, 160, 177–178, 198, 203
unconventional
 drilling  99
 extraction  108, 114, 176, 205
 fossil fuels  20, 31, 35, 124, 129, 138, 147, 176, 190–191
 natural gas  2, 35–37, 39, 58–60, 184, 188
 wells  63, 83, 85
Union Springs Formation  6–7, 9–11, 13, 23, 190
upstream
 natural gas development  116, 188, 202
 wastewater treatment  80
 water withdrawal  70
USDA—see United States Department of Agriculture (USDA)
United States 
 Department of Agriculture (USDA)  77
 Department of Energy (DOE)  16, 207

Energy Information Administration (EIA)  15f, 40f, 126f, 129f–130f, 135f–137f, 138, 
154f, 169, 200, 207

Environmental Protection Agency (EPA)  25–26, 75, 78, 80, 85, 90, 136, 191
 methane emission estimates  112, 201–204

 Geological Survey (USGS)  67
 recoverable natural gas estimates  16, 203–204

uranium
 in black shales  21, 24
 heavy metals  74–75
 imports to U.S.  131
 in NORM  21, 24, 75
 use in nuclear energy  124–125, 131, 152
USGS—see United States Geological Survey
Utica Shale  7f 
values, human  119, 153
valves, used in HVHF  44–45f, 47, 83, 109
vegetation—see plants
venting, of natural gas—see emissions natural gas, venting of
vertical wells—see conventional drilling.
viscosity 
 and drilling mud  50
 and hydraulic fracturing fl uid  38, 52–53, 59, 183
VOCs—see volatile organic compounds
volatile organic compounds (VOCs)  25, 182, 188
 and air quality  90–91, 101, 148, 177, 198, 202
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 and waterwater  25, 31, 74–75, 77, 86, 176
waste
 hazardous  71–72, 177, 202–203 (see also chemicals, toxic; wastewater)
 solid  24, 89–90, 92–93, 101, 177
wastewater  56, 72–80, 177, 188 (see also fl owback water; formation water; injection wells; produced 

water)
 disposal  76–80, 86
 heavy metals in  72, 74–75
 leaks and spills  81–82

naturally occurring radioactive material (NORM) in  21–25, 74–75 (see also naturally 
occurring radioactive material)

 recycling  58, 76–78
 storage  77, 85, 93, 149 (see also injection wells)
 total dissolved solids (TDS) in  26–27, 74–75 (see also total dissolved solids)
 treatment  77f–80, 144
 VOC in  25, 74–75, 77
water
 contamination—see groundwater, contamination
 drinking—see drinking water
 ground—see groundwater
 pollution—see groundwater, contamination; stormwater pollution
 recycling—see wastewater, recycling
 surface—see surface water
 treatment—see wastewater, treatment
 treatment plants—see wastewater, treatment
 waste—see wastewater
 withdrawal and use for hydrofracking  62f–71, 86, 194
 zones  43, 188
watersheds and HVHF  65, 67–69f (see also Delaware River Basin; Susquehanna River Basin; New 

York City, water; surface water, used for hydrofracking; water, withdrawal and use for 
hydrofracking)

watt  106, 127–128, 134, 163–164, 185, 188, 200
well (see also casing; conventional drilling; drill; drilling; unconventional)
 bore  36, 42f–45f, 46f–49f, 50–51f (see also casing; drill; drilling; well)
 completion  56, 90, 101, 112–113, 176
 depleted  29, 34, 185
 exploration—see exploration well
 faulty construction  86, 109, 177 (see also blowout; casing failure)
 horizontal—see horizontal drilling
 observation  56
 pad  32f, 41–42f, 57, 88f, 188

 construction  41–42, 89, 91, 94f
 cuttings stored on  24
 environmental impacts of  70–71, 81, 89–101, 112, 177
 horizontal (multi-) well  38, 40, 43, 92, 99, 187–198
 size  38, 41, 93, 99, 197–198
 spacing  40, 94, 100, 187–198
 vertical (single-) well  38, 198
vertical—see conventional drilling

wellhead  45f, 114, 188, 202
 price of natural gas at  39–40
West Virginia
 coal consumption in  136
 coal production in  135
 environmental impacts of HVHF in  82, 84f, 96
 HVHF in  26
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 injection wells in  79
 Marcellus Shale distribution in  6–7f, 16, 186
 natural gas production  34, 39, 60
 Upper Big Branch Mine explosion  146
 wastewater treatment in  80
 well density  34
whale oil  140, 146, 153
wind energy  124–125, 132, 136–138, 148, 178
 environmental impact of  133–134, 137
 generation of  137 (see also renewable energy)
 and history of energy production  123, 125, 137f
 and potential future climate impact  103, 117
 and water use  66–67
wiper plug  48–49f, 50
Woodford Shale  15f
workover  57, 188
Wyoming
 environmental impacts of coal–bed methane extraction  85
 environmental impacts of HVHF  85, 90
xylene  25–26, 85, 180, 188
zero-carbon—see no-carbon
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The Marcellus Shale—a vast rock formation that holds a huge 
reservoir of natural gas—is at the center of one of the most 
controversial natural resources issues of our time. This is primarily 
because of the unconventional method used to extract gas from 
the shale—slickwater horizontal high-volume hydraulic fracturing, or 
hydrofracking. Concerns about how widespread use of the practice 
will affect the natural environment—most especially freshwaters at 
the local level and climate at the global level—have thrust geology 
into the public view in a way seldom otherwise experienced. This 
book reviews the major science and technology issues around 
this complex topic, offering impartial, evidence-based, thought-
provoking information to help citizens decide what to do. 

“I suppose this book is meant for educators. That’s almost a shame. It is perhaps 
the most balanced, authoritative and—most importantly, accessible—summary I’ve 
come across of what we know about unconventional gas development in the Mar-
cellus and beyond, what we don’t know, and what we need to know. I heartily rec-
ommend this book, not just to those teaching about the Marcellus, but to laymen—
like me—eager to learn more about it.”

- Seamus McGraw,  author of The End of Country: 
Dispatches from the Frack Zone (2012)

“This is an impressive collection of information that brings the complexity and scale 
of the issue down to the fundamentals, stripped of ideology and hype. I know of 
no other work that tackles the broad issues with this degree of scope, detail, and 
neutrality. This approach is hugely needed and will greatly serve the public.”

-Tom Wilber, journalist, blogger, and author of
 Under the Surface: Fracking, Fortunes, and 

the Fate of the Marcellus Shale (2012)FSC 
FPO
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